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Meal Simulation Model of the
Glucose-Insulin System

Chiara Dalla Man, Robert A. Rizza, and Claudio Cobelli*, Fellow, IEEE

Abstract—A simulation model of the glucose-insulin system in the
postprandial state can be useful in several circumstances, including
testing of glucose sensors, insulin infusion algorithms and decision
support systems for diabetes. Here, we present a new simulation
model in normal humans that describes the physiological events
that occur after a meal, by employing the quantitative knowledge
that has become available in recent years. Model parameters were
set to fit the mean data of a large normal subject database that un-
derwent a triple tracer meal protocol which provided quasi-model-
independent estimates of major glucose and insulin fluxes, e.g., meal
rate of appearance, endogenous glucose production, utilization of
glucose, insulin secretion. By decomposing the system into sub-
systems, we have developed parametric models of each subsystem
by using a forcing function strategy. Model results are shown in
describing both a single meal and normal daily life (breakfast,
lunch, dinner) in normal. The same strategy is also applied on a
smaller database for extending the model to type 2 diabetes.

Index Terms—Acrtificial pancreas, diabetes, glucose homeostasis,
glucose production, glucose sensors, glucose utilization, insulin in-
fusion system, insulin secretion, Kinetics, physiological control.

I. INTRODUCTION

HE availability of a simulation model of the glucose-in-
T sulin control system during meals and normal daily life is
highly desirable for studying the pathophysiology of diabetes
and in particular for the design and evaluation of glucose sen-
sors, insulin infusion algorithms, and decision support systems
for treating diabetes, in particular type 1 (insulin dependent). In
fact, it may be neither possible, appropriate, convenient, or de-
sirable to perform such evaluation experiments on the diabetic
subject, because some experiments cannot be done at all, or are
too difficult, too dangerous, or not ethical.

Several simulation models have been proposed and proven
to be useful in tackling various aspects of normal physiology
and pathophysiology of diabetes [1]-[11]. However, in these last
years, new important quantitative knowledge has been gained
on glucose metabolism and its control by insulin during a meal
both at the organ-tissue and whole-body level, e.g., hepatic glu-
cose production and muscle glucose utilization. This has been
generally made be possible by making use of multiple tracer ex-
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periments and use of new technologies like NMR and PET (see,
e.g., [12]-[16]).

In this paper, we develop a new simulation model of the glu-
cose-insulin system in the normal human capable of describing
the physiological events which occur during a standard mixed
meal. The scope of this model is different from that of our
previous simulation models [3], [4], [10], which were mostly
developed for describing a variety of intravenous glucose per-
turbations, like various infusion patterns and IVGTT. The im-
portance of developing a meal simulator is rather obvious given
that oral glucose ingestion is used in everyday meals. However,
the oral route is a more difficult situation to model than the in-
travenous one because one has also to describe the glucose in-
gestion and absorption processes. A few oral simulation models
are available [8], [11]. The major limitations of these models is
that they have been validated on plasma concentration measure-
ments only and that their physiology requires to be updated.

The very reason of our new venture is a unique meal data set
of 204 normal individuals who underwent a triple tracer meal
protocol, thus allowing us to obtain, in a virtually model-inde-
pendent fashion, the time course of all the relevant glucose and
insulin fluxes during a meal [12], [13]. This database has already
allowed us to propose and validate a new model of glucose in-
gestion and absorption [17]. Here, by using this “concentration
and flux” portrait, we model the glucose-insulin system by re-
sorting to a subsystem forcing function strategy, which mini-
mizes structural uncertainties in modeling the various unit pro-
cesses. We develop an average model for the normal subject,
but, albeit based on a smaller database, the same strategy is also
applied for extending the model to type 2 diabetes.

II. DATA BASE

A total of 204 normal subjects (age = 56 * 2 years, body
weight = 78 £ 1 kg) received a mixed meal containing 1 £
0.02 g/kg of glucose [13]. The meal was labeled with >C-glu-
cose and two additional tracers ([6, 6 —2 Hs]-glucose and [6 —3
H]-glucose) were infused intravenously with the tracer-to-tracee
ratio clamp technique, in order to obtain a virtually model-in-
dependent estimation of the various glucose fluxes (for details
on protocol and measurements we refer to [12]). Fig. 1 shows
(mean &+ 1SD) the measured glucose and insulin plasma con-
centration, glucose rate of appearance, endogenous glucose pro-
duction and glucose utilization. Also shown is the time course
of insulin secretion, which was reconstructed by deconvolution
[18]. Indexes of parameter variability in the studied population
can be found in [13]. The same type of database was also ob-
tained in 14 type 2 diabetic subjects (age = 57 & 3 years, body
weight = 91 £ 5 kg) (not shown) [19].
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Mixed meal database (average of 204 normals, gray area represents mean=+ 1SD range). Top panel: glucose (left) and insulin (right) concentrations. Middle

panel: endogenous glucose production (left) and glucose rate of appearance (right). Bottom panel: glucose utilization (left) and insulin secretion (right).

