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MODELING OF PANCREAS-LIVER INTERACTION UNDER
CONTROLED HEMODYNAMICS

Autonomous software (AS) was created to simulate the dynamics of the glucose-insulin-glycogen-glucagon
relationship in a healthy person. Our AS is based on a quantitative mathematical model consisting of three
components: a model describing the pancreas-liver and the pancreas-skeletal muscles relationships; a model
describing blood circulation in the branched cardiovascular system, taking into account neurohumoral regu-
lators of cardiac function, vascular tone and total blood volume; and a model describing blood filtration in
the renal glomeruli and tubular reabsorption. A glucose tolerance test (GTT) was also programmed. Test
simulations demonstrated adequate model responses. The program is integrated into a specialized computer
simulator (SCS). It allows studying mechanisms that, depending on the dynamics of exogenous and endoge-
nous physicochemical variables, dynamically form multidimensional health landscape of biometric indica-
tors. The effect of extreme blood flow increase on the dynamics of the main variables of the model was also
simulated without additional carbohydrate intake. AS is created in C#, and can be delivered as an Exe-
module for IBM-compatible computers. Medical students can be additional users of the AP as an additional
didactic tool. The AS ensures the preservation of all simulation data for future reviews and publications. The
AS can be used by future endocrinologists in their training. Physiologists interested in the integrative physi-
ology of cellular life support are recommended to use the SCS.
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MOJIEJIOBAHHS B3AEMOJIII NITINLITYHKOBOI 3AJI031
TA IEYITHKHA B YMOBAX KOHTPO.JIbOBAHOI
TEMOJUHAMIKHA

ABtoHoMHe nporpamHe 3a0e3neueHHst (AII3) cTBOpeHO A MOJETIOBaHHS AMHAMIKH B3a€MO3B'SI3KY €HJIO-
TeHHUX areHTIB TIIFOK03a-iHCYJIH-TIIKOTeH-TIIOKaroH y 3m0poBoi monuHu. AII3 Ga3zyeTbes Ha KiTBbKiCHIH
MaTeMaTHYHI} MOJIeNi, [0 CKIIaJaeThes 3 TPhOX KOMIIOHEHTIB: MOJEIi, IO OMHCY€E B3a€MO3B'I30K ITi LTy H-
KOBa 3aJI03a-TIe9iHKa; MOJEN, [0 OIHCYE KPOBOOOIr y PO3TalyKeHii CepleBO-CyIUHHINA CHCTeMi, Bpaxo-
BYIOYH HEHPOTYMOpANIbHI PETYIATOPH cepreBoi QyHKIii, CYAHHHOTO TOHYCY Ta 3arajJbHOTO 00'€éMy KpOBI;
Ta MOJIE, [0 OMHUCYE (QiTBTPAIlif0 KPOBI B HUPKOBHUX KIyOOUYKax Ta KaHAJbIEBY peabcopOiito. Takox Oyio
3aIpOTpaMOBaHO TeCT Ha TosnepaHTHICTh 10 Toko3u (I'TT). TecToBi cuMymsAmii IpoAEeMOHCTPYBAIN a/IeK-
BaTHI peakuii mozeni. [Iporpama iHTerpoBana y cneuiaiizoBanuii kommn'torepuuit cumynsatop (CKC). Bin
JTO3BOJIIE BUBYATH MEXaHI3MH, fKi, 3aJIC)KHO BiJ JMHAMIKH €K30TCHHUX Ta CHIOTCHHHX (hi3MKO-XIMIYHUX
3MIHHUX, AMHAMIYHO (OPMYIOTH OaraTOBHMIpHiH JaHJApT 370pOB'S Y MPOCTOpPi OIOMETPUYHUX MOKa3-
HUKIB. BIummB ekcrpeManbHOro 3011bIIEHHST KPOBOOOITY Ha TUHAMIKY OCHOBHUX 3MIHHUX MOJIENI TaKOX Oy-
JI0 3MOJIeNTbOBaHO 0€3 J0/1aTKOBOTO MPHUTOKA ByrieBoxiB. AII3 — 1e aBTOHOMHe IporpaMHe 3a0e3MeyeHHs
Ha C#, mo moctavaeThes Ak Exe-monyns mis IBM-cymicHuX kKoMm'toTepiB. CTyACHTH-MEIUKA MOXYTh KO-
puctyBatucsa AIlI3 sk momaTkoBUM JUAaKTHYHUM 3acoboM. AII3, mio 3abe3meuye 30epekeHHS BCiX JaHUX
MOJICTIOBAaHHS JUUIsI MAaHOYTHIX po3mIsAniB Ta myOmikamiid, Moxke OyTH BUKOPUCTaHE SHAOKPHHOJOTAMH Y JI0-
cmimkeHHsax. DizionoraM, SKi MIKABIATHCSA IHTETPATHBHOIO (Di3i0JIOTi€I0 KIITHHHOTO JKUTTE3a0€3MEUCHHS,
pexomennyetbes BukopuctoByBaTi CKC.

