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This work compares three well-known models and simulators in terms of their use in the
analysis and design of glucose controllers for patients with Type 1 Diabetes Mellitus (T1DM).
The objective is to compare them in practical scenarios which include: model uncertainty,
time variance, nonlinearities, glucose measurement noise, delays between subcutaneous
and plasma levels, pump saturation, and real-time controller implementation. The pros and
cons of all models/simulators are presented. Finally, the simulators are tested with different
robust controllers in order to identify the difficulties in the design and implementation
phases. To this end, three sources of uncertainty are considered: nonlinearities, time-varying
behavior (intra-patient) and inter-patient differences.
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1. Introduction

The artificial automatic control of glucose for patients with
Type 1 Diabetes Mellitus has been a long-standing objec-
tive since the creation of continuous glucose monitors and
insulin pumps [1]. The Artificial Pancreas Project launched
by the Juvenile Diabetes Research Foundation (JDRF) in 2005
generated a great deal of research in this area in the last
few years.

In order to design an automatic controller that may con-
nect a glucose monitor and an insulin pump, a model of
the underlying dynamics is generally necessary. To verify
the effectiveness of the controller before clinical tests, sev-
eral in silico evaluations should be performed. To this end, a
more elaborate dynamic model which includes not only the
glucose-insulin behavior, but also many other practical issues
(insulin pump constraints, glucose monitor errors, interstitial-
plasma delays) should be implemented as a simulator.

* Corresponding author. Tel.: +54 1163934853.

A few models based upon ordinary differential equations
(ODE) have been used for simulation and control design
purposes [2,3,1,4]. Among the initial ones we can mention
Sorensen’s 19th order model [5] and Bergman’s 3rd. order
model [6]. One of the first control algorithms was presented in
1991 by Fisher [7] and was based on [6], and more sophisticated
models and controllers have been developed since then. Many
of them are instrumental for patient analysis, like the AIDA
freeware available at http://www.2aida.org/aida/intro.htm [8],
while others are also used for automatic controller design
and testing. The aim of this work is to present a comparison
between the most relevant models in this last group, which
can be considered to be the standards in terms of controller
performance analysis.

Controller design for this process has been approached
in different ways using different models (see [1] for a sur-
vey). Solutions go from simple PID control to heuristic
fuzzy-logic procedures or parametric-programming [9]. The
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aforementioned models present significant sources of uncer-
tainty that are worth considering. Robust Control Theory
[10-12] has been applied to this problem, centered on the
uncertainty issue. Also, a Linear Parameter Varying (LPV)
model has been derived in [13] based on Sorensen’s model
and controlled by an Hy linear time invariant (LTI) control
in [14,15]. In addition, due to the nature of the dynamics in
all models, MPC [16-18], nonlinear control design methods
[19,20], LPV and Unfalsified control (UC) [21,22], have also
been applied. Based on the latter, attention should be paid to
all of the following issues:

e Model uncertainty (dynamics, intra- and inter-patient).
e Nonlinear phenomena.

o Time delays, actuator saturation, measurement noise.
e Real-time implementation.

The objective of this work is to compare the three main
models which are used in controller (closed-loop) testing:
Sorensen’s 19th order model [5], the model developed by the
Universities of Virginia and Padova (UVa/Padova) [23] and the
Cambridge model [18]. The two latter ones have been imple-
mented in the form of simulators as well. As a byproduct of
our research, several errors in the literature have been found
and are pointed out in order to help the practitioner when
programming these models [12].

Another important point is their use in controller synthe-
sis and implementation in practical situations which should
include all the issues mentioned previously. In particular,
robust controllers should cope with model uncertainty. Hence,
three sources of uncertainty (nonlinearities, inter- and intra-
patient variations) are considered. The first is interpreted as
model variations among different linearization points. The
last one considers the time-varying behavior within a certain
patient. The time delays, actuator saturation and measure-
ment noise will be included in the design as part of the
synthesis weights and also in the closed-loop simulation
tests.

The paper is organized as follows. Sections 2-4 describe
the three aforementioned dynamic models and simulators,
respectively. Section5 compares them from different points
of view. Section 6 is devoted to the application of these mod-
els/simulators to controller design and to performance results
obtained from these robust controllers. Final conclusions are
drawn in Section?7.