III. THE MODEL

A scheme of the glucose-insulin control system which puts
in relation the measured plasma concentrations, i.e., glucose G
and insulin I and the glucose fluxes, i.e., rate of appearance
Ra, production FGP, utilization U, renal extraction F, and
insulin fluxes, i.e., secretion S, and degradation D of Fig. 1
is shown in Fig. 2. In other words, given the complexity of
the system, the sole availability of plasma glucose and insulin
concentrations makes it virtually impossible to build a reliable
simulation model, e.g., one can obtain a good description of
plasma glucose and insulin concentrations with many different
descriptions of Ra, EGP, and U. It is the availability of glu-
cose fluxes that allows a step forward in modeling. In fact,
by using a forcing function strategy, one can develop reliable
parametric models of each unit process. For instance, to model
glucose utilization U, we can postulate a structural model and

use as known inputs for its identification glucose production
EGP, glucose rate of appearance Ra, and insulin concentra-
tion I, and as model output glucose utilization U, and plasma
glucose concentration G.

A. Glucose Subsystem

The two compartment model used to describe glucose
kinetics [20] is shown in the upper panel of Fig. 3. The model
equations are shown in (1) at the bottom of the page, where
G, and G (mg/kg) are glucose masses in plasma and rapidly
equilibrating tissues, and in slowly equilibrating tissues, re-
spectively, G (mg/dl) plasma glucose concentration; suffix b
denotes basal state; FG P is the endogenous glucose production
(mg/kg/min); Ra is the glucose rate of appearance in plasma
(mg/kg/min); F is renal excretion (mg/kg/min); Uj; and Uy are
the insulin-independent and -dependent glucose utilizations,

EGP( ) + Ra(t) —
—Uia(t) + k1 - Gp(t) —

Ua(t) — B(t) — k1 - Gp(t) + ko - Gy(t)
ko - Gy (t)

GP(O) pr
G:(0) = Gy (H
G(0) = G,
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Fig. 2. Scheme of the glucose-insulin control system which puts in relation the measured plasma concentrations, i.e., glucose G, and insulin I, to glucose fluxes,
i.e., rate of appearance Ra, production EG P, utilization U, renal extraction £, and insulin fluxes, i.e., secretion .S, and degradation D.

respectively (mg/kg/min); Vi is the distribution volume of
glucose (dl/kg); and k1 and ko (min~") are the rate parameters.

At basal steady-state endogenous production £GP, equals
glucose disappearance, i.e., the sum of glucose utilization and
renal excretion (which is zero in the normal subjects), Up, + Ej:

2

Parameter values of Vg, k1, ko are reported in Table I (Glucose
Kinetics) for both the normal and type 2 diabetic subject.

EGP, =U, + E.

B. Insulin Subsystem

The two-compartment model used to describe insulin kinetics
[21] is shown in the lower panel of Fig. 3. The model equa-
tions are shown in (3) at the bottom of the page, where I, and I;
(pmol/kg) are insulin masses in plasma and in liver, respectively;
I (pmol/l) plasma insulin concentration; suffix b denotes basal
state; S insulin secretion (pmol/kg/min); V; distribution volume
of insulin (/kg); and m4, ms, and m4(min*1) rate parameters.
Degradation D occurs both in the liver and in the periphery. Pe-
ripheral degradation has been assumed linear (m.,). Evidences
are available that hepatic extraction of insulin HE, i.e., the in-
sulin flux which leaves the liver irreversibly divided by the total
insulin flux leaving the liver, is time varying. Here, following

Fig. 3. Scheme of glucose (upper) and insulin (lower panel) subsystems.

GLUCOSE
Rate of
Appearance K G=GpNG
Ra ‘

Endogenous
Production
EGP
—_—>
Renal Insulin-Independent Insulin-Dependent
Excretion Utilization Utilization
E U; Uy
INSULIN
° |=|p/V |
Secretion
S
—_—

Periphery

Degradation

Li(t) = =(ma +ms(1)) - L(t) + maT, (8) + S(t) - L(0) = Iy
Ip(t) = —(ma + ma) - Ip(t) + ma - Li(2) 1,(0) = Ly
I(t) = & 1(0) = I

3



DALLA MAN et al.: MEAL SIMULATION MODEL OF THE GLUCOSE-INSULIN SYSTEM

1743

TABLE I
MODEL PARAMETERS OF THE NORMAL AND TYPE 2 DIABETIC SUBJECT
Process Parameter Normal Type 2 Diabetic Unit
Value Value
Glucose Kinetics Ve 1.88 1.49 dl/kg
k, 0.065 0.042 min”
ks 0.079 0.071 min’
Insulin Kinetics vV, 0.05 0.04 I/kg
m, 0.190 0.379 min”
m, 0.484 0.673 min’’
my 0.194 0.269 min’
ms 0.0304 0.0526 min -kg/pmol
meg 0.6471 0.8118 dimensionless
HE, 0.6 0.6 dimensionless
Rate of K 0.0558 0.0465 min’’
Appearance K i 0.0080 0.0076 min’'
K aps 0.057 0.023 min’'
K o 0.0558 0.0465 min™'
f 0.90 0.90 dimensionless
a 0.00013 0.00006 mg’'
b 0.82 0.68 dimensionless
¢ 0.00236 0.00023 mg’
d 0.010 0.09 dimensionless
Endogenous ki 2.70 3.09 mg/kg/min
Production k 0.0021 0.0007 min”
k3 0.009 0.005 mg/kg/min per pmol/I
k4 0.0618 0.0786 mg/kg/min per pmol/kg
k; 0.0079 0.0066 min”
Utilization F s 1 1 mg/kg/min
Voo 2.50 4.65 mg/kg/min
V o 0.047 0.034 mg/kg/min per pmol/l
K0 225.59 466.21 mg/kg
Pau 0.0331 0.0840 min’’
Secretion K 2.30 0.99 pmol/kg per (mg/dl)
a 0.050 0.013 min”
V4 0.11 0.05 pmol/kg/mirn per (mg/dl)
4 0.5 0.5 min”'
Renal Excretion ko 0.0005 0.0007 min”
ke 339 269 mg/kg

recent experiment evidence [22] we link the time course of HE
to that of insulin secretion, S:

HE(t) = —mj5 - S(t) + mg HE(0) = HE, “)
thus one has
ma(t) = % 5)
At basal steady state, one has
meg =ms - Sp + HEy (6)
ma(0) = IfE_b—H’g: ™
Sy =m3(0) - Iy +my - Iy = Dy, (®)

Moreover, given that the liver is responsible for 60% of insulin
clearance in the steady state, one has

Sb ma 1-— HE[,
me=\+—— : )
I, 1—HE, HE,
2 S
my= = - 2% (1-HE) )
o App

with Sp, and Dj, basal secretion and degradation, respectively.

HE, was fixed to 0.6, and is reported together with Vi, my,
msa, My, Mms, and mg in Table I (Insulin Kinetics) for both the
normal and type 2 diabetic subject.

C. Unit Process Models and Identification

The unit processes of glucose and insulin subsystem are
shown in Fig. 4. The model for each of them was identified
from average data with a forcing function strategy. For sake of
space, we present in detail the identification of the endogenous
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Fig. 4. Unit process models and forcing function strategy: endogenous glucose production (top left panel); glucose rate of appearance (top right panel); glucose
utilization (bottom left panel); insulin secretion (bottom right panel). Entering arrows represent forcing function variables, outgoing arrows are model output.

glucose production model; the other unit process models have
been identified following a similar strategy.

1) Endogenous Glucose Production: The functional descrip-
tion of £GP in terms of glucose and insulin signals is described
in [23]; it comprises a direct glucose signal and both delayed and
anticipated insulin signals:

EGP(t) =kpy — kpy - Gp(t) —
EGP(0) = EGP,

kps - La(t) — kpa - Ipo(1)

(10)

where I, is the amount of insulin in the portal vein (pmol/kg),
1; (pmol/l) is a delayed insulin signal realized with a chain of
two compartments:

{fl(t) = —ki [L(t)
Iq(t) = —k; - [La(t)

—I(1)]
— I ()]

L(0) =1,

11
14(0) = I (b

kp1 (mg/kg/min) is the extrapolated FGP at zero glucose
and insulin, kpg(min_l) liver glucose effectiveness, kp3
(mg/kg/min per pmol/l) parameter governing amplitude of
insulin action on the liver, kp4 (mg/kg/\min /(pmol/kg)) param-
eter governing amplitude of portal insulin action on the liver
and k;(min~') rate parameter accounting for delay between
insulin signal and insulin action. EG P is also constrained to

At basal steady state, one has

kpr = EGPy + kpa - Gpp + kps - Iy + kpa - Ipop. (12)

The model of (10) was identified on mean K G P data with
the forcing function strategy (Fig. 4, top left panel): mean in-
sulin, portal insulin and glucose concentrations are the model in-
puts, assumed to be known without error and F'G P is the model
output. The measurement error of £GP data was assumed to be
independent, with zero mean and unknown constant standard
deviation (constant SD assumes relatively more precise values
when the signal is higher). The model was numerically iden-
tified by nonlinear least-squares [24], [25], as implemented in
SAAM II (Simulation Analysis and Modeling software [26]):
model fit was satisfactory and parameters were estimated with
precision for both the normal and type 2 diabetic subject. They
are reported in Table I (Endogenous Glucose Production).

2) Glucose Rate of Appearance: A physiological model of
glucose intestinal absorption has been recently developed [17].
Briefly, it describes the glucose transit through the stomach and
intestine by assuming the stomach to be represented by two
compartments (one for solid and one for triturated phase), while
a single compartment is used to describe the gut [see equation
(13) at the bottom of the page, where Qo (mg) is the amount
of glucose in the stomach (solid, Q01 and liquid phase Qsto2);

be non-negative. Qgut (mg) is the glucose mass in the intestine; k‘gri(min_l) is
Qsto(t) Qs ( ) + QstoZ( ) Qsto(o =0
Qstol (t) Qstol( ) + D - d( ) Qstol(o) =0
Qsto2 t) ompt(QSto) Qsto2( )+ kgm Qstol( ) QstoZ(O) 0 (13)
qut = abs qut( ) + kenlpt(Qsto) QstoZ( ) qut(o) =0
Ra(t) = “Bi{;?v“) Ra(0) =0
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the rate of grinding; ke pt (Qsm)(minfl) is the rate constant of
gastric emptying, which is a nonlinear function of Q, [17, eq.
8]) and ks (min_l) is the rate constant of intestinal absorption;
f is the fraction of intestinal absorption which actually appears
in plasma; D (mg) is the amount of ingested glucose; BW (kg)
is the body weight; and Ra (mg/kg/min) is the appearance rate
of glucose in plasma.

