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A dynamic model was developed to assess insulin sensitivity and pancreatic response in lactating
dairy cows. The model is based on a simultaneous analysis of insulin and glucose intravenous
tolerance tests. It comprises five compartments corresponding to insulin in portal—hepatic
plasma, and insulin or glucose in both systemic plasma and in interstitial fluid. Insulin secretion
rate is a sigmoidal function of glucose in plasma. Insulin is cleared from hepatic plasma and from
the interstitial fluid. The glucose entry rate is constant and glucose utilization rate is a sigmoidal
function of insulin in the interstitial fluid. Six parameters were estimated: two for insulin
secretion rate, two for insulin clearance, one for glucose entry rate and one for glucose utilization
rate. After integration of the functions, the model yielded a relative estimate of the quantities of
insulin secreted and cleared, as well as the glucose entering and utilized during each test. Using
an experimental dataset composed of ten pairs of tolerance tests, the explained variations for
plasma insulin and glucose concentrations were 96-0 and 98-3 % and standard errors of estimates
were 0-032nmol/l and 0-14 mmol/l respectively. Except in the early stages after injection,
residual errors were low. A Jackknife analysis showed that the estimated parameters exhibited
low statistical bias. This model simplifies the interpretation of both tests through a simulation
based on six common parameters. Compared to a classical analysis of tolerance tests, it may
improve the analysis of modifications in the key functions regulating glucose homeostasis in
ruminants.

Model: Insulin: Dairy cows: Tolerance tests

In comparison with single-stomached mammals, the
regulation of glucose metabolism in dairy ruminant animals
presents several peculiarities. Due to the fermentation of
carbohydrates in the rumen, the intestinal absorption of
glucose is limited and the hepatic production of glucose is
particularly important. Insulin regulates glucose utilization
in extra-mammary peripheral tissues, (including adipose
and muscle). In this way, it affects the partitioning of the
main nutrients that are precursors for the synthesis of milk
constituents between the mammary gland and other tissues.
This explains why many authors studying the effects of
different physiological and nutritional states on the
composition of milk in ruminant animals have analysed
the regulation of glucose homeostasis (Sechen et al. 1989;
Chilliard & Ottou, 1995; Lemosquet et al. 1997).

The secretion of insulin interacts with insulin sensitivity
in regulating the plasma glucose concentration. The most

direct techniques for the in vivo estimation of these two
components of glucose homeostasis regulation are difficult
and costly to perform on dairy cows from an experimental
point of view. These methods involve the use of cows that
are catheterized in the hepatic portal vein in order to
estimate insulin secretion, and the use of a glucose tracer
during euglycaemic hyperinsulinaemic clamps to assess
glucose response to insulin (Debras ef al. 1989). Intravenous
glucose and insulin tolerance tests (injection of a bolus of
glucose or insulin) are experimentally easier to perform.
However, their interpretation is limited to the analysis of
parameters that are calculated from curves of plasma insulin
and plasma glucose concentrations. These parameters
include peak value, area under the concentration curve
and fractional disappearance rate of glucose. The use of
mathematical models in biology has improved the treatment
of results obtained from different experimental techniques.

Abbreviations: GERO, glucose entry rate; GUM, parameter allowing maximum insulin-stimulated glucose uptake under euglycaemic conditions; GUR,
glucose utilization rate; ISM, maximal glucose-stimulated insulin secretion; ISR, insulin secretion rate; KIS, glucose sensitivity parameter of insulin

secretion rate.
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Among the models for studying the regulation of glucose
homeostasis (Cobelli et al. 1982; Castillo et al. 1994,
Hovorka & Jones, 1994), mechanistic models (HOMA,
CIGMA or minimal model) have been developed in
medicine to allow a more rigorous analysis of results
(Pacini & Bergman, 1986; Turner et al. 1990). These
models have simple structures to facilitate the estimation of
parameters. For example, the Bergman minimal model,
which is used in clinical research, leads to the calculation of
four parameters from a glucose tolerance test. Two of the
parameters serve to assess the pancreatic response to
glucose (first and second phases of secretion), while the
other two are used to estimate the insulin sensitivity (Pacini
& Bergman, 1986).

The aim of the present study was to design a dynamic
model for glucose and insulin tolerance tests performed on
dairy ruminant animals. This model, based simply on
measurements of plasma insulin and glucose concen-
trations, is intended to estimate separately the quantities of
secreted and cleared insulin, as well as the total amounts of
glucose produced and absorbed or the amount of glucose
utilized during the tolerance tests. The insulin tolerance test
should improve the evaluation of insulin clearance and
facilitate the separate estimates of insulin secretion and
clearance during the glucose tolerance test. For this reason,
the model was built up from a simultaneous analysis of both
tolerance tests.

The model
Construction

The model design was chosen to mimic insulin and glucose
distribution in the most important body fluid compartments
and to simulate the key regulatory functions of glucose
homeostasis. Insulin (Fig. 1) diffuses within three compart-
ments, which represent the quantity of insulin in systemic
plasma (/;, nmol), portal-hepatic plasma (I3, nmol) and
interstitial fluid (/;, nmol) in accordance with the models
proposed for humans subjects by Ferrannini & Cobelli
(1987). Insulin is injected (I;v;, nmol) in the systemic
plasma compartment /; (Fig. 1) during the insulin tolerance
test. It is cleared from the interstitial fluid compartment I,
with a fractional disappearance rate KIy, (min~ ') or from
the portal—hepatic plasma compartment of insulin /3 with a
fractional disappearance rate Klo; (min~'), as proposed in
the model of Ferrannini & Cobelli (1987). Insulin is secreted
in the portal—hepatic plasma compartment of insulin /3. The
insulin secretion rate function (ISR) increases similar to a
sigmoidal curve as a function of glucose concentration
(glyc, mmol/l). It corresponds to the function observed for
single-stomached mammals in vivo as well as in vitro
(Ashcroft, 1981).