2. Sorensen’s model

Sorensen’s mathematical model is an explanatory physio-
logical mechanism of the glucose metabolism in a normal
average man. It divides the body into six compartments:
(1) brain, representing the central nervous system; (2) heart
and lungs; (3) gut; (4) liver; (5) kidneys and (6) muscular
skeleton and adipose tissue (peripheral). In addition, each
compartment is composed of three spaces: (1) blood capillary,
fed by the arterial blood and evacuated by the venous one;
(2) interstitial and (3) intracellular. Nevertheless, the num-
ber of spaces can be reduced to two or to one, depending

on the permeability of the membranes in each compart-
ment.

In Sorensen’s formulation three models interact: glucose,
insulin and glucagon. In order to obtain a mathematical rep-
resentation, a mass balance is performed in each physiological
compartment. As a consequence, 12 nonlinear ordinary differ-
ential equations are obtained for the glucose (three associated
to non dimensional variables) and glucagon dynamics and
seven linear ones for the insulin. It is important to note that
the linearity in the insulin model is due to the fact that dia-
betes type I is considered. This assumption not only induces
linearity, but also decouples the insulin dynamics from the
others. The glucose absorption model in [8] is used by sev-
eral other authors [11,13-15], as well as in the AIDA simulator,
instead of the original one employed in [5]. A close analysis
of the dynamic equations (see Appendix A) indicates several
inconsistencies with respect to the models presented in pre-
vious works (see also [12]). For example in [13], variable Amcy
is confused with Ajggp in Eqg. (4). In the same work, there are
no parenthesis in Eq. (3) and there are numerical differences
in Eq. (7). Also in Eq. (5) the denominator should read T./VE
instead of 1/TLV]. These last three errors are also present in
[11]. In Eq. (2) of [10], instead of V§ we find V¥, which does not
allow its simplification. All these can always be interpreted as
typing errors. Nevertheless, there is a common error in all of
these works and also in [1] which concerns Eq. (6). The vari-
able which should be there is not I, but I§ instead. This error
already appears in the original work [5] in the section where
the complete model is presented (pages 213-222), but the cor-
rect variable can be identified through the analysis of page 134
over I'kc, where the article [24] is referenced. The latter can be
also ratified by the programming instructions of the model in
[5] on page 535.

3. UVa/Padova’s model/simulator

This model is presented in [25] and divides the body into
two subsystems: glucose and insulin, each divided into
two compartments. The parameter adjustment is based on
experiments over 204 normal subjects in order to obtain a non-
diabetic model (a type 2 diabetic model is also obtained with
another database). The GIM simulator [26] adapts the previ-
ous non-diabetic model in order to simulate a type 1 diabetic
subject which includes a model of subcutaneous (s.c.) insulin
kinetics. The glucose absorption model used in [25,26,23] is
the one described in [27]. The complete model equations used
in GIM are presented in Appendix B.

The UVa/Padova Type 1 Diabetes Mellitus Simulator
(T1DMS), which is based on the previous model, is pre-
sented in [23]. Its distributed version can be obtained through
the UVa/Padova organization, enhanced by models of insulin
pumps and glucose monitors, both considered subcutaneous.
The aforementioned distributed version has a cohort of 30
virtual® patients (10 adults, 10 adolescents, 10 children). A
more elaborate model with a cohort of 300 patients and

3 By virtual we mean a synthetic patient which has been
designed by combining different parameters in the simulator.
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Table 1 - Pros and cons of the three models/simulators.

Model/simulator Pros

Cons

eImmediate transformation of a normal to a controlled

Sorensen T1DM patient

eConsiders glucagon dynamics

eIncludes inter-subject variability
eHas a large cohort of virtual subjects
SEfeen through this model
oA reliable glucose absorption model

eInsulin injection is intravenous
eInter and intra-subject variability are not taken into
account

eGlucagon dynamics are not considered
eIntra-subject variability is not included

eAn average T2DM patient has also been obtained

eAdds models of CGM and s.c. insulin delivery (specific

brands)
eAccepted by the FDA

eHas a cohort of in silico patients validated with a

clinical study
eIncludes intra-subject variability
oA physical exercise model is included

Cambridge

oGlucagon dynamics are not considered

oIts glucose absorption model is oversimplified

eAdds general models of CGM and s.c. insulin delivery

approved by the Food and Drug Administration (FDA) to skip
animal tests is not available for comparison in this work
because it is not freely distributed outside the UVa/Padova
organization.