The model of (13) was identified on Ra data with the forcing
function strategy (Fig. 4, top right panel). The model fit was
good. Parameters ki, a, and ¢ were fixed following [17], while
the remaining parameters were estimated with precision. They
are reported in Table I (Glucose Rate of Appearance) for both
the normal and type 2 diabetic subject.

3) Glucose Utilization: To describe glucose utilization by
body tissues during a meal (both insulin-independent and -de-
pendent), we built on literature results [27]-[30]. We assume
that glucose utilization is made up of two components. Insulin-
independent utilization takes place in the first compartment, is
constant, and represents glucose uptake by the brain and ery-
throcytes (Feps):

Ul(t) = F(‘,ns~ (14)

Insulin-dependent utilization takes place in the remote com-
partment and depends nonlinearly (Michaelis Menten) from
glucose in the tissues [29], [30]

Vin (X(1)) - G4(1)
Kn(X (1)) + Ge(t)

where V,,, (X (¢)) and K, (X (t)) are assumed to be linearly de-
pendent from a remote insulin, X (¢) [29]:

Uia(t) = (15)

(16)
a7

Note that, when fitting on our data (which show a range of in-
sulin variation narrower than that observed by Yki-Jarvinen et
al. [29]), K, collapses to zero so that K, is no more depen-
dent from X.

X (pmol/L) is insulin in the interstitial fluid described by

X(t) = —pav - X(0) +p2vlI(t) = 1] X(0)=0 (18)
where I is plasma insulin, suffix b denotes basal state, and
pou (min~1) is the rate constant of insulin action on the periph-
eral glucose utilization.

Total glucose utilization U is thus

U(t) = Uy(t) + Uia(). (19)
At basal steady state, one has
Fens —EGPy+ k1 -G
Gy = = bR el (20)

k2

1745
and
Vimo - G
Uy=FEGP, = Fopg + ———— 21
’ ’ Ko + G @b
from which
EGPy — F.s) - (K, G
Vo= ( b ) - ( o+ tb>. 22)

Gy,

This model and that of (1) were simultaneously identified on
U and G data with the forcing function strategy (Fig. 4, bottom
left panel). The model fit was good, and parameters were esti-
mated with precision and are reported in Table I (Glucose Uti-
lization) for both the normal and type 2 diabetic subject.

4) Insulin Secretion: The model used to describe pancreatic
insulin secretion is that proposed in [31] and [32]. The model
equations are

.S(t) =7 IpO(t) (23)
Lo(t) = =7 Ipo(t) + Spo(t) ILo(0) =Ipo,  (24)
. Y(t)+K~G(t)+S;, forC:?>0
Spolt) = {Y(t) + S forG <0 (25)

and (26), shown at the bottom of the page, where ~(min ')
is the transfer rate constant between portal vein and liver, K
(pmol/kg per mg/dl ) is the pancreatic responsivity to the glucose
rate of change, a(min™") is the delay between glucose signal
and insulin secretion, (3 (pmol/kg/min per mg/dl ) is the pancre-
atic responsivity to glucose, and h (mg/dl) is the threshold level
of glucose above which the 3-cells initiate to produce new in-
sulin (h has been set to the basal glucose concentration Gy, to
guarantee system steady state in basal condition).

This model and that of (3) were simultaneously identified on
S and [ data with the forcing function strategy (Fig. 4, bottom
right panel). The model fit was good, and parameters were esti-
mated with precision and are reported in Table I (Insulin Secre-
tion) for both the normal and type 2 diabetic subject.

5) Glucose Renal Excretion: Glucose excretion by the
kidney occurs if plasma glucose exceeds a certain threshold and
can be modeled by a linear relationship with plasma glucose

k1 - [Gp(t) — kea] i Gp(t) > keo
B(t) = {0 itG (1) <ho 2D
where k.;(min') is the glomerular filtration rate and k.o
(mg/kg) is the renal threshold of glucose. Parameters are re-
ported in Table I (Glucose Renal Excretion).

D. Equations

The complete model is given by (1), (3)—(5), (10)—(11),
(13)—(19), (23)—(27), and [17, eq. 8]; Steady state constraints
are given in (2), (6)—(9), (12), and (20)—(22); all parameter

(26)
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Fig. 5. Meal prediction versus measurement of plasma concentrations and
fluxes (Fig. 1) in the normal (continuous) and type 2 diabetic (dashed line)
subject.

values are reported in Table I for both the normal and type 2
diabetic subject.

IV. RESULTS

A. Meal in Normal Subject

A normal subject receiving a mixed meal was simulated first
using parameters reported in Table I (Normal). Fig. 5 shows
the predicted glucose and insulin concentrations and glucose/in-
sulin fluxes (continuous line) against =1SD confidence limits
(gray area, Fig. 1). The model also allows us to predict the ef-
fect of the various control signals on glucose production (Fig. 6,
upper panel), as well as the insulin-independent and -dependent
components of glucose utilization (Fig. 6, middle panel); in ad-
dition, hepatic insulin extraction can also be predicted (Fig. 6,
lower panel).