KirrogoBi cioBa: romeocTas riIfoKo3H, Gi3ioNoridHi CHCTEMH, MaTeMaTHIHA MOJIENb, Bi3yali3alis, CTYJCHTH

Introduction cytes. Special mechanisms smoothing out the

flow of glucose into the blood and providing

Irregular intake of carbohydrates can create glucose homeostasis evolved. Important roles
energy problems in human sensitive cells like in glucose homeostasis play the pancreas pro-
neurons, kidney cells, hepatocytes, and myo- ducing insulin, hepatocytes, and myocytes that
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transform the exec amount of blood glucose
into liver and muscle glycogen. However,
namely the liver, accumulating up to 120 g gly-
cogen and capable of its reverse transformation
to blood glucose when its concentration essen-
tially drops, is the main organ dynamically re-
acting to blood glucose lack. Normally, the
urine does not contain essential concentration of
glucose. At the same time, the mechanism re-
sponsible for blood glucose homeostasis has of
limited power. Therefore, even under physio-
logical conditions, extreme glucose intakes lead
to elevated concentrations of glucose in the
urine which finally removes serious volumes of
glucose. In endocrinology, special glucose tol-
erance test (GTT) is applied to assess the effi-
ciency of mechanisms providing glucose home-
ostasis [1].

The main product of the pancreas is the
hormone insulin. It performs two functions:
first, it promotes the entry of glucose into the
cell; second, it activates the transformation of
excess glucose into glycogen and its accumula-
tion in the liver and muscles. An additional
product of the pancreas is the hormone gluca-
gon. Its production is activated when there is
not enough glucose in the blood.

It is under such conditions that the re-
verse transformation of glycogen into glucose
occurs in hepatocytes. Glucagon enhances the
action of the heart pump and affects blood
pressure. Therefore, we model these physio-
logical processes, since they are an important
link in the energy supply of cell metabolism.

The model of glucose homeostasis

Various models have been proposed
for an in-depth study of the glucose homeo-
stasis mechanism and its possible disturb-
ances (for examples, [2-8]). The models [5,6]
help understand the mechanisms of type 2
diabetes by demonstrating how disruptions at
the cellular level lead to impaired glucose
regulation throughout the body.

The model we proposed describes
dynamic interactions of blood glucose ( G(?)),

insulin (/(¢) ), liver glycogen ( g, (¢)) , muscle
glycogen (g, (¢)), and glucagon (g (7)) de-

pending on velocities of glucose incomes (
Vs, (1)) and consumption (v, (#)). The model
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takes into account that in certain cells
(hepatocytes, fats, and skeletal myocytes)
glucose consumption is associated with insu-
lin concentration while other specialized cells
directly consume glucose.

L0 = Gy +a10-p 70, ()

In (1), 7, is the time constant of glu-

cose dynamics, W (¢) - presents the power of

general biological work, coefficient « # 0 on-
ly for hepatocytes, fats, and skeletal myo-
cytes. Virtually, by altering the value of coef-
ficient #, the user can simulate nuances of
glucose consumption dynamics in chosen cell
types.

The dynamics of insulin is described
by following differential equation:

79D G0y - 4 10), @)

In (2), yand yare approximation
constants.

