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Editorial on the Research Topic:

Mathematical Modeling of Endocrine Systems

Mathematical modeling is a process for formulating a set of equations to simultaneously represent a
system’s structure and behavior. While in the majority of cases, the equations of the mathematical
model are non-linear and designated using ordinary differential equations (ODEs), this does not
exclude either models that are as simple as a single linear equation or even a more complex set of
hundreds of partial differential equations (PDEs). A “system” that is subjected to modeling can
include several organ systems or be as limited to focusing only on a specific interaction between
cells. Sometimes the model can even focus on a single cell, or on an entire cell line.

Commonly, in scientific endeavors, the inception of models starts with observations: or more
specifically, with a set of samples taken over time from a single entity (subject, animal, tissue sample,
or cells) or perhaps following the system’s response to a perturbation. The aim is inevitably to build
a mathematical account that responds to the observed data of the underlying biological system.
Thus, models offer insights into the mechanisms and signal transduction pathways, and provide the
bedrock for hypothesis-generating research. Furthermore, the parameters of the model may
conveniently serve as biomarkers of specific biological mechanisms, or of patho-physiological states.

We are very enthusiastic to have in this special modeling edition a vibrant and informative
historical account of the development of one of the most successful and widely used mathematical
models of a biological system: i.e., the Minimal Model of Glucose Kinetics. The original developer,
Dr. Richard N. Bergman, outlines the merits of the model, which indeed the great majority of the
investigators from the listed authors of this Research Topic have, for more than 15 years, used in
their metabolic research projects. Some have also been responsible (the three editors included) for
the release of automated computational tools to perform frequently sampled IVGTT data analyses
for the rapid, and precise, estimation of Insulin Sensitivity and Glucose Effectiveness.

As the title of this Research Topic suggests, the aim of this collection of papers is to provide
interesting and novel information on various facets of mathematical modeling of endocrine systems.
Four articles focus on various aspects of mathematical modeling of endocrine control of glucose
metabolism. Morettini et al. investigate glucagon kinetics and its relationship with insulin during an
oral glucose challenge (OGTT); using the output from a simple model, they are able to assess
pancreatic alpha-cell sensitivity to insulin. Schiavon et al. describe the issues encountered with
modeling insulin secretion using a model of C-peptide kinetics in post gastric bypass patients with
Type 2 Diabetes. Ward et al. describe the modifications needed in mathematical models of insulin
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Stefanovski et al.

Editorial: Modeling of Endocrine Systems

secretion/kinetics, and in glucose metabolism, to use data obtained
with islet transplant recipients with Type 1 Diabetes. The work by
Hu et al. (D’Argenio’s group) focuses on the successful integration
of mathematical models, and hierarchical statistical models, to
obtain more accurate population estimates of Glucose
Effectiveness, which - together with Insulin Sensitivity -
characterizes the glucose dynamics during glucose challenges.

An article from Boston’s group delves into problems linked to
automatically, and accurately quantifying the manifest features
of lactate infusions: these are essential to gain insights into the
persistence of both exogenous and endogenous lactate in
conjunction with such challenges.

Work by Stefanovski et al. describes the development of a
novel model of whole-body FFA kinetics, and this enables the
estimation of insulin action in regard to adipose tissue. Indeed,
the model actually quantifies the ability of insulin to rapidly
suppress lipolysis during the frequently sampled IVGTT.

The article from Patterson et al. covers the development of a
model of Selenium (Se), in regard to both endocrine, and to
immune, systems. The report estimates the kinetics of Se before
and after 2 years of Se administration.

The work of Fischer et al. outlines previously developed models
of the menstrual cycle that are capable of simulating control
administrations, including, for example, ovarian contraception
pills, and GnRH analogs. These can then be used for in-silico
experiments that may help to improve ovarian stimulation.

We sincerely hope that the contributions outlined above will
show how your own future interests in applying mathematical
modeling methods might help advance new challenges in kinetic

investigations for you. Looking forward to these efforts, we would
also like to remind you of the importance of using mathematical
models per se ... while simulation and additional in-vivo studies
can provide evidence of the validity and repetability of a model, it
is the continuous use of models by the general scientific
community that will assure their reliability and robustness.
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Origins and History of the Minimal
Model of Glucose Regulation

Richard N. Bergman*

Diabetes and Obesity Research Institute, Cedars-Sinai Medical Center, Los Angeles, CA, United States

It has long been hoped that our understanding of the pathogenesis of diabetes would be
helped by the use of mathematical modeling. In 1979 Richard Bergman and Claudio
Cobelli worked together to find a “minimal model” based upon experimental data from
Bergman'’s laboratory. Model was chosen as the simplest representation based upon
physiology known at the time. The model itself is two quasi-linear differential equations;
one representing insulin kinetics in plasma, and a second representing the effects of insulin
and glucose itself on restoration of the glucose after perturbation by intravenous injection.
Model would only be sufficient if it included a delay in insulin action; that is, insulin had to
enter a remote compartment, which was interstitial fluid (ISF). Insulin suppressed
endogenous glucose output (by liver) slowly. Delay proved to be due to initial
suppression of lipolysis; resultant lowering of free fatty acids reduced liver glucose
output. Modeling also demanded that normalization of glucose after injection included
an effect of glucose itself on glucose disposal and endogenous glucose production —
these effects were termed “glucose effectiveness.” Insulin sensitivity was calculated from
fitting the model to intravenous glucose tolerance test data; the resulting insulin sensitivity
index, Sl, was validated with the glucose clamp method in human subjects. Model allowed
us to examine the relationship between insulin sensitivity and insulin secretion.
Relationship was described by a rectangular hyperbola, such that Insulin Secretion x
Insulin Sensitivity = Disposition Index (DI). Latter term represents ability of the pancreatic
beta-cells to compensate for insulin resistance due to factors such as obesity, pregnancy,
or puberty. DIl has a genetic basis, and predicts the onset of Type 2 diabetes. An additional
factor was clearance of insulin by the liver. Clearance varies significantly among animal or
human populations; using the model, clearance was shown to be lower in African
Americans than Whites (adults and children), and may be a factor accounting for
greater diabetes prevalence in African Americans. The research outlined in the
manuscript emphasizes the powerful approach by which hypothesis testing,
experimental studies, and mathematical modeling can work together to explain the
pathogenesis of metabolic disease.

Keywords: diabetes, metabolism, mathematical model, disposition index, insulin clearance, glucose effectiveness
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Bergman

Origins of the Minimal Model

EARLY THOUGHTS AND PERSONAL
ISSUES

Mathematical modeling of physiological systems gained interest in
the early 1950’s. One of the earliest models in the metabolic field was
that of Bolie, who represented the glucose/insulin relationship in
terms of two simple equations (1). During the same period, more
complex models were introduced. One example is Guyton’s model
of the cardiovascular system (2). It was Guyton’s goal to include all
(at the time) known information regarding the known physiology of
the cardiovascular system, and he included additional interactions
which emanated from his own work (Figure 1). While Guyton and
colleagues were able to gain much insight from this work, the model
was not usable by the scientific or medical communities, in view of
its great complexity.

My own background was as an electrical engineer. I was virtually
without training in the biological sciences. This changed due to
interaction with Professor Oscar Hechter (my uncle by marriage) of
the Worcester Foundation of Experimental Biology. Hechter
suggested I contact John Urquhart of the University of Pittsburgh;
John along with F. Eugene Yates, were pioneers of modeling of
endocrine systems. Their electromechanical model of the
adrenocortical system remains a classic (3). I joined Urquhart’s
lab despite my lack of education in the biological sciences. He was
patient, and he taught me much about experimental physiology. At
Pitt, I came in contact with I. Arthur Mirsky, who was a giant of the
field of carbohydrate metabolism. I made a major life decision; I
believed that mathematical modeling of carbohydrate metabolism
could in the end be even more important for patient care.

I therefore chose to study, for my PhD thesis, not modeling of
the adrenocortical system, but modeling of the endocrine
pancreas. I developed the cross-perfused pancreas system so I
could measure the dynamics of insulin release from the

endocrine pancreas (4). In fact, I believe that we were the first
to discover that insulin release from the isolated pancreas was
biphasic (Figure 2). Gerald Grodsky confirmed this result in the
rat (5). For my PhD thesis, I developed one of the first
mathematical models of pancreatic insulin secretion (Figure 3).
I was unfortunate (probably fortunate) that my PhD advisor
abandoned our lab, setting me out for the first time as a truly
independent investigator, although I was still a 22-year-old
graduate student. I later followed John Urquhart to the
University of Southern California Department of Biomedical
Engineering. (It was very difficult to publish modeling papers in
the standard endocrine or physiology literature at the time).

ORIGIN OF THE MINIMAL MODEL

In the context of “Frontiers in Physiology,” it is of interest to
remember the resistance of the endocrine community to models
in general. In fact, Departments of Physiology (at least in the
United States) were highly suspicious of modeling studies in the
1970s. In part, this was due to a history of investigators who
would propose models, but not test them in the laboratory (6);
such models often “died on the vine”. Personally, I was
determined to combine modeling with rigorous experimental
testing—an approach our laboratory continues to apply to this
day. (I identified with George Gershwin, dedicated to make a
“Gentleman out of Jazz”. Maybe we could help make a
“Gentleman out of Modeling” in carbohydrate regulation).
During the first decade of my independent laboratory (1971-
1980), we introduced several disparate models, such as a
differential equation model of insulin secretion (discussed
above), a “random hit” statistical representation of hormone
binding and activation (7), and a differential equation model of

FIGURE 1 | Guyton model of the cardiovascular system.
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liver glycogen metabolism (8). However, one model that has
survived the test of time is the so-called “minimal model” of
carbohydrate metabolism.

I was approached by Alberto Salvan at the International
Endocrine Society meeting in Copenhagen and invited to visit
Padova, Italy. Alberto was sent by Claudio Cobelli, the young
“star” of the Bioengineering Department at the University of
Padova. I went to Padova and introduced Claudio to my original
concept—I argued that previous models of physiological systems
(particularly carbohydrate metabolism) were less than useful
because they were either too complex (their parameters could not
be uniquely specified from data) or too simplistic to accurately
account for the data available. I also argued that the effort had not
yet been put forth to obtain data which made it possible to make
intelligent model design. Thus, in my laboratory at Northwestern
University (I was there in Bioengineering from 1976 to 1979), 1
encouraged my graduate student, Y. Ziya Ider, to obtain a data set
which we could use as a basis for modeling the regulation of the
glucose level. At the time, the clinical tests of metabolism included
the oral glucose tolerance test and the intravenous glucose tolerance
test (IVGTT); both included glucose ingestion—oral or intravenous
infusion—with infrequent (~1/h) sampling. We reasoned that more
frequent sampling was necessary to reveal the actual patterns of

glucose and insulin which resulted from carbohydrate
administration. Indeed, performing the IVGTT and sampling
every minute for 180 min (Figure 4) revealed that the time course
of glucose and insulin after intravenous administration was more
complex than revealed by the previously used hourly sampling (9).
This choice of frequent sampling after glucose injection was a critical
choice. It revealed that the return of glucose to basal (by 180 min)
could be described by four temporal phases (Figure 5): a mixing
phase of glucose in plasma, a quasi-exponential phase (see below,
“glucose effectiveness”) an acceleration of the glucose decline
(reflecting the action of insulin) followed by glucose’s return to
pre-injection value (10).

CONCEPTS UNDERLYING THE
MINIMAL MODEL

With this limited data base (Figure 4), Claudio Cobelli came to
Evanston IL, and we began to build the model. This was a critical
period; the manuscript emerging from the 6 weeks of work in the
summer of 1978 was entitled “Quantitative estimation of insulin
sensitivity (9). It is of interest that this seminal paper has been
cited over 2,000 times; ironically, it remained virtually uncited
for the first 10 years after publication.

Our basic goal was to find a “minimal model”. This would be
a mathematical construct which was 1) based upon known
physiological principles, 2) sufficiently complex to account for
the intravenous data we obtained in our laboratory, and 3)
simple enough that the model parameters could be calculated
from a single IVGTT performed in a single individual.

PARTITION ANALYSIS

We envisioned glucose regulation as a closed loop system (Figure
6), including glucose production and uptake, and insulin release
from the pancreatic B-cells. Glucagon was not included in our
original representation. However, we faced a serious dilemma: we
knew from our previous work that it would be a great challenge to
model insulin release from the endocrine pancreas. Therefore, we
applied the principle of “partition analysis (11)“; we would treat the
plasma insulin concentration as an “input” to the tissues producing
and utilizing glucose, and the plasma glucose as the “output,”
reflecting the effect of the known insulin on the turnover of
glucose. This approach allowed us to model just the insulin-
sensitive tissues, while obviating the difficult problem of modeling
insulin secretion from the B-cells.

CHOICE OF THE MODEL

Two approaches were possible—defining a complex model
(representing all known physiology) and simplifying it, or
choosing the simplest conceptual model, asking if it could
account for the known data (Figure 4), and systematically
introducing complexity until a best model could be found. The
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FIGURE 4 | Early IVGTTs with frequent blood sampling.
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models we tested are in Figure 7. Note that the simplest model
was glucose first order decay with no explicit insulin action; in
Model 2 Michaelis Menten disappearance was added. Two
compartment glucose distribution was added in Model 3.
When we attempted to account for insulin glucose dynamics,
we learned something very important: it was not possible to
account for glucose kinetics without a delay in insulin’s effects to
increase glucose utilization and suppress glucose production. As
we shall see, further experimental studies which resulted from
this realization that insulin’s effects were delayed in time had very
important ramifications regarding insulin action in vivo. The
model we finally chose, Number 6 in Figure 7, was therefore
accepted as the minimal model of glucose utilization, and it
remains the accepted model to this day.

Equations of the minimal model can be explained as follows
(Figure 8): the model accounts for the return of glucose to the
basal value after injection. As we had discovered that insulin’s
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FIGURE 6 | Closed loop system of glucose regulation.

effect had to be delayed, we assumed that insulin acts from a
compartment remote from plasma. We hypothesized that the
delay in insulin action could be due to a slow rate of movement
of insulin from plasma to interstitial fluid (ISF), the latter bathing
skeletal muscle. To test this concept, we performed a series of
euglycemic clamp experiments in which we measured insulin in
blood and in skeletal muscle lymph fluid, the latter as a surrogate
of ISF (12-14). We discovered that the rate of glucose disposal
was directly related to ISF insulin level, proving that the delay in
insulin action in vivo is indeed explained by the slow transport of
the hormone from the blood to the ISF (Figure 9).

One question that arose was why the modeling was acceptable
with delays not only in insulin stimulation of glucose disposal
(mediated by interstitial insulin) but also with slow insulin
suppression of endogenous glucose production (EGP). It was
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FIGURE 7 | Models tested to determine “optimal” degree of complexity.
Model 6 was chosen and was designated the “minimal model.”

Complex
model

GLUCOSE
RESTORATION
RATE

REMOTE
+ msuuu}* G

INCREASE PLASMA
INREMOTE = * \NLSULIN - Pa*
INSULIN 3

REMOTE
INSULIN

FIGURE 8 | Equations of the minimal model and their “translation.”

o (
C

Endothelial
/4" barrier
1
1 AN 1
g AW\
.“5\,\\“ l\.\(\ﬁ il
\ 1 6(\(\'6 \l ®
e’ e
s
®

FIGURE 9 | Schematic of insulin transport from blood to interstitial fluid.

known at the time that the binding of insulin to liver was very
rapid. Why, then, was the effect of insulin to suppress glucose
production similarly retarded as the disposal effect (15)?
Possibly, insulin acted to suppress the liver not directly, but
indirectly via a tissue remote from the liver. In fact, we
hypothesized that insulin’s effect on the liver was mediated by
free fatty acids (FFA); once insulin is infused, the hormone
suppressed lipolysis in adipose tissue, and the resulting lowering
of FFA acted to lower liver glucose production. In a series of
studies carried out by Kerstin Rebrin and Garry Steil, we showed
that not only was there a strong correlation between FFA
suppression and the suppression of EGP, but that preventing
the FFA suppression by infusion of intralipid prevented the
decline in EGP (16, 17). Thus, we believe that the slow movement
of insulin into ISF in adipose tissue was rate-limiting for the
effect of insulin to suppress EGP; therefore, it was not necessary
to include rapid suppression of EGP in the model to account for
glucose dynamics in vivo.

Insulin kinetics in the minimal model are represented by
equation 2; this first-order equation assumes that secreted insulin
enters the ISF compartment where it is represented by variable
“X,” which we now know to represent interstitial insulin. ISF
insulin then exits the remote compartment by a first-order
process. Glucose dynamics are represented in the first
equation; the rate of return of glucose to basal following
injection was envisioned to have an insulin-dependent
component [in proportion to variable X(t), or ISF insulin].
Also, to model the data, it was requisite that glucose could
return to basal also in proportion to its own concentration,
driven by a term we referred to as parameter Sg, which we named
“glucose effectiveness.” Glucose effectiveness is the ability of
glucose per se to normalize its own concentration. We showed
that the minimal model was able to account for the dynamics of
glucose observed after injection.

INSULIN RESISTANCE

There has been a debate, going back decades, regarding the relative
importance of insulin resistance versus B-cell failure in the
pathogenesis of Type 2 diabetes mellitus. To address this issue,
we felt it necessary to attempt to measure these factors from the
glucose tolerance test. Applying the minimal model to the IVGTT,
is it possible to access a measure of insulin resistance? Examination
of the model (Figure 8) showed that two factors determined the
ability of glucose to normalize after glucose injection—insulin
action, represented by the parameter S; and glucose effectiveness
(Sg), which accounts for glucose’s ability to self-normalize.
Represented mathematically, insulin sensitivity is given as the
partial derivative of glucose disappearance on glucose and insulin.
It was easy to demonstrate that this relationship results in the ratio
of two parameters of the minimal model: p3/p2. Thus, we showed
Sp, the “insulin sensitivity index”, to be equal to the ratio of these
parameters from the minimal model. This index appears in over
2,000 publications.
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INSULIN SENSITIVITY INDEX: IS IT
ACCURATE?

The accuracy of the S; was questioned by Reaven and colleagues
(18). They claimed that in insulin resistant subjects, particularly
insulin resistant patients with inadequate insulin response, the
insulin sensitivity index from the minimal model correlated
poorly with insulin sensitivity calculated from the euglycemic
glucose clamp. Reaven’s manuscript, which appeared to be a
blow to the minimal model method, was actually a godsend. We
realized that a greater insulin pattern in blood would be
necessary to accurately calculate insulin sensitivity from the
IVGTT in resistant subjects. We therefore modified the IVGTT
profile by adding an injection of the insulin secretagogue
tolbutamide 20 min after glucose (Figure 10). Later the
protocol was changed to inject insulin itself at 20 min after
glucose, rather than tolbutamide (19).

VALIDATION OF S,

It is generally assumed that the euglycemic glucose clamp (EGC)
is the “gold standard” for the estimation of insulin sensitivity.
Because most endocrinologists are not familiar with
mathematical modeling, and may not trust modeling, it was of
interest to validate the insulin sensitivity of the minimal model
experimentally versus the clamp.

Validation studies were first carried out in the dog, where a
significant correlation was observed between S; and insulin
sensitivity calculated from the EGC [r = 0.82, (20)]. This result
was confirmed in human volunteers by Beard et al. (21). These
studies alone supported the use of the IVGTT-based S; for a
relative measure of insulin sensitivity. However, the question

naturally arose as to whether the IVGTT was measuring the
same physiological process as the glucose clamp. Therefore, in
collaboration with Jerrold Olefsky and colleagues, we compared
minimal model values against the clamp (22). More important, we
asked whether we could determine the IVGTT sensitivity values
for a cohort of human subjects, and then determine what the
clamp-based measures were in the same subjects. The strong
correlation between IVGTT and clamp not only validated the
IVGTT method, but also demonstrated equivalency with the clamp,
when data from the two methods were expressed in identical units.
We showed that insulin sensitivity from the clamp, defined as
change in glucose disposal (ARd) induced with a measured change
in plasma insulin (AI) per steady state glucose value [= ARd/(AI x
G)], normalized by body surface area, was directly comparable to
minimal model-derived S; times the body distribution volume
(Sy x Vp). In fact, correlation in a group of individuals of varying
body mass index was excellent; more important, the relationship
had a slope not different from 1.0, and the regression line passed
through the origin, demonstrating a lack of bias (Figure 11). These
multiple validation studies supported the use of the IVGTT with
minimal modeling as a potent tool to be used to study insulin
action in vivo in large animals or human volunteers.

THE DISPOSITION INDEX (DI)

As previously stated, a debate regarding the relative importance
of insulin resistance versus B-cell dysfunction in the pathogenesis
of Type 2 diabetes raged for decades (23, 24). With the minimal
model in hand, we hoped to contribute to help resolve this
debate. We became interested not only in the measurement of
insulin sensitivity and insulin release, but the relationship
between the two. We hypothesized that in the face of insulin

Glucose [mg/dl)
240

220

Minimal Model

Insulin [mul)
100

30

200
180
160 B-cell

140

""" Tesponse

i . 4 g
' ] Insulin sensitivity 70

Insulin

(S)

Glucose
injection

Insulin
injection

model parameters for that IVGTT.

120 Glucose 40
1004 30
80 20
80 < ” 10
W * - — R
I p—t—t ':'—.":':._:_':"‘._"_,"._-.':—"“0
0 20 40 60 80 100 120 140 160 180 200 220 240
Time [min]

FIGURE 10 | IVGTT protocol and minimal model output. Insulin data are”input” to the minimal model, which determines the best fit of the glucose dynamics and
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resistance, [3-cell function would improve, and thus resist any
change in glucose tolerance (Figure 12). We quantified this
hypothesis as what became known as the “Hyperbolic Law of
Glucose Tolerance (25)”.

This law can be stated as the following equation of a
rectangular hyperbola:

S X AIRgluwse = DI
in which §; is insulin sensitivity, as discussed above, ATRgjycose 1S
the first phase response of plasma insulin to the glucose injection,
and DI was named the “Disposition Index”.

After defining the hyperbolic relationship, we applied it to
human subjects (26). It was shown that the product of insulin
secretory response (which can be assessed as the first phase

insulin response to glucose injection) multiplied by insulin
sensitivity would be approximately constant in normal
individuals. While initially controversial, the DI has now been
accepted overwhelmingly by the diabetes community as the most
accurate measure of [B-cell function, and it has been cited in
almost 1,000 publications as of this writing (Figure 13).

The DI represents the ability of the islet cells to compensate
for insulin resistance. The resistance can be due to a variety of
environmental changes, including obesity, pregnancy, and
PCOS. The B-cells act to compensate, and under normal
conditions prevent the frankly diabetic state. This is shown
clearly in pregnancy, where severe insulin resistance in the
third trimester is compensated by a massive islet cell response;
glucose tolerance remains normal (27). Epidemiological studies
have demonstrated that lower DI is a strong predictor of future
diabetes (28, 29), and genetic studies have identified predictive
variants related to DI (30). Weyer and colleagues showed in
Pimas that lower DI predicts decline to Type 2 diabetes, whereas
higher DI is protective [Figure 14; (31)]. It is of interest to
remember that the DI emerged as a “child” of the minimal model
itself; once it was possible to measure insulin sensitivity from the
IVGTT, it was only natural to consider the relation to pancreatic
islet cell function.

An unanswered question that remains is the underlying
mechanism accounting for the hyperbolic relationship. We
followed the development of enhanced insulin secretory
response in normal dogs, demonstrating that the hyperbolic
relationship is a dynamic one, as insulin response increased in
proportion to insulin resistance (32). Experiments to identify the
blood-borne signal responsible for the increase in insulin
response suggested that nocturnal free fatty acids, peaking in
the middle of the night, might provoke the enhanced secretory
response, since blocking the nocturnal rise prevented the
increment in the islet response (33); a similar mechanism is
apparent in human volunteers (34). More data are needed to
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confirm or deny this latter mechanism in animals and in
human subjects.

ADDITIONAL FACTORS

While historically focus was on insulin resistance and islet cell
response, other factors can play a major role in the ability of the
organism to utilize carbohydrate efficiently. Additional factors
include insulin clearance and “glucose effectiveness” [Figure 15;
(35, 36)]. Our laboratory has recently focused more on these
additional factors. (Because our research has been based upon
intravenous glucose administration, we have focused less on
gastrointestinal agents such as GLP-1 and GIP).

INSULIN CLEARANCE

Insulin is degraded primarily by liver and kidney. In fact, once
secreted from the pancreas, about half the insulin presented to

Glucose _Effectiveness: Ability of glucose,
independent of a dynamic insulin response, to
enhance net glucose disappearance

Fractional Metabolic Clearance Rate of Insulin

FIGURE 15 | Factors contributing to glucose tolerance.

the liver via the portal vein is degraded and does not enter the
systemic circulation. Our laboratory has recently considered the
following question: “why would evolution choose to degrade half
the secreted insulin before it has a chance to act to enhance
glucose utilization by skeletal muscle and other tissues?”
Working with the canine model allowed us to measure insulin
clearance directly by comparing insulin infusion into the portal
vein with systemic insulin infusion. Given matched infusion
rates, the former route would result in less systemic insulin
concentrations. By comparing insulin levels resulting from
different routes of insulin administration, an accurate
assessment of insulin clearance can be calculated (37, 38). We
were surprised to discover a substantial variance in insulin
degradation rates, even in normal animals; rates varied from
22 to 77% of portally presented insulin degraded during the
initial pass through the liver (37).

Working with David Polidori of Janssen Research, and
Francesca Piccinini in our laboratory, we developed a new
non-invasive model which allowed for estimation of first-pass
hepatic clearance of insulin in human volunteers [Figure 16;
(39)]. We were fortunate to obtain data from Drs. Barbara Gower
and Jose Fernandez of the University of Alabama at Birmingham,
which allowed us to apply our model to a human cohort from
different ethnic groups (White, Hispanic American, African
American), including nondiabetic adults and children, ages 7-
13 years. In both adults and children, we confirmed that insulin
clearance rates were significantly lower in African Americans
than in Whites (40, 41). This lower insulin clearance can explain
the hyperinsulinemia of African Americans (adults and
children), which may contribute to the higher risk of Type 2
diabetes in those individuals. In our laboratory, we continue to
examine the importance of variations in insulin clearance rates to
diabetes risk, and mechanisms underlying the variations in
clearance across different populations. While the mechanisms
of insulin clearance, particularly in the liver, remain to be more
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clearly defined, it is apparent that insulin degrading enzyme
(IDE) and CEACAMI may both be involved (42). We have
hypothesized that reduction in insulin clearance, particularly in
liver, might be one cause of Type 2 diabetes, at least in some
individuals. The concept is illustrated in Figure 17. Lower
hepatic insulin clearance (in African Americans, for example)
would result in a larger proportion of secreted insulin bypassing
first-pass degradation of the hormone. This would result in
systemic hyperinsulinemia, both at fasting and after nutrient
intake. Hyperinsulinemia has been shown to downregulate
insulin action in skeletal muscle (43, 44). The resulting insulin
resistance would stress the pancreatic 3-cells, potentially leading
to prediabetes or diabetes itself (lower clearance, insulin

Secretion Rate — CLy, - L+ BF, - (P— L)

= Infusion Rate — CLp- P+ BFy - (L - P)

Secreted (endogenous) insulin

resistance, and reduced B-cell function). While the putative
importance of this hypothetical mechanism of diabetes
pathogenesis remains to be proven, very recent data emerging
from the NIH studies of diabetes in the Pima Nation appear to
support this hypothesis. The NIH investigators, led by Douglas
Chang, have very recently reported that in a study of 570 Pimas,
followed over a period of 8 years, lower insulin clearance
(measured by the glucose clamp) was a strong predictor of
conversion from prediabetes to Type 2 diabetes mellitus, and
this effect of lower insulin clearance was apparently independent
of other factors (45). The NIH study appears to be a direct
confirmation of the lower clearance hypothesis. However, further
studies of the importance of insulin clearance in pathogenesis of

Hyperglycemia,ﬁ |
Prediabetes
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Insulin Resistance

OBESITY

Degradation
Pathway
(20%)

POSSIBLE ROLE OF FFA TO SUPPRESS LIVER GLUCOSE
DEGRADATION AND CAUSE HYPERINSULINEMIA, DIABETES

FIGURE 17 | Hypothesis of the pathogenesis of Type 2 diabetes. It is suggested that increased plasma free fatty acids cause a reduction in hepatic insulin
clearance, possibly by downregulation of IDE. A large proportion of insulin secreted by the B-cells therefore bypasses first-pass degradation, resulting in peripheral
hyperinsulinemia. Higher plasma insulin downregulates skeletal muscle insulin sensitivity, stressing -cells, and resulting in diabetes.
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diabetes remain to be done. Of particular interest is whether
lower clearance is predictive in other ethnic groups, and what
fraction of those who convert from prediabetes to diabetes may
be due to reduced clearance, or other factors.

GLUCOSE EFFECTIVENESS

In the original choice of the minimal model (discussed above),
we could only account for glucose normalization by including
two fundamental processes: the effects of insulin to enhance
glucose utilization (represented by factor S;) and a second term
S, which is the effect of glucose per se to enhance glucose
utilization independent of a dynamic insulin response. We
coined the term “glucose effectiveness” to describe this process,
and while it is not totally understood, we continue to examine it.
Marilyn Ader, in our laboratory, demonstrated the importance of
Sc in experimental animals in studies where she demonstrated
glucose’s ability to self-normalize (after injection) even if the
dynamic insulin response is blocked (46).

The importance of Sg remains under investigation; we have
proposed that it is a second defense for those at risk for Type 2
diabetes. Individuals with a combination of reduced insulin
response and insulin resistance together can be protected from
frank diabetes by a maintained glucose effectiveness. There has
been some debate regarding the measurement of glucose
effectiveness from analysis of the intravenous glucose tolerance
test using the minimal model (47, 48). Inclusion of the secondary
secretagogue, or insulin injection itself, during the test clearly
improved the assessment of S; but possible incorrect estimation
of Sg is still a possibility. To improve this estimation, we have
developed a new approach. The mechanisms underlying glucose
effectiveness remain unclear, but we have proposed that much of
the insulin-independent glucose utilization after carbohydrate
intake is due to activation of hepatic glucokinase, resulting in a
greater rate of glucose phosphorylation, glycogen deposition, and
release of three-carbon intermediates from liver (predominately
lactate). We have therefore developed a simple model of the liver,
relating glucose uptake to lactate output from the liver (Figure
18). This model can be analyzed using data from the IVGTT,
yielding an estimate of Sg independent of the traditional minimal
model analysis of the IVGTT. We are presently evaluating the
precision and accuracy of the “lactate model” approach (49).

COMMENTARY

It can no longer be doubted that mathematical modeling can
have a great impact on our understanding of metabolic
regulation. The minimal model is but one part of an extensive
number of mathematical representations that have enabled the
scientific community to understand metabolic physiology, to
predict the time course of development of metabolic disease, and
to design devices to more effectively regulate the blood sugar.
The interaction among hypothesis, predictions, modeling and
experimental testing of the models has characterized our work
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Glucokinase
¥

y
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FIGURE 18 | Simple model of glucose/lactate kinetics. Glucose enters
hepatocytes, independent of insulin, and follows the glycolytic pathway via
glucokinase. Lactate exits the liver and is a surrogate for glucokinase
activation and “glucose effectiveness”.
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(Figure 19) and the work of other productive laboratories. It is of
interest that investigations may begin at various points in the
interactions shown in the figure; the minimal model itself began
first with experimental data, then the model was proposed, and
predictions of the model were tested in experimental models. In
some cases, the model resulted in predictions (e.g., slow effect of
insulin) which were examined in new experimental models
(sampling of interstitial fluid). The possible role of insulin
clearance in pathogenesis of Type 2 diabetes began with a
hypothesis (lower clearance predicted diabetes) and examined
with population studies (lower clearance in African American
adults and children). Thus we have enjoyed, and we recommend,
studying the interaction among these four activities to further
our understanding of the mechanisms underlying metabolic
disease at the organ level.