B. Meal in Type 2 Diabetic Subject

Albeit on a smaller triple tracer meal database, the model has
also been numerically identified in the type 2 diabetic subject.
The model structure of the normal subject turned out to be robust
and data were fitted well, i.e., the type 2 diabetic subject can be
quantitatively described with the same model but with different
parameter values (Table I, Type 2 Diabetic). In particular, gut
absorption k,p,s was slower than in normal; parameters quanti-
fying insulin action, both peripheral V;,,,, and hepatic k3, were
lower; hepatic glucose effectiveness k> was lower and, albeit
the maximum utilization by the tissue at basal insulin V,,,o is
higher, it is reached at higher glucose levels K,,(; finally both

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 54, NO. 10, OCTOBER 2007
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Fig. 6. Upper panel: Meal prediction of EG P (continuous line) and its control
by plasma glucose (dashed line), delayed insulin signal (dashed—dotted line),
and portal insulin (dotted line). Middle panel: Meal prediction of U (continuous
line) and its insulin-independent (dashed line) and -dependent (dashed—dotted
line) components. Lower panel: Meal prediction of hepatic insulin extraction.

dynamic K and static beta cell responsivity 3, as well as rate
of response «, were lower. The different parametric portrait re-
flects in model prediction, i.e., important derangements in both
glucose and insulin concentration as well in glucose and insulin
fluxes versus normal can be noted (Fig. 5, dashed line).

C. Daily Life in Normal Subject

The model was also employed to simulate a typical day life:
24 h with breakfast at 8 a.m. (45 g), lunch at 12 p.m. (70 g),
and dinner at 8 p.m. (70 g). Since insulin sensitivity and beta
cell responsivity to glucose are not constant during the day [33],
we assumed V,,,.. 25% lower in the evening meal as compared
with breakfast and lunch, and 3 25% lower both at lunch and
evening meals as compared with breakfast. Fig. 7 (continuous
line) shows prediction of concentrations and fluxes in the normal
subject during the day.

D. Daily Life in Impaired Glucose-Tolerant Subject

Glucose intolerance was also simulated. In particular an im-
pairment in insulin sensitivity (both V,,,, and k,3 halved) was
considered both compensated and not by higher beta cell re-
sponse to glucose. For instance, if parameters V,,,, and k,3 are
halved, without a significantly increase in beta cell responsivity,
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Fig.7. Whole day simulation of a normal (continuous) and a glucose-intolerant
subject (V;,, and k3 halved) with (dashed) and without (dashed—dotted line)
beta cell responsivity compensation (/X' and 3 doubled): model prediction of
plasma concentrations and fluxes with breakfast at 8 a.m. (45 g), lunch at 12
p-m. (70 g), and dinner at 8 p.m. (70 g).

glucose concentration peaks higher and returns to basal almost
2 h later than in the normal subject (Fig. 7, dashed line). Con-
versely, if parameters K and (3 are both concomitantly dou-
bled, glucose concentration basically does not differ from the
normal one, but plasma insulin concentration is doubled (Fig. 7,
dashed—dotted line). Finally, if K and (3 are halved with insulin
action being normal, glucose concentration peaks at a higher
value and comes back to basal almost 3 h later than in the normal
subject, while if V;,,, and k,3 are both concomitantly doubled,
glucose concentration is basically normal, but plasma insulin
concentration is halved (results not shown).

V. DISCUSSION

A new in silico model of the glucose-insulin regulatory
system has been presented. Focusing on quantitating physio-
logical events after a meal is of obvious importance because
this route is used in everyday life. The postprandial state has
also been intensively investigated in recent years; thus, one
can take advantage of all new quantitative knowledge that
has became available. The model is made by a number of
parsimonious submodels describing the various unit processes
that have been identified using a forcing function strategy. This
is the major novelty of the proposed model, which is based
on virtually model-independent measurements of the various
glucose and insulin fluxes occurring during a meal [12], [13].
The glucose-insulin system is, in fact, very complex and the
sole availability of plasma glucose and insulin concentrations
does not allow us to build a reliable simulation model, since
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one can obtain a good description of plasma glucose and insulin
concentrations with many different descriptions of the under-
lying fluxes in the system, like meal glucose rate of appearance,
hepatic glucose production, and glucose utilization, with struc-
tural errors in some unit process models compensating those
in others. Conversely, the availability of glucose and insulin
fluxes allows us, by using a forcing function strategy, to develop
specific reliable parametric models of each unit process.

The model consists of a glucose and insulin subsystem. The
glucose system is described by a two-compartment model [20],
the first representing glucose mass in plasma and rapidly equili-
brating tissues, and the second the slowly equilibrating tissues.
Glucose utilization has both an insulin-independent component
occurring in plasma and an insulin-dependent component in
the second compartment. The insulin-independent utilization is
constant and represents glucose uptake by CNS and erythro-
cytes, while the insulin-dependent utilization is controlled non-
linearly by glucose in the tissue compartment and insulin in the
interstitial fluid [27]-[30]. Endogenous glucose production con-
trol by glucose and insulin implements recent knowledge [23],
in particular it assumes that fast suppression occurs through a
portal insulin signal, while slower inhibition by a delayed in-
sulin signal, possibly a surrogate of interstitial fluid/free fatty
acids signaling. A new model of glucose transit through the
gastro-intestinal tract is used to describe glucose ingestion and
absorption [17]; this feature is important because previous simu-
lation models either allowed only intravenous glucose adminis-
tration [3], [4] or described the process simplistically [8], [11].
The insulin system is described by a two-compartment model
[21]. Degradation is assumed to occur linearly in the periphery
while liver degradation is assumed to be time-varying in agree-
ment with current knowledge [21]. Insulin secretion is assumed
to be dependent on both plasma glucose concentration and its
rate of change [31], [32].