4. Cambridge’s model/simulator

This model has been developed by the group directed by
Prof. Hovorka in Cambridge, see [28,20,18] (see Appendix C for
model equations). It has 5 submodels that describe the glucose
regulation in T1DM.

The dynamics presented in [18] are used in a simu-
lator developed at the University of Cambridge. However,
Egs. (8)—(10) are inconsistent in [18]. The deactivation rate
constants k,; which multiply the states x;(t) should be replaced
with the corresponding activation rate constants ky; in all
those equations, i=1, 2, 3. Also in that work, Eq. (11) appears
with a plus sign instead of a minus sign when compared to
the same equation in the simulator description document.
In addition to the aforementioned submodels, Cambridge’s
simulator includes a submodel of physical exercise by a sin-
gle parameter from a log-normal distribution representing a
drop in plasma concentration. The simulator environment,
which was validated against an overnight clinical study, has
a virtual population of 18 subjects with T1IDM and consid-
ers the s.c. glucose measurement and insulin pump delivery
errors. The educational version of this simulator has only 6
virtual subjects. A subset of the individual parameters has
been estimated from experimental data collected in subjects
with T1DM, and others have been drawn from informed prob-
ability distributions. An important issue concerns the concept
of synthetic subject. It represents the inter-subject variability
when a unique set of parameters is assigned to each individ-
ual, and the intra-subject variability when certain parameters
are considered to be time-varying.

In [18] the virtual subjects with T1DM were validated with
clinical studies. These were carried out with an identical
closed-loop control algorithm (MPC), and similar results were
obtained.

5. Model/simulator comparisons

Here, some pros and cons from the different mod-
els/simulators are presented in terms of their uncontrolled
(open-loop) behavior and are summarized in Table 1. The
next section is devoted to comparing these simulators when
applied to controller design and test.

Sorensen’s model was the first complete compartmental
dynamics which presented the notion of an average patient
that could be tuned parametrically. It allows an immediate
transformation from a normal to a controlled T1DM patient by
eliminating the I'pjr factor associated to the insulin released
from the pancreas. Nevertheless, it has several drawbacks. It
contemplates only intravenous insulin, eliminating the sig-
nificant delay in the injection of this hormone, which is of
great importance from an s.c. control standpoint. Although
in [5] the model capacity for predicting diabetic metabolic
abnormalities is proved, it is also acknowledged that an indi-
vidualized parameter adjustment is desirable. An attempt to
compensate for the lack of inter-subject variability is made in
[11], through the variation of some physiological parameters.
Nevertheless, these parameter variations were synthesized
through the T1DM model, in the absence of data from real
T1DM patients.

The UVa/Padova model is also compartmental and repre-
sents an average patient that may be tuned parametrically.
Still, in contrast with Sorensen’s model, this one solves the
inter-subject variability problem through a large cohort of vir-
tual subjects. Itincludes a glucose absorption model which has
several advantages with respect to the one presented in [8] (see
[27]). It also adds models of continuous glucose monitoring
(CGM) and s.c. insulin delivery, which allow more realistic sim-
ulations. Furthermore, this system has been accepted by the
FDA as a substitute to animal trials in the pre-clinical testing
of closed-loop control strategies. The drawback with respect
to Sorensen’s model is that here, the glucagon has not been
considered.

From Cambridge’s model, the following may be con-
cluded. It is a simulation environment designed specifically to
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support the development of closed-loop insulin delivery sys-
tems in T1DM, whereas in [25] an average T2DM is also
obtained. The software allows for a comprehensive assess-
ment of an individual, as well as the population in silico
study results. The validity of population-based predictions
generated by this simulation environment was demonstrated
by comparison with a clinical study in young subjects with
T1DM in an overnight evaluation (see [18]). This is an advan-
tage with respect to the UVa/Padova simulation environment
which was not validated by clinical trials, but by synthetic ones
instead. Two other advantages are: the intra-subject variability
is induced by adopting time-varying parameters, and a physi-
cal exercise model is included. The drawback is that, similarly
to the UVa/Padova model, the glucagon has not been con-
sidered. Finally, the hormonal effects of epinephrine, growth
hormone and cortisol have been neglected in all these models.