Special mechanism providing blood
glucose homeostasis is modeled using the
differential equation describing excess glu-
cose transformation into g, (¢)and g,, (¢), and

reverse transformation of g, (¢#) to G(¢) .

r {ké (G()-G,)-g,0. G12G, (3
dt 0, G(t<G,

gy () e min o B
TgM i =ki' - (G(t)-G,, - g, (1) gM(t)” )

G(1)2 G580 <gy”
In (4),7,,, k&', and g;™ are ap-

G
proximation constants.
The next equation describes the dy-
namics of glucagon:
%20 {5'(G(t)—Gcr)—gG(f)—gu, G(f)>GaA, (5)

STa | 66, -G)-g., G)<G,

In (5),7,;, 6, and g, are approxima-

tion constants.

So, the equation system (1)-(5) de-
scribes the dynamics of the glucose-insulin-
glycogen-glucagon relationships in a healthy
individual.

Autonomic software (AS) was cre-
ated for the numerical solution of this sys-
tem of equations on a computer. The prima-
ry user of this program was intended to be a
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specialist (endocrinologist), so a problem-
oriented, user-friendly interface (UI) was
developed. In parallel, a simulator was de-
veloped that reproduces the integrative re-
sponses of human internal organs to a wide
range of endogenous and exogenous dynam-
ic factors [9,10]. They are subdivided into
eight clusters. The appearance of a special
screen form that allows the user to operate
with the simulation results is shown in Fig-
ure 1. The user can arbitrarily generate the
desired set of characteristics for graphical

visualization. Initially, these characteristics
are grouped by related features into eight
clusters on the left side of the window. On
the right side of the window are two sub-
windows where the variables to be analyzed
are collected. These sub-windows allow the
model's input and output variables to be
separated. By opening each cluster one by
one, the user selects a variable in it and
moves it to one of the sub-windows on the
right side. This quickly generates a set of
analyzed variables in the form of graphs.

Selection of graphs

Choose a cluster of graphs

Neuroendocrine system indicators

Summary baroreception [C.U.]
Chemoreception [C.U.]

Heart sympathetic nerve activity [[mp/sec] >
Heart parasympathetic nerve activity [Imp/se
Vascular sympathetic nerve activity [Imp/sec
Renin [MME/ml.] =
Ang2 [100*Mmol/L.]
Adrenalin [*10NMol/L]
Vasopresin[Mmol/L.]

*

Systolic pressure [Mm Hg]
Diastolic pressure [Mm Hg]
Heart rate F [1/min] X
Glucose [Mmol/L.]
Insulin [MME/mL.]
Glucagon [Ng/L.] XXX
LiverGlycogen [Mmol/L.]

GlucoseFood [Mmol/L.]
GlucoseTolLiverGlycogenVel [Mmol/L.]

<

>

Total blood volume [ML] o
Summary blood volume in arteries [V
Summary blood volume in veins [ML]
Total lung blood volume [ML]
Totalfluids [ML] XXX
Vinterstitial [ML]

<

OK

Fig. 1. The screen form of Ul for actualizing sets of input-output variables

In particular, our complex model that
also describes the overall circulation includes
special equations concerning hemodynamic
effects of glucagon through its dilating influ-
ence on coronary arteries and increase of cor-
onary circulation. The latter effect elevates
the myocardium power. Besides, assistant
equations describing velocities of glucose
incomes v, (t) and consumptionv,_(¢) create

an opportunity to simulate different scenarios
of glucose dynamics depending on given
Ve, (t)and v, (2).

Naturally, current rates of glucose
incomes v, (f)and consumption v, (¢)are
unpredictable variables. Our software pro-
vides with special options to simulate both
these variables using a list of analytical func-
tions and screen forms for modifying values
of coefficients. Two examples below illustrate
this modification by actualizing values of
constants v(0), 7, 17,, 7, , ¢, and v, .