There are numerous similarities between modelling
procedures used for glucose and insulin. Glucose diffuses
in only two compartments (Fig. 1), where the systemic
plasma is represented by G; (mmol) and the interstitial fluid
by G, (mmol). A specific compartment for the diffusion of
glucose in the portal—hepatic system was not necessary
since the uptake of glucose by the liver is negligible in
ruminants (Hocquette ez al. 1996). The plasma compartment

ISR

GUR with 1,=1,,

GUR with GZ;GZD

v

17V

Fig. 1. Compartments and parameters of the model. For further
details of the model, see p. 360. I, I, /3, quantities of insulin in
compartments, comparable with the systemic plasma, the interstitial
fluid and the hepatic plasma respectively; G; and G,, quantities of
glucose in compartments comparable with the systemic plasma and
the interstitial fluid respectively; Klio, Kby, Klyz, Kls1, KGi2, KGo1,
coefficients of transfer rates between compartments; /;y, quantity
of insulin injected; ISR, insulin secretion rate function; Kl and
Klps, insulin fractional disappearance rates; Gy quantity of glu-
cose injected; GERO, glucose entry rate function; GUR, glucose
utilization rate function; Glyc, plasma glucose concentrations.

G receives the glucose injected (Gyy, mmol) during the
glucose tolerance test. It also receives the hepatic glucose
output represented by the glucose entry rate function
(GERO). This function is assumed to be constant in the
model but its value is always estimated during the
simulations. Glucose from the interstitial fluid compartment
G, can be utilized by tissue. The glucose utilization rate
function (GUR) depends on both the insulin and glucose
concentrations (Fig. 1). In ruminants, as in single-
stomached mammals, the total glucose utilization is higher
under hyperglycaemic hyperinsulinaemic clamps than
under euglycaemic hyperinsulinaemic clamps (Bergman
et al. 1989). Under euglycaemic conditions, GUR is a
sigmoidal function (Debras et al. 1989) of the quantity of
insulin I, in the interstitial fluid compartment (Fig. 1).
Under euinsulinaemic conditions, GUR increases curvili-
nearly in response to increasing glucose in compartment G,
(Fig. 1) as in the model proposed by DeFronzo & Ferrannini
(1982).

Model parameterization

The volumes of the compartments are V; (litres), V5 (litres)
and V3 (litres), for Iy, I, and I3 respectively. For G| and G,
these volumes correspond to Vi (litres) and V,g (litres)
respectively. In the basal state, the concentrations of plasma
insulin and plasma glucose, and the five quantities of insulin
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and glucose, are denoted as insul0, glyc0, 1o, 19, 130, G1o
and G, respectively. The parameters KI,, and KG,,,
represent constant fractional transfer rates from compart-
ment /,, to compartment /,, and from compartment G,, to
compartment G,, respectively. The equations for the insulin
and glucose submodels can then be written as follows:

dl
7; = K3 X Is + Kl 13 X I, — (Kl + KI3) X 1;, (1)

dl
7; = Ky XI1 — (K12 + Klop) X I, 2
dls
E:]SR"FKIg,]X]] — (K3 ‘|‘I(I()3))<I37 3)
dG,
= GERO + KG13 X G, — KG» X Gy, 4)
and
dG
7: = KGy XG; — KGp X G, — GUR. (&)

We used a logistic equation to describe the sigmoidal
curve of ISR (Sturis et al. 1991):

ISM
1 + IS1 X eKISX(glycO—glyc)) ?

(6)

ISR(nmol/min) = ISNGD +

where ISNGD corresponds to the non-glucose-dependent
insulin secretion, ISM corresponds to the maximal glucose-
stimulated insulin secretion and KIS expresses the
pancreatic sensitivity to glucose. The logistic curve is
skew-symmetric, with an inflection point at:

In(IS1)
= glyc0 +
X = glyc KIS
and at:
_ISM
y= 5

We also decided to describe the GUR function under
euglycaemic conditions (G, = Gy) using a ‘logistic
equation’ and under euinsulinaemic conditions (I, = I5)
using an exponential equation. The GUR function was
obtained by directly multiplying the equations describing
the dependence on glucose and insulin, in accordance with
most models of glucose utilization in single-stomached
mammals (Sturis et al. 1991). With such a function, the
utilization of glucose is nil when the quantity of glucose in
compartment G, is nil, which prevents the glucose

compartments from taking on negative values:

GUR (mmol /min) =

GUM
GUND +

(KGUIX—“Z(‘}”?))
1+ GUlI Xe A

y <1 3 e(KGUGx%))) 7

Under euglycaemic conditions, GU1 sets the position of
inflection of the curve on the x-axis and KGUI expresses the
insulin sensitivity to glucose. The maximal insulin-
stimulated glucose utilization is represented by GUM X (1 —
e(7KGUG) Under euinsulinaemic conditions, KGUG rep-
resents the GUR sensitivity to glucose and, as in the model of
Sturis et al. (1991), the non-insulin dependent glucose

— G2
utilization corresponds to GUND X (1 — e TKOVOG)y

Model constraints

The complexity of the model was considerable: it included
seven equations and twenty-three parameters. Several
constraints were adopted to limit the number of parameters
estimated to six in the final version of the model. This model is
a compromise between a physiologically justifiable descrip-
tion and a representation whose parameters can be estimated
from experimental data. The six parameters estimated were
chosen from the twelve that describe modifications in the
glucose homeostasis functions (i.e. secretion and clearance of
insulin, entry and utilization of glucose).