6. Application to controller synthesis and
testing
6.1. Sorensen’s model

Since there is no simulator for Sorensen’s model, a Simulink
model was developed, which also includes random and fil-
tered noise for the glucose measurement with an inaccuracy
of 5%* and an insulin pump saturation of 100 mU/min (see [9]).
The insulin injection here is intravenous.

The nonlinear model is linearized at nine different inter-
stitial glucose concentrations which range from 2.56 to
10.17 mmol/¢. The low level of nonlinearity allows the rep-
resentation of the system as a nominal LTI model plus
uncertainty. The nominal model can be reduced from 19 to
6 states with no major impact. A discrete Hy controller is
designed based on a mixed-sensitivity performance objective

defined as:

Wp(#)S(2) -,

WA@K@SE) | ||
where S(z)=(I+GK)™! is the sensitivity function, Wp(z) and
W (z) are the performance and additive uncertainty weights,
respectively, and K(z) is the controller.

The design is performed via the H,, optimal control method
using the loop-shifting formulae of [30], considering the follow-
ing weights:

0.015z 4+ 0.015
We(d = = —5.959990

min {ysuchthat

WA (Z)

_0.0002494z> + 0.0001069z2 + 8.882 x 10 °z —2.22 x 1071°
B 23 —2.7972% + 2.606z — 0.8084

The controller, which provides stability and performance at
all different working points, operates with a sampling time of

4 The American Diabetes Association (ADA) has suggested that
meter systems should have an inaccuracy of less than 5% [29].
Nevertheless, current continuous glucose monitors have not yet
achieved that accuracy.
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Fig. 1 - Uncontrolled simulation in Sorensen’s model.

1min and has order 10 with a y =0.9683. In this simulation, the
evolution of an average normal patient perturbed as in [10]
was used as a reference, starting from an initial concentra-
tion value of 4.85 mmol/¢. The results of two glucose intakes
of 100g. each are depicted in Figs. 1 and 2. Fig. 1 is associ-
ated with the uncontrolled scenario without insulin infusion
(open-loop) and Fig. 2, with the average type 1 diabetic patient
with the controller in place (closed-loop).

6.2. UVa/Padova’s simulator

The database of TIDMS and GIM were used to obtain a dis-
crete H,, robust controller which could handle three different
patients with T1DM. One of the patients was the average one
proposed in [26]. These three models where linearized around
the glucose level of 5.1mmol/¢. The same design technique
used in Sorensen’s model was used here, but considering the
following weights:

2) = 0.001075z 4 0.001075
= z — 0.999970

0.000127z2 4 0.000244z + 0.0001172

WA(Z) = 2

72 — 1.993z + 0.993
Also, the same sampling time and measurement noise as in
Sorensen’s model were used,” and an insulin pump saturation
of 30 U/h (OmniPod) was included. The designed controller has
order 16 and is reduced to order 6 with a y=2.5359.

In Fig. 3, the open-loop simulation of all three patients is
depicted, and in Fig. 4, their controlled responses with two
glucose perturbations of 100 g each one are represented. In the
controlled simulations, the evolution of the average normal
patient was used as a reference, according to the parameters
presented in [25].

> The authors wanted to compare the controlled simulations
with similar measurement error characteristics.
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Fig. 2 - Closed-loop simulation of Sorensen’s model with the discrete H,, controller.

6.3. Cambridge’s simulator
As mentioned previously, the advantage of this simulator is
the intra-patient variability representation when consider-
ing time-varying parameters. Hence, the strategy here is a
linearization of the nonlinear dynamics at different sampling
times but with a constant interstitial glucose concentration.
The first virtual subject (there are six in the Simulator Edu-
cational Version) at {0, 60, 120} min and a concentration of
5.10mmol/¢ was considered. The parameter variation in this
simulator is periodic, hence parameters at 0 and 180 min are
repeated.

Based on these 3 models and after repeating the procedure
followed in the previous designs, a discrete H,, controller is

35
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Fig. 3 - Uncontrolled simulation for Nos. 5, 10 and average
patients of UVa/Padova’s simulator.

obtained which guarantees stability and performance. In this
case, the design is achieved using LMI optimization ([31]) and
considers the following weights:

W(2) = 0.00475z + 0.00475
P 2 —0.999990
3.177 x 10722 + 6.354 x 107°2 +3.177 x 10~°
Wa(z) =

72 — 1.994z + 0.9935

A controller of order 11 is obtained and is reduced to order
9 with a y=1. As a consequence it allows, after an ingestion,
the average plasma glucose level to return to a constant and
safe value. In Fig. 5, the simulated uncontrolled response of
the patient after two glucose intakes of 100g each is repre-
sented. Figs. 6 and 7 plot the controlled (closed-loop) response
of the same patient with the MPC controller proposed in the
simulator and the Hy, controller, respectively.
All simulations are based on the following conditions:

No bolus is applied previous to food ingestion.

