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Abstract

Calculation of pre-hepatic insulin secretion ISR(t) during a standardized
meal uses the measurement of C-peptide Cp(t). Serum insulin concentration
I(t) is less reliable for calculating ISR(t), due to the variability of its clearance (n)
and its hepatic extraction (F). We propose a simplified prediction of ISR(t) using
only I(t) and theoretical values of n and F. After a standardized breakfast test
(495 kCal, 76 g of carbohydrates), ISR(t) was calculated from Cp(t) according
to can Carter’s bicompartmental model and from I(t) by the formula ISR(t)=[dI(t)/
dt+nl(t)/F with n=0.36 and F=0.45. In 396 subjects representing the whole
range of glucoregulation values of ISR (t) given by insulin and C-peptide were
well correlated (r=0.842). The coefficients of variation of beta-cell function
parameters are 2 to 3% with the C-peptide model and 5 to 6% with the insulin
model. In islet-transplanted patients the transplanted beta cell mass is well
correlated to beta-cell function parameters calculated with the insulin model
(beta cell sensitivity to glucoser=0.538 p<0.01; index @ of Cobelli's model
r=0.740 p<0.001). Overall, the simplified approach with insulin alone provides a
reasonably acceptable approximation of the results of the reference technique
using C-peptide, in spite of a twofold lower intra-subject reproducibility. It
provides an evaluation of the beta-pancreatic functional mass. We propose this
easy to use model as a reasonable alternative to the reference method, when
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C- peptide values are not available.
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Introduction

Due to the current development of diabetes treatments
targeting insulin secretion and to the progress in pancreatic islets
transplantation [1], it becomes interesting to precisely assess insulin
secretion in various clinical situations. For this purpose, several
sophisticated procedures developed over the last decades are available
[2,3], based on the classical modeling of pre-hepatic insulin release
from C-peptide kinetics after a glucose oral load. Such measurements
have been shown to provide a prediction of the transition from pre-
diabetic states to overt diabetes [4,5] and to reflect functional islet
mass [6].

What makes such approaches very attractive is that, despite the
complexity of calculations, they are in fact based on a procedure
which is technically very simple, i.e. OGTT or meal test with repeated
venous blood samplings over 3 or 4 hrs. However, this approach
remains underutilized, due perhaps to the sophistication of the
mathematical procedures used for analyzing the crude data and
also to the need to assess C-peptide which slightly increases its cost
compared to the usual OGTT procedure.

Currently, most studies presenting insulin secretion data employ
much simpler measurements for example areas under the curve,
insulinogenic index [7,8] or surrogates such as the Homeostasis
Model Assessment Beta-cell index (HOMA B) [9,10] whose validity
is often discussed [11-13].

We made the hypothesis that between the highly sophisticated
mathematic approaches using C-peptide indicated above and the very
simplistic indices most commonly used (that are only based on insulin
concentrations), a modeling approach derived from the C-peptide
based methods but using only insulin data can be reasonably accurate,
cheaper and easier to employ and provide much more information on
beta-cell function than the more simplistic procedures.

In a classical paper by Tura, et al. [14] serum insulin concentration
I(t) is described as a very simple function of prehepatic Insulin
Secretion Rate (ISR) and the derivative of I(t) with two parameters
n (systemic insulin fractional clearance) and F (posthepatic insulin
fractional appearance). We used this equation in order to calculate
prehepatic Insulin Secretion Rate (ISR) from serum insulin
concentration I(t) and the derivative of I(t), as explained below.
We then assessed the reproducibility of the method, its agreement
with values calculated with the C-peptide method and finally the
correlation of the index of second phase insulin release it yields with
beta pancreatic mass.