We were fortunate to have in our armamentarium the ability
to model using modern computer techniques, and the availability
of our laboratory to test our hypotheses directly. We were lucky
to assemble a group of colleagues, drawn from biomedical
engineering, mathematics, experimental physiology and
molecular biology, to do our work. We can only thank them
and the scientists with whom they worked for our modest success
in helping to understand the complex but fascinating story of the
regulation of carbohydrate metabolism in the intact organism.
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New approaches to ovarian stimulation protocols, such as luteal start, random start or
double stimulation, allow for flexibility in ovarian stimulation at different phases of the
menstrual cycle. It has been proposed that the success of these methods is based on the
continuous growth of multiple cohorts (“waves”) of follicles throughout the menstrual cycle
which leads to the availability of ovarian follicles for ovarian controlled stimulation at several
time points. Though several preliminary studies have been published, their scientific
evidence has not been considered as being strong enough to integrate these results into
routine clinical practice. This work aims at adding further scientific evidence about the
efficiency of variable-start protocols and underpinning the theory of follicular waves by
using mathematical modeling and numerical simulations. For this purpose, we have
modified and coupled two previously published models, one describing the time course of
hormones and one describing competitive follicular growth in a normal menstrual cycle.
The coupled model is used to test ovarian stimulation protocols in silico. Simulation results
show the occurrence of follicles in a wave-like manner during a normal menstrual cycle and
qualitatively predict the outcome of ovarian stimulation initiated at different time points of
the menstrual cycle.

Keywords: endocrinological networks, systems biology, follicular dynamics, ordinary differential equations,
assisted reproductive technologies

INTRODUCTION

Infertility is a worldwide problem. According to the World Health Organization, about 48.5 million
couples worldwide were affected by unwanted childlessness in 2010, and the number continues to
grow (1). Men and women are just as likely to contribute to the couple’s infertility (2). Infertility as a
disease of the female reproductive system affects approximately 10% of women of reproductive age

Frontiers in Endocrinology | www.frontiersin.org 18

March 2021 | Volume 12 | Article 613048


https://www.frontiersin.org/articles/10.3389/fendo.2021.613048/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.613048/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.613048/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.613048/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:susanna.roblitz@uib.no
https://doi.org/10.3389/fendo.2021.613048
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2021.613048
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2021.613048&domain=pdf&date_stamp=2021-03-11

Fischer et al.

Ovarian Stimulation Protocols In Silico

worldwide (3). Unbalanced hormone levels are one cause, in a
wide range of conditions, leading to infertility. For many couples,
unwanted childlessness is a burden. Assisted reproductive
technologies (ART) provide strategies to deal with infertility.
Both unwanted childlessness and ART increase the risk for
negative psycho-social functioning, such as depression and
anxiety disorders (4-6), whereby the treatment burden has
fallen mainly on women (2). Therefore, new ART approaches
deserve to be highlighted. We want to add further scientific
evidence for the efficiency of those new approaches by using
mathematical modeling and numerical simulations.

Female reproduction is essentially enabled by a feedback
mechanism between ovarian hormones, mainly progesterone
(P4) and estradiol (E2), and the pituitary hormones luteinizing
hormone (LH) and follicular stimulating hormone (FSH), see
Figure 1. The hormone interaction network is important for
regulating folliculogenesis. While the initial recruitment of
follicles does not depend on gonadotropins (7, 8), the growth
of cohorts of larger follicles relies on a stimulatory effect of FSH.
FSH signaling is mediated by the expression of FSH receptors on
granulosa cells (9, 10). The gonadodropins LH and FSH are
responsible for follicular estradiol production. LH stimulates

Corpus
Luteum

Progesterone

——@adiol

FIGURE 1 | Flowchart illustrating the interactions included in the given
model. This is a simplified feedback interactions network for the hormonal
control of the female menstrual cycle. Green arrows indicate positive
feedback effects, while red arrows express negative feedback interactions.
Gray arrows show other types of interactions. The pulsatile release of GnRH
stimulates the release of the pituitary hormones LH and FSH. These
hormones effect follicular maturation. Growing follicles produce E2 which has
a positive feedback effect on the LH concentration. A high LH concentration
triggers the ovulation of one selected follicle (light gray arrow) followed by the
formation of the corpus luteum (dark gray dashed arrow). The simultaneous
release of E2 and P4 by the corpus luteum (dark gray arrows) inhibits the
release of GnRH. Additionally, P4 has an inhibitory effect on LH and FSH.
While P4 only has an inhibitory effect on GnRH, E2 has either a stimulatory or
an inhibitory effect on GnRH, depending on the E2 level.

androstenedione production, which is the substrate for the
FSH stimulated aromatase reaction producing estradiol (8, 11,
12). Around mid-cycle, usually one dominant follicle ovulates
and releases an oocyte. The remaining parts of the dominant
follicle transform into the corpus luteum, which has a key role in
preparing the body for a possible pregnancy. If the oocyte is not
fertilized, the corpus luteum decays and a new cycle starts (13-
15). Interruptions in the feedback system are one reason
for infertility.

Modern assisted reproductive technologies like in vitro
fertilization (IVF) or intracytoplasmic sperm injection (ICSI)
have increased the chance for pregnancy. Ovarian stimulation,
which aims at obtaining multiple fertilizable oocytes, is a critical
step in ART (16). Since the 1980s, the long gonadotropin-
releasing hormone (GnRH) agonist protocol has been
commonly used to prepare for oocyte retrieval and in-vitro
fertilization (17, 18). This protocol starts around mid-luteal
phase with GnRH agonist administration for about 14 days.
Right after the beginning of GnRH agonist administration, a
short period of gonadotropin (FSH and LH) hypersecretion is
observable. The treatment leads to GnRH-receptor down-
regulation in the pituitary (19, 20). In the next step, the growth
of multiple follicles is stimulated by FSH administration alone,
e.g. with recombinant FSH (rFSH), or by a combination of FSH
and LH, e.g. with human menopausal gonadotropin (hMG).
Continuation of GnRH agonist administration during the
stimulation phase prevents an LH surge and hence ovulation.
In the final step, ovulation is induced by injecting human
chorionic gonadotropin (hCG) (18). Patient-specific and clinic-
dependent modifications of these general procedures are
common. The two most common alternatives are the short
GnRH agonist protocol and the antagonist protocol. Both
protocols work without downregulation, though some clinics
perform a pre-treatment phase for 10 to 25 days with a P4
antagonist that inhibits ovulation.

The stimulation phase in the short GnRH agonist protocol is
the same as in the long protocol. It includes the stimulation with
hMG or rFSH and the concurrent administration of a GnRH
agonist. The antagonist protocol also includes the stimulation
with hMG or rFSH but, in contrast to the agonist protocols, a
GnRH antagonist is administered from day 5 of the stimulation
period. The final step in all protocols is the induction of
ovulation by hCG.

In general, infertility treatment is a long-term and expensive
therapy with high dropout rates (21), mainly because it
imposes physical, mental, and emotional burdens (22). Often,
life has to be subordinated to medical procedures. Therefore,
treatment alternatives are of interest. Both the short and the
antagonist protocol are less time-consuming than the long
protocol. However, the stimulation phase in these protocols
conventionally starts in the early follicular phase. This constraint
could cause too long waiting times, e.g. for women requiring
emergency fertility preservation. Hence, the advancement of a new
class of ovarian stimulation approaches called random - and luteal
phase-start ovarian stimulation protocol (23) has progressed. In
recent years, several studies investigating ovarian stimulation
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protocols with various starting points have been published (24-
26). Originally, these protocols were invented for fertility
preservation in cancer patients, where time is a limiting factor
(27). However, they might be beneficial for patients outside an
oncological setting (23), though there is an ongoing debate
whether the oocyte quality differs between protocols. Other
approaches like the double ovarian stimulation, where two
waves within one cycle are stimulated, might help to increase
the number of accumulated oocytes within one treatment cycle
(28). That strategy could be of particular interest for the therapy of
poor ovarian response patients (29, 30).

One possible explanation for the success of stimulation
initiated in different phases of the cycle is the “wave” theory.
The use of high-resolution transvaginal ultrasonography has
underpinned the hypothesis that, similar to ruminants,
follicular growth and development in human is characterized
by waves (31, 32), whereby each wave involves the recruitment of
a cohort of follicles and the possible selection of a dominant
follicle. Given that multiple waves of follicles appear each cycle,
there are multiple time points during one cycle that are suitable
to start ovarian stimulation.

The mathematical model underlying this study simulates the
time-evolution of key hormones and growth behavior of multiple
follicles. In particular, we test the hypothesis that random
recruitment of follicles leads to the emergence of follicular
waves. Based on the occurrence of follicular waves that we
observe in our simulation results, we study variable-start
ovarian stimulation protocols in silico. We demonstrate
simulation results for two protocols, namely (i) stimulation
initiated in the late follicular phase and (ii) stimulation
initiated in the luteal phase. We analyze statistics of treatment
duration and numbers of follicles in our simulation results and
compare them with the literature.

MATERIALS AND METHODS

Mathematical Modeling of the Female
Menstrual Cycle
Mathematical modeling is a useful tool to better understand the
human menstrual cycle by validating or testing hypothesis in
silico, and predicting possible dynamics. A first mathematical
model for the human menstrual cycle was introduced in a series
of articles by Schlosser, Selgrade, and Harris-Clark (33). Their
model allows to simulate the time course of hormones and
follicular maturation stages over several cycles and is able to
display multiple follicular waves (34). This model was extended
by pharmacokinetic sub-models to simulate the administration
of drugs, including ovarian contraceptive pills (35, 36) and
GnRH analogs (37). These pharmacokinetic-pharmacodynamic
(PKPD) models allow to study the influence of dose and time
point of administration of various drugs on the cycle dynamics.
All those models are based on ordinary or delay differential
equations since they allow to simulate the time evolution of
hormone concentrations and follicles. Hill functions have been
used to characterize stimulatory and inhibitory effects, as it is

common practice for modeling regulatory networks. The model
by Roblitz et al. (37) consists of 33 ordinary differential equations
that describe the feedback mechanisms between the hormones
that are of particular importance for the female menstrual cycle
(GnRH, FSH, LH, E2, P4, inhibin A, inhibin B) and the
development of follicles and corpus luteum throughout
consecutive cycles. Compared to previous models, it does not
use delay differential equations and consists of fewer equations
and parameters. However, all those models have in common that
follicular growth is described in terms of activity levels of
different follicular maturation stages, but not in terms of
follicle numbers and sizes. Thus, the simulation results cannot
be compared with ultrasound data.

A mathematical model that quantifies the time evolution of the
sizes of multiple follicles comparable to observations by
ultrasound measurements in mono-ovulatory species was
presented by (38). This model contains a separate differential
equation for each follicle, whereby the structure of this equation is
the same for all follicles, but the initial follicle sizes are different.
The equations are coupled via a term that accounts for
competitive interactions between follicles. Together with the
model by (37) a previous version of the model by (38) formed
the basis for the development of computational tools to enable in
silico clinical trials in reproductive endocrinology (39, 40). In
particular, by introducing variability into model parameters (41-
43), the authors could analyze inter-individual variability in the
cycle and automatically synthesize, by means of artificial
intelligence guided by patient digital twins, optimal personalized
treatments for the patients at hand (44). However, the tools could
only be applied to the downregulation phase before follicular
stimulation, because the feedback mechanisms from the ovaries to
the pituitary were not implemented in the modified model. This
drawback motivated the development of the fully coupled model
as presented in this work. To our knowledge, this is the first
mathematical model that allows for the simulation of stimulation
protocols that start at different time points in the cycle.

Model Construction and Assumptions

The mathematical model underlying this work is the result of
modifying and coupling the two previously published models by
Roblitz et al. (37) and Lange et al. (38). In a first step, the model
by Rablitz et al. (37) was reduced by removing the equations for
the development of follicles and the corpus luteum and the
hormones produced by them (inhibin A, inhibin B, E2, P4). In
addition, we removed the equations for LH receptor binding
mechanisms, since they were not needed for our purpose. The
remaining equations were kept exactly as in (37), except for the
FSH synthesis rate. In the new model, this rate is inhibited by P4
instead of inhibin A and B [Eq. (S5) in the Supplement], since
P4 reaches its peak in the mid-luteal phase exactly as inhibin A.
The influence of inhibin B could be neglected without any
consequences for the qualitative behavior of the model. In
addition, we have introduced a new equation for the amount
of FSH that reaches the follicles [Eq. (S9) in the Supplement] to
account for delays caused by transportation and for changes in
concentration caused by different volumes. In contrast to (37),
the equations for FSH receptor binding now take into account
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FSH in the ovaries instead of the FSH blood concentration [Eqs.
(S10)-(S12) in the Supplement].

Instead of re-introducing a corpus luteum into the model
equations, we decided to use algebraic equations to directly
model the amounts of E2 and P4 produced in the luteal
phase of the cycle [Egs. (523) and (S25) in Supplement S1].
The model describes E2 and P4 levels in the luteal phase by
Gaussian-shaped curves with fixed parameters based on fits to
experimental data (for P4 see Figure S1 in Supplement S3). This
simplification is based on the observation that the variability in
the length of the luteal phase is significantly lower than the
variability in the length of the follicular phase (45).

We modified the follicle equation introduced by (38) in a way
that the hormone dynamics in the system have a direct effect on
the follicular growth behavior [Eqgs. ($20)-(522) in Supplement
S1]. The maturation of each follicle is modeled by a separate
ODE. All ODEs have the same structure and include both shared
and follicle specific parameters. Each follicle carries two random
properties that are follicle specific, hence there are two follicle
specific parameters: the time point at which a follicle is recruited,
and its FSH sensitivity. The following assumptions are made
about these two parameters:

* The time point at which a follicle is recruited and starts
growing is follicle-specific and follows a Poisson process. The
overall number of follicles that are recruited within a specific
time interval is a Poisson random variable. The parameter of
this distribution, in the following named Poisson parameter,
corresponds to the probability that a given number of follicles
is recruited in a fixed time interval. In the model, the Poisson
parameter is modulated by the FSH concentration: if the FSH
concentration is above a certain threshold, more follicles are
recruited.

» The second property is a follicle specific FSH value, referred to
as FSH sensitivity threshold value, which has to be exceeded
in order to stimulate the follicle’s growth. This refers to the
biological finding that follicle growth does not occur below a
certain level of FSH (46), and that any two follicles might
respond differently to FSH, even if the two have the same size,
because they differ in the FSH receptor density. The
distribution of the FSH sensitivity threshold values in the
population of follicles is assumed to follow a normal
distribution. Follicles that are more sensitive to FSH, i.e.
which require less FSH to start growing, have a competitive
advantage for being selected as the dominant follicle. Whether
a follicle becomes dominant, however, depends on both its
FSH sensitivity and its recruitment time point.

The competition between follicles, which is represented by a
common parameter [Eq. (522) in Supplement S1], is inhibited
by ESH concentrations above a certain threshold, taking into
account the “FSH window concept” (47-49). This concept is
based on the observation that the period of time during which
FSH is above a certain threshold effects the number of follicles
reaching the dominant follicle’s size (50, 51). Moreover, we
assume that the follicular growth rate is inhibited by P4 and

stimulated by the FSH receptor complex level in a threshold
dependent way [Eq. (S21) in Supplement S1] (52).

Growing follicles are the main source of E2 in the female body
and the dominant follicle produces the most E2 (12, 53, 54).
Estradiol is produced by granulosa cells, which proliferate and
form a multilayered structure. This is included in the model by
an additional term in E2 production which is dependent on the
follicular size [Eqs. (S24) and (S25) in Supplement S1].

To sum up, the coupling between the hormone dynamics
model and the follicular growth model is realized as follows
(compare Figure 1). The levels of FSH in the blood and of the
FSH receptor complex enter into the equations for the follicles in
a threshold dependent way. In addition, the LH level plays a role
in determining the time point of ovulation. Ovulation of a follicle
that exceeds the size threshold occurs 12 h after the LH level is
higher than a certain threshold. The levels of E2 and P4 in the
luteal phase depend on the time point of the last ovulation. E2
and P4 levels enter into the equations for LH and FSH synthesis
and for the frequency and mass of GnRH, in the same way as in
(37). The coupled model contains in total 72 parameters, i.e. less
than the two original models taken together (114 parameters in
(37) and 5 parameters in (38). We adopted 44 parameters from
(37) and only changed the values of three of them. A detailed
parameter list can be found in the Supplement. The model has
been implemented in MATLAB and numerical simulations were
performed using the ODE solver odel5s. The code is available at
https://github.com/SoFiwork/GynCycle.

Ovarian Stimulation Protocols

Stimulation protocols are introduced to the model by a
pharmacokinetic approach. The dosing concentrations of the
administered drug, as used in the ovarian stimulation protocols,
are calculated during the simulation based on three drug
specific pharmacokinetic parameters using the information
given by (55) [Eq. (S26) in Supplement S1]. In order to study
treatment outcomes, two different stimulation protocols were
implemented. The two studies were selected based on the
accessibility of results, the size of study cohorts and the
physiological stage of patients. Each study includes data from
more than 100 women. Patients were at the age of 18 to 40 years
with a body mass index of 18 to 30 kg/m’. All women showed
spontaneous ovulation.

Stimulation Initiated in the Late Follicular Phase

Our simulated treatment protocol for ovarian stimulation during
the late follicular phase follows the description in Zhu and Fu
(24). As a simplification, we did not vary the administered hMG
dose during the first days of stimulation. The stimulation starts
with a daily administration of 150 IU hMG when at least one
follicle measures 14 mm in diameter. After 6 days, the daily dose
is increased to 225 IU per day. We chose day 6 to change the
hMG concentration because re-examination and dose
adjustment in the clinical trial took place after 5 - 7 days. The
stimulation stops whenever at least 3 follicles reach a diameter of
at least 18 mm. The ovulation of a dominant follicle during the
stimulation phase is characteristic for this protocol.
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Stimulation Initiated in the Luteal Phase

The protocol described in (26) served as a reference to simulate
the stimulation of multiple follicular growth during the luteal
phase. In this clinical trial, the drug administration in the
simulation starts between day 1 and 3 after ovulation under
the condition that there exist follicles smaller than 8 mm.
Follicular growth is stimulated by the daily administration of
225 IU hMG. The stimulation terminates if at least three follicles
have reached a diameter of 18 mm.

RESULTS
Unstimulated Cycle

As indicated in Figure 2, the model generates quasi-periodic
solutions for all four hormones. Due to the individual growth
behavior of follicles implemented in the model, variations in
cycle length and number of follicles per cycle occur. Simulations
for a normal cycle were performed for more than 1000 time steps
in order to get an idea of the variability in the model outcome. In
total, 42 simulated menstrual cycles (here, one menstrual cycle is
defined from one ovulation to the next one) were used for a

statistical analysis. In the simulations, the average cycle length
was 30.56 days, with a standard deviation of 7.00 days (Figure S2
in Supplement). On average, 16.19 follicles greater than 4 mm
were detected during one cycle, with a standard deviation of 3.08
follicles. The results were tested for normality using the Shapiro-
Wilk test with a 95 confidence interval. A correlation between the
cycle length and the follicular count was not observed.

The simulated hormone curves are supposed to be
comparable to serum hormone concentration profiles in terms
of shape and peak values. Figures 2A-E display consecutive
menstrual cycles in the time period between day 50 and day 130
from one simulation run. The time evolution of all four hormone
profiles is illustrated, and the described interplay between
hormones and follicles is apparent.

The wave-like growth behavior of the follicles (Figure 2E) is
generated by the model itself and is not enforced by the
implementation. Figure 2G shows an example of the ovulation
of a dominant follicle that occurs 12 h after LH reached its peak
concentration. This 12-h gap is accomplished by the way the
ovulation event is defined in our model (see Discussion). Once
ovulation is detected during the run time of the simulation, the
ovulated follicle is taken out from the cohort of follicles
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FIGURE 2 | Simulation results of the female menstrual cycle model are displayed. The left column illustrates the simulation outcome for two menstrual cycles and
the right column zooms into details. Here, one cycle is defined from one ovulation to the next one. Sub-figures (A-D) represent the simulated hormone concentration
profiles for LH, FSH, E2 and P4. (E) portrays growth trajectories of follicles >4 mm. The ovulation of a dominant follicle is indicated by terminating trajectories, as
seen for example around day 80 of the simulation. (F) illustrates competition between follicles indicated by crossing growth trajectories. (G) Points out that the
ovulation of a dominant follicle occurs 12 h after the LH peak concentration as a result of the way the ovulation process is implemented in the model.

Frontiers in Endocrinology | www.frontiersin.org

March 2021 | Volume 12 | Article 613048


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Fischer et al.

Ovarian Stimulation Protocols In Silico

(indicated by the terminating trajectory in Figure 2G). This
follicle no longer contributes to steroid production. Keeping it in
the simulation would needlessly increase computational time.
The growth behavior of follicles causes variation in the length of
the follicular phase. In contrast to that, the luteal phase has a
constant length of 14 days due to its implementation.

The follicular growth equation, as introduced by (38) and
modified for the given model, includes a term addressing the
competition for dominance between follicles. In the simulation
results, its effect is visible by crossing growth trajectories (Figure
2F). This crossing only is possible because each follicle has its
specific parameters. As it can be seen in Figure 2, competition is
stronger during the early follicular phase before a dominant
follicle emerges.

Ovarian Stimulation

The simulations of ovarian stimulation initiated in the luteal phase
or the late follicular phase are characterized by the growth of
multiple follicles. Additionally, the ovulation of a dominant follicle
during a stimulation protocol occurs only during stimulation in

the late follicular phase. In the model, the competition term is
inhibited by high FSH concentrations, enabling the growth of
multiple follicles under stimulatory treatment.

Figure 3 exemplarily displays hormone concentration profiles
and follicle development for one simulation of each treatment
approach. Additionally, error bars at four characteristic time
points (one day before treatment, one day after first drug
administration, six days after first drug administration, last day
of drug administration) indicate the variability in the hormone
levels between 20 simulations using the same treatment
conditions. The characteristic time points where chosen in a
way that the results are easily comparable to the clinical data. In
both cases, the FSH concentration rises with each day of the
treatment. Due to the growth of multiple large follicles, which are
the main source of E2, the E2 level increases significantly during
ovarian stimulation. The levels are almost ten times higher
compared to the normal cycle (Figure 2C).

Simulations of an ovarian stimulation during the luteal phase
are dominated by high P4 levels during the stimulation with
hMG. The high P4 concentration prevents the ovulation of
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FIGURE 3 | Simulation results for two different ovarian stimulation protocols. The growth of multiple large follicles, caused by the stimulation treatment, is characteristic
for both strategies. The left column represents simulation results from a luteal phase stimulation protocol, while the right column shows the effect of a stimulation during
the late follicular phase. Sub-figures (A-D, F-l) exemplary represent hormone profiles originating from one simulation in red. Purple dots and error bars represent mean
values and variances, respectively, from 20 simulations at four characteristic time points: 1 day before the stimulation treatment starts, 1 day after starting the
treatment, 6 days after starting the treatment, and the last day of treatment. Sub-figures (E, J) illustrate the growth trajectories of the follicles.
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follicles (through the negative feedback mechanisms of P4 on
LH). The concentrations of LH, FSH, P4 and E2 in Figures 3A-
D are comparable to observations by (26).

Figure 3] illustrates the follicular growth behavior
under stimulation in the late follicular phase, initiated after
the occurrence of a dominant follicle. The ovulation of
the dominant follicle is followed by an increase in P4
concentration comparable to non-treated conditions. The E2
level decreases after the ovulation of the dominant follicle but
starts to increase again. This increase is caused by multiple large
follicles as a result of the stimulation.

Figure 4 represents the individual outcomes (treatment
duration and follicular count) of 20 simulations per treatment
protocol. The mean and standard deviation of these results are
given in Table 1. The simulation results for ovarian stimulation
initiated in the luteal phase match the observations from Kuang
etal. (26). The simulated treatment duration for the late follicular
phase stimulation approach is noticeably lower than the clinical
observations, which goes along with comparably low counts of
follicles >14 mm. Figure 4 convincingly shows that simulations
differ among each other even if non-follicular parameters are the
same in all simulations. Hence, the individual growth behaviors
of the follicles have a major effect on treatment simulations
and outcomes.

DISCUSSION

The mathematical model developed in this work addresses the
interplay between pituitary hormones, ovarian hormones and
follicular growth. Simulation results for the unstimulated cycle
agree qualitatively and quantitatively with observations reported
in literature. In particular:

* The time evolution of the four hormone profiles for LH, FSH,
P4 and E2 is consistent with the scientific literature (56).

* An average cycle length of around 29 days, ranging from
cycles with a duration of 22-25 up to 36 days, is reported in
experimental studies (56-58). The simulation results are in
line with these observations.

* In the literature, it is described that the variability in the
length of the follicular phase is significantly higher than for
the luteal phase (58, 59). The given simulation results fulfill
the same property.

* The observed intra-cycle variability of 7 days is comparable to
experimental results by (58).

e (32) observed the emergence of two to three waves carrying 4
to 14 follicles greater than 4 mm. The given simulation results
of 16.19 + 3.08 follicles in two waves per cycle match their
experimental investigations.
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FIGURE 4 | Simulation outcomes of 20 independent cycles for each treatment: ovarian stimulation induced either during the luteal phase (top, A, B) or the late
follicular phase (bottom, C, D). In the upper row (A, B), follicular counts and treatment duration for the luteal phase stimulation approach are displayed (red: follicles
10-14 mm; purple: follicles >14 mm). On average, 11.1 + 3.5 follicles with a diameter of 10 to 14 mm and 8.9 + 3.7 follicles with a diameter >14 mm are observed.
The average treatment duration is 9.4 + 0.7 days. The lower row (C, D) shows follicular counts and treatment durations for simulated stimulations in the late follicular
phase. A treatment cycle takes about 6.0 + 0.7 days. The average count of follicles with diameters 10 - 14 mm is 6.3 + 2.2 and the one for follicles >14 mm is 8.0 +
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TABLE 1 | Comparison between simulation results and clinical observations.

Luteal phase ovarian Late follicular phase

stimulation ovarian stimulation
Kuang et al. Simulation Zhu and Fu Simulation
(26) (24)
Num. of follicles 139738 11.1+£35 6.3+22
with
diameter 10 -
14 mm
Num. of follicles 11.1+55 8.9+ 3.7 11.7+6.2 8.0+22
with
diameter >
14 mm
Duration of 102+1.6 9.4 +£0.7 10.93 + 1.66 6.0+ 0.7
treatment
with hMG

Ovarian stimulation is induced either during the luteal phase or the late follicular phase.
Each of the two studies includes data from more than 100 woman. Patients were at the
age of 18 — 40 years with a body mass index of 18 — 30 kg/m®. All woman showed
spontaneous ovulation.

The discontinuity in the profile of the E2 curve (Figure 2 at
day 85 of the simulation) is related to the growth behavior of the
follicles and is caused by atresia of larger sub-dominant follicles.

By comparing the results in Table 4, it is visible that variations
in the experimental data are higher than in the simulation results.
That indicates the fact that the inter-individual variability in
human is higher than the variability between simulations sharing
one set of non-follicular parameters. The stochastic growth
behavior of follicles is the only source of variability between
simulations. According to (24), the LH concentration under
stimulatory treatment in the late follicular phase is not
supposed to increase after the ovulation of the dominant
follicle due to the inhibitory effect of P4. However, this effect is
not visible in the simulation results (Figures 3F-J). This might
be due to the comparably lower P4 concentrations in the
simulation results. Here, the P4 concentration at day 6 is about
0.99 + 0.6 ng/mL, whereas the figures published by (24) indicate
P4 concentrations up to more than five times as high. In the
present model, the P4 concentration is linked to the formation of
the corpus luteum as the only source of P4. Minor P4 sources
such as the adrenal cortex are neglected. However, the equations
for the P4 concentration matches experimental measurements
quite well (Figure S1 in Supplementary Material). A relation
between the high LH concentrations, the low P4 concentrations
and the follicular growth behavior are conceivable as well. Since
the simulated treatment duration is several days shorter than
those in the clinical observations, it appears that follicles are
growing too fast during the simulation of ovarian stimulation. If
this is the reason for the mismatch between the simulation results
and the observations by (24), two explanations are credible: (i)
the model parameters should have other values, or (ii) at least
one mechanism is missing. However, at this point it was not
possible to compare the simulated follicular growth under
treatment to detailed experimental investigations since
ultrasound measurement data were not available from literature.

Another reason for the mismatch could be that we could not
simulate the clinical treatment procedures in full detail. In a
clinical setting the dose is adjusted according to the treatment
response, which is based on an evaluation of follicular growth
during the stimulation procedure. Since the criteria for dose
adjustment were not described in the available publications, we
did not implement adjustments in our model.

We have not yet simulated double ovarian stimulation due to
technical difficulties with the model implementation. However,
we will do this in future work in order to address some of the
problems that are still unsolved (60), for example the choice of
the best day to start the second stimulation or the necessity of
using a GnRH antagonist during the second stimulation.

Finally, we want to point out that clinical data are mainly
reported as summary statistics, usually in terms of means and
standard deviations, and for very few indicators, e.g. treatment
duration or number and sizes of follicles on certain treatment
days. However, with our model-based approach we could go
beyond a simple comparison of moments. Since the model
simulations generate distributions, we could compare them
with data from literature if the publications about clinical trial
outcomes reported the complete data distributions.

CONCLUSION

This study demonstrates how mathematical modeling and
simulations can contribute to enhance our mechanistic
understanding of ovarian stimulation protocols. In particular,
our approach allows to study the extend of variability in both
treated and untreated cycles. The model simulations confirm that
follicular size is not a reliable parameter for determining
treatment outcome since the receptor status of each individual
follicle (modeled by the FSH sensitivity threshold) and the
timing of growth matter. However, we cannot (yet) make use
of that knowledge in a clinical setting as long as the receptor
status cannot be inferred from measurements. Making
predictions on the level of individuals, either in-vivo or in-
silico, will therefore remain notoriously difficult. However,
models that include random effects can be used to quantify
uncertainties in the predictions. Even though these uncertainties
might be large, being aware of what could happen as well as
identifying outliers can assist in making decisions. Moreover, the
model presented here could be used to compare the outcome of
different treatment strategies in terms of specific success criteria
(e.g. average number of follicles larger than a threshold size at the
end of the stimulation), similar to the approach in (39). This
requires to first validate the model with data from other
stimulation protocols. For example, in order to compare the
two protocols simulated here with the three currently most often
used protocols (long, short, and antagonist), we would need data
on each protocol from cohorts that are comparable in terms of
size and physiological stage (e.g. race, age, BMI). We therefore
invite clinicians to share their data and to join interdisciplinary
research projects with the ultimate goal to develop model-based
clinical decision support systems.
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Assessment of insulin secretion is key to diagnose postprandial hyperinsulinemic
hypoglycemia (PHH), an increasingly recognized complication following bariatric
surgery. To this end, the Oral C-peptide Minimal Model (OCMM) can be used. This
usually requires fixing C-peptide (CP) kinetics to the ones derived from the Van Cauter
population model (VCPM), which has never been validated in PHH individuals. The
objective of this work was to test the validity of the OCMM coupled with the VCPM in
PHH subjects and propose a method to overcome the observed limitations. Two cohorts
of adults with PHH after gastric bypass (GB) underwent either a 75 g oral glucose (9F/3M;
age=42+9 y; BMI=28.3+6.9 kg/m?) or a 60 g mixed-meal (7F/3M; age = 43 + 11 y;
BMI=27.5+4.2 kg/m?) tolerance test. The OCMM was identified on CP concentration data
with CP kinetics fixed to VCPM (VC approach). In both groups, the VC approach
underestimated CP-peak and overestimated CP-tail suggesting CP kinetics predicted
by VCPM to be inaccurate in this population. Thus, the OCMM was identified using CP
kinetics estimated from the data (DB approach) using a Bayesian Maximum a Posteriori
estimator. CP data were well predicted in all the subjects using the DB approach,
highlighting a significantly faster CP kinetics in patients with PHH compared to the one
predicted by VCPM. Finally, a simulation study was used to validate the proposed
approach. The present findings question the applicability of the VCPM in patients with
PHH after GB and call for CP bolus experiments to develop a reliable CP kinetic model in
this population.