The sampling time and controller application interval is
1min.

Glucose measurements and insulin injection are both sub-
cutaneous.

The variation coefficient (CV) of the error in the continu-
ous insulin injection for the calibration and for the glucose
measurement errors are all 5%.

The closed-loop simulations show that the MPC signal is
not enough to guarantee a good performance by itself. For this
reason, a pre-meal insulin bolus is used in these cases. The
aim of this research is to obtain a control signal without any
correction bolus, hence the H,, controller seems to be better
than MPC in this case.
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Fig. 4 - Closed-loop simulation for Nos. 5, 10 and average patients of UVa/Padova’s simulator with the discrete H,, controller.
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Fig. 5 - Open-loop simulation of Cambridge’s model. The continuous lines are the plasma glucose concentration and the
insulin injection rate, the squares are glucose measurements, and the dash lines are the desired glucose range (3.9 to
8 mmol/l), the hypoglycaemia level (3 mmol/l), and the severe hypoglycaemia level (2 mmol/l).

7. Conclusions and future research

Comparisons are always difficult and no single answer is
possible. Besides the differences between the simulation envi-
ronments pointed out in Section5, the possibility of design
and simulation of controlled patients is also fundamental, as
illustrated in Section6. The 4 items mentioned in Section 1
need to be achieved, and in that sense, the inter- and intra-
patient variability cannot be represented adequately in all of
these models, except for Cambridge’s model. On the other
hand the FDA approval, which skips animal testing, is only

possible for the complete UVa/Padova’s simulator, although
through a synthetic validation method. Finally, Sorensen’s
model has as a unique advantage over the other two ones:
the inclusion of glucagon, which could be relevant in future
control approaches. From the computational point of view, the
Cambridge simulator is slower due to the fact that many text
files are generated in the process.

In this work, the design and simulation of closed-loop con-
trolled patients have been instrumental as an application of
the previous model/simulator analysis. As for (robust) control
issues, here the uncertainty has been represented by non-
linearities, inter- and intra-patient variations, the latter as a
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Fig. 7 - Simulation of Cambridge’s model with the discrete H,, control. The line indications are the same as the ones in

Fig. 5.

time-varying behavior. For these three sources of uncertainty
and with different discrete H, robust controllers applied to
three different simulations, a satisfactory answer has been
achieved. Nevertheless, the most accurate control seems
to be achieved by Sorensen’s model. This is because the
interstitial-plasma delay in the control signal and the inter-
and intra-subject variability are not included. Therefore, and
as Figs. 4 and 7 indicate, more realistic scenarios induce a more
difficult problem, and hence less performance. Also, it tends to
be harder when a single controller is used to control a group of
T1DM patients. In a real situation, all three sources of uncer-
tainty mentioned above should be considered simultaneously.
In that case, most probably a robust LTI controller such as the
one designed here would not be enough. Therefore, a thor-
ough exploration of nonlinear and/or linear time-varying (LTV)
controllers should be attempted. Some previous results have
been achieved with MPC [16-18], and by the authors with LPV
and UC as well [21,22], but further research is needed before a
reliable closed-loop behavior without a priori calibration, and

useful for a large variety of patients, can be obtained in clinical
tests.
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Appendix A. Sorensen’s model equations ([5,15])

e Glucose dynamics:
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NHGP = && 5 NHGP
A ~ 2 |2tanh (0549—L_ I A

IHGU = 75 an 2143 | ~ IHGU

The I'; parameters which appear in the equations are as follows: I'gy =70, I'rpcu = 10, I'sy =20, I'pir =0, I'1.c = Fic (IgQA + Ing + I'PR)
and