We decided first of all to fix the transfer rates between
compartments (Kl = 0-12, KG,; = 0-25, KI5 = 0-35)
and all the parameter values in order to calculate the
compartment volumes. The volume V; in the plasma
compartments of insulin and glucose (/; and G;) increased
with the body weight (BW) and the milk yield (MILK)
according to Pfeffer et al. (1965) and Bergman et al.
(1989):

Vi(litres) = 0-36 X MILK + 0-0315 X BW. (8)

This regression function was calculated using our
experimental data (n 16, R? 0-986). The volumes of
insulin V,; and glucose V,s in interstitial fluid compart-
ments (/,, G,) were fixed at 14 and 11 % BW respectively.
The portal—hepatic fluid volume of the insulin compart-
ment (/3) was fixed at 18 % V; according to Campra &
Reynolds (1988). For a cow producing 30 kg milk/d, the
total body fluid diffusion of insulin and glucose represents
19-8 and 16 % BW respectively. These values are in
agreement with Pfeffer et al. (1965) and Bergman et al.
(1989).

Second, the parameter GUND was determined after
calculating the non-insulin dependent glucose utilisation
under basal conditions (when G, = Gyp). We built up an
equation using milk yield data to calculate this fraction of
glucose utilization. In dairy ruminant animals, mammary
gland glucose uptake is not mediated by insulin and is
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quantitatively very important (Debras et al. 1989). About
80 % glucose taken up by the mammary gland is secreted as
lactose, which has a concentration of about 50 g/l milk
(Annison et al. 1974). The other fraction of non-insulin
dependent utilization in other organ tissues was fixed at
300 mg/min using data of glucose brain uptake in sheep
(Pell & Bergman, 1983 quoted by Hocquette & Balange,
1996). It represents approximately 10% total glucose
utilization in a cow producing 30 kg milk/d. The parameter
GUND (mmol/l) was then calculated using:

GUND x (1 — ¢ KGUGY =
(MILK X 0-05 % 10°) 1
300 .
( 08X 24 % 60 180 ©)

Finally, we assumed that the basal state corresponds to an
initial equilibrium state for insulin and glucose. As
described in Hovorka et al. (1993), the net fluxes of insulin
and glucose between the different compartments are
assumed to be nil if the concentration gradient is zero,
thus giving:

Vv

KI]2 :K121 X—l. (10)
Var

Similar relations were used between KI;3 and KI5, or

between KG, and KG»;. In addition:

dly dl, dly dG,

_:Oa . 07

7 -0 - =0 and —=0.

dr dt

The parameters Iy, 139, Goo and the insulin secretion rate
under basal conditions ISRO can then be calculated by
solving equations 1, 2,4, 5 and 3. The value of IS1, can then
be obtained using equation 3. At basal state, the glucose
entry rate function (GERO) and the glucose utilization rate
function (GURO) are also equilibrated. The value of GU1
can then be derived using equation 7.

After imposing these constraints, there are nine remaining
parameters to estimate (ISM, KIS, Kly,, Klyz, GERO, GUM,
ISNGD, KGUI, KGUG), from which six were chosen after
assessing the quality of the simulation (see p. 362).

Application

The input variables in the model (i.e. experimental data
required) are the animal’s body weight (BW, kg), its milk
yield (MILK, kg/d), the quantities of glucose (G;y;, mmol)
and insulin (I;y;, nmol) injected during glucose and insulin
tolerance tests, the plasma glucose concentration (glyc,
mmol/l) and the plasma insulin concentration (insul,
nmol/l), the time (¢, min) of injection and sampling.

Experimental data

The experimental datasets from trial 2 of the study
published by Lemosquet et al. (1997) were used to develop
the present model. Four dairy cows were fed a diet based on
dehydrated whole plant maize and received a continuous
infusion of glucose into the duodenum (1500 g/d) or water
(control infusion) according to a switch-back design with
periods of 4 weeks. A glucose tolerance test and an insulin

tolerance test were performed on the same cow during the
last week of each period. Cows weighed 635 kg and yielded
32-7 kg milk/d under the control infusion and 31-6 kg milk/d
under duodenal glucose infusion. The model was then
developed using eight sets of individual data (four cows
receiving two treatments) and two sets of mean data
corresponding to the means of the experimental treatments
(control v. duodenal glucose infusion). In the model, the
injections of glucose and insulin were simulated as being
instantaneous at time = 0-5 min. A total of twenty-six data
points of insulin and glucose concentration were used to
carry out each simulation. The mean glucose and insulin
concentrations taken before the injection (glycO and insul0
respectively) were introduced in the model in order to define
the basal equilibrium state at time f= Omin. The
concentrations of glucose and insulin at #<<5 min were not
taken into account since the model does not allow us to
describe the diffusion of products into the first compart-
ments immediately after injection.