Keywords: model identification, parameter estimation, obesity, insulin secretion, oral minimal model, OGTT,
mixed meal
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PHH C-Peptide Secretion and Kinetics

INTRODUCTION

Postprandial hyperinsulinemic hypoglycemia is an increasingly
recognized metabolic complication affecting up to a third of
patients following gastric bypass surgery (I, 2). While the
underlying mechanisms remain to be fully elucidated (3),
excessive postprandial insulin exposure due to exaggerated
insulin secretion and/or diminished insulin clearance are key
pathophysiological hallmarks of postprandial hyperinsulinemic
hypoglycemia (4-6). Thus, reliable estimation of insulin
secretion is fundamental to improve our understanding and
diagnostic armamentarium of this complex condition.

Insulin secretion is not directly measurable in vivo but can be
reconstructed from plasma C-peptide concentrations using non-
parametric, e.g., deconvolution (7), or parametric approaches,
e.g., structural models (8-11). Nevertheless, both approaches
require the knowledge of C-peptide kinetics, usually described by
a linear two-compartment model (12).

The direct measurement of C-peptide kinetics requires the
injection of a C-peptide bolus under somatostatin infusion to block
its endogenous secretion (13). However, to reduce patient burden and
costs associated with additional experiments, C-peptide kinetic
parameters predicted by the Van Cauter population model (14)
can be used. The Van Cauter population model was originally
validated in normal, obese, and non-insulin-dependent diabetic
individuals and its use within approaches to estimate insulin
secretion was shown to yield similar average estimates in the target
population as when individual estimates from C-peptide bolus data
are used (15, 16). However, this might not hold true when the Van
Cauter population model is applied to different populations, such as
patients having undergone bariatric surgery, procedures that
substantially alter glucose kinetics and secretion of gluco-regulatory
hormones (17). Since inaccuracy in C-peptide kinetics may negatively
affect the estimation of insulin secretion, the applicability of the Van
Cauter population model to predict C-peptide kinetics in patients
suffering from postprandial hyperinsulinemic hypoglycemia must
be investigated.

The aim of this work was to assess the validity of the Van
Cauter population model in post-gastric bypass individuals
suffering from postprandial hyperinsulinemic hypoglycemia.
This was done by coupling it with a model for the estimation
of C-peptide secretion. Among the models proposed in the
literature, here the so-called Oral C-peptide Minimal Model
(OCMM) (11, 18) was used. In a second step, a new
methodology was proposed to overcome the observed
limitations when using the Van Cauter population model in
these subjects. Finally, the validity of this new methodology was
tested by means of an in silico experiment.

DATABASE AND METHODS

Databases

Data from twenty-two post-gastric bypass individuals suffering
from postprandial hyperinsulinemic hypoglycemia gathered
during two separate clinical trials were used in this work.

Twelve subjects (Cohort 1 - OGTT) (9F; age = 42+9 y; BMI =
28.3%6.9 kg/m®) were studied at the University Hospital Bern,
Bern, Switzerland (NCT03609632). Participants arrived at the
clinical research facility at 0800 after an overnight fast. An
intravenous cannula was inserted in one arm for blood
sampling and kept open with a saline infusion. Participants
underwent a standard oral glucose tolerance test (OGTT)
consisting in the ingestion of 75 g of dextrose and the frequent
sampling for plasma glucose, insulin and C-peptide
concentrations for 210 min after glucose ingestion. Samples
were taken every 15 min until 60 min after glucose ingestion
and every 30 min subsequently. Hypoglycemia, defined as plasma
glucose level < 2.8 mmol/L, was treated using intravenous
dextrose (10%) to reach euglycaemia. Plasma glucose was
determined from venous blood using the Biosen C-line analyser
(IGZ Instruments AG, Zurich, Switzerland). Insulin and C-
peptide concentration were measured by conventional
immunoassays (Roche Diagnostics, Mannheim, Germany).

The other 10 subjects (Cohort 2 - MMTT) (7F; age = 43+11 y;
BMI = 27.5+4.2 kg/m®) were studied at the University Hospital
Basel, Basel, Switzerland (NCT03200782). Subjects participated in
a double-blind, double-dummy placebo controlled, randomized,
cross-over trial where each subject underwent a standardized liquid
mixed-meal tolerance test (MMTT, 300 ml Ensure plus®, Abbott,
60 g carbohydrates, 450 kcal) on three occasions receiving either a
placebo, a SGLT2-inhibitor or a IL-1 receptor agonist. For the
purpose of this work, only data from the placebo visit were used.
More details on the study protocol can be found in (19). Plasma
glucose, insulin and C-peptide concentrations were sampled every
30 min for 180 min after mixed-meal ingestion. In case of
symptomatic hypoglycemia, defined by the Whipple’s triad with
plasma glucose < 2.5 mmol/L, immediate glucose measurement
and blood sampling was performed followed by the administration
of 10 g glucose (orally or intravenously).

In Figure 1, mean * standard error (SE) of plasma glucose
(top) and C-peptide (bottom) concentrations of the two studies
are reported.

Methods
The Oral C-Peptide Minimal Model (OCMM)
The oral C-peptide minimal model (OCMM, Figure 2) (11, 18)
interprets plasma C-peptide concentration in relation to the
observed changes in glucose concentration and provides a
quantification of B-cell responsivity to glucose.
C-peptide kinetics are described by the well-known two-
compartment model (12) (Figure 2, right panel):
{ CPy(t) = —(koy + ka1) - CP(t) + ky - CP,(t) + SR(t) CP,(0) = 0
CPy(t) = ~kyy - CPy(t) + kyy - CPy (1) CP,(0) = 0
(1

where CP; and CP, (pmol/L) are the above-basal C-peptide
concentrations in the first (central) and second (peripheral)
compartments respectively, k;j (min™) the C-peptide kinetic
parameters, with ko, representing the C-peptide fractional
metabolic clearance rate (MCR, min™) and SR (pmol/L/min)
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FIGURE 1 | Plasma glucose (top) and C-peptide (bottom) concentrations in

Cohort 1 — OGTT (continuous line with black circles) and Cohort 2 - MMTT
(dotted line with triangles) (mean + SE).

the above basal pancreatic secretion normalized by the volume of
distribution of the first compartment.

SR is modeled as the sum of two components controlled by
glucose concentration (static component, SR;) and its rate of
increase (dynamic component, SRy) (Figure 2, left panel):

SR(t) = SR,(t) + SRy(t) 2)

In particular, SR represents the provision of new releasable
insulin Y(t) (pmol/L/min):

SRy(t) = Y(1) (3)

which is controlled by glucose concentration (G, mmol/L)
according to:

Y(t) = —alY(t) - B-[G(t) - h]] Y(0) =0 (4)

Thus, SR is dynamically related to glucose concentration and
tends toward a steady-state value with a time constant 1/a (min).
The steady-state value is linearly dependent from glucose
concentration above a threshold level h (mmol/L), here fixed
to pre-meal (basal) glucose level Gy, (20), through a parameter 3
(min™"). SRy represents the secretion of promptly releasable
insulin and is proportional, through a parameter ky
(dimensionless), to the rate of glucose increase:

ky - G(t) if G(t) >0
SR4(t) = . (5)
0 if G(t) <0
Basal insulin secretion (SRy) can be calculated as:
SRb = ko] . CPlh (6)

where CP;, is the basal C-peptide concentration in the
first compartment.

C-PEPTIDE SECRETION

Glucose

!
a1
v SR,
—e3]  Delay (1/c)

1
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rate of increase

—

- oy,
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FIGURE 2 | The Oral C-peptide Minimal Model (OCMM) (11, 18) with its secretion (left) and kinetics (right) components. SR is the pancreatic secretion, @, and @y
static and dynamic B-cell responsivity indices respectively, 1/a time constant of the static component, and ko1, k12, and ko1 C-peptide kinetic parameters.
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From model parameters, indices of static (®; = B, 10 min™),
dynamic (@4 = kg, 10°) and basal [B-cell responsiveness (O, =
SRyp/Gp, 10 min™) can be derived. Finally, an index of total -
cell responsiveness to glucose (Do, 10° min™') (11) can be
calculated as:

T
/ [SR(t) + SRy dt
_Jo

tot — T
/ G(t)dt
0

T
04+ (oo~ Go) + @-A (G(t) ~ Hldt + T ¢, - Gy
- @)

T
/ G(t)dt
0

where T (min) is the time at which the system is assumed to
return to steady-state conditions after the perturbation (here
assumed T=300 min).

Model Identification

The OCMM is a priori uniquely identifiable if the measured C-
peptide data are assumed as model output and the measured
glucose concentrations as known input (21, 22). Parameters were
estimated with a Bayesian Maximum a Posteriori (MAP)
estimator (23), which requires the maximization of the a
posteriori probability density function of the parameter vector

P = lka & B kop k12 kail:
Pmar = argm;xfp|z(p|z) (8)
which, by recalling the Bayes theorem, can be rewritten as

Lap(Z10)f, ()
fa(2)

where f, (2]p) is the likelihood of the data, f, (2) is the
probability density function of the data vector z, which can be
ignored in the maximization problem since it does not depend
on p, and f, (p) is the a priori probability density function of p.
The definition of f, (p) differs depending on the adopted
identification approach, as detailed below.

©)

P yap = argmax
P

C-Peptide Kinetics Fixed to Van Cauter Population Model
(VC Approach)

Here, we assumed p=[p; p.] with p;=[k,, o, B] and p,=[ky;, k>,
k;]. The a priori probability density function f,; (p;) was
assumed to be noninformative for all the parameters except for
o to improve the numerical identifiability of the model (11),
especially when a limited number of samples is available. The C-
peptide kinetic parameters (p,) were fixed to those predicted by
the Van Cauter (VC) population model (Table 1) (14). In that
study, a method was proposed to estimate the kinetics
parameters of the two-compartment model of C-peptide
kinetics (12) from patient demographics. The model was
originally validated in a large database of normal, obese, and
non-insulin-dependent individuals with diabetes. However, it
has never been validated in PHH subjects.

The VC approach provided unsatisfactory results in terms of
model ability to predict the data in this population (see Results
section). Therefore, another identification approach was tested
(DB approach). Finally, a simulation study was also performed to
test the accuracy of this method. An overview of the workflow is
shown in Figure 3.

C-Peptide Kinetics Estimated from the Data (DB Approach)
Here, the C-peptide kinetic parameters (p,) were estimated,
together with the secretion parameters (p;) from the C-peptide
data (data-based, DB) using the MAP estimator of eqgs. 8 and 9.
The a priori probability density function f,; (p;) was the same as
the one adopted in the VC approach, while f,, (p,) was derived
from the Van Cauter population model (14).

For both approaches (VC and DB), measurement error of C-
peptide concentration was assumed to be independent, Gaussian,
with zero mean and variance dependent on C-peptide
concentrations (24). Glucose concentration and its time
derivative were used as error-free model inputs. Here, the time
derivative of glucose concentration was calculated using a
stochastic regularized deconvolution method (25), particularly
suitable in case of noisy signals. The precision of model
parameter estimates was quantified by its coefficient of
variation (CV, %) (23). Parameter estimation and statistical
analyses were carried out using Matlab® (R2016a); differential
equations were integrated using a method based on an explicit

TABLE 1 | Procedure to obtain the c-peptide kinetic parameters using the Van Cauter population model (14).

Step 1: Determine subject’s type: normal, obese, non-insulin dependent diabetes (NIDDM)
Step 2: Determine C-peptide short half-life (a) and fraction (f) parameters
Normal Obese NIDDM
Short half-life (a) [min] 4.95 4.55 4.52
Fraction (F) [dimensionless] 0.76 0.78 0.78
Step 3: Derive the long half-life (b) parameter according to the equation
Long half-life (b) [min] 0.14-(age [year] + 29.2)
Step 4: Determine the C-peptide kinetic parameters as follows
ki2 [min"] F(In@)/b) + (1-F)-(In(2)/a)
Kot [min™] (In(2)/a)-(In(2)/b)/k12)
Koq [min"] (In(2)/a) + (In(2)/b) — ko1 — k12
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1. OCMM IDENTIFICATION FROM CLINICAL DATA
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/
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OCMM with C-peptide kinetics
fixed to VC population model
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tot

C-peptide

data

CLINICAL TRIAL
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OCMM with C-peptide kinetics
estimated from the data using
VC population model as prior

-

92t

DB (DB DB
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2. GENERATION OF IN SiLico DATA AND OCMM IDENTIFICATION
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tot

DB APPROACH:
OCMM with C-peptide kinetics
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DB
tot

DB (DB DB
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OCMM with C-peptide ki
estimated from the dz
estimated DB paramete

PHH
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C-peptide
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1
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methodology using in silico results.

3. IN SiLIcO ASSESSMENT

FIGURE 3 | Overview of the study workflow. 1: Identification of the OCMM by both the VC and the proposed DB approach from in vivo data. 2: Use of estimated
parameters with the DB approach to randomly generate the in silico population from which C-peptide concentration curves were simulated. Identification of the
OCMM using the VC, DB, and PHH approach using in silico data. 3: Calculation of mean absolute relative difference (MARD) for the assessment of the proposed

Runge-Kutta (4™-5™ order) pair formula implemented in the
Matlab function ode45 (26).

In Silico Assessment
The ability of the proposed DB approach to accurately estimate
the kinetic and secretion parameters of the OCMM was assessed
by computer simulation.

To set up the simulation, we first used the C-peptide kinetic

sz =

mean (lL,,) and covariance matrix (2},5):

Uz = [mean(Inky, ), mean(Ink,, ), mean(Inky, )] (10)
var(Inkg;) covar(In kg, Inkyy) covar(Inky,Ink,;)
covar(Inkoy;,Inky,) var(Ink,) covar(Inkyy,Ink, ) | (11)

covar(Inky;,Inky;) covar(Inky,,Inky,) var(Ink;;)

parameters estimated with the DB approach to derive the joint
C-peptide kinetic parameter distribution in our PHH subjects.
Specifically, similarly to what done in (27), the kinetic
parameters were assumed to be log-normally distributed with

From the above distribution, we randomly extracted 1,100
kinetic parameter vectors p,=[ko;, ki, k»;]. In particular, for each
of the 22 subjects in our database, 50 triplets (p,) were randomly
generated and coupled to the set of estimated secretion
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parameters (p;) together with the corresponding glucose curve.
This allowed us to create 1,100 in silico (virtual) subjects, with
known kinetic and secretion parameters, for which the C-peptide
concentration after an oral test was simulated using the subject-
specific glucose curve as input signal. Such in silico C-peptide
profiles were then sampled and corrupted by an additive
Gaussian random noise with zero mean and variance as in
(24). Finally, the OCMM was identified using both the VC and
DB approach, as described in Section 2.2.2. In addition, we tested
to what extent the final parameter estimates were affected by the
choice of the a priori information. To do so, the model was also
identified using as prior information the C-peptide kinetic
parameters estimated with the DB approach (PHH approach).

Statistical Analysis

Normality of variable distributions was assessed by Lilliefors test
and, since some of the variable of interest were not normally
distributed, nonparametric tests were used. In particular, for the
parameters estimated from in vivo (clinical) data, differences
between the VC and the DB approaches, within the same cohort,
were assessed using a Wilcoxon signed-rank test; while a Mann-
Whitney-U test was used to compare cohorts (Cohort 1-OGTT
vs. Cohort 2-MMTT). For the results of the in silico experiment,
mean absolute relative differences (MARD) between the estimated
parameters from the respective approach and the known
parameters were calculated in order to assess the validity of
the approaches. Differences in MARD among identification
approaches (VC vs. DB vs. PHH) were then assessed by

COHORT 1 - OGTT

Average
6000 -
® Data
— Model prediction: VC
S
= =-=== Model prediction: DB
g 4000
K
L)
p=]
2 2000
2
(9]
0 r T T T T T "
0 30 60 90 120 150 180 210
min
Representative subject
6000 1 O Data
. o) Model prediction: VC
= - S ==== Model prediction: DB
2 4000 o8
=
[
B
2 2000
o
o
0 T T T T T T 1
0 30 60 90 120 150 180 210
min

C-peptide (pmol/L)

C-peptide (pmol/L)

Kruskal-Wallis test and post-hoc analysis was performed
using Dunn-Sidak correction for multiple comparison (26).
Results are reported as median [25™, 75™] percentile unless
otherwise specified. A p-value <0.05 was considered
statistically significant.

RESULTS

Model Identification

In both cohorts, the VC approach underestimated C-peptide
peak and overestimated C-peptide tail, while the DB accurately
predicted C-peptide data in all subjects (Figure 4). Individual
estimates of the key parameters @, and MCR are reported in
Figure 5.

For both cohorts, a statistically significant difference between
the VC and the DB approach was observed for @, (Figure 5,
top) and MCR (Figure 5, bottom). No statistically significant
differences between cohorts were observed for both variables
within the VC and DB approach, respectively. When pooling
data from both cohorts, a significantly higher @, (16.1 [13.5,
20.0] 10° min" vs. 15.4 [11.6, 17.7] 10° min™', p<0.01) was
observed with the DB than the VC approach, which was
accompanied by a significantly higher C-peptide MCR (0.068
[0.061, 0.074] min™ vs. 0.059 [0.057, 0.061] min™', p<0.001) in
the DB vs. VC approach. All parameters were estimated with
precision: CV among parameters was 19 [14, 24] % using the DB
approach and 9 [5, 17] % using the VC approach.

COHORT 2 - MMTT

Average
6000 1 A Data
Model prediction: VC
==== Model prediction: DB
4000 __;
N
2000
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4000
2000
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FIGURE 4 | C-peptide data in Cohort 1 — OGTT (left panels, circles) and Cohort 2 — MMTT (right panels, triangles) vs. model predictions obtained with VC
(continuous line) and DB (dashed line) approach. Mean + SE are reported in the top panels while representative subjects in the bottom panels.
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In Silico Assessment
The distributions of the simulated vs. real C-peptide
concentrations were very similar for both cohorts (Figure 6).
Model parameters were estimated with precision in almost all the
subjects with CV of 8 [5, 16] %, 19 [15, 24] %, and 17 [13, 25] %
for the VC, DB, and PHH approach, respectively.

The MARD of estimated vs. true @, and MCR are reported
in Figure 7. MARD for @, was 14 [7, 22] % with the VC, 11 [5,
17] % with the DB and 9 [5, 16] % with the PHH approach.
MARD for MCR was 13 [7, 20] % with the VC, 9 [5, 15] % with
the DB and 8 [4, 14] % with the PHH approach. For both
parameters, the Kruskal-Wallis test highlighted a significant
difference in MARD among the identification approaches. The
post-hoc analysis revealed a significant difference of VC vs. DB
and PHH, but not between DB vs. PHH approaches. Moreover,
the overall MARD, calculated by pooling all the estimated
parameters, was 23 [11, 44] % vs. 14 [6, 24] % vs. 14 [6, 25] %
with the VC vs. DB vs. PHH approach, respectively. Also in this
case, Kruskal-Wallis test detected a significant difference between
approaches which was confirmed by post-hoc analysis only when
comparing VC vs. DB and PHH approach.

DISCUSSION

In this work, we tested the validity of the OCMM (11, 18)
coupled with the Van Cauter population model for C-peptide
kinetics in post-gastric bypass surgery individuals suffering from
postprandial hyperinsulinemic hypoglycemia. We observed

COHORT 2 - MMTT
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FIGURE 5 | Individual estimates of the index of total B-cell responsivity to glucose (@i, top) and C-peptide metabolic clearance rate (MCR, bottom) for both Cohort

unsatisfactory results in terms of the model ability to predict
the data (Figure 4). We hypothesized that this could be due to a
mismatch between the actual C-peptide kinetics of the specific
population under study and those predicted by the Van Cauter
population model. To overcome this limitation, we used a
Bayesian approach to estimate C-peptide kinetics from the
data and tested the performance of the two different
approaches using an in silico experiment.

While the OCMM prediction with the VC approach
underestimated the C-peptide peak and overestimated the C-
peptide tail, model fit of the data was satisfactory in all subjects
with the DB approach (Figure 4). Our results, as illustrated by
the higher C-peptide MCR with the DB vs. VC approach (Figure
5 bottom), are suggestive of faster C-peptide kinetics in post-
gastric bypass patients suffering from postprandial
hyperinsulinemic hypoglycemia compared to values predicted
by the Van Cauter population model (14).

The better model prediction achieved with the DB approach
was expected since, unlike the VC approach, the C-peptide
kinetic parameters are allowed to adapt to the specific data.
However, this does not demonstrate that the estimated kinetic
and secretion parameters are closer to the true ones. To assess the
validity of the proposed approach, a simulation study was
performed. Results showed that the MARD of estimated vs.
true parameters was significantly lower with the DB vs. VC
approach for both @, and MCR (Figure 7), suggesting that the
DB approach, despite exploiting the a priori information derived
from the VC model, allows to estimate model parameters closer
to the true ones than the VC approach. Similar results were also
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FIGURE 7 | Mean Absolute Relative Difference (MARD) of estimated vs. true @, and MCR (left and right, respectively) for the VC, DB, and PHH approach

obtained when using a prior better reflecting the characteristics
of the population under study (PHH approach), indicating that
final results are minimally affected by the specific choice of
the prior.

A limitation of the present study is the use of only one of the
possible C-peptide secretion models available in the literature
(11) and we imputed the unsatisfactorily prediction of the data to
a mismatch of C-peptide kinetics while this could also be due to
inadequacy of the model for the specific population. Using other
models, e.g., (8-10), could lead to different conclusions
depending on model structure and a priori/a posteriori
identifiability properties. However, the C-peptide secretion
model adopted here (11) has been used in many studies either
on different populations, e.g., healthy (28), prediabetes (29), and
subjects with type 2 diabetes (30), and experimental conditions,

e.g., testing the effects of pharmacological treatments (31, 32),
while always showing its ability to describe the data with C-
peptide kinetic parameters fixed to the ones predicted by the Van
Cauter population model. Another limitation is that the
proposed DB approach was validated in a simulation
framework only, while a C-peptide bolus experiment in the
same subjects or inclusion of a control group with previous
assessment of C-peptide kinetics would be required. In other
words, the higher C-peptide MCR suggested by our results need
to be confirmed by the current gold-standard experiment using
C-peptide bolus under somatostatin infusion. Nevertheless, we
would like to point out that the methodology outlined in this
work is applicable beyond the study of insulin secretion in this
population. The described approach will allow to study insulin
secretion also in other metabolic disorders possibly affecting C-
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peptide kinetics (e.g., renal diseases) or to study secretion of
other hormones for which a population model of the kinetics is
not yet available (e.g., glucagon). Noteworthy, as a first step to
study this population, we focused on C-peptide secretion and
kinetics only. However, assessing insulin kinetics and hepatic
insulin extraction is also of great interest. To do so, we will apply
this methodology to estimate insulin kinetics and hepatic insulin
extraction in future works.

In conclusion, the results of the present study show the
limitations of the OCMM coupled to the Van Cauter
population model to accurately describe C-peptide data in
post-gastric bypass individuals suffering from postprandial
hyperinsulinemic hypoglycemia. Consequently, its validity to
study insulin secretion and B-cell function in this population is
limited. To overcome this limitation, we propose an alternative
approach by estimating C-peptide kinetics from the data using a
Bayesian approach. This opens new possibilities for the study of
hormones for which population kinetic models are unavailable.
Overall, our results suggest faster C-peptide metabolic clearance
rate in post-gastric bypass individuals suffering from
postprandial hyperinsulinemic hypoglycemia compared to
previously studied populations. While the ability of the new
approach to describe C-peptide data was tested in silico, further
confirmation using in vivo experiments are warranted.
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Glucose and free fatty acids (FFA) are essential nutrients that are both partly regulated by
insulin. Impaired insulin secretion and insulin resistance are hallmarks of aberrant glucose
disposal, and type 2 diabetes (T2DM). In the current study, a novel model of FFA kinetics is
proposed to estimate the role insulin action on FFA lipolysis and oxidation allowing
estimation of adipose tissue insulin sensitivity (S;e4). Twenty-five normal volunteers were
recruited for the current study. To participate, volunteers had to be less than 40 years of
age and have a body mass index (BMI) < 30 kg/m?, and be free of medical comorbidity.
The proposed model of FFA kinetics was used to analyze the data derived from the insulin-
modified FSIGT. Mean fractional standard deviations of the parameter estimates were all
less than 20%. Standardized residuals of the fit of the model to the FFA temporal data
were randomly distributed, with only one estimated point lying outside the 2-standard
deviation range, suggesting an acceptable fit of the model to the FFA data. The current
study describes a novel one-compartment non-linear model of FFA kinetics during an
FSIGT that provides an FFA metabolism insulin sensitivity parameter (Sjee4). Furthermore,
the models suggest a new role of glucose as the modulator of FFA disposal. Estimates of
Sirra confirmed previous findings that FFA metabolism is more sensitive to changes in
insulin than glucose metabolism. Novel derived indices of insulin sensitivity of FFA (S)rra)
were correlated with minimal model indices. These associations suggest a cooperative
rather than competitive interplay between the two primary nutrients (glucose and FFA) and
allude to the FFA acting as the buffer, such that glucose homeostasis is maintained.

Keywords: free fatty acids (FFA), insulin action, FFA metabolism, glucose, lipolysis

INTRODUCTION

Glucose and free fatty acids (FFA) are essential nutrients that are both partly regulated by insulin.
While insulin’s role in glucose metabolism promotes disposal in peripheral tissues such as muscle,
insulin action in the adipose tissue, mainly suppresses lipolysis. In individuals with obesity or type 2
diabetes suffer from insulin resistance, a state where insulin is inefficient in performing the above
outlined roles (1). Furthermore, there is evidence that many of the adverse metabolic effects of
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glucose intolerance, such as insulin resistance and type 2
diabetes, may be mediated by FFA and have termed
lipotoxicity (2). It has been proposed that type 2 diabetes is a
consequence of aberrant lipid metabolism (2-4), which supports
the concept of interaction between insulin, glucose and FFA
homeostasis. Hence, identifying methods that combine simple
experimental protocols that yield data that can be used to
estimate indices of insulin sensitivity on the level of adipose
tissue is of great importance. Furthermore, it will be beneficial if
these strategies simultaneously quantify the interaction between
glucose and FFAs.

There is no agreement on the best methodology for
estimating insulin sensitivity (5). Previous approaches that
estimate adipocyte level insulin sensitivity can be loosely
divided into 3 classes. First, previously a method has been
developed that uses simple experimental data (postabsorptive
FFA and insulin) and simple calculations adipose tissue insulin
resistance index [Adipo-IR (6)]. This method is the analog of the
previously developed index of homeostatic model assessment
(HOMA) of whole-body glucose insulin resistance [HOMA-IR
(7)]. One potential problem with this model is that while fasting
glucose is maintained within a narrow range by a feedback loop
mechanism involving insulin, no such mechanism is known
relating to FFA homeostasis (5). Thus, Adipo-IR may be a less
reliable estimate of adipose insulin resistance. Second, the
multistep pancreatic clamp experimental protocol provides
methodology for estimating adipose tissue insulin sensitivity,
whereby using somatostatin to keep endogenous insulin
concentration fully suppressed, the exogenously imposed
insulin concentration that provides 50% suppression of
lipolysis (ICsq) yields the desired index of adipose tissue
insulin resistance. However, the complexity and the time
involved in performing the multistep pancreatic clamp makes
its adaptation difficult (8). Third and final are the methodologies
that use simple experimental protocols such as the frequently
sampled intravenous glucose tolerance test (FSIGTT) or the oral
glucose tolerance test (OGTT) and sophisticated mathematical
models that based on the data provide estimates of indices of
insulin sensitivity. While these models have been found to be
based on experimental data that is more physiologically
plausible, they rely on set of simplifying assumptions regarding
the kinetics of the system which may not be fully validated to
approaches that do not rely on such underlying assumptions (5).
The methodology presented here belongs to the third class of
approaches of estimating adipose tissue insulin sensitivity.

Previously, several models of FFA kinetics have been
proposed that address the bidirectional interaction between
insulin and FFA either directly or indirectly (9-15). Many of
these available models are limited in that they have complex
mechanisms requiring multiple parameters with assumed values,
are dependent upon experimental protocols not commonly
utilized in the clinical setting (9), are based on underlying
assumptions that and not based on observations (11), or only
partially use the available data (10, 12). In contrast to previous
models, our novel model of FFA kinetics was specifically
designed to provide quantitative measures of sensitivity of FFA

to the actions of insulin and oxidation allowing estimation of
insulin sensitivity on FFA metabolism (Sirra). Another unique
feature of our novel model is that it estimates the contribution of
plasma glucose as a regulator of FFA oxidation. Estimates
derived from the novel model of FFA kinetics are compared
with other model-based approaches and with previously
published experimental parameters of FFA metabolism.

METHODS

Model Development

The primary objective was to develop a parsimonious model (16)
that would characterize plasma FFA kinetics during a frequently
sample intravenous glucose tolerance test (FSIGT). The
following assumptions were made in the development of the
model: (a) plasma insulin does not directly influence FFA
kinetics, but acts through a “remote” compartment to exert its
action; (b) insulin action controls the rate of lipolysis; (c) plasma
glucose regulates FFA disposal in proportional manner; (d)
suppression of FFA is at its maximum at the time of the
insulin bolus at 20 minutes. The model acceptance criteria
were that, on per subject basis, the model will accurately
recreate the FFA time profile where the standardized residuals
do not exhibit any systemic deviation and are within the range of
two standard deviations. Furthermore, all parameters of the
proposed model had to be uniquely identified with fractional
standard deviations (FSD) below 0.5.

Mathematical Model of FFA Kinetics
During an FSIGT Test

Figure 1A depicts the full FFA model, which was then reduced.
The proposed model of plasma FFA kinetics during an FSIGT
(Figure 1B) is described with the following set of differential
equations.

dFFA
T ~(Sppa - 0 - FFG(t)) - FEA(t) + (Sppa — Xppa(t))
. FFA,; FFA(0) pt = FFA, (1)
Xrra _ _p Xppa(t) + Py - (I(t) = 1,); Xpea (0) =0 (2
di | TXFCR Fra(t) + Pxg - (I(t) = 1); Xpra (0) = )

Where FFG(t) is linear interpolation of glucose plasma
concentration at time t. Spp4 is the fractional FFA disposal rate
with units 1/min. Parameter o serves dual purpose as a unit
conversion and scaling factor for the effect of plasma glucose,
FFG(t), on the disposal of FFA with units 1/mmol/l. It is assumed
that the FFA plasma concentration at time 0, FFA(0), is equal to
the fasting FFA concentration, FFA,,.

Plasma FFA kinetics (FFA(t)) are linked to insulin action on
FFA (Xppa(t)) kinetics and glucose homeostasis via equation 1.
Insulin action is defined in equation 2, where plasma insulin
increment above basal (I(t) - Ib) contributes to insulin action
similar to minimal model (16) and we assume insulin action at
steady-state is equal to zero. Parameters Pyycr and Py, are also
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FIGURE 1 | Graphical depiction of the initial single-pool non-linear models of Glucose and FFA (A). Insulin in the remote compartment (X, insulin action with units
1/min) regulates the appearance and elimination of plasma glucose and FFA lipolysis rate. Final non-linear single pool FFA model where insulin action on FFA

A
Plasma
Gb.S X+S,
Liver £ Glucose —~—>
(@)
Insulin
SI=P,/P,
Adipose Plasma
Tissue Kjip~ X FFA (FFA)
(Xkea, units 1/min) modulates the rate of lipolysis and plasma glucose (FFG, units mg/dl) regulates the disposal of FFA (B).

analogous to the P, and P; parameters of the minimal model.
Parameter Pxpcp is the fractional disposal rate of insulin from the
remote compartment with units 1/min. The parameter Py, also
serves a dual function as a unit conversion and a fractional
transfer rate with units 1/min®>.mU/1. The Adipose Tissue insulin
sensitivity parameter (SIzp4) is calculated as the ratio between
Pxpcr and Pxg,

Pxrcr
Py

3)

SIFFA =

o

Study Sample

Normal healthy volunteers were recruited from the local Baltimore-
Washington area as previously outlined (Table 1) (17). Briefly, after
institutional review board (IRB) study approval, eligibility for
participation required a BMI < 30 kg/m* and absence of the
following physician diagnosed conditions: type 2 diabetes mellitus,
angina, myocardial infarction, coronary revascularization,
congestive heart failure, stroke, obstructive lung disease, renal or
hepatic dysfunction, or neurologic disease. After an initial telephone
screening, eligible volunteers were required to complete a serologic
screen to confirm absence of an abnormal fasting glucose. Informed
consent was obtained from each volunteer and the study protocol
was approved by the local institutional review board.