In addition to simulating in the normal human a meal (Fig. 5)
and daily life (Fig. 7) situations, this last by incorporating vari-
ations during the day of insulin sensitivity and beta cell respon-
sivity, the model has been used to describe various glucose in-
tolerance states (Fig. 7), by simulating parametric changes in
insulin action (V},,., k,3) and beta cell secretion (K and (). Fi-
nally, albeit on a smaller triple tracer meal database, the model
has also been numerically identified in the type 2 diabetic sub-
ject. The model structure of the normal subject turned out to be
robust and data were fitted well, i.e., the type 2 diabetic subject
can be quantitatively described with the same model structure
but with a different parametric portrait.

As with all models, there are some limitations. The most im-
portant is that counteregulatory hormones, such as glucagon,
epinephrine, and growth hormone, have not been considered.
This will be considered in future model developments. This will
be also important for extending the model to type 1 diabetes. An-
other limitation concerns the glucocentric nature of the model;
i.e., the role of other fuel substrates like free fatty acids and their
interaction with glucose and insulin is not considered. Finally,
when modeling daily life, it would be important to include di-
urnal variation of parameters. Some quantitative knowledge on
insulin sensitivity and beta cell responsivity behavior during the
three meals is available [33] and has been included, but it would
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certainly be desirable to improve this description as well as in-
clude more circadian parametric variations. Finally, the model
is a “mean” model, and it will be important to further exploit the
information content of our database by also accounting for the
intersubject variability.

In conclusion, we have proposed a physiologically based
model of the glucose-insulin system during meals. The mod-
eling strategy is novel and has taken advantage of a unique
meal data set both in normal and type 2 diabetes in which
not only plasma concentrations but also relevant glucose and
insulin fluxes during a meal were available. The model should
prove valuable as simulator in several situations dealing with
the pathophysiology of diabetes.

REFERENCES

[1] R.Srinivasan, A. H. Kadish, and R. Sridhar, ‘A mathematical model for
the control mechanism of free fatty acid-glucose metabolism in normal
humans,” Comput. Biomed. Res., vol. 3, pp. 146-166, 1970.

[2] R. O. Foster, J. S. Soeldner, M. H. Tan, and J. R. Guyton, “Short term
glucose homeostasis in man: A system dynamic model,” Trans. Amer.
Soc. Mech. Eng. (ASME), pp. 308-314, 1973.

[3] C. Cobelli, G. Federspil, G. Pacini, A. Salvan, and C. Scandellari, “An
integrated mathematical model of the dynamics of blood glucose and
its hormonal control,” Math. Biosci., vol. 58, pp. 27-60, 1982.

[4] C. Cobelli and A. Mari, “Validation of mathematical models of com-

plex endocrine-metabolic systems: A case study on a model of glucose

regulation,” Med. Biol. Eng. Comput., vol. 21, pp. 390-399, 1983.

C. Cobelli and A. Ruggeri, “Evaluation of portal/peripheral route and of

algorithms for insulin delivery in the closed-loop control of glucose in

diabetes. A modeling study,” IEEE Trans. Biomed. Eng., vol. BME-30,

no. 2, pp. 93-103, Feb. 1983.

E. Salzsieder, G. Albrecht, U. Fischer, and E. J. Freys, “Kinetic mod-

eling of the glucoregulatory system to improve insulin therapy,” IEEE

Trans. Biomed. Eng., vol. BME-32, no. 10, pp. 846-855, Oct. 1985.

J. T. Sorensen, “A physiologic model of glucose metabolism in man

and its use to design and assess improved insulin therapies for dia-

betes,” Ph.D. dissertation, Chemical Engineering Dept., Massachusetts

Institute of Technology, Cambridge, 1985.

E. D. Lehmann and T. Deutsch, “A physiological model of glucose-

insulin interaction in type 1 diabetes mellitus,” J. Biomed. Eng., vol.

14, pp. 235-242, 1992.

S. Andreassen, J. J. Benn, R. Hovorka, K. G. Olesen, and E. R. Carson,

“A probabilistic approach to glucose prediction and insulin dose ad-

justment: Description of metabolic model and pilot evaluation study,”

Comput Methods Programs Biomed., vol. 41, pp. 153-165, 1994.

[10] P. Vicini, A. Caumo, and C. Cobelli, “Glucose effectiveness and insulin
sensitivity from the minimal models: Consequence of undermodeling
assessed by Monte Carlo simulation,” IEEE Trans. Biomed. Eng., vol.
46, no. 2, pp. 130-137, Feb. 1999.

[11] R. Hovorka, V. Canonico, L. J. Chassin, U. Haueter, M. Massi-
Benedetti, M. O. Federici, T. R. Pieber, H. C. Schaller, L. Schaupp,
T. Vering, and M. E. Wilinska, “Nonlinear model predictive control
of glucose concentration in subjects with type 1 diabetes,” Physiol.
Meas., vol. 25, pp. 905-920, 2004.