Subjects and Methods

Subjects

Three samples of subjects were studied, see (Table 1). We first used
a database of 396 subjects undergoing for whatever reason a breakfast
test with complete assessment of glucoregulation with the C-peptide
models and further analysis with Cobelli and Mari’s models (see
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Table 1: Characteristics of the 4 groups of study subjects.

gender (% male) weight height Age FPG (mmol) Fasting insulin
Overallsample of 396 subjects 28.30% 86.12+1.19 1.66+0.00 = 45.67+0.82 5.55+0.09 10.92+0.63
Initial series used for determining n and F in paper [25] n=29 27.60% 82.16+4.44 1.65+0.01 44.52+3.15 4.8840.09 11.30+1.64
Study of reproducibility (breakfast test in triplicate) n=15 53.30% 88.38+3.30 1.67+0.02 54.11+1.92 5.4610.17 14.23+0.89
:)S;f;;:ae?:r‘:mﬁdnSﬁgg:’gi&‘:ﬁ%ﬁﬁi I(Scl‘;g'itz'%” of p-cell 25.00% 66.76£220 | 1.65:0.01  44.82+¢1.84  546£0.11 9.59+2.33

below). Another sample of 9 subjects underwent the breakfast test in
triplicate in the context of a trial in which they were control subjects
and thus provide a possibility to assess reproducibility. Another
sample, 7 type 1 diabetic islets transplanted subjects were explored
with the breakfast test in order to test the correlation between the
number of transplanted islets and insulin secretion (islet mass infused
ranged from 9619 to 16304 islet equivalent/kg). This sample of patients
was previously studied with the C-peptide model and with this
model it was shown that indexes of phase 2 insulin release provided
by both the models of Mari [2] and Breda and Cobelli [3] were well
correlated to beta cell mass. Data and results of this study obtained
with the C-peptide model are presented elsewhere. All studies were
performed according to the ethical standards with informed consent
and ethical committee advice. The study used for reproducibility was
a randomized controlled trial (“DialphaDCT1401”) registered in the
EU Clinical Trials Register (Eudract) under the N° ID-RCB: 2014-
A00692-45.

Breakfast test

Subjects had been asked to fast for 12 h before commencement
of the standardized breakfast that was composed of bread (80 g),
butter (10 g), jam (20 g), skimmed concentrated milk (80 ml) (Gloria
SA, Paris and France), sugar (10 g) and powder coffee (2.5 g). The
breakfast thus comprised 2,070 kilojoules with 9.1% proteins, 27.5%
lipids and 63.4% carbohydrates. The average time for consuming the
meal was 6 min. Blood samples were taken twice before the meal and
at 15, 30, 60, 90, 120, 150, 180, 210 and 240 min following the start
of the meal. This test, which has been designed to detect postprandial
reactive hypoglycemia [15], elicits the same glycemic response as the
conventional OGTT [15-17].

Laboratory measurements

Allsampleswereanalyzed for plasmainsulinbyradioimmunoassay
(kit Bi Insulin IRMA; Schering CIS bio international, Gif-sur Yvette,
France) and for plasma glucose content with a Olympus 2700
automate.

Measurements of insulin-sensitivity: Insulin sensitivity was
calculated with Caumo’s “oral minimal model” [18] which is the
application to OGTT or meal tests of the equations previously
developed by R.N. Bergman for IVGTT [19]. It is based on the
analysis of changes in plasma glucose and insulin concentration
measured after the SHB. SI is given by the “oral minimal model”
which is actually Bergman’s one with simply another term called Ra

ocrr added to the first equation.

G(t)=—[Sc+X (1)]-G(t)+Sg-Gy+ Reemulal) * G(0)=G,,
X(t)=—p2-X(t)+ps-[[(t)-T) X(0)=0

where G is plasma glucose concentration, I is plasma insulin
concentration, suffix “b” denotes basal values, X is insulin action on

glucose production and disposal, V is distribution volume and S, p,
and p, are model parameters. Specially, S is the fractional (i.e. per
unit distribution volume) glucose effectiveness, which measures
glucose ability per se to promote glucose disposal and inhibit glucose
production; p, is the rate constant describing the dynamics of insulin
action; p, is the parameter governing the magnitude of insulin action.
Interestingly, these two equations can be simplified, allowing to
calculate S, with a quite simple area under the curve formula:
A0 —or. et