Study Protocol

The FSIGT was performed as previously described (13). An
intravenous line was placed in the right and left antecubital veins
for blood sampling and kept patent with a continuous infusion of
0.9% saline. The intravenous line in the dominant arm was used
for blood sampling while glucose and insulin were administered
through the contralateral intravenous line. Basal sampling
occurred at -15, -10, -5, and -1 min before glucose

administration. Glucose (50% dextrose, 0.3 g/kg) was
administered intravenously at time zero over one minute
followed by infusion of normal saline. Twenty minutes after
the glucose injection, regular insulin (0.03 U/kg) was injected.
Blood samples were collected at 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 19,
22, 24, 25, 27, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, and
180 min post-glucose injection.

Glucose was measured enzymatically in duplicate using a
Glucose Analyzer II (Beckman Instruments, Fullerton, CA).
Insulin concentrations were determined in duplicate by
radioimmunoassay using standard commercial kits (Linco
Research; St Charles, MO). Free fatty acids (NEFA C, Wako
Pure Chemical Industries; Richmond, VA, USA) were measured
using colorimetric methods in commercially available Kkits.

Statistical Analysis

Model parameter estimation was performed using WinSAAM
(University of Pennsylvania, Kennett Square, PA), which uses
modified Chu-Berman numerical integrator for solving the
model equations and a variant of the generalized non-linear
weighted least squares version of the Gauss-Newton optimizer
(18). Weights were computed as the inverse variance from the
FFA assay and invoked in the data fitting step as fractional
standard deviations of 5%. Parameter estimates of the
mathematical model were obtained by fitting (obtaining point
estimates) FFA estimated temporal profile to the observed FFA
concentrations for each individual subject.

Statistical analysis was performed using Stata 15MP
(StataCorp, College Station TX). All descriptive statistics of the
observed data are shown as mean + SEM unless otherwise stated.
Normality testing was used to assess the skweness of the data.
Correlation analysis was performed using Spearman rank
correlation. In order to establish equivalence between X and
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TABLE 1 | Mean + SE subject characteristics (n = 25).

Age (years) 252 + 4.7
BMI (kg/m?) 236 +2.7
Fasting Glucose [mM] 5.25 + 0.07
Fasting Insulin [pM] 4511 +3.13
Free Fatty Acids [uM] 325.84 £ 23.5

Xrra, t-test was used to assess the similarity between the peaks in
the insulin actions. All findings were deemed significant at the
level of 0:=0.05 for the probability of a Type I error.

RESULTS
Kinetic Analysis of Insulin Modified FSIGT

It was initially assumed that insulin action (X(t)) was identical
for both glucose and FFA and a model was constructed
incorporating this feature (Figure 1A). Similar to minimal
model, the model of FFA kinetics was developed as a non-
linear model of FFA kinetics during FSIGT. As graphically
depicted in Figure 1A, it was assumed the changes in insulin
action were due to change in plasma glucose and FFA during an
FSIGT. In the novel FFA model, Insulin Action (X) modulated
the suppression of lipolysis in adipose tissue. However, when all
six parameters of the model were simultaneously fitted using
FSIGT data from the 25 healthy volunteers, parameter estimates
were poor with FSDs exceeding 50% and the glucose and insulin
time predicted profiles showed significant systematic deviations
from the data. These results suggest that the mechanism of
insulin action is likely different for FFA compared to glucose.
We made two significant changes to the model of FFA in order to
improve the fit of the model to the observed data. First, we
formulate a novel mathematical construct termed FFA insulin
action (Xgga). Analogues to insulin action, X, arises as a result
of changes in plasma FFA concentration alone and regulates the
suppression of lipolysis, Figure 1B. Second and final, the plasma
FFA rather than being estimated independent of glucose, is a
subject to being controlled by it (glucose is another input to the
new model) via the suppression of FFA disposal.

Results for the analysis of the FSIGT data on the 25 health
volunteers using the final model of FFA kinetics is shown in Table
2 and Figure 2. Figure 2A illustrates the fit of the model to the
average temporal profile of plasma FFA concentration. It can be
seen that in the period of 45 to 100 minutes, there is a modest
systemic deviation of the model from the observed data. The
average temporal profile of plasma FFA suggests a faster increase
plasma concentration than the one suggested by the model
followed by phase (100 to the end of the experiment) with

TABLE 2 | Mean + SE parameter estimates (n=25).

Parameter Value + SE Units FSD = SE
o 1.0E-01 + 1.0E-02 mmol/I™! 0.09 + 0.02
Srea 2.0E-02 + 2.0E-03 min~" 0.11 £ 0.01
Dxech 6.0E-02 + 1.0E-02 min~" 0.17 £ 0.02
Pxa 3.4E-05 + 1.1E-05 pmol/I~!.min2 0.08 + 0.01
Sleea 5.3E+00 + 7.8E-01 10~*.pmol/~".min~" 0.11 +0.02
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FIGURE 2 | Time course of the average + SE (solid diamonds) and estimates
(solid line) of FFA data (A); Standardized residuals where each dot is one
observation from different subject (B).

slower rate of increase in FFA plasma levels. Upon visual
inspection of the individual FFA temporal profiles (data not
shown) it was established that this was due to a subset of
observation in the above-mentioned interval present in 4
subjects (16%). Nevertheless, standardized residuals of the fit of
the model to the FFA temporal data appeared randomly
distributed, with only one estimated point lying outside the 2-
standard deviation range, suggesting an acceptable fit of the model
to the FFA data (Figure 2B). Mean fractional standard deviations
of the parameter estimates were all less than 20% (Table 2),
consistent with the model being identifiable from the data.

The associations between parameter estimates from the proposed
FFA model and metabolic indices from the traditional minimal
model were assessed (Table 3) to examine similarities of the
underlying mechanisms quantifying the various indices of the
model. These results showed that the S; from the minimal model
was moderately correlated with Sjzps (p=0.53, P=0.006, Table 3).
There was also a strong inverse correlation between acute insulin
response to glucose (AIRg) estimated by the minimal model and Syppa
(p = —0.76, P<0.0001, Table 3). Not surprisingly, the DI estimated
from the minimal model, product of AIRg and S}, was also correlated
with Syppa (p =—0.55, P=0.005, Table 3). The observed correlations of
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TABLE 3 | Spearman’s rank correlation between MINMOD and novel FFA model
parameter estimates (n=25).

o Srra PxrFcr Pxa Slra
S, -0.01 -0.06 0.16 0.52 0.53
P 0.965 0.773 0.434 0.007 0.006
Sg -0.23 -0.25 0.21 -0.12 -0.23
P 0.272 0.236 0.312 0.580 0.265
AlRg 0.04 -0.15 -0.35 -0.84 -0.76
P 0.861 0.473 0.083 <0.0001 <0.0001
DI 0.01 -0.16 -0.08 -0.57 -0.55
P 0.962 0.447 0.712 0.003 0.005
Go -0.14 -0.17 0.03 -0.12 -0.18
P 0.493 0.408 0.884 0.570 0.400
P2 -0.06 0.07 0.35 0.34 0.06
P 0.787 0.735 0.082 0.098 0.776
P3 -.04 -0.05 0.28 0.51 0.38
P 0.864 0.808 0.170 0.010 0.063

Bolded values are statistically significant (P<0.05).

Sirra with various indices of the minimal model were probably due to
their observed association with pyx, (Table 3) because Sipps is
calculated as the ratio between px, and pxpcr parameters (analogs
to the original minimal model parameters P; and P,). No additional
significant correlations were observed between minimal model
indices and parameters of our novel FFA model.

While Xpp4 and X are analogues to their model specification,
Figure 3 reveals major difference between the two. On average,
FFAs first experience the effect of insulin action (Xpps) at
approximately 4 min post challenge. Endogenous glucose
insulin action averaged (X, first smaller peak in Figure 3)
peaked on average at 12 minutes. Interestingly, there was no

.03
|
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FIGURE 3 | Time course of estimated insulin action (X, solid black line)
estimated by the minimal model and FFA insulin action (Xgea, solid white line)
from our novel model of FFA kinetics. Grey areas represent the SEM.

significant difference between the magnitude of the two insulin
actions (Peak insulin action on glucose, X,,,, was not
significantly different from Peak insulin action on FFA,
Xmaxeea, (0.0086 min}, p > 0.05). The profile of Xprs closely
resembled the profile of plasma Insulin in the first 10 minutes.

DISCUSSION

Since the seminal work by Randle et al. (19), there has been a bias
towards casting FFAs as “metabolic villains” (20). In fact, previous
work has shown that acute elevation in plasma FFA leads to
impaired hepatic gluconeogenesis and overall decreased glucose
tolerance (21-24). Increased plasma FFA is also associated with
reduced hepatic insulin clearance (25). Furthermore, intravenous
intralipid/heparin infusions result in increased intramyocellular
lipid, which has been related to insulin resistance. These
observations highlight the various metabolic aberrations
associated with increased supply of FFA (26).

Recently it has been recognized that impaired FFA disposal
may be as important in the accumulation of fat in non-adipose
tissue increased FFA uptake (27). By contrast, other studies
suggest increased plasma FFA are associated with compensatory
insulin secretion responsible for maintaining almost unchanged
glucose tolerance in the face of increasing insulin resistance (28-
30). Finally, it has been proposed that type 2 diabetes perhaps
results from aberrant lipid metabolism (2-4). In animal models, it
has been shown that obesity, which is often associated with
chronically elevated levels of insulin, leads to decreased FFA
oxidation in the resting state (31). Thus, to delineate the role of
FFA in glucose metabolism and glucose control over FFA
homeostasis will indeed require a better understanding of
insulin’s influence on FFA metabolism.

The FSIGT is a widely-accepted approach for assessing glucose
homeostasis that does not require the use of tracers. The purpose
of the novel FFA model was to extend the usability of the FSIGT
experimental approach so it provides a more comprehensive
metabolic picture. Recently, the insulin-modified FSIGT has
been used to study the kinetics of plasma FFA (13). The current
study reveals that the plasma FFAs have very rich dynamic highly
amenable to mathematical modeling. Previously, several models
that explain the time course of FFA during an FSIGT have been
developed (10-12, 32). The model by Thomaseth and Pavian (6)
attempts to explain the profile of plasma FFA during the FSIGT.
One of the features of their model is that the plasma FFA at the
end of the FSIGT returns to pre-glucose injection levels (11). The
latter assumption severely hinders the usability of their model,
because it has been well established that plasma FFA levels at the
end of the FSIGT may exceed the basal FFA concentrations by as
much as 50% due to a rebound effect (13). Furthermore, and as we
stated in the introduction, while glucose is under a strong feedback
loop control, no such mechanism has been established for FFA (5).
Hence any mathematical model that tends to accurately represent
FFA kinetics must provide a formulation that permits for different
equilibrium point from the assumed starting equilibrium. In
contrast, models developed by Roy and Parker (17) and Periwal
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and colleagues (22) make no assumptions regarding the final FFA
concentrations. However, neither of these models utilize
measurements from the last 60 minutes of the FSIGT,
presumably because they cannot estimate the data during this
interval (12). Our novel model is also capable of resolving the full
temporal profile of plasma FFA regardless of the final
concentration of FFAs. Furthermore, in simulation studies not
shown here we observed that the model was capable of reaching a
new equilibrium state and thus indicating that our novel
mathematical model is stable. Interestingly, all three models
previously mentioned use glucose, FFA and insulin data to
simultaneously estimate both glucose and FFA. The model by
Boston and Moate departs from this paradigm and utilizes only
the glucose to resolve the profile of plasma FFA (32). In their
model, glucose reaches a “remote” compartment via a time delay
before it exerts its action on FFA lipolysis. This “remote”
compartment is considered to be either a proxy for the action of
insulin on lipolysis or the direct effect of elevated glucose levels in
the “remote” compartment on the rate of lipolysis (33). Thus, their
model assumes that any impairment of glucose metabolism will
concordantly impact FFA metabolism. Nevertheless, the model by
Boston and Moate was not intended to quantify the effect of
insulin such as insulin sensitivity of FFA metabolism (Syzgs).
The model of FFA kinetics during an FSIGT proposed herein
was based on three simplifying assumptions. First, insulin does
not directly influence FFA kinetics. Identical to the concept of
the remote insulin effect (16), it was assumed that insulin had to
survive transcapillary transport, which is the rate-limiting step
for insulin action, to exert its effects on FFA kinetics. Insulin can
take up to 20 min to traverse the transendothelial space and exert
its effect on glucose kinetics (34). This time corresponded well
with previously identified first phase in the plasma FFA time
profile (also known as the plateau) during which there is no
noticeable change in the plasma FFA concentration (13).
Furthermore, this period also corresponded well to the time
delay parameter, T, in the model by Boston and Moate (32).
Second, a new set of parameters were defined for insulin action
on FFA based on the framework for remote insulin action from
the minimal model and estimated independently of insulin
action on glucose (see Equations 1 and 2, and Figure 3). The
notion that insulin action has different kinetics for FFA is not
new. Jensen and colleagues have shown that the suppression of
FFA lipolysis via HSL is extremely sensitive to insulin (35).
Furthermore, two other models of FFA kinetics also define
different actions of insulin on FFA and glucose (10, 12). Third,
insulin influences the suppression of FFA lipolysis, while glucose
controls FFA oxidation. Previous models have assumed that FFA
disappearance from plasma is mainly driven by decreased
lipolysis, while FFA oxidation remains constant (12, 32). The
mathematical formulation of the FFA model presented in the
current study implies that FFA utilization is under a direct and
proportional control of glucose. Previously, it has been shown
that when carbohydrates are in abundance, the liver does not
only primarily utilize glucose but also converts it to FFA. In
hepatocytes, FFAs are readily esterified with glycerol 3-
phosphate to generate TAG or combined with cholesterol to

produce cholesterol esters (36). Because of the enhanced hepatic
FFA metabolism, plasma FFA concentration falls. While much of
the literature has been dedicated to the competitive nature of the
association between FFA and glucose, our formulation embraces
the concept of a coordinated nature of the association between
these two substrates previously reported in human muscle (37).
Fourth, the insulin administered during the insulin-modified
FSIGT has no influence on FFA disposal. Porte and colleagues
have shown the additional insulin dose is above the threshold of
activation for extra receptors and hence does not play a
significant role in insulin-dependent FFA disposal (38).
Sumner and colleagues have shown the multiphasic response
of FFA during an FSIGT is non-responsive to exogenous insulin
(13). Additionally, Jensen and colleagues have shown that the
difference in insulin action on lipolysis between obese, insulin
resistant, and insulin sensitive is not in the rate at which lipolysis
is suppressed, but more at the level of suppression suggesting
that insulin suppression of lipolysis is saturable process (35).
Therefore, it is highly likely that by the time the insulin bolus
takes its full effect in the remote compartment, lipolysis is already
maximally suppressed.

Comparing the estimates of our model parameters to
previously published estimates show that our estimates were
consistently smaller. Previous studies that utilized isotopic tracer
to estimate endogenous lipolysis rate report a rate of 3.13 pmol/kg/
min compared to our estimate of average lipolysis of 1.24 + 0.14
umol/kg/min for our cohort (39). Horowitz and colleagues
determined FFA oxidation to be between 1.13 and 1.6 umol/kg/
min using isotopic tracer methods, which is higher compared to
our average estimate of 0.72 + 0.14 umol/kg/min (39). Contrasting
the literature-derived values of lipolysis and FFA oxidation show
almost 2:1 relationship respectively between these rates, which is
precisely the relationship of our estimates of lipolysis and FFA
disposal. One possible reason for the discrepancy may be that our
cohort consisted of healthy young volunteers which is in marked
contrast to other studies that have enrolled older individuals.
Nevertheless, it is encouraging that the ratio between lipolysis and
FFA oxidation was similar to what has been previously observed.

The statistically significant correlations in Table 3 indicate that
Sirra is associated with all the minmod indices through px,. From
the specification of the model in Figure 1B, px, is defined as being
the index of the rate of appearance of insulin in the remote
compartment, insulin action. It has been previously shown that
insulin resistance is associated with decreased trans-endothelial
transport (40). Therefore, it appears that the restricted access of
insulin to the interstitial space is also limiting the supply of insulin
required to suppress FFA lipolysis. Interestingly, px, is also
inversely correlated to DI It is worth noting that we have not
observed the same trend with p; from the minimal model. The
association between DI and py, may indicate that as the glucose
tolerance increases, the fraction of insulin partitioned as Xpg4 is
decreasing. As such it only emphasizes the role of coordinated
metabolism between FFA and glucose where FFA serves as a buffer
fuel absorbing and dampening disturbances in glucose metabolism
to promote stable glucose homeostasis. Future studies will be
required to quantify more precisely this relationship.
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In conclusion, the current study describes a novel one-
compartment non-linear model of FFA kinetics during an FSIGT
that, for the first time, provides an FFA metabolism insulin
sensitivity parameter (Siggs). Estimates of Spzps confirmed
previous findings that FFA metabolism is more sensitive to
changes in insulin than glucose metabolism. Novel derived indices
of insulin sensitivity of FFA (Sjzrs) were correlated with previous
Bergman’s minimal model indices. These associations propose a
cooperative rather than competitive relationship between the two
primary nutrients (glucose and FFA) and allude to the FFA acting
as the buffer, such that glucose homeostasis is maintained. The new
model proposed in this study is likely to shed useful insights into
the changes in FFA metabolism during development of insulin
resistance and type 2 diabetes.
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Glucagon is secreted from the pancreatic alpha cells and plays an important role in the
maintenance of glucose homeostasis, by interacting with insulin. The plasma glucose
levels determine whether glucagon secretion or insulin secretion is activated or inhibited.
Despite its relevance, some aspects of glucagon secretion and kinetics remain unclear. To
gain insight into this, we aimed to develop a mathematical model of the glucagon kinetics
during an oral glucose tolerance test, which is sufficiently simple to be used in the clinical
practice. The proposed model included two first-order differential equations -one
describing glucagon and the other describing C-peptide in a compartment remote from
plasma - and yielded a parameter of possible clinical relevance (i.e., Sgiucalt), glucagon-
inhibition sensitivity to glucose-induced insulin secretion). Model was validated on mean
glucagon data derived from the scientific literature, yielding values for Sg ycalt) ranging
from -15.03 to 2.75 (ng of glucagon-nmol of C-peptide™). A further validation on a total of
100 virtual subjects provided reliable results (mean residuals between -1.5 and 1.5 ng-L™")
and a negative significant linear correlation (r = -0.74, p < 0.0001, 95% CI: -0.82 — -0.64)
between S ucalt) and the ratio between the areas under the curve of suprabasal remote
C-peptide and glucagon. Model reliability was also proven by the ability to capture different
patterns in glucagon kinetics. In conclusion, the proposed model reliably reproduces
glucagon kinetics and is characterized by sufficient simplicity to be possibly used in the
clinical practice, for the estimation in the single individual of some glucagon-
related parameters.

Keywords: alpha-cell insulin sensitivity, glucagon secretion, glucose challenge, minimal model, parameter
estimation, glucose homeostasis
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INTRODUCTION

Glucagon is secreted from the pancreatic alpha cells and plays an
important role in the maintenance of glucose homeostasis. In
fact, glucagon and insulin interact to maintain euglycemia. The
plasma glucose levels determine whether glucagon secretion or
insulin secretion is activated or inhibited. Low plasma glucose
and related decrease in plasma insulin stimulates glucagon
secretion, which in turn promotes hepatic glucose production,
through gluconeogenesis and glycogenolysis, to normalize the
glucose levels (1-3). As reviewed in (4), regulation of glucagon
secretion is a complex phenomenon and involves endocrine/
paracrine mechanisms—the so-called “intra-islet interaction”
(5, 6)—as well as intrinsic mechanisms in the alpha cell related
to glucose sensing.

Glucagon also plays a role in the pathophysiology of type 2
diabetes (T2DM). Indeed, in patients with T2DM elevated
plasma glucagon levels have been observed in the fasting state,
and defective suppression of glucagon secretion exists in the
postprandial state, resulting in elevated plasma glucagon levels
(7), which have been shown to reflect an altered insulin
inhibition of alpha-cell glucagon exocytosis (8). Such kind of
alterations appears already at an early stage of T2DM
development. In fact, defective suppression has been also
found in impaired glucose tolerance (9). Moreover, increased
fasting glucagon and delayed glucagon suppression have been
shown to go along with insulin resistance in individuals with
normal and impaired glucose regulation (10). The interest for
the study of glucagon is also due to the reason that in patients
with diabetes suffering for severe hypoglycemic events the
administration of glucagon, by either injection or nasal intake,
is an important therapeutic option (11). However, despite
the relevance of glucagon in glucose metabolism and as
pharmacological agent in glucometabolic diseases, some
aspects of its secretion and kinetics remain unclear. To gain
insight into this, we aimed to develop a mathematical model,
with features adequate for possible use in the clinical settings.

A relatively large set of mathematical models were developed
with focus on glucagon secretion at cellular level (12-21). Other
models were developed for whole-body analyses, but they were
complex and with the inclusion of several parameters hard to
assess in the single individual, thus useful for simulation
purposes rather than for clinical applications (22, 23). Similar
considerations hold for studies where a glucagon model was
included as a block of a more general model of blood glucose
regulation, such as in studies (24, 25).

Studies presenting models analyzing glucagon kinetics for
possible clinical applications are rare. One study analyzed the
kinetics of glucagon administered exogenously (26), without
however accounting for the interplay with insulin or glucose;
another study performed similar analyses for the case of therapy
based on glucagon (plus insulin) infusion (27). Some other
studies developed models for the analysis of the glucagon
challenge test, which is however not widely used (28, 29). The

Abbreviations: OGTT, oral glucose tolerance test; T2DM, type 2 diabetes; IVGTT,
intravenous glucose tolerance test; SD, standard deviation; CI, confidence interval.

study (30) had purposes more similar to those of our study, but
the developed model analyzed glucagon kinetics during an
intravenous glucose tolerance test (IVGTT), or an insulin-
infusion test. To our knowledge, no study has been focused on
modeling the glucagon kinetics during an oral glucose tolerance
test (OGTT), despite the fact that OGTT has remarkable
advantages compared to the IVGTT (or other glucose
tolerance tests) in terms of simplicity, and hence applicability
in the clinical context.

The specific aim of this study was therefore to develop a
mathematical model of the glucagon kinetics during an OGTT,
which is sufficiently simple to be used in the clinical practice. For
the model development, we exploited glucagon data derived
from the study (31). In more details, our main aim was to
develop a “minimal model” allowing estimation of glucagon-
related parameters in single individuals, with specific interest for
one parameter with considerable potential for clinical
applications, i.e., the sensitivity to glucose-induced insulin
secretion of the glucagon inhibition. This may be denoted as
alpha-cell insulin sensitivity.

MATERIALS AND METHODS

Model Formulation

Model Equations

The proposed mathematical model of glucagon kinetics during
an OGTT is based on the hypothesis of the “intra-islet
interaction” (5, 6). This hypothesis assumes that inhibition of
glucagon secretion during an OGTT—which reflects at plasma
level in a suppression of plasma glucagon concentration—is
mainly determined by glucose-induced insulin secretion. To
model insulin secretion, plasma C-peptide concentration has
been exploited, since plasma C-peptide is the best marker of
insulin secretion at plasma level. In fact, C-peptide is co-secreted
with insulin by the beta cells but, differently from insulin, it is not
significantly affected by degradation operated by the liver.

The model (Figure 1) is composed by two compartments,
namely plasma glucagon compartment and remote (from
plasma) C-peptide compartment, described by the following
two ordinary differential equations:

dGlucal(t
%() = —Kgruca - Gluca(t) - Sgruca(t)
dACP, t
AP et ®)  Gca(0)= Glucay, (1)
dt
% = —Kcpreum ACPremote(t) (2)

+(CPplusma(t) - Cpb)

where Gluca(t) (ng-L’l) is the glucagon concentration in the plasma
compartment, Sgruca(t) (ng of glucagon-nmol of C-peptide"l) isa
time-varying parameter expressing glucagon-inhibition sensitivity
to glucose-induced insulin secretion during the test (i.e., alpha-cell
insulin sensitivity) and Kgryca (min™) represents the glucagon
elimination rate from plasma due to clearance operated by liver and

ACPremate(O) =0
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KGI.UCA
Gluca(t)
SGI.UCA(t)
A
1
1
1
1
1
1
_____ 1
CPplasmalt)-CPy ACPremote(t)
Kacrrem

FIGURE 1 | Compartmental representation of the model. The model is
composed by two compartments, namely plasma glucagon compartment
and remote (from plasma) C-peptide compartment. Suprabasal C-peptide
concentration in the remote compartment [ACP,emote(t)], Used to model insulin
secretion, exerts a control action on the concentration of glucagon in the
plasma compartment [Gluca(t)] through the time-varying parameter Sguca(t).
KaLuca represents the glucagon elimination rate from plasma whereas
Kacprewm is the C-peptide elimination rate from the remote compartment.
ACP,emotelt) represents a delayed version of suprabasal plasma C-peptide
concentration measured during the test (CPpjasmalt) - Cpy).

kidneys (32, 33); Gluca, represents the basal plasma glucagon
concentration measured during the test. ACP epore(t) (nmol-L) is
the suprabasal C-peptide concentration in a compartment remote
from plasma, which represents a delayed version of suprabasal
plasma C-peptide concentration measured during the test, CPpjasma
(t) (nmol-L), with Cpy, being its basal value; Kacprem (min™) is the
C-peptide elimination rate from the remote compartment. The
parameters to be estimated in the model in the single individual are:

Karuca Saruca(t), Kacprem-

Structural Identifiability Analysis

Structural (a priori) identifiability of the model was tested by
using DAISY (Differential Algebra for Identifiability of SYstems),
a software tool that performs structural identifiability analysis for
linear and nonlinear dynamic models described by polynomial
or rational ordinary differential equations with either known or
unknown initial conditions (34).

Model Implementation

All the steps for model implementation are outlined in
Supplementary Figure 1. Model has been implemented in
MATLAB® R2017b as a discrete-time system (considering 7
time points, equally spaced) and its response in terms of
glucagon and remote C-peptide concentrations has been
obtained using the Ititr built-in function. Model parameter
vector p = [Kgruca, Scruca(t), Kacprem] has been estimated
by solving, through the Isgnonlin function, the following
nonlinear least-squares curve fitting problem:

mpi”Hf(P)H 15 = mpin[RSS + Kgruca + w1 - Saruea “(1) + wy - (Sgruca(t)

<0)] 3

where the first term represents the residual sum of squares (being
the residuals the differences between model glucagon response
and glucagon curve measured during the OGTT), whereas all the
others are regularization terms added as constraints to provide
more information to the problem and facilitate practical
(a posteriori) identifiability. In particular, the second term has
been added on the consideration that, during the OGTT, the
main contribution to glucagon suppression is given by C-peptide
action and not by glucagon clearance, thus Kgryca has to be
small; the third and the last term, weighted through w; and w,,
have been added to limit Sgyca(t) rapid changes during the test
and the number of samples where Sgruca(t) becomes
negative, respectively.

The optimal values of w; and w, were selected by an iterative
procedure in which 100 possible combinations of values -
considering 10 different values for w; and 10 different values
for w,, randomly generated - were tested. A combination of
values for w; and w, was considered acceptable if it provided
mean residual values lower that 10%, otherwise was discarded.
Such threshold was chosen on the consideration of the
uncertainty on the glucagon measurements [10% in fact is a
suitable value for the inter- and intra-assay coefficient of
variation for glucagon (35)]. The optimal combination, among
all the combinations tested, was the one that provided the lowest
mean residual.

To find the global minimum among several possible local
minima, a total of 10 runs of the Isqnonlin local solver from
different starting point (randomly generated, between 0 and 1)
have been performed using the MultiStart algorithm (36), which
repeatedly runs the solver of the model starting from different
initial values of the parameters, to improve the possibility of
reaching the optimal solution.

The trust-region-reflective algorithm has been used by
Isgnonlin to solve the problem and the following lower and
upper bounds have been applied to the parameters: (0;1) for
Koruca and Kacprenms (-o03 +90) for Sgruca(t). Function and
step-size tolerances have been set to 10°°.

Kgruca and Kacprem estimates have been obtained
considering the two parameters as constant for the whole test
duration, whereas estimates have been obtained for Sgiyca(t)
corresponding to the time samples where plasma glucagon and
C-peptide concentrations have been measured. For all model
parameters, the 95% ClIs for the parameter estimates have been
computed by using the nlparci function.

Model Validation

Reported Mean Experimental Data

Mean experimental data reported by Pepino et al. (31) have been
used to initially validate the model. The original study by Pepino
et al. (31), from which the mean data have been drawn, included a
total of seventeen non-diabetic subjects undergoing a 5-h 75-g
OGTT. Plasma C-peptide and glucagon concentrations at 2 min
before (considered as 0 min) and at 10, 20, 30, 60, 90, 120, 150, 180,
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240, and 300 min after glucose ingestion have been considered. As
indicated by Pepino et al. (31), plasma glucagon was measured by a
direct, double-antibody radioimmunoassay (Millipore).

Virtual Population Generation

Starting from mean and standard deviation (SD) values reported
by Pepino et al. (31), a total of 100 virtual subjects have been
generated using sort of Monte Carlo approach (37). Each virtual
subject is characterized by glucagon and C-peptide curves in
response to an OGTT, in which glucagon and C-peptide
concentrations at each time sample were randomly generated,
based on normal distributions with mean and SD values derived
by the study of Pepino et al. (31) (considering all samples within
the 95% confidence interval, CI). Furthermore, in order to obtain
curves that are physiologically plausible, some additional
constraints have been added [e.g., sign of the derivative
between two time samples equal to that of the reference
curves (31)].

Ability of the Model to Capture Different Patterns in
Glucagon Kinetics

The ability of the model to capture different patterns in glucagon
kinetics was tested on four characteristics mean glucagon curves
in response to a five-point 75g - OGTT reported by Gar et al.
(38), as representative of the four clusters identified in glucagon
curve shapes of individuals with different metabolic phenotypes
(i.e., normal glucose tolerance, prediabetes, type 2 diabetes). The
four clusters are characterized as follow: 1) Cluster 1 had high
mean fasting glucagon and delayed suppression; 2) Cluster 2 had
high mean fasting glucagon and rapid suppression; 3) Cluster 3
had low mean fasting glucagon and rapid suppression; 4) Cluster
4 had low mean fasting glucagon and a rising curve after glucose
ingestion. For each cluster, mean glucagon and C-peptide
concentrations measured at 0 min and at 30, 60, 90, 120 after
glucose ingestion have been considered. As indicated by Gar et al.
(38), plasma glucagon was measured with an ELISA (Glucagon
ELISA; Mercodia, Uppsala, Sweden; catalog no: 10-1271-01).

Sensitivity to OGTT Duration

In order to test sensitivity of the Sgryca(t) estimation to test duration,
in the 100 virtual subjects, the Sgruca(t) mediated on the full 5-h
OGTT has been compared to Sg;yca(t) mediated considering shorter
OGTTs (limiting the 5-h OGTT to 2-h and 3-h).

Calculations and Statistical Analysis

The Kolmogorov-Smirnov test was used to evaluate the hypothesis
that each variable had a normal distribution with unspecified
mean and variance. Values were reported as mean + SD.

Over the 100 virtual subjects, linear regression analysis has
been performed between mean Sgyyca(t) during the OGTT and
the ratio between the suprabasal area under the curve of remote
C-peptide (AUCacpremote) to the area of glucagon below the
basal condition (AUCguca); also, Pearson correlation coefficient
(r) has been reported. In the case of skewed distributions tests
were applied to the log-transformed values.

As regards the estimation of Sgruyca(t) according to the
different OGTT durations, comparisons have been performed

by means of a paired Student t-test in case of normally
distributed variables or Wilcoxon signed-rank test in case of
skewed distributed variables. The two-sided significance level
was set at 5% (p < 0.05).