Data simulation

The model program is written in ACSL (Mitchell &
Gauthier, Inc., Concord, MA, USA). The optimizations
were performed using the SIMUSOLV software (Dow
Chemical Company, Midland, MI, USA). The system of
differential equations was solved through numerical
integration using Gear’s backward difference formula in
the Simusolv program (Steiner et al. 1990). The integration
step-size was varied but did not exceed the interval between
observations (3 min). Parameters were estimated by
maximization of the log likelihood function (Bard’s
likelihood standard reduced model; Steiner et al. 1990)
using insulinaemia and glycaemia as time-dependent
variables. The simulation with Simusolv included a model
for the asymptotic standard errors (ASE) of the predicted
value for a variable (f):

ASE? = o2 X f7,

where o is a proportionality factor and <y is called the
heteroscedasticity parameter which is also estimated during
the simulation (Steiner et al. 1990).

The simulations were performed with the same set of
initial parameter values (Kly, 0-07 min~ !, Kly3 0-65 min”~ !,
ISNGD 0-314nmol/min, KIS 1-08, ISM 6-10nmol/min,
GER(O 16:67 mmol/min, KGUI 28-67, KGUG 1-8, GUM
25 mmol/min). The final model uses a simulation with six
parameters to be estimated (K, Klys, KIS, ISM, GERO and
GUM). At the end of each simulation, the total amounts of
insulin secreted (IS7) during each test were calculated by
integration of the different functions over 80 min (i.e. the
total duration of the test plus 5 min). The same applies for
the total amount of insulin cleared (ICL2y for I,, ICL3 7 for
I, ICLy = ICL2r + ICL37), as well as the total amounts of
glucose entering (GE7) and glucose utilized (GUy).

Method of analysis and validation of the model

The purpose of the different simulations was to study the
quality of the model mainly by analysis of the residuals
(difference between observed data and estimated data).
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To study the variation of the model parameters during
optimization, a procedure known as the Jackknife method
and a sensitivity analysis were applied on the set of mean
data obtained with the control treatment. The Jackknife
method is effective in obtaining, at the same time, non-
biased estimates of the parameters and standard errors of the
quantities of secreted insulin, cleared insulin (IS7 and /CL7)
and of glucose entering and utilized (GE7 and GU7) during
each tolerance test. This method is also performed to study
the contribution of sampling times in determining parameter
values. The procedure is based on a resampling of data
(Simonoff & Tsai, 1986). Twenty-six simulations were
carried out, and from each simulation the data correspond-
ing to a sampling time in one of the two tests were removed,
leading to twenty-six sets of pseudo-values. A standard
Jackknife estimate is defined as the mean value of the
twenty-six corresponding pseudo-values. The sensitivities
of ISy, ICL2y and ICL37, GUy and GEp were tested in
response to variations of +20 %, the initial value of one
fixed parameter. For example, the sensitivity of ISy to the
fixed parameter V; will be equal to 1 if ISy increased 20 % in
response to a 20 % increase of V.

Datasets of glucose and insulin tolerance tests from
Chilliard & Ottou (1995) and from Sechen et al. (1989)
were used to validate the model. The datasets corresponded
to mean data from each experimental treatment. The
simulations were then performed under similar conditions to
our experimental data. The parameter V,; was the only
value modified in the set of initial parameters (0-14 instead
of 0-11 % BW).

Results of simulations

In the simulation carried out in this study, six parameters
were chosen (ISM, KIS, Kly,, Klyz, GERO and GUM)

Plasma insulin concentration (nmol/l)

Plasma glucose concentration (mmol/l)

0 10 20 30 40 50 60 70 80

Time (min)

Fig. 2. An example of model fitting for plasma insulin (®, O) and
plasma glucose (A, A) concentrations during a glucose tolerance
test (M, A) and an insulin tolerance test (O, A) (based on
mean values of control treatment). For details of the model and
procedures see pp. 360—362.

from the nine that could be estimated (see model
constraints, p. 361). This was done both to limit high
correlations between parameters and to obtain the best fit
of plasma glucose and insulin concentrations (Fig. 2). We
found that the model converges rapidly when the number
of estimated parameters is between five and nine, but the
number of highly correlated parameters increases when
there are more than eight estimated parameters and their
estimations become imprecise. Nevertheless, in the
present simulation KIS v. ISM are highly correlated
(—0-83) and GUM v. GERO as Kly, v. Kly; yield
correlation coefficients higher than 0-5 (0:69 and 0-68
respectively). On eight datasets (four cows receiving the
control treatment and the duodenal glucose infusion
treatment), the variation explained was on average 96-0 %
for the plasma insulin concentration and 98-3 % for the
plasma glucose concentration, while the respective
standard errors of the estimates were 0-032nmol/l and
0-14 mmol/l. The analysis of the residuals (Fig. 3)
indicates that the model fails to fit the insulin and the
glucose curves at the first sampling time of the glucose
tolerance test (ft = 7-5min) when the concentrations are
high. Indeed, the model tends to overestimate the insulin
concentration at the first sampling time and to under-
estimate the high concentrations of glucose. In addition, it
tends to overestimate the minimum values of glucose in
the insulin tolerance tests.

The results of parameter estimation are presented in
Table 1. The duodenal glucose infusion significantly
increased both GERO, the glucose entry rate, and GUM,
the parameter conditioning the maximum of glucose
utilization, and decreased Kls, the hepatic insulin clearance
parameter. The sum of the quantities of insulin injected and
secreted (IS7 + I;yy) and the sum of the quantities of insulin
cleared (ICL7) reach equilibrium over the duration of each
tolerance test (Table 1). The same applies for the sum of
glucose entering (GE7 + Gyyy) and utilized (GUry). Since
the glucose entry rate function GERO is constant, it
constrains the total quantity of glucose utilized (GUry)
during the tolerance tests.