{V(O) +1,t, v ()<,

VG+ (t) = s
v(0)—n, 1, v, ()2v,

Ve, (1) =v(0) +77, -sin(p-1), 0<(2) <¢,.
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In contrast, v, (¢f)depends on or-

gans’ activities generally correlating with
regional blood flows. Therefore, the equation
describing this dependency looks like (6):

dv,.
d(t; =a, -q,(t)+a,-q,()

+as-q,(1)-(1+a,-q, @) , (0
+as-1-(c-q,(t)+a,-q,, ()
Here, ¢,(t)is the summary brain

flow, g, (¢)is the coronary blood flow, g, (¢)
is the kidney glomeruli blood flow, g, (¢)re-
absorption fraction, ¢,(¢)andg,, (¢)represent

blood flows in insulin-depended organs, while
a, — a,are approximation constants.

dv,
dt

(c-q,(O)+a,-q,,O)+a;-q,0) (7)

+a,-q, () -A+a;s-q, ()

+a - 1()-(c-q, () +ay; - q,,(1)

=0-C ()+a, - W(@®)-1(8)-

In (7),0,a,,-a,,, and ¢ are approximation
constants.

Food glucose velocity v, (¢)is pro-
portional to the volume F, of glucose intake,
SO Vi, (1) =k, - F,, /t, where k, characteriz-

es the average intensity of glucose entry from
the gastrointestinal tract into the blood.
Glucagon altering the lumen of coro-
nary arteries modulates their resistance
R.(¢)relatively to initial value of R.(0) char-

acteristic for basal coronary flowg.(0):
R.()=R.(0)-(1-a, -q.(0)/ q.(?)) , (6)
This elevates the ventricle contractility £(¢)
k(1) =k(0) + @, - (q.(1) —q-(0)). (7)

In (6) and (7), @,,®,,and k(0)are
constants.

W Userinterface

Help Save

Configuring the actual model Simulation

= Simulation scenario 20%

ExperimentNe: 0 -

~Observation duration

= Functional tests
Glucose tolerance test

~Bicycle ergometry
Postural test

~Blood volume changes

Blood temperature changes

The chosen model configuration
Intact organism configuration
Body position: Horizontal
Observation time: Days 0, Hours 3, Minutes 0, Seconds 0
Involved mechanisms:
Baroreflexes. chemoreflexes. ANGII(cRAS). ANGII(IRAS). Energetic (Glucagon).
Vasopressin (ADH). Adrenalin. Emotional influences: Stimulation.
Tests applied:
No AV or AT testing
Glucose tolerancy test: GCM 0,5
Bicycle ergometry test: Step 0 Duration 0 MaxLoad 0

-Combined tests

-Input data of models

Experiment simulation

View simulation results Start simulation

Fig. 2. The screen-form indicating a part of options for configuring the actual model and construct-
ing the simulation scenario (left) and information concerning the chosen model configuration (right)

Examples of simulations

Our simulator has two versions: AS
and extended simulator (ES). The latter in-
cludes models of the functionally integrated

internal organs that optimize cell life support
(see [9,10]).
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Simulations presented further are ad-
dressed both to programmers and experts mod-
eling human physiology. At the same time, the
reader's belief in the simulator depends in no
small part on the adequacy of the simulations.
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ES  can simulate effects caused by other or-
gans and physiological systems. Therefore, be-
fore to consider simulations provided AS, it is
useful to look at Figure 3. It presents main he-
modynamic characteristics simulated ES. They
show that transient processes in the system re-
solve quickly: a steady-state circulation regime
is observed for almost the entire ten-minute

exposure period. This guarantees that the dy-
namics of all variables in the glucose homeosta-
sis model provided by AS are determined by the
dynamics of variables specific to the glucose
homeostasis model. Naturally, if the characteris-
tics of the coupled models change, the dynamics
of the glucose homeostasis model variables will
also change.

£} Main variables

Select graphs

300 —
250 —|

200 —|

Value

150 —

- Systolic pressure [Mm Hg] -# Diastolic pressure [Mm Hg] -3 MAP in aortic arch [Mm Hg] --Heartrate F [1/min] Stroke volume of left ventricle
M

100 -4 t4————————————————————_-—-_-—-_-—o0—o-—o—a

50—

0

05 1 1.5 2 25 3 3.5 4 45

[Mm Hg]

Time, minutes

Mean central venous pressure -4~ REALTPR [Mm Hg*sec/MI] Heart inotropic state k [C.U ]

87%

45 e‘s 7 75 8 85 9 95 10
t=5
Titrme-mmma

Fig. 3. Hemodynamics in control simulation

& Main variables

Select graphs

10—

=% Glucose [Mmol/L.] -® Insulin [nME/ml] =02~ Glucagon [Ng/L.] =®- UrineGlucose [Mmol/L.]