RESULTS

Analysis of structural (a priori) identifiability provided that the
model was a priori identifiable (locally). Model validation on
mean experimental data reported by Pepino et al. (31) provided
the best fit shown in Figure 2 and the parameter estimates (with
related CIs) reported in Table 1. Trend of Sgryca(t) during the
whole OGTT is reported in Figure 3.

Glucagon and C-peptide curves in the 100 virtual subjects are
shown in Figure 4. Model validation on the virtual subjects
provided the mean best fit and the related residuals shown in
Figure 5. Distribution of values for Kgyca and Kacprem over
the virtual subjects is shown in Figure 6, whereas the Sgryca(t)
patterns are reported in Figure 7. A negative significant linear
correlation (r = -0.74, p < 0.0001, 95% CI: -0.82 - -0.64) has been
found between the log-transformed values of Sgruyca(t) and
AUCxcpremote t0 AUCGuc, ratio over the 100 virtual subjects.
Regression plot is reported in Figure 8. Regression line slope and
intercept was -0.6215 (95% CI: -0.7346 - -0.5084) and 0.2987
(95% CI: 0.2017-0.3956), respectively.

No significant difference has been found between average
Scruca(t) over the full 5-h OGTT and the 3-h OGTT (p = 0.08);
in contrast, average Sgruca(t) over the 2-h OGTT has been
found significantly different compared to that over the full 5-h
OGTT (p < 0.0001).

N ~ [0} ©
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o
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40 L I T T T © 1 L T T ™1
0 50 100 150 200 250 300 350
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FIGURE 2 | Best-fit results for model validation on reference mean
experimental data by Pepino et al. (31). Grey squares are the reference
experimental values (mean + SD); red line is the model prediction.
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TABLE 1 | Values and 95% Cls for the estimates of Kg yca (min'1), Kacprem
(min™"), SaLucalt) (ng of glucagon-nmol of C-peptide’) on reference mean
experimental data by Pepino et al. (31).

Estimated parameter Value 95% CI
KeLuca 0.005 -0.002-0.013
Kacprem 0.155 0.119-0.191
SaLucat -15.03 -18.25 - -11.80
SaLucaz -0.11 -0.78-0.66
ScLucas -0.73 -1.23--0.22
SaLucas 2.34 2.17-2.60
SGLUCAs 1 53 1 30—1 75
SacLucas -0.58 -1.24-0.07
SaLuca? 1.62 0.42-2.81
SaeLucas 2.75 2.13-3.37
SaLucae 2.51 1.88-3.14
SaLucato 1.07 0.22-1.93
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FIGURE 3 | Sgucalt) temporal estimates on reference mean experimental
data by Pepino et al. (31) (closed squares) and related Cls (dashed lines).

Mean glucagon and C-peptide concentrations for the four
clusters, used to assess the ability of the model to capture
different patterns in glucagon kinetics, are shown in Figure 9.
Best-fit results and Sgruca(t) patterns for the four clusters are
reported in Figure 10.

DISCUSSION

In this study, we developed a mathematical model of glucagon
kinetics during an OGTT, which is a test widely used in the
clinical practice for its simplicity, compared to other metabolic
tests. The specific characteristics of the model were including
parameters with clear physiological meaning and that can be
estimated in a single individual, the latter being a crucial feature
for potential applications in the clinical context.

Our mathematical model is based on the hypothesis that
inhibition of glucagon secretion during an OGTT is mainly
determined by glucose-induced insulin secretion due to an
intra-islet interaction (5, 6). This led to a simplified description
of glucagon regulation, thus disregarding other important
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FIGURE 4 | Glucagon (A) and C-peptide (B) curves in the 100 virtual
subjects (spaghetti plot). In the related inset plots, green continuous lines
represent the mean (= SD) over the 100 curves; black dashed lines represent
mean (+ SD) taken from Pepino et al. (31), from which the virtual subjects
were derived.

regulation mechanisms, one of which is a possible direct effect
of glucose (i.e., not only mediated by insulin) (39). Moreover,
recent evidence supports the concept of the liver-alpha-cell axis,
in which hepatic amino acid metabolism and glucagon secretion
are linked in a feedback cycle (40, 41). There is also evidence for
insulin secretion being regulated by glucagon action via
glucagon-like peptide 1 (GLP-1) and glucagon receptors on
beta cells (42, 43). Possible regulators of insulin secretion, such
as GLP-1, have been considered in other models [also proposed
by us (44, 45)] but in the present model we considered insulin
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FIGURE 5 | Best-fit results for model validation on the 100 virtual subjects.
Green continuous line represents the mean (+ SD) over the 100 generated
curves; black continuous line represents the mean predicted glucagon curve.
Mean residuals over the 100 curves are displayed in the inset plot.

secretion as an input signal, regardless of how it has been
generated. This simplification, both in the input and in the
description of feedback mechanisms, was necessary to achieve
our aim to propose a “minimal model”, allowing estimation of
glucagon-related parameters in single individuals.

In the study of glucose metabolism, established methodologies
exist for the assessment of metabolic aspects of major relevance,
such as insulin sensitivity, insulin secretion and possible incretin-
based enhancement, and insulin clearance, as assessed for instance
in some of our previous OGTT-based studies (45-47). The model
of glucagon kinetics presented in this study will have the potential
to complement the information derived from an OGTT, provided
from the indicated established methodologies. Such new model
will add information related to the role of glucagon in maintaining
the glucose homeostasis, thus yielding to a more complete picture
of the glucometabolic condition of the subjects under study. To
our knowledge, this is the first study describing a mathematical
model of glucagon kinetics during an OGTT.

Our model of glucagon kinetics simply requires the measure
of plasma glucagon and C-peptide. It is based on two ordinary
differential equations, and it includes two parameters with
specific physiological meaning: the glucagon clearance from
plasma, Kgruca, mainly due to liver and kidneys (32, 33), and
the sensitivity of the glucagon secretion from the pancreatic
alpha cells to the inhibitory effect of insulin, Sgruca(t). In short,
this can be named as sensitivity to glucose-induced insulin
secretion of the glucagon inhibition and can be denoted as
alpha-cell insulin sensitivity. This may parallel the concepts of
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FIGURE 6 | Distrioution of Kguca (A) and Kacpraw (B) over the 100 virtual subjects.

sensitivities of the beta cells, such as the established concept of
beta-cell glucose sensitivity (48), and the more recently proposed
beta-cell incretin sensitivity (49).

In addition to Sgryca(t), the model also includes one further
parameter, i.e., the clearance of C-peptide from a compartment
remote with respect to plasma. It should be acknowledged that
the physiological interpretation of this parameter may not be
possible, since such remote compartment cannot be defined
precisely. In fact, the concept of a compartment remote from
plasma is not new in mathematical models of glucose
metabolism, being used as an example in the well-known
original Minimal Model (for the assessment of insulin
sensitivity and glucose effectiveness from an IVGTT) (50), and
more recently in other models, such as our model for the
assessment of non-esterified fatty acids kinetics (51). However,
though it is sometimes believed that the compartment remote
from plasma may be identified in the interstitial fluid, this may
not be totally correct. Indeed, the remote compartment should be
seen as a mathematical trick, without strict physiological
meaning, which is useful to introduce a time delay between the
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FIGURE 7 | Sgucalt) estimates over the 100 virtual subjects (spaghetti plot).
Black continuous line represents the mean ( + SD) Sgucalt).
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FIGURE 8 | Linear regression analysis between Sgcalt) and the ratio
between the areas under the curve of the remote C-peptide and glucagon
(AUC acpremote/AUCGg1uca) OVer the 100 virtual subjects. Analysis has been
performed on the log-transformed values. Regression line equation is: y=
-0.6215-x+0.2987. This means that a change of 1 unit in log transformed
AUC rcpremote/AUCGq1uca CaUSeS a change of log transformed Sg ucalt) by
0.6215.

action of the input/forcing variable and the effect on the output
variable (i.e., C-peptide and glucagon, respectively, in the
presented model), for a better description of the system under
analysis. Therefore, Kacprem has precise physiological meaning
(clearance), but it is applied to a variable (remote C-peptide) that
is not clearly physiologically defined.
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FIGURE 9 | Glucagon (A) and C-peptide (B) curves in the four clusters of
patterns in glucagon kinetics, modified from Gar et al. (38).

In our approach, we hypothesized that the glucagon
inhibition during the OGTT is due to the action of the secreted
insulin, as suggested in several studies and summarized in some
reviews, such as (4). However, in the model we exploited plasma
C-peptide, rather than insulin. This is due to the reason that C-
peptide may be more accurate than insulin for the assessment of
insulin secretion, since they are secreted equimolarly, but the
former does not significantly undergo partial degradation from
the liver. Thus, we hypothesized that plasma C-peptide may be
more adequate than insulin as marker of insulin secretion, i.e., to
assess its inhibitory effect on glucagon. This appeared confirmed
by the data of the study (31). Indeed, in linear regression analysis
over the average data of the analyzed population in study (31), we
verified that C-peptide time samples were significantly inversely
related to those of glucagon, whereas those of insulin (as well as
those of glucose) were not. In addition, surprisingly, insulin
secretion values, as assessed in study (31) were similarly not
related to glucagon. This may be due to limitations in the method
used for insulin secretion assessment, and/or to the fact that we
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FIGURE 10 | Best-fit results (A) and Sgucalt) estimates (B) on the four
clusters of patterns in glucagon kinetics. Squares in panel (A) are the
reference experimental values; lines are the model predictions.

analyzed average curves, rather than individual curves that were
not available. Moreover, it should be acknowledged that insulin
may inhibit glucagon secretion by stimulation of somatostatin
secretion rather than through a direct effect on the alpha cells
(52). Nonetheless, above all, the reported findings suggest that
the choice of plasma C-peptide as marker of the insulin effect on
glucagon may be the most reasonable option: on one hand, not
requiring further mathematical modeling for the calculation (as it
is for insulin secretion assessment), and on the other hand
showing more strict relationship with glucagon compared to
both plasma insulin and insulin secretion.

In our model, sensitivity to insulin of glucagon inhibition was
defined as a time-variant parameter, Sgruca(t), differently to
glucagon and remote C-peptide clearance, Kgryca and
Kacprems respectively, which were assumed constant during the
OGTT. This choice was based on the consideration that
estimating an average clearance of glucagon (and of remote C-
peptide) during the OGTT is sufficient for our purposes, whereas
at contrast the sensitivity to insulin of glucagon inhibition has to

be assessed with higher accuracy, being the parameter of major
interest in our approach. Thus, Sgryca was defined as varying at
each time sample of the OGTT reported in the study (31). This
choice may arise questions about the identifiability of our model
parameters, which is a crucial issue for the possibility to estimate
the parameters in single individuals and hence for the potential
clinical applicability of the model. To this purpose, we first
performed a priori identifiability analysis. We found that, if the
model assumes constant Sgy yca, absolute a priori identifiability is
obtained. If the model assumes the time variant Sgyyca, absolute
identifiability is lost, but still local identifiability is reached,
meaning that there is a finite number of solutions of the
minimization problem for the estimation of the parameters.
Moreover, to further reducing the uncertainty in parameters
estimation, we exploited the concept of regularization, that is,
the process of adding information for the solution of a possibly ill-
posed problem thus preventing overfitting (53), similarly to what
was done in previous studies (45, 48). Indeed, in the cost function
minimized by the nonlinear least-squares solver we included
further factors, in addition to the traditional sum of squares of
the difference between data and model prediction (fit). First, we
assumed that Sgpyca(t) cannot undergo excessively rapid
variations, as this would be unphysiological: thus, in the cost
function we added a term to penalize the entity of Sgryca(t)
second-order derivatives. In addition, we assumed that Sg;yca(t)
should typically show positive values, though some negative values
are sometimes possible: thus, we included a term penalizing the
number of Sgryca(t) negative values. Furthermore, among the
regularization factors we included Kgruyca. This means having
assumed that during the OGTT the clearance of glucagon is small,
based on the reasonable hypothesis that, during the test, the
sensitivity to insulin of glucagon inhibition has more influence
than glucagon clearance for glucagon disappearance. Of note, such
constraint explains the small values observed for Kgiyca. The
described regularization strategy allowed us to overcome the
problem of incomplete a priori identifiability, and to include
physiologically-based constraints for greater reliability and
improved meaning of the estimated model parameters
[especially with regard to Sgruca(t)].

Despite negative values of Sgryca(t) are penalized, they are
allowed in our model approach, this meaning that glucagon
inhibition by insulin may not be effective in some time periods.
This appears in fact clearly indicated by the inspection of average
curves of study (31). Indeed, such curves suggest that during an
OGTT glucagon may increase in some time periods, though
slightly, whereas C-peptide (as well as insulin) is not decreasing
as one would expect, thus indicating that in those periods the
relationship between insulin action and glucagon variations is
lost. A clear explanation for this phenomenon is still elusive, but
non-suppressed (increasing glucagon) during OGTT may
surprisingly be associated to even healthier metabolic
phenotype (less hepatic fat, higher insulin sensitivity)
according to some studies, such as (54).This may be also due
to reason that, despite insulin is often reported as the major
determinant of glucagon inhibition (4), other studies suggest a
possible direct effect of glucose (i.e., not only mediated by
insulin) (39), as well as several other factors (4, 39). It should
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also be observed that in different glucose tolerance tests, such as a
mixed meal test, the effect of such factors other than insulin may
be even more relevant. From this point of view our model,
accounting for possibly negative values of the sensitivity to
insulin of glucagon inhibition, appears adequate for future
model developments, also including other factors that may
influence glucagon inhibition (though adding further variables
may affect the clinical applicability, and hence should be
considered with caution).

Another aspect that we addressed in the model development is
the choice of the initial condition of the parameters to be estimated.
To this purpose, we exploited the MultiStart algorithm (36). We are
aware that other approaches may be possible such as genetic
algorithm strategy, as done in some of our previous studies (55-
57). In this study, we opted for the indicated approach, as it
appeared somehow simpler to implement. Similar problem was
the choice of the optimal weights of the regularization factors.
However, since for some technical difficulties it appeared hard to
exploit the MultiStart algorithm for such aspect as well, in this case
we simply randomly generated different values for the weights.

In our study, we also computed the 95% CI of the estimated
parameters [though for brevity we presented results only for the
case of the data derived from the study (31)]. We found that CI of
Kacprem did not include the zero value, probably due to its small
estimated values, whereas Kgryca did. As regards Sgruca(t),
during the OGTT the algorithm estimated six positive values and
four negative values. For the positive values, the CI did not
include zero, thus indicating the robustness of the positive value
estimations. For the negative values, two did not include zero as
well, whereas the other two included, this indicating that for
those two values the estimation was somehow uncertain. On the
other hand, it should be acknowledged that these findings are
related to average data, rather than actual individual human data,
and this may have an effect on CI calculation. In addition, as the
used method for CI calculation required the exploitation of the
Jacobian matrix provided by the solver, it cannot be excluded
that the tolerance in the matrix accuracy numeric (rather than
analytic) calculation may have an effect as well.

Our model proved to perform properly, as indicated by the
good fit for each virtual subject (considering the tolerance that
we assumed in relation to the accuracy and precision of plasma
glucagon measurement), and by the physiologically plausible
values of the estimated parameters, varying within a range
appearing reasonable, especially with reference to Sgryca(t). In
addition, it should be noted that, as expected, we found
significant relationship between mean Sgyyca(t) and mean C-
peptide to glucagon ratio, this further indicating reliability and
robustness of our model approach. Our model approach can also
be easily extended to the study of subjects characterized by
different metabolic phenotypes. In fact, the model was
successfully tested on characteristic OGTT curves as
representative of different clusters of glucagon kinetics (low or
high fasting glucagon; rapid or delayed suppression).

We also found interesting results regarding the model
performances in relation to different OGTT durations. Indeed,
data used in our study are related to a 5h-OGTT (31), which is
not usually performed in clinical settings. However, when testing

sensitivity of the Sgryca(t) estimation to OGTT duration, in the
population of virtual subjects our approach provided comparable
results with data limited to 3h-OGTT; in contrast, it appears that
the present approach cannot be extended to shorter OGTT (2h).
Analysis over 2 h limits glucagon kinetics only to the suppression
phase, thus neglecting the phase in which glucagon restores to
the basal conditions, thus it is not surprising that 2h-OGTT did
not provide results comparable to those of the 5-h OGTT.
Nonetheless, since our model is not constrained to work with a
specific OGTT duration, we tested it on five time-point 2h OGTT
curves, which have been identified by Gar et al. as representative
of different clusters of glucagon kinetics (38). As shown, our
model was able to reproduce all characteristic patterns observed
during the five time-point OGTT. Thus, if we aim to consider the
complete glucagon kinetics we have to resort to 3h-OGTT, but if
we are interested only to the suppression phase we can limit
analysis to 2h-OGTT, and to five time-point only (i.e., the typical
2h-OGTT time samples: 0, 30, 60, 90, 120 min).

Comparison of our findings to those of previous studies is
difficult. As previously outlined, some mathematical models were
developed with the aim to investigate glucagon secretion at cellular
level (12-21), whereas other models, more similarly to ours, were
developed for whole-body analyses, but mainly for simulation
purposes rather than for clinical applications (22-25). Other
studies presented models of glucagon kinetics for possible
clinical applications, but they were focused on the analysis of
glucagon administered exogenously, or for the analysis of the not
common glucagon challenge test (26-29). The study having more
aspects in common with ours is that of Kelly et al. (30). In that
study, a comprehensive model of glucagon kinetics and dynamics
was developed for possible clinical applications, i.e., for possible
assessment of model parameters in individuals. That model has
merits in the details of the physiological phenomena analyzed. For
instance, the model allows to address aspects not analyzed in our
study, such as the ability of glucagon to promote hepatic glucose
production, sometimes denoted in study (30) as glucagon
sensitivity. However, that model, which is to some extent an
extension of the traditional Minimal Model (50), applies to
glucose tolerance tests other than the OGTT, such as the IVGTT
(consistently with the field of application of the Minimal Model).
In addition, both the model versions (based on nonlinear or linear
relationships between glucose, glucagon and insulin) are relatively
complex and including several parameters (five equations with 11
unknown parameters, and four equations with 10 unknown
parameters, for nonlinear and linear model versions,
respectively). Thus, doubts may arise whether all these
parameters are identifiable in a single individual. Of note,
analyses of model identifiability were not presented. As regards
the concept of sensitivity to insulin of glucagon inhibition, which is
the focus of our study, it has to be acknowledged that the study
(30) addresses the issue as well, though it does not appear the
aspect of major interest in the presented analyses. In fact, one
parameter similar our Sgyyca(t) is presented, defined as the
maximum rate at which insulin suppresses glucagon secretion.
However, in study (30) the parameter is assumed constant, thus
not considering its possible variations during a test. In addition,
and most importantly, study (30) presents simulations where such
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parameter was varied in a given interval, whereas the estimation of
the parameter based on glucagon and insulin data is not reported,
and hence it was not proved that the model may allow estimation
of such parameter. Thus, to our knowledge our study is the first
showing the possibility to assess the sensitivity to insulin of
glucagon inhibition in single individuals, having proved the
feasibility of Sgruca(t) estimation with individual data curves.

In conclusion, we developed a model of glucagon kinetics
during the OGTT, with special interest for the sensitivity to
insulin of glucagon inhibition, denoted as alpha-cell insulin
sensitivity. Strength of our model is simplicity and the possibility
to estimate parameters with clear physiological meaning (i.e., the
parameters of glucagon kinetics) in a single individual, thus being
potentially adequate for use in clinical settings. Future
investigations may consider the option to introduce some model
improvements, including description of further factors possibly
affecting glucagon suppression during the OGTT, but paying
attention to avoid model approaches not adequate for possible
clinical applications. Another aspect for future studies will be the
assessment of the actual clinical relevance of our model approach,
by studying populations including subjects with different degree of
glucometabolic impairment.
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An Analysis of Glucose Effectiveness
in Subjects With or Without Type 2
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Glucose effectiveness, defined as the ability of glucose itself to increase glucose utilization
and inhibit hepatic glucose production, is an important mechanism maintaining
normoglycemia. We conducted a minimal modeling analysis of glucose effectiveness at
zero insulin (GEZI) using intravenous glucose tolerance test data from subjects with type 2
diabetes (T2D, n=154) and non-diabetic (ND) subjects (n=343). A hierarchical statistical
analysis was performed, which provided a formal mechanism for pooling the data from all
study subjects, to yield a single composite population model that quantifies the role of
subject specific characteristics such as weight, height, age, sex, and glucose tolerance.
Based on the resulting composite population model, GEZI was reduced from 0.021 min™"
(standard error — 0.00078 min™') in the ND population to 0.011 min™" (standard error —
0.00045 min™") in T2D. The resulting model was also employed to calculate the proportion
of the non-insulin-dependent net glucose uptake in each subject receiving an intravenous
glucose load. Based on individual parameter estimates, the fraction of total glucose
disposal independent of insulin was 72.8% + 12.0% in the 238 ND subjects over the
course of the experiment, indicating the major contribution to the whole-body glucose
clearance under non-diabetic conditions. This fraction was significantly reduced to 48.8% +
16.9% in the 30 T2D subjects, although still accounting for approximately half of the total in
the T2D population based on our modeling analysis. Given the potential application of
glucose effectiveness as a predictor of glucose intolerance and as a potential therapeutic
target for treating diabetes, more investigations of glucose effectiveness in other disease
conditions can be conducted using the hierarchical modeling framework reported herein.

Keywords: intravenous glucose tolerance test, glucose-insulin, minimal model, insulin sensitivity, EM algorithm

INTRODUCTION

Glucose homeostasis is governed by the interaction of many processes, central among these are
insulin secretion, insulin action, insulin clearance and glucose effectiveness. Glucose effectiveness,
defined as the ability of glucose itself to increase glucose utilization and inhibit hepatic glucose
production via mass action and other mechanisms (1), exerts an earlier temporal influence relative
to insulin in maintaining normoglycemia. It has been shown in (2) that glucose effectiveness may be
divided into two components: Basal Insulin Effect (BIE) and Glucose Effectiveness at Zero Insulin
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(GEZI). The latter measures the effect of glucose on its own
removal in the absence of insulin and thus represents the
theoretical insulin-independent glucose disappearance. In
normal subjects, it has been reported that glucose effectiveness
(independent of dynamic insulin) accounts for 45% to 65% of the
total net glucose disposal following an intravenous glucose load
(3). In patients with defective insulin action, the impact of insulin
on glucose disposal is limited but it is partially compensated by
the crucial contribution of glucose effectiveness in the attempt of
restoring a good glucose tolerance (1). Given its central role in
glucose homeostasis, glucose effectiveness impairment has been
proposed as an important indicator of glucose intolerance and as
a therapeutic target in the treatment of patients with impaired
glucose regulation [Basu et al. (4), Pau et al. (5), Alford et al. (3)].
However, there have been only limited studies aimed at
quantifying glucose effectiveness in subjects with normal and
impaired glucose tolerance, and there are inconsistencies in those
studies (1).

Glucose clamp experiments and the minimal model (MM)
approach following an intravenous glucose tolerance test
(IVGTT) have been used to quantify glucose effectiveness [Best
etal. (6), Ader et al. (7), Dube et al. (1)]. While the glucose clamp
method, which involves controlling insulin at near-basal level, is
regarded as the gold standard for accessing insulin-mediated
glucose disposal, it requires cumbersome experiments and
trained research teams. In contrast, the MM analysis is based on
a simpler IVGTT or an insulin modified IVGTT (IM-IVGTT) (8),
and when coupled with a method for model-based statistical
estimation, provides estimates of whole-body glucose disposal
indices representing both glucose effectiveness and insulin
sensitivity [Bergman et al. (9), Henriksen et al. (10)]. While the
many applications of the MM reported in the literature have
largely focused on questions related to insulin sensitivity, the MM
has also been used to better understand the role of glucose
effectiveness in glucose homeostasis in healthy and disease
conditions. For example, Henriksen et al. (11) analyzed IVGTT
data of 20 normoglycemic first degree relatives of type 2 diabetes
(T2D) patients and another 20 matched subjects, where they
observed an increased glucose effectiveness in the relatives. The
study by Lorenzo et al. (12) assessed whether glucose effectiveness
estimated via MM analysis in healthy participants could predict
the future occurrence of T2D. More recently, Morettini et al. (13)
analyzed results from a collection of previous studies in subjects
with normal glucose tolerance, focusing on factors associated with
differences in glucose effectiveness including body mass index. To
explore pathogenic factors in type 2 diabetes, Taniguchi et al. (14)
analyzed IM-IVGTT data from 11 healthy subjects and 9 T2D
patients, and concluded that diminished glucose effectiveness is
partially responsible for glucose intolerance. Similarly, Welch et al.
(15) observed a decrease in glucose effectiveness in diabetic
subjects based on MM analysis of 21 subjects. These studies
using the MM to assess glucose effectiveness have involved
either only non-diabetic (ND) subjects [e.g., Henriksen et al.
(11), Lorenzo et al. (12), Morettini et al. (13)], or included only
a small number of subjects with T2D [e.g., Taniguchi et al. (14)
and Welch et al. (15)]. Moreover, these studies analyzed the data

from subjects separately, which limits the ability of the analysis to
define an overall composite model of the population that
incorporates the role of anthropomorphic and pathophysiological
factors on MM parameters.

To address these limitations, we conducted a MM analysis of
glucose effectiveness using a large set of data obtained from
previously conducted studies that included both ND subjects
(n=343) and those with T2D (n=154). A hierarchical statistical
analysis was performed using the MM, which provides a formal
mechanism for a simultaneous modeling analysis of the data
from all study subjects, yielding a single composite model that
quantifies the role of subject specific characteristics such as
weight, height, age, sex, and glucose tolerance status.

MATERIALS AND METHODS
Clinical Study Data

This study involves a pooled analysis of data from previous
studies, each performed following the Declaration of Helsinki
and upon approval of the respective institutional ethics
committees, in which subjects were administered either a regular
intravenous glucose tolerance test (IVGTT) or an insulin-modified
intravenous glucose tolerance test (IM-IVGTT). A total of 44
study groups was included in the analysis, comprising 497
different subjects as summarized in Table 1, which also
summarizes sex, age and other anthropometric characteristics.
Subjects with type 2 diabetes (T2D) and without diabetes (ND)
(assessed by the guidelines of the American Diabetes Association)
were incorporated in the analysis, including both obese (body
mass index (BMI) > 28 kg/m®) and non-obese subjects, but not
subjects with other conditions that might alter glucose regulation.
A standard IVGTT was performed in 268 subjects, while an IM-
IVGTT was administered to 229 subjects.

Studies in which some of the characteristics are missing in
individual subjects are noted in Table 1, with missing values
imputed as follows. For studies in which only mean values of age,
weight, height or BMI were reported (see table), each subject was
assigned the corresponding mean value from that study. In 40
subjects from four of the study groups, the values of height,
weight and BMI were missing, and only the mean BMI and its
standard deviation (SD) were reported. For these subjects, we
applied the virtual population anthropomorphic generator
PopGen (39) to produce 40 virtual subjects, using the reported
mean BMI + 2SD as the required BMI range, the reported mean
age, and the reported proportion of males (27). The resulting
mean body weight of the virtual subjects in each group was then
assigned to each of the 40 subjects, with the missing heights
calculated as H = /weight /BMI using the mean BMI value. The
sex of 18 subjects from two study groups (see Table 1) was
missing but the proportion of men and woman was reported, and
the latter was used to randomly assign the sex of the subjects. For
41 subjects from five studies, no sex was provided, and the sex of
these subjects was classified as not available (NA). After missing
covariate imputation, characteristics of all 497 subjects are as
summarized in Table 2, which includes sex, age, weight, height
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TABLE 1 | Summary of subject characteristics in the studies (mean + SD).

Study No. of Cohort Sex Age (yrs) Weight BMI (kg/m?) Height (cm) Study Reference

No. subjects (F/M/NA) (kg) type

1 9 T2D 0/9/0 62.1 £5.16 731+ 111 28.3 £ 4.48 161 +£7.95 IM-IVGTT Avogaro et al. (16)

2 9 ND 3/6/0 27.6 £9.44 68.3 £ 10.9 22.3 £3.39 175 +£7.18 IM-IVGTT Avogaro et al. (17)

3 8 ND 1/7/0 52.5 +2.98 85.8 + 18.1 289 +6.7 173 £ 4.44 IM-IVGTT Avogaro et al. (18)

4 8 T2D 1/7/07 64.5 + 6.26 88.4 + 10.6 29.3 £2.54 173 £ 6.16 IM-IVGTT Avogaro et al. (18)

5 6 T2D 0/6/0 57.0 £ 7.92 92.1 £ 8.45 292+19 178 £ 5.05 IM-IVGTT Ludvik et al. (19)

6 18 T2D 0/18/0 57.7 £ 8.11 88.3+ 12 27.8+£2.72 178 + 6.65 IM-IVGTT Ludvik et al. (19)

7 11 ND 1/1/11 29.0 £ 0P 67.7 + 5.88 225+ 0° 173 + 7.567 IVGTT Trojan et al. (20)

8 31 T2D 10/17/6 50.8 + 12.9 85.8 + 19.9 295 +6.9 171 £ 9.6 IM-IVGTT O’Gorman et al. (21)

9 10 T2D 7/3/0 50.4 £ 7.24 78.8 £20.4 30.0 £ 6.49 162 £ 7.44 IM-IVGTT Not published

10 2 ND 2/0/0 29.0+99 100 +17.3 35.2 + 8.67 170 + 6.36 IM-IVGTT Not published

11 2 T2D 2/0/0 36.0 £ 4.24 107 £ 15.3 34.0 £ 4.04 178 £ 2.12 IM-IVGTT Not published

12 10 T2D 4/6/0 66.0 £ 4.71 64.3 £ 7.45 23.8 £ 0° 164 + 9.459 IVGTT Viviani and Pacini (22)
13 6 ND 2/4/0 73.2 £7.33 63.0 £ 9.25 23.1+0° 165 + 12.29 IVGTT Viviani and Pacini (22)
14 11 ND 1/10/0 24.6 £7.21 715 +13.7 237 £ 0° 173 +17.79 IVGTT Viviani and Pacini (22)
15 23 T2D 6/17/0 28.4 +7.84 107 +20.3 34.8 +5.45 1756+ 113 IM-IVGTT McQuaid et al. (23)

16 9 ND 5/4/0 35.2 £ 8.63 66.7 £ 5.24 23.0 £ 1.58 170 £ 5.57 IM-IVGTT McQuaid et al. (23)

17 10 ND 7/3/0 18.6 + 3.81 109 = 14.5 35.8 £ 3.55 174 £ 5.36 IM-IVGTT McQuaid et al. (23)

18 5 T2D 5/0/0 122 +1.86 64.8 +8.17 271 +294 155 +2.79 IM-IVGTT McQuaid et al. (23)

19 2 ND 11/0 27.0£12.7 69.5 +7.78 25.6 £ 5.68 166 + 9.19 IVGTT Not published

20 15 ND 7/8/0 38.9+10.8 68.8 + 12.3 243 +2.6 168 + 10.6 IM-IVGTT Pacini et al. (8)

21 10 ND 10/0/0 26.3 £ 2.58 57.0 £ 5.31 20.7 £2.3 166 + 6.51 IM-IVGTT Gennarelli et al. (24)

22 10 T2D 4/6/0 57.8+8 69.0 + 9.98 253+ 1.8 165 + 8.95 IVGTT Not published

23 10 T2D 4/6/0 54.6 £ 11.2 68.9 £ 9.72 253 +1.64 165 + 8.95 IVGTT Not published

24 13 ND 1/1/13 68.3 £ 5.42 71.7 £8.73 24.6 £ 1.96 171 £5.33 IVGTT Pacini et al. (25)

25 10 ND 1/1/10 26.7 2 72.3 +9.71 22,9 +2.89 178 + 5.87 IVGTT Pacini et al. (25)

26 10 ND 2/8/0 36.1 £ 9.61 712+741 23.8 £2.03 173 £3.35 IVGTT Piccardo et al. (26)

27 10 ND 10/0/0 27.0x0° 62.1+0° 249 +0° 158 + 07 IVGTT Ahrén and Pacini (27)
28 10 ND 10/0/0 63.0 £ 0° 68.0 + 0° 252 +0° 164 + 09 IVGTT Ahrén and Pacini (27)
29 10 ND 0/10/0 27.0 £ 0° 74.4 +0° 24.9 + 0° 173 + 09 IVGTT Ahrén and Pacini (27)
30 10 ND 0/10/0 63.0 £ 0° 78.6 + 0° 252 +0° 177 + 09 IVGTT Ahrén and Pacini (27)
31 9 ND 7/2/0 17.0 £ 2.24 54.2 +9.08 19.7+25 165 + 8.37 IVGTT Cavallo-Perin et al. (28)
32 10 ND 2/8/07 35.6 £4.7 75.3+14.3 245 +3.18 175+ 8.49 IVGTT Cavallo-Perin et al. (29)
33 13 ND 10/3/0 13.3 £ 0.63 84.2 +10.2 32.5+£3.08 161 £ 6.57 IVGTT Cerutti et al. (30)

34 4 ND 1/3/0 322+ 11.2 75.8 +10.7 23.9 + 1.06 178 £+ 9.54 IM-IVGTT Stingl et al. (31)

35 9 ND 6/4/1 439+ 0° 65.7 +0° 241 £ 0° 165 + 09 VGTT Handisurya et al. (32)
36 38 ND 38/0/0 315 +5.55 68.4 + 13.3 25.0 + 5.68 166 + 5.15 IM-IVGTT Tura et al. (33)

37 18 ND 9/9/0 449 +12.8° 114 + 23.3 39.4 + 3.57° 169 + 12.67 IVGTT Kautzky-Willer et al. (34)
38 17 ND 10/7/0 33.5+14.3 67.5+13.1 23.0+5.1 172 £11.6 IVGTT Kautzky-Willer et al. (34)
39 7 ND 2/5/0 30.3 +6.52 70.0 + 8.91 23.5 +0.835 172 + 9.56 IVGTT Kautzky-Willer et al. (35)
40 12 T2D 0/12/0 64.0 + 5.88° 95+ 19.6 28.6 + 5.63° 182 + 8.387 IM-IVGTT Schaller et al. (36)

41 17 ND 17/0/0 38.1 +7.85 84.3+11.7 33.4 + 4.05 159 + 6.02 IVGTT Basili et al. (37)

42 13 ND 13/0/0 42.7 +11.3 941 +124 37.4 £ 3.59 159 + 9.86 IVGTT Basili et al. (37)

43 11 ND 11/0/0 459 + 7.61 111 £ 159 44.7 £ 5.82 158 + 2.66 IVGTT Romano et al. (38)

44 11 ND 11/0/0 48.2 +7.92 95.8 + 9.46 38.1 + 3.03 159 + 3.88 IVGTT Romano et al. (38)

The values in cells without superscripts are known.