Results of internal validations

For the six parameters estimated, as well as for the
integrated functions (IS7, ICLy, GE7, GUry), the means
calculated for each treatment (four cows per treatment)
yield values close to estimates obtained from the simulation
of two datasets. These correspond to mean data for each
experimental treatment, despite the non-linearity of the
model. Only ISM and KIS show slight differences between
the two methods of calculation (means of four datasets v.
dataset of mean values for control infusion, ISM
5-88 nmol/min in Table 1 v. 7-72 nmol/min in Table 2; and
for duodenal glucose infusion, KIS 1-00 v. 1-37). Internal
validation (including Jackknife method and sensitivity
analysis) was then performed on the dataset corresponding
to the mean values for the control treatment.

The simultaneous analysis of both tolerance tests greatly
improved the estimation of the six parameters. Table 2
reports the means and the asymptotic standard errors (ASE)
obtained when the simulation was performed using data
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Fig. 3. Box plots graph representing statistical residuals for plasma insulin (a),(b) and
glucose (c),(d) concentrations. (a),(c), Glucose tolerance test; (b),(d), insulin tolerance
test. For details of the model and procedures, see pp. 360—362. Residuals were calcu-
lated as observed—predicted data. The box boundary closest to zero indicates the 25th
percentile, while the line within the box marks the median. The box boundary farthest
from zero indicates the 75th percentile. Vertical bars above and below the box indicate
the 90th and 10th percentiles and circles (O) indicate outlying points.

from both tolerance tests. The ASE greatly increased when
the simulation was carried out using data from the glucose
tolerance test alone. The mean values are: ISM 7-87 (ASE
4-51) nmol/min, KIS 0-97 (ASE 0:08), Klp; 0-86 (ASE 1:04)
min~ ', Klp, 0-16 (ASE 0-02) min~ ', GERO 19-6 (ASE 6-0),
GUM 21-4 (ASE 4-3) mmol/min. This was also the case for
the insulin tolerance test. The mean values are: ISM 5-77
(ASE 51) nmol/min, KIS 0-72 (ASE 0-77) mmol/min, Kly;
0-47 (ASE 0-020) min ', Klp, 0-157 (ASE 0-03) min ',
GERO 17-5 (ASE 1:4) mmol/min, GUM 23-5 (ASE 2.9)
mmol/min. The insulin tolerance test greatly improved the
precision of estimation of both hormone clearance (Kly3)
and the glucose entry rate (GERO). The estimations of
insulin secretion parameters (ISM, KIS) were only
estimated precisely in the glucose tolerance test.

When data from both tolerance tests were used, the non-
biased standard errors of the Jackknife estimates ranged
from one to two times the asymptotic standard errors (Table
2). The CV for the parameters obtained with the Jackknife
method (Table 2) ranged from 3-6 to 22-4 %: GERO 3-6, KIS

6:6, GUM 6-8, Kly3 7-3, Kl 9-1 and ISM 22-4 %. The non-
biased standard errors for the integrated functions (/S7 and
ICLy, GE7 and GUy) calculated by this method were low
(Table 2). Their CV ranged from 1-2 to 4-2 %.

Two examples of the effect of sampling time on the
determination of parameter values and integrated function
are presented in Fig. 4. Two particular sampling intervals
had an important influence on parameter estimations. These
sampling intervals correspond to the early stage of the
glucose tolerance test (7-5—15-5 min), when the insulin and
glucose concentrations are maximal for the six estimated
parameters, and also when glucose concentrations are
minimal (21-5-31-5min) during the insulin tolerance test
for Kly,, GERO and GUM. The values taken by the
integrated functions (IS7, ICL7, GERO, GU7) depend on both
of these sampling times.

The quantities of insulin that are secreted (IS7) or cleared
(ICL7) are very sensitive to any increase in the initial values
of the parameters, in particular for ISy and ICL; when
calculated for the glucose tolerance test. These two
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Table 1. Means of parameter estimates obtained when the simulations were performed on eight datasets
corresponding to four cows receiving duodenal infusions of water (control) or glucose (1500g/d) according to a
switch-back design*

Control Duodenal glucose
infusion (n 4) infusion (n 4) st Statistical significance: Pt

ISM(nmol/min) 77 8-8 1.32 04
KIS 0-98 1.37 0-297 02
Kloz (min™T) 0-15 0-13 0-037 04
Kloz (min~") 0-50 0-27 0-062 0-03
GERO (mmol/min) 16-7 210 1-11 0-03
GUM (mmol/min) 221 241 0-58 0-04
Glucose tolerance test

Glucose injected (mmol) 378 378

IS7 (nmol) 132 134 42-6 09

ICL+ (nmol) 132 134 429 09

GE7 (mmol) 1335 1681 88-9 0-03

GU7r (mmol) 1717 2075 90-1 0-03
Insulin tolerance test

Insulin injected (nmol) 70 70

1S7 (nmol) 44 46 121 09

ICL+ (nmol) 115 116 122 09

GE7 (mmol) 1335 1681 88-9 0-03

GU7 (mmol) 1351 1691 823 0-02

ISM, maximal glucose-stimulated insulin secretion; KIS, glucose sensitivity parameter of insulin secretion rate function; Kly,
and Kilog, insulin fractional disappearance rates for compartments 2 and 3; GERO, glucose entry rate function; GUM, parameter
allowing maximal insulin-stimulated glucose utilization under euglycaemic conditions; /Sy, total amount of insulin secreted during
a tolerance test; ICLy, total amount of insulin cleared; GE7, total amount of glucose entering; GUr, total amount of glucose

utilized.
* For details of procedures, see pp. 360—362.