GC
Tcu = 20Amcy {5.6648 +5.6589 tanh {2 4375 <o1 1 48” }

G¢
T'yep = 155AIHGP[2-7 tanh(0.388N) — ANHGP] X {1.425 — 1.406 tanh |:O.1699 <1OL1 — 04969>:| }


dx.doi.org/10.1016/j.cmpb.2013.09.020

COMPUTER METHODS AND PROGRAMS IN BIOMEDICINE 113 (2014) 371-382 379

86.81 5.304

I¢ G&
Inr = < 1.3102 — 0.6101 h [1.0571 H_ _ 0.46981 2.9285 — 2. h |41 H_ _ 06191 5
PNR { 3102 — 0.61016 tan [05 (15.15 0.4698 )]}x{ 9285 — 2.095 tan { 8(91.89 069)]} (5)
I

(1 — Fpc)/(QeFpc) — TL/VE

3567 I
Ty = 7.035 + 651623 tanh |0.33827 — 5.82113

I'dc =

TIxc = Frel§Qx (6)

71{1 + tanh[0.11(G¢ — 460)]} if GS < 460mg/dl

Tkxg = ) (7)
0.872G§ — 330 if Gg>460mg/dl
Notation
Indices
A: Hepatic artery B: Brain BU: Brain uptake
C: Capillary space G: Glucose H: Heart and lungs
HGP: Hepatic glucose production. HGU: Hepatic glucose uptake I: Insulin
IHGP: Insulin effect on HGP IHGU: Insulin effect on HGU IVI: Intravenous insulin infusion
K: Kidney KC: Kidney clearance KE: Kidney excretion
L: Liver LC: Liver clearance N: Glucagon
NHGP: Glucagon effect on HGP P: Periphery (muscle/adipose tissue) PC: Peripheral clearance
PC: Peripheral clearance PGU: Peripheral glucose uptake PIR: Pancreatic insulin release
PNC: Pancreatic glucagon clearance  PNR: Pancreatic glucagon release RBCU: Red blood cell uptake
S: Gut SIA: Insulin absorption into blood stream from SU: Gut uptake
subcutaneous depot
T: Tissue
Variables
A: Auxiliary equation state F: Fractional clearance G: Glucose concentration
I: Insulin concentration N: Glucagon concentration (normalized) Q: Vascular plasma flow rate
q: Vascular blood flow rate T: Transcapillary diffusion time constante V: Volume (L)

v: Volume (dL) I': Metabolic source or sink rate
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Appendix B. UVa/Padova model equations

([25,26])

¢ Insulin subsystem:

Io(t) = ~[my +ms]le(t) + malp(t)
o Glucose subsystem: Ip(t) = —(m2 + ma)Ip(t) + male(t) + Ratlsct (t) + Razlsca(t)
_ ()
I(t) = v,
Gp(t) = EGP(t) +Ra(t) — Uy(t) — E(t) — R1Gp(t) + kaGy(t) L(t) = —ki (I 1) (1)
Ge(t) = —Uig(t) + k1Gp(t) — RaGe(t) Ia(t) = —ki (la — ) (t)
G(t) _ GL(TZ) Ise1 = (kd + kal)Iscl( ) + HR(t)
T Vg Iseo = Ralsea () — Razlsea(t)
EGP(t) = kp]_ — kszp(t) - kp31d(t)
. stto = Qstol (t) + QstoZ(t)
Qstor(t) = —kgriQston(t) + DA(t)
Qstoz(t) = _kempt(Qsto)Qst02(t) + kgriQstol (t)
qut(t) = ;kkabsélggut(t) + kempt(Qsto)QstoZ (t)
Raft) = —2=2
Uii(t) = Fens
Vm(X)Gt(t)
Uid(t) = KmO+Gt(t)
Vm(X) = Vmo+ VimxX(t)
X() = —pauX(t) +pav [I(t) — 1]
_ ke1[Gp(t) — kez], Gp(t) > ken
O = { o Golt) = ker

Notation

Gyp: Glucose mass in plasma and
rapidly equilibrating tissues
EGP: Endogenous glucose production

Uj and Uy: Insulin-independent and
-dependent glucose utilizations

I, and I;: Insulin masses in plasma
and in liver

Vr: Distribution volume of insulin

I1: Insulin signal associated with Iy

kp3: Parameter governing amplitude
of insulin action on the liver

Qgut: Glucose mass in the intestine

kaps: Rate constant of intestinal
absorption
BW: Body weight

Vm(X) and Kyo: Parameters from the
Michaelis Menten equation
ke2: Renal threshold of glucose