AUC[AI(D)]
where G is plasma glucose concentration, AG and Al are glucose
and insulin concentrations above basal, respectively, AUC denotes
the area under the curve; GE is glucose effectiveness termed above
p, or S (dLkg'.min"); D . is the dose of ingested glucose per unit
of body weight (mg.kg'); and f is the fraction of ingested glucose that
actually appears in the systemic circulation. When glucose falls below
basal, a slightly different formula needs to be used (we refer to Eq.7
in Caumo and al. [18]. Calculations of S, require insertion of values
for S_ and f. Here we used the value of glucose effectiveness given
by our previously validated formula (see below) S,=2.921e 1% _-6).
Besides, as in Caumo’s paper, the value for fis set as f=0.8.

S Dogrr

Sioetn =

This “oral minimal model” has been validated against glucose
clamp [20] (sophisticated tracer experiments [21] and the classical
IVGTT-based minimal model [16]. More recently we also reported
its accuracy in type 2 diabetics [17].

Calculation of insulin secretion with C-peptide model

Insulin secretion was also quantified from C-peptide kinetics
as described by the well-known two-compartment model originally
proposed by Eaton, ef al. [22] and further improved by van Cauter, et
al. [23] so that the model parameters were individually adjusted to the
subject’s anthropometric data.

CPy(t)=—[koy +kn|CPi(t)+k12C P (t)+SR(t) CP,(0)=0

CPy(t)=kay CPy(t)—k12CPa(t) CPy(0)=0
where the overdot indicates time derivative; CP, and CP, (nmol/l)
are C-peptide concentrations above basal in the accessible and
peripheral compartments, respectively; k. (min") are C-peptide
kinetic parameters and insulin secretion rate (SR) (pmoll'.min™")
is pancreatic secretion rate above basal, entering the accessible
compartment and normalized by the volume of distribution of
compartment 1.

This B-cell response obtained with this classical calculation was
then quantified with several classical parameters defined by the two
most widely accepted models available in the literature [2,3].

The most simplistic expression were maximal insulin secretion
(pMol/min/m?) ie the highest value of ISR during the test and
total insulin release over 210 min (pMol/m?) which is calculated
as the area under the curve. Another measurement of total insulin
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Table 2: Calculation over a large sample of parameters of insulin removal used in the model.

Parameters of Tura’s model Model parameters of insulin removal
n= F= Hepatic extraction of insulin (%) Peripheral clearance of insulin (min-')
ALL subjects
0.24+0.01 0.33+0.01 68.84+0.85 0.24+0.01
(n=388)
Controls with normal glucose tolerance (n=29) 0.1940.01 0.37+0.05 66.39+2.56 0.19£0.01
Type 2 diabetics (n=40) 0.29+0.02 0.45+0.03 54.99+2.88 0.29+0.02
Lean subjects with normal glucose tolerance (n=9) 0.210.00 0.48+0.14 64.60+6.72 0.2110.00
Overweight subjects with normal glucose tolerance 0.1710.01 0.22+0.03 78.29+3.17 0.1710.01
Nondiabetic obese subjects (n=13) 0.1520.01 0.28+0.03 71.83+2.72 0.1510.01
Table 3: Coefficients of Variation (CV) of the main parameters of glucoregulation calculated in the study. The CV of parameters given by the insulin model is grossly
two fold higher than the CV of parameters given by the C peptide model.
Function explored parameter CV (%)
Insulin sensitivity index OGIS 1.7
Insulin sensitivity and glucose effectiveness Oral minimal model S, 4.8
Oral minimal model S 1.4
« pancreatic beta cell sensitivity » (C peptide model ) 3.2
Second phase insulinsecretion « pancreatic beta cell sensitivity » (insulin model ) 6
®_ (Cobelli) 24
First phase insulin secretion « rate sensitivity » k1 (Mari) 7.5
(C peptide model ) P, (Cobelli)= 71
insulinogenic index 3.5
® ., Cobelli (C peptide model ) 2.4
Overall insulin secretion ® ., Cobelli (insulin model ) 2.5
Total AUC of ISR 0.9
Peak value of ISR 1.3
DI oral Cobelli (C peptide model ) 71
Disposition index @, xS, — i
DI oral Cobelli (insulin model ) 8.6
@ basal Cobelli (C peptide model ) 0.8
Basal insulin secretion
@ basal Cobelli (insulin model ) 2,3
n= 2,6
Parameters of insulin kinetics in Tura’s model - 20