1 Residual standard deviation of the ANOVA, (see Lemosquet et al. 1997).

1 Effects of treatments.

Table 2. Comparison of parameter estimates and asymptotic stan-

dard errors (ASE) to non-biased parameter estimates and corre-

sponding non-biased standard errors (NBSE) obtained by the

Jackknife method (on the dataset corresponding to the means for
the control treatment)*

Asymptotic Jackknife methodt
Estimates ASE Estimates NBSE
ISM (nmol/min) 5.9 0-37 5-3 1-18
KIS 0-99 0-034 1-02 0-069
Kloz (min™") 018 0-017 0-22 0-020
Kloz (min~") 0-44 0-032 0-42 0-031
GERO (mmol/min) 159 0-46 156 0-57
GUM (mmol/min) 20-5 0-94 221 1-50
Glucose tolerance test
1S+ (nmol) 131 - 132 56
ICL+ (nmol) 131 - 132 56
GE7 (mmol) 1269 - 1250 45.3
GUr (mmol) 1651 - 1627 45.0
Insulin tolerance test
1S+ (nmol) 43 - 43 1.4
ICL+ (nmol) 113 - 113 1-4
GE7 (mmol) 1269 - 1250 45.3
GUt (mmol) 1285 - 1265 42-8

ISM, maximal glucose-stimulated insulin secretion; KIS, glucose sensitivity
parameter of insulin secretion rate function; Ko, and Kilos, insulin frac-
tional disappearance rates for compartments 2 and 3; GERO, glucose
entry rate function; GUM, parameter allowing maximal insulin-stimulated
glucose utilization under euglycaemic conditions; /Sy, total amount of
insulin secreted during a tolerance test; ICLy, total amount of insulin
cleared; GEr, total amount of glucose entering; GUr, total amount of
glucose utilized.

*For details of procedures, see pp. 360—363.

T The Jackknife method is effective in obtaining non-biased estimates of the
parameters and standard errors of the quantities ISy, ICL, GE, GUr
simultaneously.

quantities are very sensitive to the fixed parameters
conditioning the volume of the insulin compartment or the
transfer of insulin between compartments where sensi-
tivities range between 0-18 and 0-48 in response to an
increase of +20 % in the initial values of Vi, Vs, Vi, Kl
and Kly,. The initial value changes of the other fixed
parameters GUND, KGUG, KGUI, ISNGD have only a
slight effect on the integrated functions (ISy, ICLy, GU7).
In addition, IS7 and ICLy for the glucose tolerance test are
also sensitive to GUM, which is the parameter
conditioning the maximum of glucose utilization (showing
sensitivities of —0-30 for both ISy and ICLy). The
parameter ISy for the insulin tolerance test is sensitive fo
Kly, and GERO (sensitivities of 0-48 and 0-3 respectively).
The quantities of glucose utilized (GUy) are very sensitive
to the constant selected for the glucose entry rate function
GEROQ (sensitivities of 0-71 in the glucose tolerance test
and of 0-92 in the insulin tolerance test). This observation
is consistent with the fact that the quantities of glucose
entering (GE7) and utilized (GU7y) reach equilibrium over
the duration of the tolerance tests.

Results of external validation

Using similar initial parameters, the model leads to a good
simulation (Table 3) of the data of Sechen ef al. (1989) and
Chilliard & Ottou (1995). The percentage of variation
explained and the standard error of estimates obtained for
insulin concentration are comparable with those obtained
from the two sets of mean data in the duodenal glucose
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infusion experiment (99-4 and 969 % and between 0-017
and 0-04 nmol/I respectively, for Sechen et al. 1989 and for
Chilliard & Ottou, 1995). However, the percentage of
variation for the simulation of glucose concentrations were
slightly lower (93-3 and 97-2% respectively) and the
standard error of the estimates (0-37 and 0-40 mmol/l
respectively) remained much higher.

Discussion

This modelling approach combines the information result-
ing from two distinct tests, which is not possible with the
usual methods of data treatment. We estimated six
parameters common to both tests, using a simulation
carried out on all of the points on the insulin and glucose
concentration curves.

Scientific basis of the model

The present model includes the major crucial processes
taking part in the regulation of glucose homeostasis, in
particular the secretion and clearance of insulin as well as
the utilization of glucose. The sigmoidal form of the insulin
secretion function (ISR) is consistent with experimental
measurements and other models (Ashcroft, 1981; Sturis
et al. 1991). Several equations have been used to simulate
sigmoidal functions in glucose metabolism models. In the
present model, we decided to use a ‘logistic’ equation
because this parameterization had good estimation proper-
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Fig. 4. Examples of the influence of sampling time in determining
both parameter values (Klyo) and integrated functions (GU7) using
the Jackknife statistical method. (a), (c), Glucose tolerance test; (b),
(d), insulin tolerance test. For details of the model and procedures,
see pp. 360—-363. Each plot represents the result of a simulation
carried out after deleting the plasma insulin and glucose data cor-
responding to the nth time. Kly, is the parameter of insulin frac-
tional disappearance rates in interstitial fluid compartment; GUr is
the total amount of glucose utilized during the glucose tolerance
test.