“Indlividual values randomly assigned as per text.

PAll subjects assigned as the mean value.

“Determine using anthropomorphic algorithm PopGen.

9Calculated as described in text.

TABLE 2 | Characteristics of study subjects.

Characteristic Mean = SD Minimum Median Maximum
Study type(VGTT/IM-IVGTT) 268/229

Cohort (ND/T2D) 343/154

Sex (female/male/missing) 239/217/41

Age (yrs) 414 +£16.9 9.70 40.0 86.0
Weight (kg) 79.7 £19.9 40.0 75.0 157
Height (cm) 169 + 10.1 130 168 196
BMI (kg/m?) 28.0 £ 6.76 15.9 25.3 53.9
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and body mass index. A graphic overview of investigated dG(t)
covariates is provided in Figure 1. dr ~(GEZI + X(1))+G(r) @
.. + (GEZI + Xbasul)*Gbusal’
Minimal Model Dose
The following parameterization of the minimal model for G(0) = Gpgear +T
glucose and insulin was used in the analysis [Bergman et al.
(40), Araujo-vilar et al. (41)]:
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FIGURE 1 | Overview of covariate values and relationships. Histograms plots for continuous covariates and bar graphs for discrete covariates are shown on the
diagonal. In the lower triangle, the boxplots between continuous and discrete covariates and scatter plots between continuous covariates are displayed. In the upper
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d);—gt) = —p2+X(t) + p2+Sp+I (1),
where Dose denotes the glucose dose (mmol) at time zero, G(f) is
the plasma glucose concentration (mmol/L), Gy, is basal glucose
concentration (measured glucose at the end point), X(f) is the
remote insulin action (min™"), I(¢) is the measured plasma insulin
concentration (pmol/L) and I, is the basal insulin concentration
(measured insulin at the end point). The function I(f) was defined
by linearly interpolating the measured insulin concentrations.
Model parameters are: glucose effectiveness at zero insulin
(GEZI, min™"), insulin sensitivity (S;, min~'/(pmol/L)), remote
insulin action parameter (p2, min™") and the volume of glucose
distribution (V, L). For IVGTT, a glucose dose of 0.3 g/kg was
administrated to the subjects at time zero. The study duration
ranged between 180 min and 360 min, while the number of
samples ranged from 12 to 30 for each subject. For IM-IVGTT,
the same glucose dose was given and a short insulin infusion of
between 0.03 to 0.05 U/kg was administered at 20 min. The
duration of the IM-IVGTT studies ranged between 180 min and
240 min and number of samples ranged from 12 to 22. The
glucose measurements obtained prior to 5 min were excluded
from the analysis, since the one-compartment glucose kinetic
model does not represent the initial phase of glucose
disposal (42).

X(O) = SI*Ibasal (2)

Hierarchical Modeling Analysis

Hierarchical or population modeling, which is used widely in drug
development, provides a formal basis for determining the
distribution of model parameters in a population (central
tendency and dispersion) and identifying relevant covariates that
may explain aspects of the population parameter distribution [see
Bonate (43)]. Notable applications of population modeling to the
glucose-insulin system include the work of Agbaje et al. (44) using
a Bayesian analysis and that of Denti et al. (45) using approximate
maximum likelihood methods.

In this work, Eqs (1) and (2) define the first stage of the
hierarchical framework, where the residual error (defined as the
difference between the measured and predicted glucose
concentrations) was assumed to be normally distributed with
variance proportional to the predicted glucose concentration. For
the second stage of the hierarchy, the vector of model
parameters, logb = log [GEZI S; p2 V], is assumed to follow a
multivariate normal distribution, logd ~ N (Uioge, Zioge)> With the
population mean [loge, covariance Zi,e and the conditional
mean for each subject E[log6], i = 1,..., n, are estimated from the
pooled study data. The maximum likelihood estimates of fi,46,
Ziogo and E[log6;] were obtained using the expectation-
maximization (EM) algorithm as applied to solve the nonlinear
mixed effects hierarchical modeling problem by Schumitzky (46)
and by Walker (47), and as implemented in the MLEM
application in ADAPT (Version 5) software (48). The
supplemental information contains details regarding the
hierarchical modeling framework used in this work.

The following covariates were examined for their influence on
model parameters: age, body weight, height, BMI, sex, and
glucose tolerance (ND/T2D). We also included test type

(IVGTT/IM-IVGTT) as a covariate since some previous
studies indicated that there may be a difference in MM
parameter estimates between IVGTT and IM-IVGTT
experiments (8). Initially, covariate-parameter relationships
were identified based on exploratory graphical analysis and
mechanistic plausibility. Individual subject conditional mean
estimates of model parameters were obtained from the
hierarchical model without covariates. All identified covariates
for each of the model parameters (S;, GEZI, etc.) were added one-
by-one, based on their significance in the exploratory analysis, to
generate new hierarchical models. The final explanatory
covariates were selected based on estimate precision and
objective function value (-2 log likelihood) improvement as
accessed using the likelihood ratio test (p<0.05) (43). We tested
the covariate model for S; initially, as the importance of S; for
glucose tolerance has been well established and its relationship
with BMI has been mentioned in previous studies. Covariate
effects on V were then tested, as it was found to correlate with
body weight in Denti et al. (45). After accounting for the effects
on S;yand V, we then tested the covariate model of GEZI to study
its relationship with subject characteristics, as this has not been
examined in a large population previously. For the continuous
covariates considered (age, body weight, height, BMI), power
models centered at their median values of the covariates were
used. For the categorical covariates considered (sex, glucose
tolerance and test type), changes in the covariate model
parameters between levels were investigated.

RESULTS

Table 3 (second column) presents the results of the population
modeling analysis using the minimal model in Eqgs. 1 and 2

TABLE 3 | Population modeling results.

Parameter Without covariates With covariates
(Unit) (RSE-CV%) (RSE-CV%)
Typical values:
GEZI (min™") 0.0178 (3.37) 0.0210 (3.73)
S (min~"/(pmol/L)) 3.59%e-5 (5.80) 6.26e-5 (6.33)
p2 (min™") 0.0425 (3.62) 0.0420 (3.65)
VL 12.4 (1.87) 12.0 (1.56)
Inter-individual variabilities (CV%):
GEZI 50.9 (4.65) 46.1 (5.09)
S 113 (3.83) 83.8 (3.44)
p2 44.0 (7.79) 44.9 (7.47)
v 34.4 (3.48) 26.8 (3.11)
Covariate effects:
T2D on GEZI -0.473 (8.73)
T2Don S, -0.479 (9.95)
BMlon S, -2.14 (8.43)
IM-IVGTT on S, -0.345 (19.4)
weight on V/ 0.865 (6.49)
Proportional error 0.0706 (0.352) 0.0706 (0.358)
-2 log likelihood 18674 18115

RSE, relative standard error.
Correlation between model parameters: GEZl and Sy: -0.14; GEZI and p2: 0.77; GEZI and
p2:-0.07; Syand p2: -0.05; S;and V: 0.14; p2 and V: -0.31.
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without incorporating covariates in the stage 2 parameter
distribution model. The table shows the typical values (TV) of
the model parameters as a measure of the central tendency of the
parameter population distribution (TV = "), as well as the
parameter inter-individual variability (IIV) as a measure of
dispersion of the population distribution IIV = {100,/ (Zjsg0);i }»
i=1,...,4. In the third column of Table 3, the corresponding
results are presented from the population analysis that included
the covariates determined to be significant, as described in
MATERIALS AND METHODS.

All model parameters were well estimated, with relative
standard errors less than 20 CV%, and the model with
covariates (final model) yielded a significant reduction in the
log likelihood compared to the base model without covariates
(likelihood ratio test, p<10~°). The upper row of the goodness-of-
fit plots in Figure 2 shows the population prediction of the base
model (Figure 2A) and that of the final covariate model (Figure
2B), indicating an improved description of the observed data

with the later. Plots of the resulting conditional standardized
residuals from the final model versus the population predicted
glucose concentration (Figure 2C) and versus time (Figure 2D),
indicate that the final population model describes the observed
glucose concentrations without significant bias.

GEZI Is Decreased in T2D but Is Not
Associated With Other Covariates

In the final population model, the typical value of GEZI depends
on glucose tolerance category as follows: GEZI=0.0210*(1
~0.473*T2D) (min™"), where T2D=1 for T2D subjects and
T2D=0 for ND subjects. The distribution of GEZI in the ND
population was estimated to have a typical value of 0.021 min™"
with inter-individual variability of + 0.0097 min~'. The
corresponding values in the T2D population were estimated to
be 0.011 + 0.0055 min~". This 47% reduction in the value of GEZI
in T2D subjects relative to ND subjects was found to be highly
significant (p<107°) via a likelihood ratio test. The distribution of

>
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FIGURE 2 | Goodness-of-fit plots of the base model without covariates and the final model with covariates. (A) observed glucose concentration versus population
prediction from the base model. (B) observed glucose concentration versus population prediction from the final model. (C) conditional standardized residuals versus
population prediction in the final model. (D) conditional standardized residual in the final model versus time. Blue lines are the lines of identity or zero value; red lines
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individual subject conditional mean estimates of GEZI in ND
and T2D subjects is shown in Figure 3. We also explored
possible covariate models relating GEZI to BMI in both ND
and T2D subjects, but no associations were found to be
significant. Moreover, the variability in GEZI could not be
further explained by subjects’ age, weight, height or sex; while
a decreasing association between GEZI and age was noted, this
was not statistically significant. No differences in GEZI were
found between subjects that underwent an IVGTT versus an IM-
IVGTT experiment.

S, Decreases With BMI in Both ND and T2D

In the final population model, S; was found to be associated with
BMI, a priori glucose tolerance status, and test type by the
following model: S;=(6.26e-5)*(1-0.479*T2D)*(1-0.345*IM)*
(BMI/25.3)>'*, where IM=1 for IM-IVGTT and IM=0 for
IVGTT. Figure 4 shows the estimated relationships between
the typical value of S; and BMI for both ND and T2D subjects
from each of the two test types. In both ND and T2D groups,
higher BMI values lead to decreased S; (with a power of -2.14).
This is consistent with the conclusions in Bergman and Lovejoy
(49), in which they reported a negative association between BMI
and S;. For a given BMI, the population model shows a
significant decrease (approximately 48%) in S;, between the
T2D subjects versus those with ND. Our results indicated that
IM-IVGTT is associated with significantly lower S;
(approximately 35%) estimate when compared to IVGTT
(p<107°). The addition of weight, height, age or sex to the
population model was not found to be significant.

0.125

0.100

0.075

GEZI (min-1

0.050

0.025 é i
ND T2D

Cohort

FIGURE 3 | Violin plots showing the distribution of the individual subjects
conditional mean estimates of GEZI in the ND and T2D cohorts. Boxplots
were inserted for each cohort to indicate medians and interquartile ranges.
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FIGURE 4 | The black lines show the covariate model prediction of the
typical value of S; versus BMI in ND subjects, with the solid line indicating
subjects in IVGTT and dash line indicating IM-IVGTT. The red lines are the
corresponding curves in T2D patients.

The Significant Non-Insulin-Dependent
Contribution to Net Glucose Disposal Is
Greater in ND Than T2D Following a
Glucose Load

In order to compare the relative contributions of non-insulin-
and insulin-mediated pathways to net glucose disposal, we
determined the proportion of glucose uptake due to glucose
itself and that due to insulin, in ND subjects and those with T2D,
in both the basal state and during an IVGTT experiment. Under
basal conditions, the fraction of non-insulin-dependent glucose
disposal can be calculated using the individual conditional mean
estimates of GEZI and Sy, together with the measured I, of
each subject: (GEZI/ (GEZI+SIp4541))- In the 343 ND subjects, the
non-insulin-dependent pathway accounted for 88.5% + 7.10% of
the total net glucose disposal, and 89.0% * 10.2% in the 154 T2D
subjects. In the IVGTT experiment group (268 subjects), we
calculated the net glucose disposal due to the two pathways
during the course of the experiment, based on individual subject
estimates. The non-insulin-dependent and insulin dependent
glucose disposal (GD-NID, GD-ID) were calculated in

T
each subject as follows: GD—NID = / GEZI+G(t)dt, GD—-ID
0

T
= / X(t)xG(t)dt (T is the last measurement time in the subject’s
0

IVGTT experiment). In the 238 ND subjects, the fraction of non-
insulin-dependent glucose disposal (GD-NID/(GD-NID + GD-
ID)) was 72.8% * 12.0%, while it was 48.8% =+ 16.9% in the 30 T2D
subjects in the IVGTT group (Figure 5), and this difference was
significant (p<10°, unpaired two-samples Wilcoxon test). Our
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FIGURE 5 | Violin plots showing the distribution of the fraction of non—
insulin-dependent net glucose disposal in 238 ND subjects and 30 T2D
patients that underwent an IVGTT test. Boxplots were inserted for each
cohort to indicate medians and interquartile ranges.

model based analysis indicates that the non-insulin-dependent
route accounts for the large majority of the glucose disposal in the
ND population, while it is reduced to approximately half of the
total in the T2D population.

DISCUSSION

In this work, a hierarchical modeling analysis was conducted
to develop a composite population minimal model of glucose-
insulin dynamics in ND and T2D subjects, using data from
IVGTT and IM-IVGTT studies. The resulting population
model was used to quantify the role of subject characteristics
(age, body weight, height, BMI, sex, glucose tolerance status)
and test type (IVGTT/IM-IVGTT) on glucose effectiveness
and other MM parameters. In the final composite population
model, glucose tolerance status (ND, T2D) was a significant
predictor of glucose effectiveness, as assessed by GEZI. The
addition of other covariates did not further explain remaining
inter-subject variability in GEZI, beyond that predicted by
glucose tolerance status. Further analysis of the population
model indicated that the relative contribution to the total net
glucose disposal independent of insulin was significantly
greater in ND compared to T2D subjects. As expected, a
significant relation between insulin sensitivity, S, and BMI
was identified in both ND and T2D populations, albeit
different in the two groups. Moreover, the estimated S;-BMI
relations were found to depend on test type, with a lower

population value of S; observed in IM-IVGTT versus IVGTT
studies, after accounting for BML

Based on the composite population model (Table 3), glucose
effectiveness, as assessed by GEZI in this study, is reduced from
0.021 min~" (standard error - 0.00078 min~") in the ND population
t0 0.011 min~! (standard error — 0.00045 min') in T2D. Moreover,
there is less inter-individual variability in GEZI in the T2D
population (0.0051 min', standard error - 0.00026 min")
relative to ND (0.0097 min™', standard error — 0.00049 min™).
This result is qualitatively consistent with other studies that
reported a reduction in glucose effectiveness, as assessed by S,
involving smaller numbers of T2D subjects Welch et al. (15) and
Taniguchi et al. (14). We also examined potential associations
between GEZI and both BMI and age, and while a negative
relation was noted with each, neither age nor BMI was found to
be significant, when considering all subjects, or separately within
the ND and T2D populations. The lack of association with age is
consistent with the conclusion in Pacini et al. (25) from their
analysis of Sg in 17 elderly healthy subjects. Morettini et al. (13) did,
however, find a weak but statistically significant relation between
GEZI and BMI based on a MM analysis of 204 healthy subjects.
While we also noted a negative correlation between GEZI and BMI,
this was not found to be statistically significant in our study.

In the study in healthy subjects following an IVGTT (50), it
was found that the glucose disappearance constant K; was
strongly correlated with GEZI and concluded that GEZI is a
major determinant of glucose disappearance. Further analysis of
the population model reported in this work, allows for the
calculation of the relative contribution of insulin- and non-
insulin-dependent pathways of total net glucose disposal in
IVGTT experiments (see Figure 5). Although both GEZI and
S; are reduced by a similar percent (47%) in T2D and ND
subjects, the relative contribution of non-insulin-dependent
glucose disposal is lower in T2D subjects (48.8%) compared to
that in ND subjects (73.8%). This difference is not unexpected
given that GEZI directly facilitates plasma glucose disappearance,
while S; influences glucose disposal only indirectly via its effect
on remote insulin action (X(t)). The average fraction of non-
insulin-dependent glucose disposal in ND subjects found in this
study, 72.8%, is somewhat higher than the range of 45% to 65%
reported in Alford et al. (3), but consistent with the reported
value of 71% following IVGTT in mice (51). While Best et al. (6)
reported that the contribution of glucose effectiveness to glucose
disposal is dominant in insulin-resistant subjects (83%) based on
an oral glucose tolerance study, our results (Figure 5) indicate
that the contribution of glucose effectiveness in T2D subjects
following IVGTT can range widely (19.7% to 88.6%). Under
basal conditions in both ND and T2D subjects, the population
modeling analysis found that the fraction of net glucose disposal
mediated by the non-insulin-dependent pathway was
approximately 89% (see Results section). For comparison, Best
et al. (6) reported that at basal insulin levels, glucose effectiveness
can account for 60% to 75% of the glucose uptake based on the
clamp approach, depending on the basal glucose concentration.

The population modeling results predicting a significantly lower
S; in the T2D population compared to the ND population
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(approximately 47.9%, RSE=10%) were expected given the well-
documented ability of S; to predict glucose tolerance (49). The
negative association between S; and BMI quantified in the
population model (see Figure 4) is also consistent with other
studies in ND and T2D populations [Welch et al. (15), Morettini
et al. (13)]. However, these results related to BMI should be
interpreted cautiously, given the well-known challenges associated
with using BMI as independent factor to explain differences in S,
without incorporating information related to fat distribution (52).
The typical glucose distribution volume V was found to depend on
body weight following a nonlinear relationship with coefficient and
power estimated from the modeling analysis: V(L)=12.0*(weight/
75)%5% (weight in kg). The typical glucose distribution volume of 12
L is close to the reported range of 1.65-1.70 dl/kg in Denti et al. (45),
but the confidence interval for the power estimate does not include
1. While no relation between p2 and any covariates was found to be
significant, p2 was determined to be positively correlated with GEZI
(r=0.77) (the ability to estimate all parameter correlations in the
population is intrinsic to hierarchical modeling analysis). Thus, any
association between p2 and glucose tolerance could be reflected in
its correlation with GEZI. From our analysis, it was also concluded
that there is a significant difference in the S; between subjects
administered an IVGTT versus an IM-IVGTT. This results is
consistent with the observation in Ward et al. (53) that the MM
estimate of S; depends on the dose and duration of exogenous
insulin administration in IM-IVGTT experiments. Since our study
used previously collected data from various sites conducted over an
extended period of time, the inability to retrieve all the details of the
IM-IVGTT experiments precluded us from further exploring any
potential effects of the insulin administration profiles on the
estimation results.

In this study, a hierarchical modeling analysis was used to
develop a composite population minimal model in a diverse
collection of subjects who were assessed to either have or not
have type 2 diabetes. This modeling analysis allows the complete
study data to be used to simultaneously inform the estimation of
the population distribution of model parameters (mean and
covariance), which provides a mechanism for identifying
explanatory subject specific factors (anthropomorphic,
pathophysiological, treatment, study, etc.) and quantifying their
effects on model parameters. Hierarchical modeling has been
applied previously in MM studies, including by Agbaje et al.
(44) who used a Bayesian framework to analyze results from
IM-IVGTT experiments in 65 T2D subjects, and more recently by
Denti et al. (45) using approximate maximum likelihood methods
in a study of 204 healthy subjects after IM-IVGTT. An advantage
of using hierarchical modeling as implemented in this study, is
that it allows for a multivariate assessment of the relative
contribution of subject specific characteristics. A limitation of
the approach, beyond the additional computational difficulties
associated with implementing the EM algorithm to obtain the
analytically exact maximum likelihood estimates, is that the MM
parameters are assumed to follow a defined distribution in the
population (specifically, log[GEZI S; p2 V] ~ N (Uioge> Ziogs))- Also,
as with any multivariate analysis, identifying the explanatory
covariates depends on the specific statistical procedure and the

associated criteria for including and excluding covariates, which
can be particularly challenging when covariates are not
independent. While this work used glucose tolerance tests
conducted at different sites, we did not find any systematic
differences in model parameter estimates across study sites.

The role of glucose effectiveness as a predictor of glucose
intolerance and diabetes has been suggested in several studies
[Martin et al. (54), Lorenzo et al. (12)], which have reported that
reduced glucose effectiveness may precede diabetes development
even in normoglycemic subjects. Indeed, the modeling analysis
in this study suggests GEZI may be a predictor of the
dysregulated glucose tolerance. Also, glucose effectiveness may
be a possible target for glucose-reducing therapies (55). Although
the molecular mechanisms of glucose effectiveness in regulating
glucose remains to be more fully elucidated, some studies have
demonstrated that pharmacological intervention (5) and exercise
(56) can improve glucose effectiveness and increase plasma
glucose clearance. Recently, the development of sodium
glucose cotransporter 2 inhibitors has provided a novel
antidiabetic therapy independent of insulin action (57).

In summary, we have conducted a hierarchical minimal model
analysis of the glucose-insulin response in ND and T2D subjects
given an intravenous glucose load, which allowed us to quantify
the influence of diabetes status, BMI and body weight on the
glucose metabolic parameters, while accounting for the differences
in the study type. The relative contribution of non-insulin-
dependent net glucose disposal in ND and T2D populations was
determined using the resulting population model, demonstrating
the utility of this modeling approach to quantify the fraction of
non-insulin-dependent glucose disposal based on an IVGTT. The
novel finding that GEZI is markedly reduced in T2D, both in its
absolute value and the relative contribution to net glucose disposal,
represents a further indication of the extensive dysregulated
glucose homeostasis induced by diabetes. Although this work
was focused on MM analysis of ND and T2D subjects, the
hierarchical modeling framework can be applied to investigate
glucose effectiveness in populations with other accompanying
disease conditions, and to investigate other possible explanatory
covariates in future studies.
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Background: Selenium (Se) is a nutritionally essential trace element and health may be
improved by increased Se intake. Previous kinetic studies have shown differences in
metabolism of organic vs. inorganic forms of Se [e.g., higher absorption of selenomethionine
(SeMet) than selenite (Sel), and more recycling of Se from SeMet than Sel]. However, the effects
on Se metabolism after prolonged Se supplementation are not known.

Objective: To determine how the metabolism and transport of Se changes in the whole-
body in response to Se-supplementation by measuring Se kinetics before and after 2
years of Se supplementation with SeMet.

Methods: We compared Se kinetics in humans [n = 31, aged 40 + 3 y (mean + SEM)]
studied twice after oral tracer administration; initially (PK1), then after supplementation for
2 y with 200 pg/d of Se as selenomethionine (SeMet) (PK2). On each occasion, we
administered two stable isotope tracers of Se orally: SeMet, the predominant food form,
and selenite (Na,"°SeO3_or Sel), an inorganic form. Plasma and RBC were sampled for 4
mo; urine and feces were collected for the initial 12 d of each period. Samples were
analyzed for tracers and total Se by isotope dilution GC-MS. Data were analyzed using a
compartmental model, we published previously, to estimate fractional transfer between
pools and pool masses in PK2.

Results: We report that fractional absorption of SeMet or Sel do not change with SeMet
supplementation and the amount of Se absorbed increased. The amount of Se excreted
in urine increases but does not account for all the Se absorbed. As a result, there is a net
incorporation of SeMet into various body pools. Nine of the 11 plasma pools doubled in
PK2; two did not change. Differences in metabolism were observed for SeMet and Sel;
RBC uptake increased 247% for SeMet, urinary excretion increased from two plasma
pools for Sel and from two different pools for SeMet, and recycling to liver/tissues
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increased from one plasma pool for Sel and from two others for SeMet. One plasma pool
increased more in males than females in PK2.

Conclusions: Of 11 Se pools identified kinetically in human plasma, two did not increase
in size after SeMet supplementation. These pools may be regulated and important during

low Se intake.

Keywords: selenium, metabolism, trace elements, selenite, selenomethionine, kinetics

INTRODUCTION

Selenium is an essential nutrient for health, and there are
indications that higher Se intakes may prevent certain diseases
(1). There are 25 proteins that contain Se, as the amino acid
selenocysteine (Sec), distributed in tissues throughout the body
(2). These selenoproteins function in many systems including the
endocrine, nervous, and immune systems (2). Selenium may
have a role in some forms of cancer, cardiovascular disease, and
cognitive decline (2) and relationships have been proposed
between blood Se concentration and some health effects (1).
However, assessing Se status is challenging because the element is
typically consumed in several forms that are metabolized
differently (3). Specifically, Se exists in nature in organic forms,
such as selenomethionine (SeMet). SeMet can be converted to the
functional form of Se, Sec, but SeMet can also be incorporated
into proteins non-functionally in place of the amino acid
methionine (3). An inorganic form of Se, selenite (Sel), often
used as a supplement (3), has lower absorption than SeMet (4-6)
and is only incorporated into functional selenoproteins (3). As
total Se concentration in plasma and tissues includes both
functional and non-functional selenoproteins, speciation is
necessary for determining functional Se levels in tissues but
many selenoproteins are low abundance making their detection
challenging (7).

Selenium supplementation has been used to improve Se status in
populations where soil Se is low [for a review see (8)]. People in the
US are considered to have adequate Se intakes (i.e., >55 pg/d) (to
convert pg/d to pmol/d, multiply by 0.0127) (9). Even so, 51%
percent of the US population take nutritional supplements, many of
which may contain Se (10). Use of Se-containing supplements has
likely been increased as a result of findings reported from the
Nutritional Prevention of Cancer (NPC) Trial in the US that
supplementing skin cancer patients with Se significantly decreased
the incidence of several cancers (lung, prostate, and colon) (11).

In part, because of the positive results from the NPC Trial, the
Selenium and Vitamin E Cancer Prevention Trial (SELECT) was
undertaken in some 35,000 healthy US men (12). The trial was
stopped after 5 y because no effect was detected on prostate
cancer incidence (13). However, both the choice of participants

Abbreviations: C, compartment; DT, compartment with a delay time; GPX,
glutathione peroxidase; MeSeCys, methylselenocysteine; NPC, Nutritional
Prevention of Cancer; PKI1, pharmacokinetic study 1 or baseline study; PK2,
pharmacokinetic study 2 or supplemented study; Se, selenium; Sel, selenite; Sel,
7Se from Sel; SeMet, selenomethionine; SeMet, SeMet, "*Se from SeMet; SeP,
selenoprotein P; SeCys, selenocysteine; SELECT, Selenium and Cancer Prevention
Trial; TMSe, trimethyselenoselonium ion.

and form of Se used (SeMet) in SELECT have been questioned. It
has been pointed out that the negative results in the SELECT
cohort, which had relatively high Se status (average plasma Se
>130 ng/ml), were consistent with the NPC results (11), which
found no protective effects for subjects with relatively high Se
status, e.g., >120 ng/ml (14). In addition, a non-significant
association with risk for type-2 diabetes was noted in SELECT
subjects supplemented with SeMet (13), although with additional
follow up found that association to be further attenuated and
remained non-significant (15). The NPC trial showed a
significant positive association with self-reported diabetes
based on 97 cases in all trial participants (hazard ratio = 1.55;
95% confidence interval 1.03-2.33) that was strongest in
participants whose baseline plasma Se levels were highest
(hazard ratio = 2.70 [1.30-5.61] among 37 cases with plasma
Se >121.6 ng/ml) (16).

In order to target persons who might benefit most from Se
supplementation, a better understanding of Se metabolism is
needed (17). One approach to investigating metabolism in vivo is
through the use of kinetic studies with tracers. Kinetic studies
have been performed in humans after supplementation with
various forms of Se for periods of up to a year (18-21); however,
these kinetic studies were conducted for less than 3 wk. The
objective of the current study was to compare the kinetics of two
Se-forms (selenite [Sel] and SeMet) in healthy participants who
were studied for a prolonged period (4 mo) before [published
previously (6)] and after long-term (2 y) supplementation with
SeMet, the dominant form of Se in foods (22). Kinetics were
followed using stable Se isotopes and data were analyzed by
compartmental modeling (6). The goal was to gain insight into
how the metabolism and transport of Se changes in the whole-
body long-term with increased Se intake, by identifying pools
and pathways that responded to supplementation.

MATERIALS AND METHODS

Aspects of the study are presented in greater detail in Wastney
et al. (6). They described model development and analysis of the
first part of the study (see below in Study Design), however, the
materials and methods were the same for the entire study.

Participants

Participant recruitment and eligibility have been described
elsewhere (23). Briefly, participants were non-smoking, healthy
men (n = 16) and women (n = 15) aged 20-60 y, within 20% of
their ideal weight, consuming regular diets, not taking Se
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supplements >25 ug/d, who ranked high on a Health
Consciousness Scale (24), and whose plasma Se levels were 80—
160 ng/ml. For reasons given in Wastney et al. (6), the final
analyzable sample consisted of 7 males and 13 females. The study
protocol was approved by the NCI Special Studies Institutional
Review Board, the Cornell University Committee on Human
Subjects, the Johns Hopkins University Human Subjects
Committee (for the BHNRC).

Study Design

The study consisted of three periods: an initial pharmacokinetics
study of 4 mo duration (PK1); a 2 y period of Se-
supplementation with 200 pg of Se/d as SeMet; a second, 4 mo
pharmacokinetic study (PK2), identical in design to PK1, during
which participants remained on supplement. The study lasted for
a total of 32 mo. The objective of the design was to compare
parameter values for the same participants before (PK1) and
following long-term supplementation (PK2). At the beginning of
each pharmacokinetic study, fasted participants were given two
300 pg tracer doses of two stable isotope tracers, 150 pg of Se as
SeMet, and 150 pg of Se as Sel, orally, in water, on days 0 and 10.
Based on results of previous studies (5, 25), two doses of tracer
were given to ensure detection for the entire 4 mo periods of
observation, PK1 and PK2. The stable isotopes were "*Se as L-
selenomethionine ("*SeMet, Amersham Laboratories, Chicago,
USA), and “®Se as sodium selenite (Na,”®SeQs;, Oak Ridge
National Laboratory, Oak Ridge, TN, USA) prepared as
described in (6).