secretion global index of B-cell sensitivity to glucose, @ (10° min™),
was calculated as follows, according to Breda [3] as the ratio between
the AUC of total insulin secretion and the AUC of blood glucose
concentration.
o_Jo (SR +SRy)dt
[4 (Gt

where T(min), is the time at which the system returns to steady-state
conditions after the perturbation, is in this study the duration of the
glucose-tolerance test covered by blood sampling.

B-cell sensitivity to glucose [2] which is approximately equivalent
to the static sensitivity index ®_(10° min™) [3] measures the effect of
glucose on B-cell secretion at steady state. It is calculated as the slope
(pMol/min/mmol/m?) of the relationship between SR and glucose
concentration.

Two indexes of first phase insulin secretion were measured. The
derivative component, also called “rate sensitivity” or k, (pMol.m™.

mmol") according to Mari [2] as the dynamic dependence of insulin
secretion on the rate of change of glucose concentration. The dynamic
sensitivity index @, (10°) is a measure of the stimulatory effect of the
rate at which glucose increases upon the secretion of stored insulin. It
is defined as the amount of insulin (per unit of C-peptide distribution
volume) released in response to the maximum glucose concentration
(G,,,,) achieved during the experiment, normalized by the glucose
increase G, -G,. This parameter @, is calculated according to Breda
(3]. _
B [ k(G)dG

Gmax—Gh

Basal insulin secretion (pMol/min/m?) given by the C-peptide
kinetics was also calculated and also expressed as an index of basal
B-cell sensitivity @, (10° min™) as follows:
_ SRy ko CPy
TGy G
The potentiation factor ratio was also calculated according to

L)
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Mari [2] as a time-varying factor, which is set to be a positive function
of time and to average one during the experiment, encompassing
all factors that may modulate insulin secretion (glucose and non-
glucose substrates, gastro intestinal hormones, neuromodulation). It
expresses a relative potentiation of the secretory response to glucose.

A disposition index was also calculated insulin secretion by
insulin sensitivity, in analogy with Bergman, et al. [24]. Actually,
three different disposition indexes can be calculated after mixed-meal
ingestion, by multiplying k,, B-cell sensitivity to glucose and total
insulin secretion ® by S,.

Insulin clearance

Individual parameters of insulin kinetics were calculated from
insulin and C peptide data with Tura’s model [14]:

dI (t)/dt= CPS(t)/F-nI(t)
Where I(t) is the measured plasma insulin concentration (pmol/l)
n is the systemic insulin fractional clearance (min™")

F is the fraction of CPS(t) that constitutes the posthepatic
appearance of insulin in the peripheral circulation.

FxCPS(t) is the posthepatic insulin delivery; (1-F) represents the
hepatic insulin fractional extraction (dimensionless).

CPS(t) expressed per unit volume 78 ml/kg BW

Insulin-based model

The formula used in Tura’s paper was employed [14]:
dI(t)/dt=ISR(t)/F-nI(t)

It can be re-written as follows:
ISR(t)=[dI(t)/dt+nI(t)]/F

And thus can allow to predict ISR(t) if we use standard values of
n and F. In a previous publication [25] we proposed empirical values
found in a sample of subjects, which is n=0.36 and F=0.45.

Results

Figures 1 and 2 show the agreement between ISR values provided
by the insulin model and the C peptide full model. It can be seen
that despite more discrepancies for the very high values, a rather
satisfactory agreement is found.