ties (Ratkowsky, 1989). Such equations have already been
used in several glucose metabolism models (for example,
see Sturis ef al. 1991) and this function is frequently used to
describe hormonal competition in radioimmunoassay. To
describe a sigmoidal function fully, we need an estimation
based on four parameters whatever the function used. Since
the present data included only plasma insulin and glucose
concentrations, we did not have sufficient information to
estimate the four parameters and to locate the inflection
point precisely. The use of a logistic function imposes
symmetry around the inflection point. In future, it may
become less appropriate to use a logistic equation to
describe more physiologically the insulin secretion function
if data other than plasma insulin and glucose concentrations
are measured. Nevertheless, it remains difficult to know
whether the insulin secretion rate function takes on realistic
values because the variation of portal insulin secretion with
increasing amounts of injected glucose has not been
measured in ruminants. However, values of insulin secretion
obtained with the model ranged from basal values to peak
values of portal secretion measured in sheep receiving a
glucose tolerance test (McCann et al. 1989). The threshold
of insulin secretion was estimated at a lower plasma
glucose concentration (1-9mmol/l) than the levels
observed in vitro (Ashcroft, 1981). This also applies to
the glucose concentrations corresponding to the point of
inflection (6:6 mmol/l) and the maximum secretion rate
(10— 14 mmol/l). This shift of sensitivity towards glucose
on the model insulin secretion curve may be explained by
the difference of basal glucose concentration between
ruminant animals (mean value 3-6 mmol/l in the studied
dairy cows) and single-stomached mammals (5 mmol/l).

The cleared insulin parameter values in the model are in
agreement with the literature on ruminants (McCann et al.
1989). The hepatic extraction of de novo secreted insulin
ranged between 40 and 66 % (Kl; 0-56, based on average of
data in Tables 1 and 3). The mean value for Kly, (0-085) is
comparable with the peripheral insulin degradation (9 %)
estimated in human models (Castillo ef al. 1994).

The glucose utilization rate function (GUR) is in
accordance with several models on single-stomached
mammals which use an exponential function to describe
non-insulin-dependent glucose utilization and a sigmoidal
function to describe insulin-dependent glucose utilization
with both functions indexed on glucose levels. In the present
model, insulin-dependent glucose utilization increases
exponentially with glucose level, as shown by De Fronzo
& Ferrannini (1982), while in most single-stomached
mammal models it generally increases linearly with glucose
within physiological concentrations (Sturis et al. 1991).
However, there is insufficient data on ruminants to define
the response of insulin-dependent utilization when glycae-
mia is increased greatly above basal levels, as seen with
glucose tolerance tests, which do not represent a normal
physiological concentration for ruminants. With the value
adopted for KGUG (1-8), the GUR function slows down the
utilization of glucose under hypoglycaemic conditions,
reaching a maximum as soon as glucose becomes higher
than the physiological level (basal level for a ruminant).
Nevertheless, the estimates of the non-insulin dependent
utilization (GUND X (1 — e KOU0))  the basal utilization
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Table 3. External validation: results of simulations performed on literature data*t

Chilliard & Ottou (1995)%

Sechen et al. (1989)§

Control RO NA NA + RO Control bST
ISM (nmol/min) 7-39 5-35 7-29 7-76 146 159
KIS 0-40 0-51 0-46 0-40 0-56 0-59
Klop (min~ 1) 0-074 0-060 0-037 0-041 0-095 0-121
Kloz (min~ ") 0-58 0-51 0-74 0-53 0.72 0-62
GERO (mmol/min) 14.7 138 185 205 222 26-5
GUM (mmol/min) 250 211 220 256 295 332
Glucose tolerance test
Glucose injected (mmol) 878 878 878 878 813 813
IS+ (nmol) 247 188 349 243 262 287
ICL+ (nmol) 247 188 350 243 262 287
GE7 (mmol) 2270 2138 2868 3170 2775 3307
GUr (mmol) 3154 3028 3764 4056 3590 4120
Insulin tolerance test
Insulin injected (nmol) 576 576 576 576 102 102
1S+ (nmol) 107 70 131 101 65 68
ICL+ (nmol) 684 647 708 678 168 170
GE7 (mmol) 2270 2138 2868 3170 2775 3307
GUr (mmol) 2278 2162 2876 3183 2775 3307

RO, rapeseed oil; NA, niacin; bST, bovine somatotropin; /SM, maximal glucose-stimulated insulin secretion; KIS, glucose sensi-
tivity parameter of insulin secretion rate function; Kly, and Klys, insulin fractional disappearance rates for compartments 2
and 3; GERO, glucose entry rate function; GUM, parameter allowing maximal insulin-stimulated glucose utilization under
euglycaemic conditions; /Sy, total amount of insulin secreted during a tolerance test; ICLt, total amount of insulin cleared;
GET, total amount of glucose entering; GUr, total amount of glucose utilized.

*Each dataset corresponds to the means for an experimental treatment.

1 For details of procedures, see pp. 360—362.

1 Dairy cows received four treatments, i.e. duodenal infusion of water (control) or duodenal infusion of RO or duodenal infusion

of NA or a combination of duodenal infusion of NA + RO.

§ Dairy cows were treated with injections of the vehicle (control) or bST.