Supplement

The supplement was produced under an Investigational New Drug
Application (IND) obtained by the National Cancer Institute. The
capsules were manufactured by University Pharmaceuticals of
Maryland, Inc. from a specialty blend of L-SeMet and lactose
called 1-SeMet 5000 provided by Sabinsa Corp. N.J. Two lots of
L-SeMet capsules were tested for appearance, assayed for content,
content uniformity, variation in weight and dissolution.

Sampling

Multiple blood, urine, and fecal samples were collected during both
PK1 and PK2 (6). Specimens were sampled for 4 mo after
administration of the initial doses of tracers. Blood (10 ml) was
drawn immediately before, then at increasing intervals after
administration of the tracer doses starting at 30 min. Complete urine
and fecal collections were obtained for days 2-12 after the initial dosing.

Chemical Analysis

Urine, fecal, RBC, and plasma samples were analyzed for both Se
tracers and total Se. Following digestion and chelation, the "*Se, 7*Se,
and total Se contents of the samples were determined by triple
isotope dilution gas chromatography-mass spectrometry using
enriched %°Se as the internal standard (26). We measured these
tracers but did not determine their chemical forms in our samples.
While 7Se was given as SeMet, the measured species was not SeMet,
per se, but was instead derived from SeMet. Thus, we have noted the
measured species in italics, ie., SeMet refers to a Se-containing
compound originating as SeMet. Similarly, Sel, given as "°Se, refers

to a species originating as Sel. Sel includes other Se forms that are
metabolized similarly to Sel (e.g., SeCys). We do not make this
distinction when reporting on the literature.

Concentrations (ng/g) of total Se, "“Se, and "°Se in plasma
were converted to total masses by correcting for plasma specific
gravity (assumed to be 1.026) and plasma volume (assumed to be
4% of body weight) (6). The same measurements in RBC were
converted by correcting for RBC specific gravity (assumed to be
1.09) and RBC volume (assumed to be 3% of body weight). Urine
and fecal data were fitted as the cumulative, or daily, amounts (ug
or pg/d) excreted over the collection period.

Kinetic Modeling

Data consisting of tracer and total Se in plasma, RBC, urine, and
feces were fitted by a compartmental model (described below)
using the WinSAAM software. We assumed that participants
were in steady state with respect to Se metabolism for both PK1
and PK2. The model was fitted to PK2 data by changing
parameter values while retaining the underlying structure from
PK1. Fits of the model to the plasma, RBC, urine, and fecal data
were assessed graphically. When the model had been fitted to all
participants for 76Se (from Sel) and "*Se (from SeMet) separately,
the following were estimated for each form: transfer coefficient
parameters, L(i,j) representing the fraction/h of the contents of
compartment j transferred to compartment i, masses of pools of
Se in the body, M(i), (ug), transport rates between pools, R(i,j),
(ug/h), delay times, DT (i), (h) and turnover times (h) of each
pool, calculated as the reciprocal of the sum of all loss pathways
from each compartment. The amounts of Sel-exchangeable Se
and SeMet-Se consumed were calculated using the model
parameters (27), and termed Diet-Sel and Diet SeMet. These
values were combined as described (6).

Model Description

The compartmental model developed in PK1 (6) was used to
analyze Se data from PK2. The model consists of Se pools in the
gastrointestinal tract, plasma, RBC, liver, and tissues with
excretion into urine and feces (Figure 1).

The full model is shown in Supplemental Figure 1. Following
ingestion, a small fraction of tracer (~3%) appeared in plasma
(P1-4) after a 7 h delay and could only be fitted by a portion of the
dose entering plasma as a bolus. The rest of the tracer moves
through six pools in the gastrointestinal tract (labeled GI-1 to GI-
6). Absorption occurs from the first three gastrointestinal pools
and Se not absorbed passes through either a 26- or 62-h delay
into the colon and then into feces. Absorbed Se taken up by
enterocytes, goes either directly to a plasma pool (PI-1), via the
lymphatics into a second plasma pool (PL-2, after moving
through a chain of compartments) or into liver (Liv-1). After a
2 h delay, Se enters a second liver pool (Liv-2) and is then either
released back into the intestinal tract via the pancreas or bile
(Pancr/bile); travels directly into a plasma pool (PI-3) or moves
into a tissue pool (Tissue-1). Some Se moves from this tissue pool
via delays ranging from 4- to 175-h into one of six plasma pools
(labeled PI-5 to PI-10). The plasma pools were differentiated by
their turnover rates. From the first tissue pool, some Se also
moves into a second tissue pool (Tissue-2) and then either moves
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FIGURE 1 | Model schematic for Se metabolism in humans showing compartments grouped into categories with putative physiological labels. Dotted arrows out of
plasma indicate pathways that existed for only certain plasma pools. The full model is given in Supplemental Figure 1. Published from Wastney et al. (6) by

permission of the American Society for Nutrition.

into RBC (RBC-1) after a 1,908 h delay, or into a third tissue pool
(Tissue-3) and is excreted into urine. For SeMet only, exchange
occurs between RBC-1 and a second RBC pool (RBC-2) and
some Se moves from the third tissue pool into a plasma pool (PI-
11). Some of the plasma pools recycle Se back to the tissues (P1-3
into Tissue-1, and P1-9 into Tissue-2); all plasma pools except P1-
11 recycle Se to the liver; and all plasma pools lose Se via the
kidneys and into urine.

Statistical Analyses

Results from supplementation were evaluated for changes
relative to form and gender and are reported as mean + SEM.
Differences between PK1 and PK2 were calculated as 100 x (PK2
value — PK1 value)/PK1 value. Differences between forms are
calculated as [100 x (SeMet — Sel)/Sel] and differences between
gender are calculated as [100 x (Female value — Male value)/Male

TABLE 1 | Age, weight, and Se measurements of participants'.

value. Within-subject differences (between Sel and SeMet and
between PK1 and PK2) were tested using two-sided paired t-tests
while differences between gender were tested using (unpaired) t-
tests, and were considered significant for p < 0.05, as in (23).
Statistical software used for the analyses was SAS version 9.1.3
(SAS Institute Inc., Cary, NC, USA). For all participants together,
as well as by gender, we report on PK1 versus PK2 for SeMet and
Sel and for SeMet versus Sel within PK2.

RESULTS

Participants and Kinetic Data

Participants (n = 20, 7 males, 13 females) were ages 40 * 3, 39 +
6, and 40 + 6 y and weighed 70 + 3, 77 + 7, and 66 * 3 kg for all,
males, and females, respectively (Table 1). Additional

All,n =20
PK1 PK2

Age, y 40+ 3

Weight,2 kg 70£3

Plasma Se,® ug/L 134 £ 3 266 + 11*
RBC Se, ug/L 231+7 649 = 27*
Urine Se, pg/d 71+4 193 £ 6*
Fecal Se, ug/d 36 +2 45 + 3*

Males,n =7 Females, n =13
PK1 PK2 PK1 PK2
39+6 40+ 6
7Tx7 66 + 3
141 +6 263 + 16* 131 +4 267 + 14*
236 + 13 642 + 47 227 £ 8 652 + 35*
84 +9 209 + 9* 64 £4 184 + 8*
44 + 4 46 £ 3 31+2 44 + 4

"Values are means + SEM. *Different from PK1, P < 0.01. For females vs. males, PK2, no values were significant.

2Weight not measured at beginning of PK2.
3To convert ug to pmol, multiply by 0.0127.
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participants are not reported for the following reasons: five males
and one female for data discrepancies (primarily lack of fecal
samples submitted for analysis), one male who completed PK1
only, one male excluded due to Hashimoto’s disease, and three
participants (two males) whose samples were not chemically
analyzed but were kept for further analyses (e.g., speciation), but
the techniques did not develop before the samples were
considered compromised and therefore not retained. Baseline
plasma Se concentrations (Table 1) were above average US
values reported in NHANESIII of 125 ng/ml for men and 122
ng/ml for women (28) indicating that the participants were Se-
replete (29). After 2 y of supplementation with 200 pg SeMet/d,
plasma Se concentration (i.e., all forms of Se) doubled while RBC
Se concentration tripled (Table 1). Urinary excretion also nearly
tripled, while fecal excretion increased by only 25%. None of the
increases in plasma, RBCs, urine, or feces were significantly
different in males vs. females.
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FIGURE 2 | Tracer data for a male subject for Sel ("®Se-Sel) before (PK1, [J),
and after (PK2, m) Se supplementation (A), SeMet (“*Se -SeMet) in plasma
for PK1 (A) and PK2 (A) (B) and for SeMet (A) versus Sel (m) for PK2
showing similar timing of the peaks between the forms (C) for the first 40 h
after isotope administration. Symbols are observed values; lines are model-
calculated values (Supplemental Figure 1).

Plasma kinetic curves were similar between PK2 and PK1 for Sel
(Figure 2A) and for SeMet (Figure 2B). However, as in PK1, the
curves for the two forms (SeMet vs. Sel) differed in PK2 (Figure 2C)
(6). Tracer curves for SeMet in PK2 compared with PK1 were
slightly lower in plasma and RBC (Figures 3A-C), higher in urine
(Figure 3D), and lower in feces (Figure 3E). Cumulative excretion
curves of natural Se followed those of the tracers: higher in PK2
than PK1 for urine, but similar for feces (Figures 3F-G). Plots of Sel
and SeMet in PK1 versus PK2 and Sel versus SeMet in PK1 and PK2
for one male subject are provided in Supplemental Figures 2-5. (A
plot of Sel versus SeMet for PK1 for a female is shown in the
previous paper (6)). The appearance times of the pools in plasma in
PK1 are given in (6) and for PK2 in Figure 4.

Effect of Supplementation on Absorption
With the supplement, Se intake in PK2, estimated as the sum of
urinary and fecal excretion, was more than double that in PK1
(Table 2). While the percent absorption of both forms remained
the same in PK2 as in PK1, because of the increase in SeMet
consumed, the Se absorbed more than doubled, from 79 to 202
pg Se/d. As expected, the calculated increase in Se absorbed in
PK2 was predominantly from SeMet. There were no gender
differences in any aspect of absorption in PK2.

Parameter Changes in PK2 versus PK1
and Between Forms in PK2
The turnover times of the pools in PK2 were like PK1 but the
turnover of the largest Se pool (Tissue-3) was faster in PK2 than
PK1 (7,308 versus 10,325 h, Supplemental Table 1). Significant
parameter changes in PK2 vs. PK1 are listed in Supplemental
Table 2 and included on Supplemental Figure 6 (for Sel) and
Supplemental Figure 7 (for SeMet) as dotted arrows; values are
given for all participants, males, and females. The largest change
for both forms in PK2 versus PK1 were increases in urinary
excretion pathways (Supplemental Table 2).

Differences between forms in PK2 (Supplemental Table 3)
were that RBC uptake of SeMet was 247% higher than for Sel and
SeMet excretion from five of the plasma pools was lower than Sel.

Effect of Supplementation on Pool Sizes,
Recycling, and Excretion

The amount of Se in the pools was calculated by assuming that
the ratio of SeMet to Sel in body pools was the same as that
calculated for the diet. Total Se in the body was estimated to be
80% higher with supplementation (Table 2) and all extravascular
pools except for the 9-h delay, increased during supplementation
(Supplemental Table 4).

The plasma pools of Se, expressed as concentrations (using an
average bodyweight of 70 kg and plasma volume of 4%, or 2.8 L)
also increased about two-fold, except for two pools, P1-5 and P1-6
(Table 3). Some increases were significant in females but not
males (Pl-1, P1-8, P1-9, and PI-10, Supplemental Table 5). One
plasma pool that was smaller in females in PK1 (Pl-1) (6),
increased in PK2 in females but not males, and another pool
increased in males but not females (P1-4) (Supplemental Table 5).
The distribution of Se in plasma did not change during PK2 vs
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excreted in urine (F) and feces (G).
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(B), 0-40 h (C) and 0-200 h (D) and model (Supplemental Figure 1).
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FIGURE 4 | Appearance of oral dose of SeMet in plasma pools for males after Se supplementation (PK2), using average parameter values over 0-10 h (A), 0-20 h

PK1 (Table 3 and Supplemental Table 5). Recycling to liver
increased from PI-3 for Sel and from two pools (P1-5 and PI-7) for
SeMet (Table 3 and Supplemental Table 2).

The rates of Se urinary excretion from most pools was greater in
PK2 than in PK1 but the rates did not change from four plasma
pools, (Pl-4, PI-6, P1-7, and Pl-11, Figure 5). The relative
contributions of each pool, expressed as % of total excreted,
remained similar in PK1 and PK2 (Supplemental Table 6). There
were no differences between genders in PK2, however differences
were noted in Se form; for SeMet excretion increased from plasma

P1-2 and P19 and decreased from Pl-4, and for Sel excretion
increased from PI-8 and PI-10 (Supplemental Table 2 and Table 3).

DISCUSSION

By comparing Se kinetics before and after 2 yr supplementation
with SeMet, we have shown that fractional absorption of SeMet
or Sel do not change compared to baseline and, therefore, the
amount of Se absorbed increases with supplementation. The
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TABLE 2 | Calculated values for Se intake; absorption of Se, Sel, and SeMet;
daily intake of Se, Sel, SeMet, and amount of Se in humans before (PK1) and
after (PK2) supplementation with SeMet".

All, Males, Females,
n=20 n=7 n=13
PK1 PK2 PK2 PK2
Se intake,? pg/d 107 +6 237 +8™ 255+ 11" 228 + 11*
Se absorption, % 73 +1 85+0.8™ 861" 85 + 1**
Se absorbed, ug/d 79+5 2017 220+ 10" 191 +8*
Sel : SeMet intake® 60:40 36:64 34:66 37:63
Sel intake, ug/d 64 +5 85 + 11* 88 + 26 84 £ 11
Sel absorption, % 57 +£2 58+3 56 +5 59+3
Sel absorbed,” pig/d 36 50 49 50
SeMet intake, ug/d 43+5 162 + 11" 167 £ 22 144 £ 13*
SeMet absorption, % 97 +0.2 97+0.2 98 + 0.3 97 £ 0.3
SeMet absorbed, ug/d 42 148 168 140
Total body Se, mg 21 +1 38 + 4** 42 + 5* 35+ 5*

"Values are means + SEM of those calculated for each participant by the model (Figure 1).
*Different from PK1, P < 0.05. ** Different from PK1, P < 0.001. There were no significant
differences between males and females.

2To convert g to mol, multiply by 0.0127.

SRatio in intake of Sel-exchangeable-Se : SeMet-Se.

“Calculated as % absorption x SeMet (or Sel) intake.

amount of Se excreted in urine also increases but does not
account for the additional Se absorbed. As a result, there is a
net accumulation of Se from SeMet into various body pools.
During supplementation, as during baseline SeMet is absorbed at
a higher rate than Sel, and the kinetics of each form are for the
most part similar during supplementation to the kinetics during
baseline. Only subtle differences were detected between Se forms
and these related to the plasma pools contributing Se to urine
and recycling to tissues. Some differences were observed between

sexes in terms of the size of plasma pools in response to
supplementation, the source of Se excreted in urine, and
plasma pools that recycle Se to tissues.

Supplementation Amount and Duration

An assumption of our modeling was that a new steady state had
been achieved after 2 y of supplementation. This assumption is
supported by our own observations as well as those of others.
Burk et al. (29) reported that plasma Se levels approached a
plateau in Se-replete participants after 4 mo of supplementation
with either 158, 338, and 507 ug/d Se as SeMet. Combs et al. (30)
reported plasma concentrations plateauing between 9-12 mo. Se
concentration increased in whole blood in Danish participants
after daily supplementation for 3 mo with the same dose as in our
study (200 pg of Se as SeMet) and were still elevated 4 mo after
the end of supplementation (31). In the present study, after 3 mo
on 200 pg/d, plasma values were within 13% of levels
subsequently reached at 9 mo (23).

Metabolism by Form

Se form is probably the most influential factor in determining
response to supplementation. In agreement with our (5, 25) and
others” studies (19), we found SeMet to be almost completely
absorbed (97%) while Sel absorption was lower (57%); these
fractions were the same before and during supplementation. The
absolute amount of Se absorbed during supplementation
increased, however, as Se intake changed from mainly Sel-like
forms to the more readily absorbed SeMet form. The predicted
increase in Se intake during supplementation (130 pg/d) was less
than the 200 pg/d given as a supplement. The lower-than-
expected increase may have been due to reduced dietary Se

TABLE 3 | Concentration and distribution of Se in plasma pools before (PK1) and after (PK2) supplementation with SeMet, description of the metabolism of each pool,

and putative identification of the pools.

Plasma pool Plasma “Diet” Plasma Description Putative identification?
concentration (ug/L)1 distribution (%)
PK1 PK2 PK1 PK2
1 0.73 £0.13 1.47 + 0.19* 0.5 0.5 Does not pass through liver. Pool size in females 50% of ~ SeMet
males in PK1
2 45+05 10.2 +1.0* 2.7 3.8 Pool size in females 50% of males in PK1. Excretion in Apo B/lipoproteins —from
urine increased for SeMet lymphatics
3 2.87 £ 0.62 6.12 + 1.35" 2.2 2.3 Recycling increased for Se/ Selenosugari
4 0.16 £ 0.05 0.40 + 0.11* 0.1 0.1 Increased more in males than females in PK2. Excretion
in urine decreased for SeMet
5 1.33+£0.35 1.87 £ 0.44 1.0 0.7 Recycling increased for SeMet
6 1.06 £ 0.26 1.04 £0.23 0.8 0.4
7 1.28 +0.17 2.00 £ 0.31* 1.0 0.7 Recycling increased for SeMet Selenosugar 3
8 4.00 + 0.52 7.54 + 0.97 3.0 2.8 Doubles in females in PK2. Excretion in urine increased
for Sel
9 15.8+15 29.9 + 53" 11.9 111 Increased 71% in females in PK2. Excretion in urine GPx3
increased for SeMet
10 30.3 £ 3.5 69.6 + 6.5 22.8 25.9 Doubles in females in PK2. Excretion in urine increased SeP
for Sel
1 720+ 4.6 138.5 + 8.1 541 51.5 Turnover time is 30 d Non-specifically incorporated
Se (by definition)-aloumin
TOTAL 134.0 269.0 100.0 100.0

*Increased in PK2 vs. PK1, P < 0.05 or **P < 0.01
"Values are calculated by the model (Supplementary Figure 1). To convert 1ig to umol multiply by 0.0127.
2Some pools were identified in Wastney et al. (6).
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or *(P < 0.01).

intake and/or poor compliance with pill-taking or with excreta
collection (27). Losses may have been underestimated due to
additional loss of Se in breath or desquamation (32).

Kokarnig et al. (33) administered Se in various forms to
volunteers and measured non-protein bound Se, or small Se species,
in plasma and urine over several hours. At baseline, only Se from Sel
could be measured in plasma, but after a single dose of 200 ug Se/d
as SeMet, plasma Se increased from <0.1 to 1.2 pg/L at 1 h, and
selenosugar increased from <0.1 to 0.63 pg/L at 3 h. Because the
stable isotope tracer dose we administered in PK1 was a similar
amount (150 ug SeMet), the timing of the appearance tracer in the
pools suggests their identity. i.e., Plasma-1 may be SeMet and
Plasma-3 may be selenosugar 1 [See Figure 2 (6)]. The predicted
concentration of these compounds are higher in our study (0.7 pg/L
for SeMet and 2.9 pg/L for selenosugar), but the plasma Se
concentration was 40% higher in our study [134 pg/L vs. 95 pg/L
in (33)]. Kokarnig et al. (33) reported measuring traces of
trimethyselenoselonium ion (TMSe) and methylselenocysteine
(MeSeCys) in plasma. We identified at least three other pools in
plasma at concentrations <4 pg/L but are not able, without further
biochemical analyses, to identify them. We postulated previously
that Pool-9 and Pool-10 could be GPX3 and SeP (6). Based on
analyses by Combs et al. (34) in adults with similar plasma Se
concentrations as the current study, 20% of plasma Se was in GPx3
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FIGURE 5 | Se (ug/d) excreted into urine from plasma, RBC, and tissue pools before (PK1) and after Se supplementation (PK2) estimated using the model in
Supplemental Figure 1, for pools with higher excretion rates (A) and those with lower rates (<10 pg/d), (B). *Differences are significant for PK2 vs. PK1 (P < 0.05),

and 34% in SeP, which agrees with our predictions of the identity of
these pools (P1-9 has 16% of plasma Se, and PI-10, 30%).

Urinary excretion of Se increased during supplementation,
confirming that the kidneys play a major role in the homeostatic
regulation of Se (35). In a high-dose human Se-supplementation
study conducted by Burk et al. (29), 60% of the doses given were
excreted in urine. In the present study, urinary excretion
comprised a similar percentage of the supplement. Others
report that after ingestion of a single dose (1 mg) of Se as Sel
or SeMet, 80% was excreted over 48 h (36). In basal urine, 30—
70% of Se in urine could be identified, as selenosugars (36) while
others (33) report identifying only 10-20% of the Se species in
background urine. However, following ingestion of 200 ug Se as
SeMet up to 92% of the species were identified (33), with more
than 80% of the Se excreted in urine was as selenosugar 1, about
4% as SeMet, 12% as selenosugar 3, and a trace of TMSe.
Following ingestion of 200 pg Se as Sel, selenosugar 1 also
accounted for most of the Se (33).

From the kinetics following 2 yr supplementation, we showed
that contributions by four of the 11 plasma pools to urine did not
increase. We found differences between the forms with respect to
which plasma pools contributed to the changes. During
supplementation for Se originating from Sel, urinary losses
occurred from plasma pools P1-8 and PI-10 while for Se from
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SeMet, changes in urinary losses occurred from three other pools
(P1-2, P1-4, and P1-9). Biochemical identification of the plasma
pools is required to explain these differences in metabolism. Both
forms showed increased urinary excretion from the tissue pool
that contained the bulk of Se in the body, but only Sel showed
increased loss from RBC. The lower absorption of Sel was
considered by Burk et al. to explain in part the lack of
response of plasma selenoproteins to Sel supplementation
compared with SeMet (29). Fractional uptake of Se by RBC did
not change during supplementation, but Se mass in RBC
increased due to the higher rate of uptake. When metabolism
of the two forms of Se was compared during supplementation,
RBC uptake for SeMet was 2.5 times greater than for Sel, in
agreement with other studies (37).

Metabolism by Gender

Combs et al. (30) reported a larger increase in urinary Se
excretion with Se supplementation in women than in men. We
did not find a gender difference in our smaller population,
although we found gender differences in response to
supplementation of the pools contributing to urine Se: males
showed a five-fold increase in urine excretion of SeMet from the
plasma pool considered to be associated with lipoproteins while
females had an almost four-fold increase in loss from the third
largest plasma pool. We noted an additional gender difference
during supplementation in that the smallest plasma pool, where
the bolus entered directly, increased more in males than females.
Burk et al. (29) reported a higher level of SeP in males compared
to females at baseline, but did not report any gender differences
after supplementation (if Plasma Pool-10 is SeP, we also report
no gender difference after supplementation). We found that
recycling of Se from Sel was increased with supplementation in
a gender-specific way; recycling from one plasma pool increased
~2-fold in males but did not change in females, while recycling
from another pool increased by 80% in females but did not
change in males.

A strength of the present study was that it enrolled healthy
non-smokers, examined two tracer forms before and after
supplementation, and was able to separate changes in Se
metabolism by form and gender and ascribe differences to
specific pools and pathways. Previous studies showed increases
in plasma and RBC Se concentrations and in urinary and fecal Se
excretion during Se-supplementation (18, 29) but were affected
by Se form, supplement amount, duration of supplementation,
and subject gender and lifestyle characteristics, such as smoking
(38). Together these factors limited both the direct comparison
and interpretation of studies of Se supplementation as well as the
identification of biomarkers of Se status (38). The repeated
measures design of this study in which each participant was
compared to themselves (i.e., before and following
supplementation) eliminated between-subject variance. A
repeated-measures design lacks a control group, so effects due
to secular trends, such as change in dietary intake, or age-related
effects, cannot be evaluated. However, both kinetic studies were
conducted in groups of four to five participants over the course of
16 mo, thereby reducing or eliminating seasonality as a potential
confounder. A limitation of the current study was the number of

males studied compared to females and that speciation was
not performed.

Future Studies

Future studies would identify biochemically the purported plasma
pools. Through kinetics we have identified the labeling patterns of
these pools, i.e., the time after dosing that each plasma pool has the
maximum amount of tracer. By sampling the pools at those times,
the identification of the contents of the pools could be determined
by speciation analyses. The current studies were in Se-replete
participants. Future studies could examine changes in participants
with low Se-status. Results from the NPC trial showed that Se
supplementation was associated with a significant reduction in total
cancer incidence among former smokers (39). This observation
suggests that kinetic studies in former smokers may show which
pools and pathways of Se metabolism are altered in this population,
when compared to our study of non-smokers.

In conclusion, the present study found that supplementation
with SeMet increased recycling of Se from specific plasma pools
to tissues, and changes in the amount and source of Se excreted
in urine. Some changes were Se form- and gender-specific. As
expected, the Se mass of most pools increased with SeMet
supplementation, because SeMet is incorporated into proteins
in place of methionine. Some plasma pools did not increase in
mass and these may represent proteins with few methionine
residues, or selenoproteins that are regulated, and these proteins
may be important in metabolism as they would be expected to
respond to supplementation when Se intake is low. All
selenoproteins are expected to be identified through the
expanding field of selenoproteomics (40).
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With the intention of isolating the susceptibility of modeling methodology to influence our
investigation of the infusion data, we used three kinetic approaches to our models: a
simple approach, a unit approach, and a novel approach. The simple approach used
exclusively built-in modeling features of the software in terms of units of the infusion
dilution (mmoal/L), as well as in terms of the precision of switching the infusion on and off.
The unit approach used the same switching mechanism as the simple approach, but the
units were modeled in those of the infusion (e.g., mmol/kg). Thirdly with the novel
approach, we used an automated approach to controlling the infusion, in the sense
that as the modeling mechanism sensed the slowdown of the infusion, it was gradually
turned off. The units of the analysis for the novel approach were exactly the same as those
deployed in the unit approach. Our objective here was to see if common pharmacokinetic
parameters were seriously impacted by the particular modeling method.

Keywords: lactate, mathematical model, horse, metabolism, infusion, units

INTRODUCTION

Recent times have seen a rapid expansion in the use of challenge studies to help quantitate
endogenous production of metabolites. The reasons for this are clear: unlike steady-state
investigations, they are not as time costly as there is no need to equilibrate multiple analytes by
leveraging others (e.g., establishing a new steady state for glucose while infusing insulin) that often
takes several hours, the results are relatively easy to interpret, and they need not necessarily focus
kinetically to beyond the specific metabolite of interest. L-lactate (LAC) is one such key cellular
metabolite, produced by every cell and oxidized by those containing mitochondria; its metabolism is
central to energy homeostasis and the cellular redox state. LAC has both beneficial and even
essential functions in several metabolic disorders (1-4).

LAC is well recognized as a prognostic indicator in many severe disease states, both in humans
and animals, and it is not necessarily a detrimental factor. Clinically, initially, in many disease states,
aberrations in circulating LAC concentrations (blood LAC) are assumed to result from perfusion
disturbances, resulting in increased production. Changes in blood LAC in later stages of diseases
such as sepsis are thought to result from continued increased production, aberrant metabolism,
including decreases in elimination, or both. While the majority of LAC produced by the body is
metabolized in the liver (converted back to glucose and then stored as glycogen), 20-30% is removed
by the kidney (5). Of this, only 10-12% is thought to be eliminated via urinary excretion, the rest
removed by uptake and metabolism within the kidney (6).
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Single or serial measurement of blood [LAC] is considered a
reliable prognostic indicator in critically ill foals and adult horses
(7-11). Endogenous LAC clearance has been similarly used,
relying on various techniques employing changes in [LAC]
over time (10-18). The various estimates of lactate ‘clearance’
(decrease or disappearance from the blood) used in earlier
studies suggested that estimates of [LAC] ‘clearance’ is more
useful than single measurements of [LAC] (10, 12, 15, 19).
Calculation of true clearance of exogenously administered L-
lactate (ExLC) in hemodynamically stable septic human patients
was shown in 2 studies to be a useful prognostic indicator (4, 13).
The technique allowed for a determination of true clearance -in
addition to the production of LAC- with utility in interrogating
the underlying processes of hyperlactatemia in critically ill
human and veterinary patients. An equine species-specific
ExLC test has been developed for use in horses (20).

The specific aim of this report is, using a study, and data,
outlined earlier (20), to introduce an array of approaches
enabling us to readily characterize the disposition of lactate
subsequent to a brief infusion. We will explore how a selection
of the units in which the infusion is modeled and the modeling
approach per se (e.g., modeling elements used) to portray the
infusion itself, and each may have evident consequences in our
investigation and the interpretation of an infusion-based
challenge to a system. As a consequence of our novel modeling
approaches described here, we will capitalize on the WinSAAM
software (www.winsaam.org) (21) and we will use the
opportunity here to explain some less well-known features of
this computational tool for compartmental analysis.

MATERIALS AND METHODS

Institutional approval: All procedures were approved by the
Institutional Animal Care and Use Committee.

L-lactate infusion: The LAC infusion protocol has been
described in detail elsewhere (20). Briefly, 500 ml sterile 0.9%
NaCl solutions containing 1 mmolkg' body weight of lactate
were infused into the jugular vein of 5 healthy adult horses using
an infusion pump over 15 min. The opposite jugular vein was
sampled at various times, with blood [LAC] determined using a YSI
lactate meter (Figure 1). No other analytes such as glucose, insulin
or triglycerides were collected during this experimental protocol.

Pattern of Lactate Disposition
In Figure 2, using classical exploratory methods (22), we present
two perspectives of the lactate disposition: the pattern of lactate
(for each horse) from the time immediately prior to the lactate
infusion (Figure 2, left) until the lactate level returned to its value
prior to the infusion; and, the pattern of lactate (Figure 2, right,
again for each horse) from the cessation of the infusion until the
lactate returned to its mean baseline value (20). Three features of
these graphs are as follows: 1) in both cases there is considerable
variation in aspects of the disposition, 2) the mean baseline
lactate value is slightly higher than the lactate value just prior to
the infusion, and 3) a semilog pattern, evident in each graph, is
strongly suggestive of a biphasic disposition, with irreversible
loss, of lactate from the horses.

Each of the points motivates the utilization of kinetic
modeling software (21) to help explore these responses.

Modeling the Lactate Disposition

There are now three relatively common approaches to building
and using pharmacokinetic kinetic (PK) models to explore
systems: 1) Gabrielsson and Weiner’s (22) approach uses
clearances (within the system), volumes of distribution, and
drug or metabolite blood levels to fabricate accounts of systems
for an array of challenging and significant reasons. While the
basis for this approach is undeniably sound, the manipulation of
this subset of modeling objects can seem quite foreign to the PK

Experimental time line

INFUSION

I

Blood sample for [LAC}

|:] LAC Infusion of Frequent Sampling

|

Baseline

L

15

|

30 minute
post infusion

AN
A\

[

45 minute
post infusion

[

60 minute
post infusion

!

End

FIGURE 1 | Time line showing 15 minute periods one of L-Lactate infusion, and the other of rapid sampling. These are followed by the postinfusion sampling
strategies. Additional samples were drawn until the baseline lactate was reached. From Figure 1 from P De Pedro et al. J. Vet. Emerg. Crit. Care 22 (5)2012. pp 564-

572 (20).
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lactate disposition from the completion of the infusion to the final observation.

investigator [Pharmacokinetic: meaning the study of the time
course of drug or metabolite concentrations in different body
spaces, e.g. blood, plasma, cerebrospinal fluid, and tissues (22)],
and hence may quite likely not be readily embraced.