Table 2 shows the values of n and F calculated in this same
database and presented separately in such an information can provide
a basis for a closer prediction of n and F and further improvements
of the model. However, as shown on (Figures 3 and 4), it can be seen
that there is a shift in the parameter n that most of the time falls from
0.21 to 0.15 min™! at a threshold value of BMI=30 kg/mz, but that
there are other factors of variation that need to be elucidated and that
there is at present no clear solution to improve the model with more
specific values of n and F according to obesity status, age, diabetes,
etc... We tried to improve the model with an algorithm taking into
account this BMI-related shift in “n” but results were not satisfactory
and did not yield better agreement than shown on (Figures 1 and 2)
(data not shown).

Table 3 shows the coefficients of variation of the main parameters
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Figure 1: Correlation between insulin secretion rates predicted by the insulin
model with standardized kinetic parameters with the reference technique using
C-peptide in the overall database of 396 subjects undergoing for whatever
reason a breakfast test with complete assessment of glucoregulation.

Diffarance

3000 8
2000 L]

1000

1000

Mean
1500 2000 25000

2000
500 0 500

Maan difference - 465 [406t0 564 |

Figure 2: Bland-Altman plot showing the agreement between insulin secretion
rates predicted by the insulin model with the reference technique using
C-peptide in the overall database of 396 subjects undergoing for whatever
reason a breakfast test with complete assessment of glucoregulation.
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Figure 3: Values of “n” (peripheral insulin clearance) on the database of 396
breakfast tests as a function of body mass index showing that around 30 kg/
m? the values usually fall from 0.21 to 0.15 min~'. In some individuals from this
unselected population the value is much higher.

of glucoregulation calculated in the study, as assessed in subjects
that have done in triplicate the breakfast test. This table shows a fair
reproducibility of these measurements. However, it can be pointed
out that the CV of parameters given by the insulin model is grossly
twofold higher than the CV of parameters given by the C-peptide
model.
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Figure 4: Values of “n” (peripheral insulin clearance) on the database of 396
breakfast tests as a function of body weight showing that around 30 kg/m?
the values usually fall from 0.21 to 0.15 min™'. In some individuals from this
unselected population the value is much higher.
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Figure 5: Agreement between insulin and C-peptide methods for all values of
ISR in the sample of 9 subjects used for the reproducibility study.
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Figure 6: Agreement between insulin and C-peptide methods for all values of
ISR in the sample of 9 subjects used for the reproducibility study.

Figures 5 and 6 show the agreement between insulin and
C-peptide methods for all values of ISR in the sample of 9 subjects
used for the reproducibility study. In this more defined sample of
subjects this agreement is slightly better than on the large series of
nonselrected patients shown on (Figures 1 and 2).

On (Figure 7) is shown the agreement between beta-cell sensitivity
predicted with the insulin model and the C-peptide model in the
sample of 396 subjects. On fig. 8 we present the correlation between
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Figure 7: Agreement between beta-cell sensitivity predicted with the insulin
model and the C-peptide model in the sample of 396 subjects.
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Figure 8: Correlation between the parameter of insulin secretion d)wa”given
by Breda and Cobelli’'s model [3] and the mass of injected islets in islet
transplanted patients.
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Figure 9: Correlation between beta-cell sensitivity (an index of phase 2
insulin secretion given by Mari’'s model [2] and the mass of injected islets in
islet transplanted patients.

the parameter of insulin secretion @ given by Breda and Cobelli’s
model [3] and the beta cell mass infused in islet transplanted patients.
On (Figure 9) we present the correlation between beta-cell sensitivity
(an index of phase 2 insulin secretion given by Mari’s model [2] and
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the mass of injected islets in islet transplanted patients.
Discussion

This paper shows that the insulin model, although slightly less
satisfactory than the C-peptide one, provides a fair estimation of
insulin secretion rate and thus of several parameters of insulin

secretion like beta cell sensitivity or @ Even more, we find

oral)”
correlations of these two parameters with the number of islets
previously injected in islet-transplanted patients, suggesting that they
are markers of beta-cell mass even when assessed with the simplified

insulin model.

The methods employed in this study, although they become more
and more classical, require some comments.