(equivalent to GERO) and the maximal utilization
(GUND + GUM) have the same orders of magnitude as
the values obtained by Debras ef al. (1989) in goats in
mid-lactation under euglycaemic hyperinsulinaemic
clamps (per kg BW: GUND X (1 — e K6UG) 14.8 .
20-6 pmol/min, GERO 29-7 v. 23-6 pmol/min, GUM +
GUND 54-1 v. 40-6 pmol/min).

To limit the complexity of the model, the glucose entry
rate function was assumed to be constant, which may appear
an oversimplification. The model was initially tested with a
glucose entry dependent on glucose concentration according
to a sigmoidal curve consistent with the model proposed by
Cobelli et al. (1982). However, during the entire glucose
tolerance test, minimal values of the glucose entry rate were
observed and they increased only very slightly (20 %) at the
end of the insulin tolerance test. This is consistent with
observations in dairy goats under euglycaemic clamps, in
which the glucose entry rate becomes minimal as soon as
the plasma insulin concentration exceeds 0-35nmol/l
(Debras et al.1989). For this reason, the model was
simplified by adopting a constant glucose entry rate function
GERQ.

Simulations performed

The main contribution of the model is to combine the use of
two different types of tolerance test in order to improve the
estimation of the six parameters, since the simulations
carried out using both tests decrease the asymptotic standard
errors of estimates compared with simulations carried out
using only one of the two tests. The insulin tolerance test

improves the estimation of the portal hepatic insulin
clearance and glucose entry parameters, while the glucose
tolerance test improves the estimation of the insulin
secretion parameters. In addition, the standard errors of
non-biased parameters estimated using the Jackknife
method are relatively low.

To force the model to detect differences between key
regulatory functions of glucose homeostasis, we decided to
fix all the parameters used to estimate the size of the
compartments and the transfer rates between compartments.
A sensitivity analysis confirmed that this choice was
important because both the insulin secretion and clearance
functions are very sensitive to these parameters.

With the six estimated parameters, it would appear
possible to detect some modifications of the key functions of
glucose homeostasis. For example, significant differences
among treatments were observed in the estimation of
glucose entry rate (GERQO), maximum insulin-stimulated
glucose uptake (GUM') and, the hepatic insulin clearance
parameter (Kly3). Such differences could not be detected
using a classical analysis of tolerance tests (Lemosquet et al.
1997). However, an estimation based on twelve parameters
would have been required to define all the modifications of
the glucose homeostasis functions in the model. We
estimated only two parameters, GUM and GERQO, to describe
all the modifications of glucose entry and utilization. This
may explain why, with increased quantities of injected
insulin or glucose, the standard error of estimates of glucose
concentration were higher during the tests of Sechen et al.
(1989) and Chilliard & Ottou (1995). In future, to compare
individuals in extremely different physiological situations
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(stage of lactation, overnutrition and undernutrition, etc.)
which strongly modify all the parameters of glucose
homeostasis, it will be necessary to increase the number of
estimated parameters. For example, in goats in early
lactation under euglycaemic hyperinsulinaemic clamps, the
resistance of the body tissues to insulin either resulted in a
significant reduction in the maximum insulin-stimulated
glucose utilization parameter equivalent to GUM (Debras
et al. 1989) or to a significant modification of the sensitivity
parameter equivalent to KGUI (Faulkner & Pollock, 1990;
Metcalf & Weekes, 1990). Nevertheless, to increase the
number of parameters estimated without increasing the
number of highly correlated parameters, additional assays
would be required (e.g. C peptide concentration to calculate
insulin secretion, or glucose tracer infusion to calculate
turnover).

The model does not accurately describe the glucose and
insulin concentrations, either when the glucose concen-
tration is minimal during the insulin tolerance test or just
after glucose injection during the glucose tolerance test. In
addition, the Jackknife method showed that the estimation
of parameters (ISM, KIS, Kly,, Kly;, GERO and GUM) is
strongly dependent at both of these stages (Fig. 4). In future,
it may be possible to improve the estimation of the
parameters through a higher sampling frequency when the
glucose concentration is minimal during the insulin
tolerance test. Increasing the sampling frequency immedi-
ately after the glucose injection during glucose tolerance
tests would not necessarily improve the estimation of
parameters, since the model does not describe mixing and
diffusion processes in the compartments (Shipley & Clark,
1972). However, modelling this diffusion process would be
very complex. To limit this problem, the concentrations of
glucose and insulin at the first sampling time (#<<5min)
were not taken into account in the model. Despite this
precaution, the values taken by the six estimated parameters
were very dependent (Fig. 4) on the first adopted sampling
time (7-5min). The invalid assumption of instantaneous
mixing in each compartment may also explain why a higher
V> was required to fit the data of Sechen et al. (1989) and
Chilliard & Ottou (1995), corresponding to higher quantities
of injected glucose.

Despite all these limitations, the model provides an
estimation of the amounts secreted or utilized during the
tolerance tests. It also yields low standard errors for these
quantities. Unfortunately, it is not easy to compare these
quantities with experimental measurements because it
remains very expensive to carry out repeated measurement
of portal insulin flux or glucose disappearance rate in dairy
COWS.

Conclusion

This model, based on the simultaneous interpretation of
glucose tolerance and insulin tolerance tests, offers an
original alternative for analysing the modifications of
glucose homeostasis in dairy ruminants following changes
of nutritional or physiological factors without resorting to
costly experimental techniques. Using six estimated
parameters, the model calculates relative values for the
quantities of insulin that are secreted and cleared, or glucose

produced and utilized during tolerance tests. In future, it
would be interesting to compare these quantities with
measured values and to validate the model in a wider range
of physiological situations.
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