[12] R. Basu, B. D. Camillo, G. Toffolo, A. Basu, P. Shah, A. Vella, R.
Rizza, and C. Cobelli, “Use of a novel triple tracer approach to asses
postprandial glucose metabolism,” Amer. J. Physiol. Endocrinol.
Metab., vol. 284, pp. E55-E69, 2003.

[13] R. Basu, C. D. Man, M. Campioni, A. Basu, G. Klee, G. Jenkins, G.
Toffolo, C. Cobelli, and R. A. Rizza, “Mechanisms of postprandial hy-
perglycemia in elderly men and women: Gender specific differences in
insulin secretion and action,” Diabetes, vol. 55, pp. 2001-2014, 2006.

[14] R. Taylor, I. Magnusson, D. L. Rothman, G. W. Cline, A. Caumo, C.
Cobelli, and G. 1. Shulman, “Free in PMC direct assessment of liver
glycogen storage by 13C nuclear magnetic resonance spectroscopy and
regulation of glucose homeostasis after a mixed meal in normal sub-
jects,” J. Clin. Invest., vol. 97, pp. 126-132, 1996.

[15] A. Bertoldo, P. Peltoniemi, V. Oikonen, J. Knuuti, P. Nuutila, and C.
Cobelli, “Kinetic modeling of [(18)F]FDG in skeletal muscle by PET:
A four-compartment five-rate-constant model,” Amer. J. Physiol. En-
docrinol. Metab., vol. 281, pp. E524-E536, 2001.

[5

—_

[6

—

[7

—

[8

—_

[9

—

[16] K. V. Williams, A. Bertoldo, P. Kinahan, C. Cobelli, and D. E. Kelley,
“Weight loss-induced plasticity of glucose transport and phosphoryla-
tion in the insulin resistance of obesity and type 2 diabetes,” Diabetes,
vol. 52, pp. 1619-1626, 2003.

[17] C.D.Man and C. Cobelli, “A system model of oral glucose absorption:
Validation on gold standard data,” IEEE Trans. Biomed. Eng., vol. 53,
no. 12, pp. 2472-2478, Dec. 2006.

[18] G. Pillonetto, G. Sparacino, and C. Cobelli, “Reconstructing insulin
secretion rate after a glucose stimulus by an improved stochastic de-
convolution method,” IEEE Trans. Biomed. Eng., vol. 48, no. 11, pp.
1352-1354, Nov. 2001.

[19] A. Basu, C. D. Man, G. Toffolo, R. Basu, C. Cobelli, and R. A. Rizza,
“Effect of type 2 diabetes on meal glucose fluxes and insulin secretion,”
Diabetes, vol. 53, p. A579, 2004.

[20] P. Vicini, A. Caumo, and C. Cobelli, “The hot IVGTT two-compart-
ment minimal model: Indexes of glucose effectiveness and insulin sen-
sitivity,” Amer J. Physiol., vol. 273, pp. E1024-E1032, 1997.

[21] E.Ferrannini and C. Cobelli, “The kinetics of insulin in man. I. General
aspects,” Diabetes Metab. Rev., vol. 3, pp. 335-363, 1987.

[22] J. J. Meier, J. D. Veldhuis, and P. C. Butler, “Pulsatile insulin secretion
dictates systemic insulin delivery by regulating hepatic insulin extrac-
tion in humans,” Diabetes, vol. 54, pp. 1649—-1656, 2005.

[23] C.D. Man, G. Toffolo, R. Basu, R. A. Rizza, and C. Cobelli, “A model
of glucose production during a meal,” in Proc. IEEE EMBS Conf., New
York, 2006, pp. 5647-5650.

[24] E. R. Carson, C. Cobelli, and L. Finkelstein, The Mathematical Mod-
eling of Endocrine-Metabolic Systems. Model Formulation, Identifica-
tion and Validation. New York: Wiley, 1983.

[25] C. Cobelli, D. Foster, and G. Toffolo, Tracer Kinetics in Biomedical Re-
search: From Data to Model. New York: Kluwer Academic/Plenum,
2000.

[26] P. H. Barrett, B. M. Bell, C. Cobelli, H. Golde, A. Schumitzky, P.
Vicini, and D. Foster, “SAAM II: Simulation, analysis, and modeling
software for tracer and pharmacokinetic studies,” Metabolism, vol. 47,
pp. 484-492, 1998.

[27] R. A.Rizza, L. J. Mandarino, and J. E. Gerich, “Dose-response charac-
teristics for effects of insulin on production and utilization of glucose
in man,” Amer. J. Physiol., vol. 240, pp. E630-E639, 1981.

[28] R. Prager, P. Wallace, and J. M. Olefsky, “In vivo kinetics of insulin
action on peripheral glucose disposal and hepatic glucose output in
normal and obese subjects,” J. Clin. Invest., vol. 78, pp. 472-481, 1986.

[29] H. Yki-Jarvinen, A. A. Young, C. Lamkin, and J. E. Foley, “Kinetics
of glucose disposal in whole body and across the forearm in man,” J.
Clin. Invest., vol. 79, pp. 1713-1719, 1987.

[30] M. F. Nielsen, R. Basu, S. Wise, A. Caumo, C. Cobelli, and R. A.
Rizza, “Normal glucose-induced suppression of glucose production but
impaired stimulation of glucose disposal in type 2 diabetes: Evidence
for a concentration-dependent defect in uptake,” Diabetes, vol. 47, pp.
1735-1747, 1998.