Value
~
|

20 40 60 80 100

=+ LiverGlycogen [g.]
120

100
80
60
40
20

Value

Time, minutes

140 160 180 200 220 240

o]
20 40 60 80 100

Time, minutes

140 160 180 200 220 240

Fig. 4. Simulated dynamics of glucose, insulin, glucagon, and urine glucose (upper curves) and liver
glycogen (bottom) in a healthy person model under stable glucose production (0.07 mmol/min) and

consumption (0.05 mmol. /min) rates for 4.15 hours real time exposure

53



Komm’rorepHe Moe1l0BaHHs

€ Main variables - o x

Select graphs

=% Glucose [Mmol/L.] =® Insulin [nME/ml.] =0 Glucagon [Ng/L.] -#- UrineGlucose [Mmol/L.]
8

e

20 40 60 80 100 120 140 160 180 200 220 240
Time, minutes

-+ LiverGlycogen [g.]
12

100 [

*
8
»
3

!

»

»
s

F

80 e e e
60
40
20
0

Value

20 40 60 80 100 120 140 160 180 200 220 240
Time, minutes

Fig. 5. Simulated dynamics of glucose, insulin, glucagon, and urine glucose (upper curves) and liver
glycogen (bottom curve) in a healthy person model under stable glucose production (0.07
mmol/min) and consumption (0.075 mmol. /min) rates for 4.15 hours real time exposure

€ Main variables - o x

Select graphs

=% Glucose [Mmol/L.] =® Insulin [nME/ml.] =0 Glucagon [Ng/L.] -#- UrineGlucose [Mmol/L.]
56—

Value

20 40 60 80 100 120 140 160 180 200 220 240
Time, minutes

- GlucoseProdVel [g/hour] - GlucoseConsVel [g/hour]

20 40 60 80 100 120 140 160 180 200 220 240
Time, minutes

Fig. 6. Simulated dynamics of glucose, insulin, glucagon, and urine glucose (upper curves) and liver
glycogen (bottom curve) in a healthy person model under periodic changes in the rate of glucose
production according to a sinusoidal law and stable consumption (0.075 mmol. /min) rate for 4.15
hours real time exposure

Figures 3-6 demonstrate that our simulator is mainly adequate at least in the time intervals
considered. This gives us the opportunity to simulate specific medical GTT-test.
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Simulating glucose tolerance test - GTT

Pictures 7 and 8 illustrate simulations of standard GTT for different healthy persons and
persons diseased with type 1 diabetes.

€ Main variables

- o S € Main variables — =] 3
Select graphs Select graphs
=+ Glucose [Mmol/L.] =0 Glucagon [Ng/L.] = Glucose [Mmol/L.] =0~ Glucagon [Ng/L.]
-= Insulin [MME/mI] - UrineGlucose [Mmol/L.] -= Insulin [NME/ml] - UrineGlucose [Mmol/L.]
12 12
10 10 % >4
8 - f 8
E 6 % 6
4 = 4
2 2
o [}
-2 -2
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
Time, minutes Time, minutes

-+ LiverGlycogen [g.] -© GlucoseFood [g.]
100

- LiverGlycogen [g.] -0 GlucoseFood [g.]
100

80
60
40

20

o

20 40 60 80 100 120 140 160 180 20 40 60 8o 100 120 140 160
Time, minutes Time, minutes

Fig. 7. Two simulated GTT (glucose tolerance tests) on models of the same healthy person. The left
picture displays dynamics of glucose, insulin, glucagon, and urine glucose (upper curves) and liver
glycogen and test glucose income (bottom curve) under stable glucose consumption rate of 0.06
mmol. /min but for glucose production rate of 0.085 mmol. /min. The right picture displays these

same curves for the case of 0.095 mmol. /min glucose production rate and stable consumption rate
of 0.06 mmol. /min.