The calculation of prehepatic insulin delivery ISR(t) with the use
of C-peptide measurements is a robust and unanimously recognized
procedure that has the advantage of being almost model-independent
[26]. B-cell sensitivity to glucose is also a robust parameter that
expresses ISR(t) as a function of blood glucose concentration and
is termed the static component of insulin secretion, also called
second phase of insulin secretion. Recent literature has highlighted
its pathophysiological relevance since it is a major actor of glucose
tolerance [27], it can predict and track the evolution to diabetes
[4], explain most of the remission of diabetes after bariatric surgery
[28,29]. A defect in this parameter results in impaired glucose
tolerance [30]. Even more interesting, a study suggests that this
parameter is related to beta cell mass [6].

The use of a simplified insulin model as proposed here is attractive
for many reasons. It reduces the cost of the measurement, can allow
the calculation of Mari and Cobelli’s models in databases in which
C peptide data are not available and is slightly less complicated to
apply. It can be calculated on a simple spreadsheet without the need
of sophisticated software.

Our study shows that on the average the insulin model gives
results in fair agreement with the C-peptide method. However, it is
twofold less reproducible and presents some cases of discrepancies
mostly in the range of high values of insulin secretion.

The reason for this lower accuracy is obviously that the
insulin model relies on standard values of n and F while these two
parameters are variable within a population. (Table 2) provides the
basis for the development of an improved insulin model in which
different theoretical values n and F will be applied according to the
characteristics of subjects (BMI, age and diabetic status). As shown
on (Figure 3 and 4), the most obvious factor that can be taken into
account is the obesity status (BMI below or above 30 kg/m?), which
shifts parameter n (insulin peripheral clearance) from 0.21 to 0.15
min”. However this factor is far to explain all the discrepancies
and our attempts to validate an improved model were until now
unsatisfactory and did not improve the agreement between insulin
and C peptide methods (data not shown). Presumably however,
further attempts of modeling of n and F may result in an improved
insulin model.

An interesting attempt to develop an insulin model as an
alternative to the C-peptide approach was recently proposed by Tura
[31] and evidenced an agreement between insulin and C-peptide

methods. Clearly, despite a modest bias, the insulin method was
more accurate than the simple use of insulin concentration. The
insulin model presented by these authors is much more sophisticated,
however, than the one we present here. As already indicated above,
the interest of our approach is that with a very simple equation one
can calculate with a reasonable accuracy ISR(t) and therefore the
model parameters of insulin secretion on a spreadsheet without the
need of any additional software.

One of the important points in this validation study is that we
found an interesting correlation between insulin secretion indexes
given by this insulin model and the mass of islets injected in patients
receiving a pancreatic islet transplantation (Figures 8 and 9). We
already reported this correlation with the C-peptide model in the
same sample of subjects [32] and the results shown here indicate that
the insulin model is also able to provide an approach of functional
islet cell mass.

There is a growing body of evidence showing that the analysis
of insulin response in terms of ISR and even more in phase 1
and phase 2, can help to better understand pathophysiological
mechanisms involving b-cell function that cannot be analyzed with
crude insulin concentrations data or empirical indexes based on
insulin concentration [4,5, 27-30,33,34]. We propose that our very
simple approach can allow more investigators to better assess beta
cell function even when they lack C-peptide data. Obviously, when
C-peptide measurements are available, it is better to use the full
C-peptide approach, but the simplified insulin approach is already
a quite accurate one that allows to drive from OGTT or meal tests
much more information than can be obtained from usual surrogates
or empirical indexes.

Conclusion

On the whole, we propose here a simplified and robust method
to assess P-cell function that can be employed when C-peptide
measurements are not available. Although the full C-peptide model is
twofold more reproducible and should always be preferred when it is
possible, this approach is sensitive enough to provide an evaluation of
beta cell mass and thus to quantify the various components of p-cell
function whose importance in the exploration of glucoregulatory
disturbances appears more and more interesting. Further
improvements of this approach with the use of standardized kinetic
parameters specific for various subpopulations will probably in a next
future help to improve again this approach that seems already under
this current form quite reliable.
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