[31] G. Toffolo, E. Breda, M. K. Cavaghan, D. A. Ehrmann, K. S. Polonsky,
and C. Cobelli, “Quantitative indexes of beta-cell function during
graded up&down glucose infusion from C-peptide minimal models,”
Amer. J. Physiol. Endocrinol. Metab., vol. 280, pp. E2-E10, 2001.

[32] E.Breda, M. K. Cavaghan, G. Toffolo, K. S. Polonsky, and C. Cobelli,
“Oral glucose tolerance test minimal model indexes of beta-cell func-
tion and insulin sensitivity,” Diabetes, vol. 50, pp. 150-8, 2001.

[33] M. Campioni, G. Toffolo, K. Spiegel, E. V. Cauter, and C. Cobelli,
“Morning to evening decrease in insulin sensitivity and beta-cell re-
sponsivity to identical meals,” Diabetes, vol. 54, p. A333, 2005.

Chiara Dalla Man was born in Venice, Italy, on
March 2, 1977. She received the Doctoral degree
(Laurea) cum laude in electronics engineering and
the Ph.D. degree in biomedical engineering both
from the University of Padova, Padova, Italy, in 2000
and 2005, respectively.

She is currently a Postdoctoral Research Fellow
with the Department of Information engineering
of Padova University. Her main interests are in the
field of mathematical modeling of metabolic and
endocrine systems.



DALLA MAN et al.: MEAL SIMULATION MODEL OF THE GLUCOSE-INSULIN SYSTEM

Robert A. Rizza received a B.A. degree in bio-
physics from The Johns Hopkins University,
Baltimore, MD. He then went to medical school at
the University of Florida, Gainesville, and completed
his internship and residency at The Johns Hopkins
University. He completed a clinical endocrinology
and a research fellowship at the Mayo Clinic.

In 1980, he then joined the faculty at the Mayo
Clinic, where he was Chair of the Division of
Endocrinology, Diabetes, Metabolism and Nutrition
from 1992 to 2002 and Co-Director of the Mayo
Kogod Program of Aging from 2002 to 2004. Currently, he is the Earl and
Annette R. McDonough Professor of Medicine and Director for Research of
the Mayo Clinic. His clinical interests include diabetes, hypoglycemia, insulin
resistance, obesity, and lipid disorders. His research focuses on the regulation
of carbohydrate metabolism in humans.

Dr. Rizza has received the American Diabetes Association’s Outstanding
Physician Clinician Award as well as the American Association of Clinical En-
docrinologist’s Distinguished Service to Endocrinology Award. He is a Past
President of the Association of the Program Directors of Endocrinology, Di-
abetes and Metabolism; the Association of Subspecialty Professors; and the
American Diabetes Association.

Claudio Cobelli (S’67-M’70-SM’97-F’03) was
born in Bressanone (Bolzano), Italy, on February 21,
1946. He received the Doctoral degree (Laurea) in
electrical engineering from the University of Padova,
Padova, Italy, in 1970.

From 1970 to 1980, he was a Research Fellow of
the Institute of System Science and Biomedical En-
gineering, National Research Council, Padova, Italy.
From 1973 to 1975, he was Associate Professor of Bi-
ological Systems at the University of Florence. From
1975 to 1981, he was Associate Professor of biomed-

1749

ical engineering at the University of Padova. In 1981, he become Full Professor
of biomedical engineering at the University of Padova. His main research ac-
tivity is in the field of modeling and identification of physiological systems, es-
pecially endocrine-metabolic systems. He has published around 200 papers in
internationally refereed journals. He is co-editor of Carbohydrate Metabolism:
Quantitative Physiology and Mathematical Modeling (Chichester, U.K.: Wiley,
1981), Modeling and Control of Biomedical Systems (Oxford, U.K.: Pergamon,
1989) and Modeling Methodology for Physiology and Medicine (New York:
Academic, 2000). He is coauthor (with E. R. Carson and L. Finkelstein) of
The Mathematical Modeling of Metabolic and Endocrine Systems (New York:
Wiley, 1983); (with D. Foster and G. Toffolo) of Tracer Kinetics in Biomed-
ical Research: from Data to Model (London, U.K.: Kluwer Academic/Plenum
2001) and (with E. R. Carson) of Introduction to Modeling in Physiology and
Medicine (New York: Academic, 2007).

Dr. Cobelli is currently Associate Editor of IEEE TRANSACTION ON
BIOMEDICAL ENGINEERING and of Mathematical Biosciences. He is on the
Editorial Board of the American Journal of Physiology: Endocrinology and
Metabolism and has been in the past on the Editorial Board of Control
Engineering Practice; Diabetes, Nutrition & Metabolism; Diabetologia, and
the American Journal of Physiology: Modeling in Physiology. He has been
Chairman (1999-2004) of the Italian Biomedical Engineering Group and has
been Chairman (1990-1993 and 1993-1996) of the International Federation
of Automatic Control (IFAC) Technical Committee on Modeling and Control
of Biomedical Systems. He is a member of the International Federation for
Medical and Biological Engineering; the Biomedical Engineering Society; the
Society for Mathematical Biology; the American Diabetes Association; and
the European Association for the Study of Diabetes.