¥ Main variables - [=] > ¥ Main variables - [m] *®
Select graphs Select graphs
- Glucose [Mmol/L] == Glucagon [Ng/L.] = Glucose [Mmol/L.] =0 Glucagon [Ng/L.]
=& Insulin [nME/ml] -® UrineGlucose [Mmol/L.] -& |nsulin [MME/ml.] -e UrineGlucose [Mmol/L.]
124 12
10 4 104 -3¢ % =3
8 . 8|
g ° 2 c
B o4 4] e =1
24 2 ﬁ
0+ 0+
-2 -2 U 4 T U T T T T 1
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
Time, minutes Time, minutes
=+ LiverGlycogen [g.] - GlucoseFood [g.] —=# LiverGlycogen [g.] -© GlucosseFood [g.]
100 100+
80 80
60 60
40 40
20 20+
0 o
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
Time, minutes Time, minutes

Fig. 8. Two simulated GTT (glucose tolerance tests) on models of persons having problems with
glucose homeostasis. The left picture displays dynamics of glucose, insulin, glucagon, and urine
glucose (upper curves) and liver glycogen and test glucose income (bottom curve) under stable glu-
cose consumption rate of 0.06 mmol. /min. but for glucose production rate of 0.085 mmol. /min but
with two-times weak homeostasis while the right picture displays these same curves for the uncon-
trolled blood glucose.
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The graphs in the last figure should
be compared with those on the left side of
Figure 7. The most significant difference is
evident when comparing the dynamics of
urine glucose: as blood glucose homeostasis
weakens, the amount of glucose in the urine
increases. Under providing of real GTT, this
is an objective indicator for the diagnosis of
type 1 diabetes.

Discussion

In a real organism, most of biological
variables are also influenced by other endoge-
nous factors not accounted for in our model or
in simulations demonstrated. Therefore, the
proposed model is limited in its simulation
capabilities. At the same time, an analysis of
available clinical data shows that our model is
generally adequate. This conclusion is also
true during comparison of simulation results
provided by our model with similar models by
other authors (e.g., [1-7]), Moreover, our
model offers a number of new possibilities for
theoretical research aimed at understanding of
fundamental physiological mechanisms and
practical consideration of their nuances. For
example, the inclusion of a muscle-mediated
mechanism of glycogen storage, control of
excess urinary glucose excretion, and the abil-
ity to model different pathways that deplete
liver glycogen make our model a useful tool
capable of providing insight into the uncon-
trolled underlying mechanisms that drive in-
dividual differences during GTT.

When performing a glucose tolerance
test, the physician has no information on the
levels of residual glycogen in the liver or
muscles. The rate of accumulation of one of
these products influences the rate of accumu-
lation of the other. However, we were unable
to find quantitative data on these residual
products in the literature, and therefore cannot
confirm the accuracy of the modeled rate dy-
namics. However, we note that incorporation
of this model into an extended model describ-
ing the interaction of human internal organs
has provided the first tool for theoretically
studying the role of neuroendocrine modula-
tors in glucose homeostasis.

To improve the effectiveness of our
simulator, we plan to model the effects of
lactate, adrenaline, and fat concentrations. In
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particular, it is well known that under low
insulin, the body breaks down fats, creating
ketone bodies (acetoacetate and -
hydroxybutyrate) for energy. Blood ketones
normally less than 0.6 mmol/L, under Type 1
diabetes can elevate up to danger level of 3
mmol/L with symptoms extreme thirst, fre-
quent urination, nausea, vomiting, abdominal
pain, and fruity-smelling breath, requiring
emergence care. As our complex model de-
scribes cardiovascular and kidney-urinary
systems, its proper advancement could make
the simulator usable for deeper study of
pathological scenarios too.

Conclusion

A quantitative mathematical model of human
glucose homeostasis has been developed. The
model is implemented as a C# program. The
program can function both as a standalone
executable module and as part of a newly
proposed integrated program that simulates
the fundamental physiological patterns of the
dynamic interactions of human internal or-
gans. The program can serve as an additional
didactic tool for visualization of the glucose-
insulin-glycogen-glucagon dynamic relation-
ships in a healthy individual.
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