Isc1: Amount of nonmonomeric
insulin in the subcutaneous space

Gt: Glucose mass in slowly
equilibrating tissues

Rq: Glucose rate of appearance in
plasma

V¢: Distribution volume of glucose

I: Plasma insulin concentration

m1, my, ms and my: Rate parameters
kp1: Extrapolated EGP at zero glucose
and insulin

k;: Rate parameter accounting for
delay between insulin signal and
insulin action

kgri: Rate of griding

f: Fraction of intestinal absorption
which actually appears in plasma
Rq: Appearance rate of glucose in
plasma

X: Insulin in the interstitial fluid

kg: Rate constant of insulin
dissociation

Isco: Amount of monomeric in the
subcutaneous space

G: Plasma glucose concentration
E: Renal excretion

k1 and ky: Rate parameters

S: Insulin secretion

I4: Delayed insulin signal
kp2: Liver glucose effectiveness

Qsto1 and Qsto2: Amount of glucose in
the stomach at solid and liquid
phase

kempt: Rate constant of gastric
emptying

D: Amount of ingested glucose

Fens: Glucose uptake by the brain and
erythrocytes
ke1: Glomerular filtration rate

ka1 and kqo: Rate constants of
nonmonomeric and monomeric
insulin absorption

IIR: Exogenous insulin infusion rate
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Appendix C. Cambridge’s model equations

([18])

e Insulin action submodel:

x1(t) = —kp1X1(t) + SrrkpI(t) (8)
X(t) = —kpaXa(t) + SipkpoI(t) ©)
x3(t) = —ky3x3(t) + Siekpsl(t) (10)

e Glucose submodel:

e Subcutaneous insulin absorption/kinetics submodel:

810 = u() — kaS1()
$5(t) = kaS1(t) — kaSa(t)
i(t) = k“\sfl(t) —Rel(t)

e Gut absorption submodel:

. < ) RGP Gi(t) = _G) + BioD(t)
@0 = - |:VGG(t) +X1(t)} @)+ FaaQalt) = Fa + EGPO + Ue) &) Gl Ga(t)
. S(t) = -
Q) = a(Q) - ke +x01() cngy e
yt) = G{t)= Q@ (17) Vo = tnax
Ve T tmax_ceil: U > Ug_ceil

EGPo[1 — x3(t)], EGP>0 tmax Ug < Ug_ceil
EGP(t) =

0 EGP <0

G o Interstitial glucose submodel:

F¢ _ 01
01 G+1
FR (t) — RCI(G - Rﬂ’l}')vG’ GZRthr

0 G < Rnr C(t) = ka_int(G = C)(t)

Qq and Qy: Masses of glucose in
accesible and non-accesible
compartment

Ug: Gut absorption rate

G: Measured glucose concentration

I: Plasma insulin concentration

Ur: Insulin mass in plasma

kp1 and ky,: Deactivation rate
constants

Rq: Renal clearance constant

kq: Insulin absorption rate constante

D(t): Amount of carbohydrates
ingested
ka int: Transfer rate constant

Here

FS, = F01/0.85,

tmax_ceil = GZ/UG,ceily Sir= kal/kbly

Sip =ka2/Rp2, SiE =ka3/ky3 and F(S)l = Fp1/0.85.

Notation

k12: Transfer rate constant from the
non-accesible to the accesible
compartment

F§,: Total non-insulin dependent
glucose flux

EGP: Endogenous glucose production

X1, X2 and x3: Remote effect of insulin
on glucose distribution, disposal and
EGP

ke: Elimination rate constant for plasma
insulin

ky3: Deactivation rate constant for the
insulin effect on endogenous glucose
production

S; and S,: Insulin masses in the
accesible and non-accesible
compartments

G1 and G,: Glucose masses in the
accesible and non-accesible
compartments

Bio: Carbohydrate bioavability of the
meal

V¢: Distribution volume of glucose
in the accesible compartment

Fr: Renal glucose clearance

EGPy: Endogenous glucose
production extrapolated to the zero
insulin concentration

Ra1, ka2 and kg3: Activation rate
constants

Rir: Glucose threshold

Vr: Volume of distribution of plasma
insulin

u: Administration of rapid-acting
insulin

tmax: Time-to-maximum appearance
rate of glucose in the accesible
compartment

C: Glucose concentration in the
subcutaneous tissue
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