2) A strong case seems to have been made by Rowlands and
Tozer (23) for the advantages offered by the ubiquitous Macro
Constant model. Their reason for promoting this line of
investigation is essentially linked to the principle that all of the
information in linear PK data is actually encapsulated in the
indices, A, alpha, B, beta etc., of the Macro Models. Thus, creative
use can be advanced by accessing this information as a tool for
extending our third model structures, 3) Micro Rate Models. We
have actually developed a novel approach to enhancing Micro
Rate model data using a form of Kinetic Imputation. Here, using
modeling software (21) it is possible to extend the kinetic data
using added time predictions based on the Macro model. Our
reason though, in promoting Micro Rate constant models, is
because they are susceptible to manipulation of the model
topology (inputs, outputs, and exchanges) to meet the needs
of, otherwise unavailable, approaches, without disrupting the
system eigenvalues.

Throughout this report we will be referring to Micro Rate
constant models and these will be solved, and fitted to data using
the WinSAAM modeling software, see Supplementary Data 1
(essentially, explaining the WinSAAM syntax) and, an allied
account, Supplementary Data 2 (for a breakdown of the
semantics of the WinSAAM modeling elements used in this
investigation). Finally, Supplementary Data 3 outlines the critical
elements in the models used and the manipulation of their units.

The Units of Models and Modeling Objects
There are essentially three layers of modeling elements and their
units falling under the investigator’s control for the manipulation
of the system. The first is the system inputs, e.g. infusions, and

FIGURE 2 | Pattern of lactate disposition, by horse, from sample immediately prior to infusion to the final observation (Left), and also shown (Right) the pattern of

allied external controls, the second relates to the internal
modeling objects impacting the various determinations called
for by the system’s investigation, and, finally, the third layer of
manipulations amounts to transforming our intermediate
determinations from the second layer to match the requirements
of the external objects. The last array of objects usually serve as
precursors to data or measurements reflecting the rationale for
our investigation.

Consider the lactate infusion administered in this study.
Setting up the infusion calls for selection of its units e.g.
mmol.min"', or mmolkg'.min"'. Motivating our choice here
could be susceptible to a) keeping numbers manageably small, or
b) simplifying the algebra associated with the second level of our
processing, or ¢) ensuring that the unit choice blends our analysis
to be ready for the final, third, step in preparing for the
observation, or measurement, units.

There is also some back-wash from our units. The units of any
object do not exist in isolation. Each object abuts other objects
and these interfaces need to match one another unit-wise or take
on a critical, possibly final, step in a chain, gradually assuring
completeness in the end.

We consider an example: assume that we allow the unit of the
infusion to be mmol.kg '.min™".

So long as the responses and inputs are linear we can write
[see Common equations, Supplementary Data 2 and (24)]

UF1 =L(1,2).F2-L(2,1).F1-L(0,1).F1+ Gl +G2 (1)

F2' =1L(2,1).F1 - L(1,2).F2 )
See (Supplementary Data, 1, 2 and 3) for an account of
the nomenclature.
Here we will breakdown the equations to illustrate how the units
of our infusion impact our state variables (F1, and F2). Since UF1 is
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the net rate of accumulation of lactate in compartment 1, L (1,2).F2
is the fractional rate of return of lactate from compartment 2 (F2)
back into F1, and L (2,1).F1 is the fractional rate of movement of
lactate from compartment 1 to compartment 2. G1 and G2 are
inputs, G1, from the lactate infusion, and G2 from metabolism. If, as
specified, our infusion is in the units of mmol.kg”".min™" then UF1
must also be of those units. Note that UF1 is a rate whereas F1, and
F2 are amounts with the units of mmol.kg™. The solutions to eq (1)
and eq (2) are obtained by numerical integration from the
modeling software.

Note from (Supplementary Data 1 and Supplementary Data 2)
the units of L (1,2), L (2,1), and L (0,1) are min™ and their contexts
are as fractional rates. Since these equations are linear all additive
terms have the same units, and, of course, L (2,1).F1 and L (1,2).F2
have the same units, as well as do, G1 and G2 (mmol.kg'l.min'l).

To ease the ease the understanding of the two equations the
reader is referred to Supplementary Data 1 and Supplementary
Data 2.

Portraying Lactate Infusions

There have been considerable variations in the modeling of
infusions explored over the years, and this seems to have
emanated from the confidence investigators have had in their
infusion pumps, or, in other mechanical devices to help
administer infusions both completely, and smoothly. For
example, one early approach, was to simply assert that
infusions ran for the time intended (e.g. 15 minutes, in our
case), and, in so doing, delivered the entire infusate within this
allotted time (25-27). Other procedures (26) take a somewhat
more realistic approach allowing the infusion to start slowly,
gather speed, and then slow down again towards their climax (i.e.
a sort of rhomboidal pattern of delivery and passage).

We have considered a novel approach here in which the speed
of infusion delivery and the duration of delivery are each sensed
and estimated using a multi-cell delay system which turns the
infusion off soon after detecting that the administration of the
content is reached. Since our model does not rely on any
assumptions in regards to the state of perturbation of the
system, or in other words, whether the system is in steady state
or not, it is equally applicable in both states.

Indeed, we propose to examine the responses of three
infusion delivery systems on aspects of the lactate kinetics as
follows: A Simple Model (S) using rigid modeling tools to confer
infusion design and limitations (e.g. infusion duration and
amount) on the infusion units (e.g. mmol.min™?), A Unit
Model (U) with the same infusion machinery as the S model
but allowing the infusion units to maintain those of the study
design (i.e. mmol.kg’l.min’l, in our case), a Novel Model (N)

using the software delay machinery (21) to automatically detect
completeness of the infusion delivery, and the infusion duration.
The N model will use the same units as those for the U model.

To ensure that there is no disruption from the novel infusion
machinery we simultaneously evaluated several of the common
PK dependencies discussed by Gabrielsson and Weiner (22), (e.g.
Volumes of distribution, Clearance rates, Macro rate constants,
and their half-lives, along with others) using both the U model
and the N model. Then we ran concordance tests (28) to confirm
that the pattern of dependencies among the N model calculations
were not significantly different, or divergent, from those of the U
model (which we recall used simplified methods for infusion
modeling). To confirm the differential equation solution
estimates of the dependencies we also calculated these using
the WinSAAM matrix equation facility where appropriate.

Finally, to emphasize the significance of the basal lactate level
in regard to its prominence in our kinetic analysis, and, to
recognize that it was based on an average of many more (13,
typically) observations we used Bayesian methods here (21, 24,
29) based on the distribution of the basal lactate values.

RESULTS

Five horses successfully completed the lactate infusion (20) and
we compared the stability of the common indices of the PK
disposition among some of these to judge the consistency of our
results across the study.

In our Supplementary Data 1 and Supplementary Data 2,
we provide a comprehensive guide to the common indices, or
model elements, that we intend to investigate in regard to their
susceptibility to vary in association with our choice among the
three lactate infusion models (S, U, and N).

In Table 1 and Figure 2 we present the macro constant
models for each horse with dispositions displayed. An
outstanding feature of the table, and these plots, is the very
stable estimates of the Macro constants in spite of the quite
substantial range in horse weights.

Figure 3 shows 4 dispositions plots for horse 5 with the upper
left relating to the S model, and upper right relating to the U
model, lower left to the N model and lower right all three models.

Figure 4 a similar collection of plots but for horse 1 here.

In Figure 5 we demonstrate how the N model, applied to the
infusion for horse 5, is able to detect the completion of the infusion
allowing isolation of duration and net lactate administered.

Table 2 presents the final estimates, their errors, for the
adjustable parameters for horse 5, and for each of the 3 models

TABLE 1 | Independently estimated macro constants and their standard errors are shown along with the respective horse weights.

Horse A cv a cv B cv b cv Weight [kg]
1 0.694 13% 0.247 30% 1.492 5% 0.008 17% 484
2 1.041 12% 0.092 23% 0.735 17% 0.002 74% 588
3 0.738 10% 0.101 16% 1.104 7% 0.006 17% 450
4 0.604 7% 0.269 17% 1.183 3% 0.007 8% 503
5 0.698 16% 0.202 35% 1.337 8% 0.011 19% 480
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FIGURE 3 | The estimated and observed lactate disposition for the S, U, and N models separately, and all models together are shown for horse 5. Note uniform
offset to pre-infusion mean lactate level.
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FIGURE 4 | The estimated and observed lactate disposition for the S, U, and N models separately, and all models together are shown for horse 1. Note uniform
offset to pre-infusion mean lactate level.
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Data 2 and Supplementary Data 3.

TABLE 2 | The estimates of the adjustable parameters (and their errors) for
horse 5 using the SU, and N models (top to bottom).

PARAMETER VALUE ERROR CcVv
Simple Model

P (1,0 0.419 0.020 5%
K (1, 0) 0.009 0.001 6%
L, 1) 0.072 0.003 5%
L2 1) 0.280 0.013 5%
L(1,2 0.189 0.012 7%
Unit Model

P (1,0 0.357 0.003 1%
P2, 0) 0.215 0.007 3%
L(©1) 0.070 0.002 3%
L2 1) 0.209 0.014 7%
L(1,2 0.137 0.005 3%
Novel Model

DT (12, 0) 15.400 0.187 1%
P (1,0 0.356 0.003 1%
P2, 0) 0.181 0.014 8%
L (O 1) 0.081 0.006 7%
L@ 1) 0.266 0.034 13%
L(1,2 0.133 0.005 4%

P (1) is the mean pre-infusion baseline (mmol.kg™"). K (1) is the inverse of the lactate pool size
(L) (See Supplementary Data 2 and Supplementary Data 3 for model S). P (2) is the
lactate pool size (L.kg”') (See Supplementary Data 2 and Supplementary Data 3 for
model U and N). L(,J) are fractional transfer rates (min’’) (See Supplementary Data 1).
Please ignore the zeros (‘0’) in the right subscript. That is, for example, P (1,0) = P (1).

explored. It is quite clear that in spite of the differences in
numbers of adjustable parameters there is very little change in
parameter value estimates by model form (S, U, or N).

In Figure 6, we present concordance plots (and measures) for
horses 1 (left) and 5 (right), using their respective dependencies.
In each of these plots the N model (is the vertical axis) and the U
model (the horizontal axis). The goal here was to determine how
well the dependencies were preserved in regard to the respective
infusion models. The values for the concordances (28, 30) were
0.980 ( + 0.05) for horse 1, and 0.997 ( + 0.001) for horse 5.

0123 45¢6 7 8 91011121314 1516 17 1819 20

Time [min]

FIGURE 5 | Sensing the End of the Infusion Using an 8 Cell Delay System (red line), and accumulated input lactate infusion UF (13) = 1.F (12)/DT (12) (blue line).
Note dashed line regarding agreements of results. Note this infusion seemed to run for slightly over 15 mins (albeit slowly here) whereas the average for all infusions
was ~14 min. Red line represents the solution to F (12). Horse 5 shown here. All levels were scaled to invoke generalizability. For further details, see Supplementary

DISCUSSION

Bearing in mind the array of complicated decisions investigators
need to negotiate as they prepare for the kinetic analysis of challenge
data we have here explored two critical questions. First, is there a
convenient and consistent way of managing the units of the
information that comes from challenge studies? Second and final,
could there be a way of assessing the implication of system infusions
lending itself to tracking and compensating for unfortunate issues
that arise in association with this type of challenge?

To address these questions, we mounted a series of partial
modeling approaches: indeed, we proposed three models to help
us here, a Simple Model (S), a Unit Model (U), and a Novel
model (N). The S model took a path enabling us to accurately
and systematically build a model of the system (infusion, mixing
and clearance, for example) using as many of the prefabricated
modeling elements as the simulation and analysis exercise called
for. The U model followed the S model in regard to appropriating
software tools as called for by the modeling purpose but it
deviated from the S model when it came to specifying the
units of the modeling objects. Most significantly here, the U
model called for specification of the units of the investigation to
be created around the units of the infusion, in our case mmol.kg ™"
(or mmol.kg'.min™"). This single maneuver made it extremely
easy to specify the array of units for all objects in the model, and
to perform verifiable steps in possibly implicating dependencies.

But units were just one of the issues we intended to address,
the other was to see if our N model (with Novel approaches to
tracking infusions) was able to help us to discover 1) whether we
could capitalize on the modeling software, this time allowing the
manipulation of a multicell delay detection system enabling us to
automatically find the best guides as to what transpired as our
infusion advanced. And, 2) at what cost would this type of service
present in regard to offsetting (possibly corrupting) the
evaluation of common pharmacokinetic dependencies (22) as a
potential collateral consequence of their operation. Armed with
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15 common dependencies and our U and N models we were able
to present preliminary evidence that the invocation of the delay
machinery presented relatively few adverse consequences for
these determinations. Indeed, the concordance of dependencies
between the U and N-based models revealed that there were
minimal corrupting side effects emanating within the N system.

CONCLUSION

Problems with infusion pumps are ubiquitous, and it is far from
commonly an operator error leading to this situation. It can be
extremes in fluid viscosity and/or heterogeneity, and clumps
among the infusate. Indeed, based on one experimental failure
(20) (one of our 6 original horses had to be withdrawn due to
pump problems), this report was undertaken to explore the
possibility of software modeling tools providing quantitative
backup of our administration efforts. We cannot categorically
state that we have the solution to the issue at this point, but we do
believe that we have created a case for at least considering
exploring our ideas, and that the more investigators try the
methods discussed in this paper the stronger may be the
information assembling to endorse this style of operation.

Besides providing a backup for the clinical investigators in
terms of administration efforts outlined above, our methodologies
offer several additional clinical benefits. First, modeling infusions
using the actual units in which the infusion was administered
leads to the accurate and straightforward specification of all
subsequent system elements from within our PK account.
Second and final, the current lactate kinetic models offer a
better understanding of how a possible plasma increase in
lactate can be attributed to increased production and the extent
to which it results from a change in the kinetics of lactate.

FIGURE 6 | Lin’s concordance correlation coefficient (CCC) was 0.98 + 0.05 for horse 1 (Left), and 0.997 + 0.001 for horse 5 (Right). Plotted sloping lines represent
estimated concordances (identified as the reduced major axis) and a line of perfect concordance, passing, as nearly as possible, through all pairs of observations.

One single and clear-cut recommendation we can offer
though, is that modeling infusions using the actual units in
which the infusion was administered leads to the simple and
accurate specification of all subsequent system elements from
within our PK account.
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The authors’ perspective is described regarding modifications made in their clinic to
glucose challenge protocols and mathematical models in order to estimate insulin
secretion, insulin sensitivity and glucose effectiveness in patients living with Insulin-
Requiring Diabetes and patients who received Pancreatic Islet Transplants to treat Type
| diabetes (T1D) with Impaired Awareness of Hypoglycemia. The evolutions are described
of protocols and models for use in T1D, and Insulin-Requiring Type 2 Diabetes (T2D) that
were the basis for studies in the Islet Recipients. In each group, the need for modifications,
and how the protocols and models were adapted is discussed. How the ongoing
application of the adaptations is clarifying the Islet pathophysiology in the Islet
Transplant Recipients is outlined.

Keywords: mathematical modeling, type 1 diabetes mellitus, islet transplantation, insulin secretion, insulin
sensitivity, minimal model, C-peptide model

INTRODUCTION

In this article we describe the evolution of the modifications we made in our clinic to glucose
challenge protocols or mathematical models of insulin secretion, insulin sensitivity and glucose
effectiveness, in order to study these parameters in patients with Insulin-Requiring Type2 Diabetes
(T2D) and Type 1 diabetes (T1D), including T1D patients who have received Islet Transplants to
treat their severe recurrent hypoglycemia and impaired awareness of hypoglycemia. This includes
fitting of the Minimal Model of Bergman et al. (1) to Intravenous Glucose Tolerance Tests (IVGTT),
and of the ISEC model to Oral Glucose Tolerance Tests (OGTT). We revisit the adaptations that
were made for use in T1D, and Insulin-Requiring Type 2 Diabetes (T2D) as it helps to build a
cohesive account of the work in our clinic aimed at studying the pathophysiology of insulin
secretion and insulin action in the Islet Transplant Recipients. In each group we consider what
issues were encountered, how we overcame them, and why we chose to adapt the protocols
or models.
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ESTIMATION OF INSULIN SENSITIVITY
FROM INTRAVENOUS GLUCOSE
TOLERANCE TESTS IN T1D

Modification of Minimal Model to Apply to
Stepped Insulin-Modified IVGTT in T1D
The Minimal Model of Bergman et al. (1) consists of a Minimal
Model of Glucose Disappearance (the “Glucose Minimal Model”,
gMM) [2, Equations 1 & 2] and a Minimal Model of Insulin
Kinetics (the “Insulin Minimal Model”, iMM) [3, Equation 3].
The gMM can be fitted to plasma glucose and insulin data
from an IVGTT to simultaneously estimate Insulin Sensitivity
(Si, increase in fractional glucose disappearance per unit increase
in plasma insulin) and Glucose Effectiveness (Sg, ability of
glucose per se to enhance its own disappearance independent
of an increment in plasma insulin above basal).The iMM can be
fitted to a IVGTT to estimate beta-cell responsiveness to glucose:
first-phase responsivity (Phil, amount of insulin (per unit
volume) that can be accounted for by an assumed initial
injection, per unit change in plasma glucose); and, second-
phase responsivity (Phi2, the proportionality factor between
glucose and the rate of rise of insulin secretion). Software to fit
both models to IVGTT data includes Minmod (4). An alternative
method used in our laboratory utilizes the SAAM modeling
program to fit the model equations 1 to 3 as described (5).

dG/dt = —(pl + X(t))*G(t) + p1+Gb 1
dX/dt = —p2. X(t)*p3(I(t) - Ib) 2
di/dt = —nlI(t) + y(G(t) —h) . t 3

Where: G(t) and I(t) are the time courses of glucose and
insulin in plasma following a rapid intravenous injection of
glucose; Gb and Ib are basal levels; X(t) is the insulin effect on
net glucose disappearance; pl is glucose-mediated glucose
disposal; p2 is insulin degradation; p3 is insulin action; n is the
insulin clearance;  is the proportionality factor between glucose
concentration and the rate of increase of second phase insulin
secretion for plasma glucose levels G(t) that exceed h, the
threshold glucose level.

Although this method successfully accommodated data from
healthy subjects and a variety of pathological states in fitting the
gMM, we found it could not fit data from many patients with
Type 1 diabetes (T1D) because: there was insufficient insulin
input into the model as commented by Pacini and Bergman (4);
and, insulin antibodies in many T1D interfered with the
measurement of plasma insulin. In addition, Godsland and
Walton showed that the success rate of minimal model
analysis is reduced if the glucose does not return to baseline
(6). We subsequently applied a modification of the gMM, which
included a model of the exogenous insulin infusions, to IVGTT
data from TID subjects who had undergone a modified
exogenous insulin protocol (7). This aimed to achieving
sufficient insulin input to the model to regularize the glucose
disappearance curves with sufficient features in the glucose

curves to enable successful identification of the parameters (4).
We also addressed the frequent presence in T1D of insulin
antibodies which interfere with the insulin radioimmunoassay,
by measuring plasma free-insulin after precipitation of bound
insulin according to the method of Nakagawa et al. (8) using
polyethylene glycol precipitation before freezing in order to
avoid disturbing the equilibrium between free and antibody-
bound insulin (9). In a recent study using a dextran-coated
charcoal insulin assay (10) in our clinic, insulin antibodies were
detected in a very low percentage in non-diabetic subjects, but in
50% of T1D, and 74% of Islet Transplant Recipients (manuscript
in preparation).

To simulate a more physiological insulin profile during the
IVGTTs in T1D, stepped exogenous insulin was infused with the
total dose modified to achieve near-normal glucose disappearance
(Ky). The stepped protocol aimed at approximating the insulin
profile seen during an IVGTT in healthy normal weight subjects,
derived by simulation of insulin disappearance kinetics. The final
pattern of insulin infusion (analogous to Figure 2) was: 2-4 min =
14 mU of insulin per kg; 7-16min = 1 mU/min/kg; 17-50 min = 0.5
mU/min/kg; 51-180 min = rate estimated to maintain basal
euglycemia based on the previous overnight insulin requirement.
A model of the insulin infusion was added to the Minimal Model
to estimate Si and Sg (Figure 1) (7), in 8 T1D subjects (age 21-38 y,
BMI 20-26 kg/m®) versus 17 healthy control subjects(20-37 vy,
19-25 kg/m?)’.

The exogenous insulin protocol in T1D IVGTTs achieved
near-normal plasma free-insulin levels: first-phase = 62 + 9 SE
mu/L; second-phase = 34 + 9 mu/L, and K, was normal at 1.3 +
0.29 min™ x 10? (7). Using the modified model and protocol as
described (7) (Figure 1), we found T1D v controls: Si = 2.5 + 0.6
v83+1.5min".mU".L" x10% Sg=1.6+0.5v2.6+ 0.2 min"' x
10% P <.05 Mann-Whitney, Fractional Standard Deviation < 0.5.
Given that protocols used in the diabetic subjects were different
from the normal subjects, it must be carefully considered
whether the estimates are robust to structural perturbations.
Nevertheless we examined the robustness by the following
experiments. Using IVGTT during basal insulin infusion as
described by Ader et al. (12), Sg was verified to be similar by
this technique in the same T1D subjects (1.0 min™ x 10%, p = N,
Mann-Whitney) (7). We verified Si by comparison to a previous
euglycemic clamp study where Si was 4.2 + 1.0 min'.mU".L"" x
10* in a similar T1D group (p =NS, Mann-Whitney) (13).
Therefore we concluded that the estimates were sufficiently
robust to structural protocol perturbations, particularly if
experiments could be designed using subjects as their own
controls with the same protocol, as will be exemplified in the
next three sections.

Alternatives to Stepped Insulin-Modified
IVGTT in T1D

With regard to the stepped insulin infusions in the protocol,
there can be alternative approaches that may not require as
significant overhauls to the protocol. With the increasing use of
continuous subcutaneous insulin pumps, a basal intravenous
insulin infusion from 51 to 180 minutes may not be necessary
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during the IVGTT if the basal pump rate is continued, providing
insulin assays are used with specificity for analogue insulin (14,
15), such as research-grade assays with defined cross-reactivity
with analogue insulin. The alternative approach of cessation of
insulin pumps and switching to a long acting insulin prior to
IVGTT may see unpredictable declines in plasma insulin (16)
and may risk hypoglycemia while fasting. Another alternative
regimen has been switching to a night-time dose of intermediate
insulin, but this is sometimes associated with the need for an
intravenous basal insulin infusion during the IVGTT.

Stepped Insulin-Modified IVGTT Protocol
With Epinephrine in T1D

A practical example and test of the robustness of the use of the
Stepped IVGTT protocol (A.1) was our study to explore the relative
roles of Sg and Si in the observed impairment of glucose disposal
with epinephrine infusion in T1D (17). An eight-fold rise in plasma
epinephrine was achieved by intravenous delivery at 25ng/kg/min
for 5.5 hours (EPI), in 7 non-obese young adult T1D patients, none
of whom were on insulin pumps, but who had a basal overnight
insulin infusion (12mU/kg/hr) with euglycemia maintained by
adjustment of intravenous glucose. At 2.5 hours the IVGTT was

Basal net balance of
of Glucose Disposal

P1.Gp

Gb = Basal Plasma Glucose
Ib = Basal Plasma Insulin
Sg=Platlb

Si = Insulin Sensitivity

P3/P2

P3 (P3 operates on I-Ib only if | > Ib)

Exogenous
Insulin
Infusion

FIGURE 1 | Modifications to the Bergman minimal model of the intravenous tolerance test, aimed at enabling the model to be applied to data from T1D subjects in
whom endogenous insulin secretion was minimal compared with the exogenous insulin infusion. Note that the endogenous coupling of the plasma insulin response to
plasma glucose that was used in our modeling of non-diabetic subjects (5) was replaced with an external insulin supply represented by an additional compartment, as
described in reference 7. This figure has been reproduced in a modified form from 7 with permission.

performed with the stepped exogenous insulin protocol and
analyzed as described (A.1) (7). Each subject had in random
order a control (CTR) infusion of basal insulin prior to the
IVGTT. Elevation of plasma epinephrine caused: impaired
glucose disposal (Kg) (EPI 0.59 + 0.1 vs CTL 1.91 + 0.33 min Tx
10%, p<0.02 Mann-Whitney), associated with a marked impairment
of Si (EP10.9 + 0.5 vs CTR 7.03 + 3.2 min ".mU "L x 10* p<0.05
Mann-Whitney); but, no impairment of Sg (EPI 2.5 £ 0.2 vs CTR
3.1+ 0.5 min"! x 10%) [p=NS Mann-Whitney]. These experiments
indicated that physiological epinephrine elevation in T1D impairs
Sibut not Sg (17). Therefore, even in patients not on insulin pumps,
the baseline insulin infusion during the IVGTT is able to effectively
maintain basal glucose levels despite perturbation by Epinephrine.

Stepped Insulin-Modified IVGTT Protocol
With Pulsatile Insulin Infusions in T1D
Another practical example of the robustness of protocol A.1 in
T1D subjects, is our study of pulsatile insulin infusions in which,
therapeutic levels of intravenous pulsatile insulin were compared
with continuous intravenous insulin, at matching levels in T1D
subjects (18). Of the 11 young non-obese T1D subjects, 4 had
detectable fasting plasma C-peptide (40 + 20SE pmol/L) and 5
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Exogenous insulin protocol for insulin-requiring Type 2 Diabetes

I
Glucose bolus 200 mg/kg

had diabetes-duration above 10 years. Insulin was delivered
intravenously at 12 mU/kg/h overnight for 17h, either as 40-
second pulses every 13 minutes (PI) or continuously (CI), and
euglycemia was maintained during the overnight fast by
adjustable intravenous glucose. The next morning a fasting
IVGTT was performed and analyzed as above (A.1).

The hypoglycemic effect of PI versus CI, estimated by glucose
infusion rates, was approximately doubled in the 6 subjects with
duration less than 10 years, (PI vs CI, 7.5 + 2.7 vs 3.2 + 0.6 umol/
kg/min p <0.05 Mann-Whitney) but did not differ in the 5 subjects
with duration over 10 years (PI vs CI, 5.8 + 2.4 vs 4.7 + 2.2 umol/
kg/min). Insulin sensitivity from analysis of the IVGTT data was
uniformly increased after PI versus CI with duration under 10
years (PIvs CI, 4.9 + 1.4 vs 3.0 + 1.0 min".mU™". L x104). After 10
years diabetes duration insulin sensitivity was uniformly greater
with CI than with PI (PI vs CI, 0.3 + 0.1 vs 2.9 + 1.6 min"".mU"",
L x104, p <0.05 Mann-Whitney).

We concluded that, prolonged pulsatile versus continuous
intravenous insulin resulted in a significant increase in
hypoglycemic effects and insulin sensitivity in T1D with diabetes
duration up to 10 years the differential effect of PI was dependent on
duration of diabetes. This indicates that the use of a basal insulin
infusion during the IVGTT in T1D patients who are not on insulin
pumps, is effective in maintaining the constant pattern of glucose
levels at the end of the IVGTT, despite pulsatile insulin infusions
being used.

ESTIMATION OF INSULIN SECRETION
AND INSULIN SENSITIVITY IN T1D AFTER
ISLET TRANSPLANTATION

Pancreatic Islet Transplantation in T1D

Pancreatic islet transplantation (IT) is an established clinical
treatment for people with T1D, who suffer with severe
hypoglycemia unawareness. Islets are obtained from the
pancreas of a deceased organ donor, purified and then

S Infusion steps (min):
G 1=2-4min
= g 35 2 =7-17 min
=S 3 =17-50 min
S5 Basal (50-300 min) 0.1 mU/kg/min
2 g 05
- 1025
o | //
0 60' 120' / 300°
A Time from glucose bolus (min)

FIGURE 2 | Exogenous insulin protocol in T2D. This figure has been reproduced in a modified form from 11 with permission. It shows the steps of insulin infusion
used in the T2D protocol, but also is similar in principle to the stepped protocol used for T1D.

transfused into the portal vein of the recipient. Restoring
natural islet function improves glycemic control and can
markedly reduce hypoglycemia. Transplant recipients need life-
long immunosuppression to prevent rejection-mediated cell loss.

In order to apply both iMM and gMM to analyze IVGTTs in
Islet Transplant Recipients (ITR), we found there was a need to
further modify the protocol and model compared to the T1D
analyses, building on the investigations done on T2D IVGTTs
discussed below.

Extension of Modifications of Protocol and
Model to T2D

The Minimal Model of Bergman et al. could only be used in early
studies of T2D subjects if they had sufficient endogenous insulin
secretion. An adequate increase during the IVGTT in the AUC of
insulin levels was necessary to be able to fit the Minimal Model.
To overcome this limitation, exogenous insulin protocols have
been used in IVGTTs in T2D to enable the Minimal Model to
estimate Si and Sg (19, 20). Also, in insulin-requiring T2D, the
baseline insulin levels may need to be maintained during the
IVGTT when insulin secretion is low. Therefore we adapted
protocol A.1 with basal insulin infusion during the IVGTT for
use in insulin-requiring T2D. However, we found (11) that the
estimates were affected by the doses of insulin used: either Welsh
etal. (19) or Taniguchi et al. (20). Because of this, we developed a
“minimal disturbance” approach to estimating Si and Sg in T2D.
To avoid supra-physiological peak glucoses in T2D with elevated
fasting glucose, we used a reduced glucose load (200 mg/kg). In
order to compensate for endogenous insulin secretion in T2D the
T1D Stepped insulin infusion rates (A.1) were reduced by 50%
(Figure 2). In a series of 8 T2D patients, 5 of whom were insulin-
requiring, data from this approach were analyzed either using the
unmodified Minimal Model of Bergman (BMM), or a modified
model (MMD) with an additional element (in this case DT18 in
SAAM terminology) representing a time delay in the transfer of
insulin into the remote insulin compartment (X). As described in
(11) (Figure 3), the program SAAM compiles the model “deck”
and generates and numerically solves the differential
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FIGURE 3 | Modification of Minimal Model to accommodate T2D data with the p

simulation, analysis, and modeling program SAAM (6). Except there were the follo

differential equations representing the time delay element.

hysiological exogenous insulin protocol. This figure has been reproduced in a

modified form from 11 with permission. The IVGTT glucose and insulin data were analyzed using the glucose model of Bergman et al. as described (5) using the

wing modifications: The square around compartment “I” indicates that the observed

plasma insulin concentrations drive the system, and an additional element that is the equivalent of two linked compartments represents a time delay in the transfer of
insulin into the remote insulin compartment (X). The program SAAM generates and numerically solves the differential equations without the need to supply explicit

equations without needing explicit differential equations
representing DT18.

Adaptation by adding the delay element improved
identification of Si and Sg from 37.5% (BMM) to 100%
(MMD) in this largely insulin-requiring T2D group. Si in these
T2D subjects was lower than normal(1.86 + 0.60 v 8.65 + 2.27
min.mU™".L x 10%p <.01 Mann-Whitney). The reduced Si
values were confirmed in this T2D group with 2-stage
euglycemic clamps (Si CLAMP = 2.02 + 0.42 min 'mU™".L x
10% p > 0.4 vs IVGTT Mann-Whitney). Sg was not significantly
reduced (2.00 + 0.25 T2D v 1.55 + 0.26 normal, min™! x 10%). Use
of the delay in normal subjects did not improve the fit.

These results suggest that insulin action at physiological insulin
levels in insulin-requiring T2D may not be a single phase, possibly
due to impaired trans-capillary endothelial transfer.

In the process of protocol selection, we found that, since our
protocol could accommodate insulin requiring T2D, some
needed free insulin assay, and some may need basal insulin
infusions during the IVGTT. These studies indicate that, in T2D
with minimal insulin secretion such as insulin-requiring T2D, we

would recommend using an IVGTT protocol with basal insulin
infusion during the IVGTT.

Delay in Insulin Secretion During IVGTT
and OGTT After Islet Transplantation

in T1D

Selection of the exogenous insulin protocol for IVGTT for Islet
Transplant Recipients (ITR) in our clinic was informed by our
previous adaptations in T1D and T2D. Free insulin assays were
used if insulin antibodies were detected in individual subjects,
and this was necessary in about 75% of cases. Although ITRs
have features similar to T2D, their insulin sensitivity was more
similar to T1D so that a more standard exogenous insulin
protocol could be used, and without the need for a delay
element in the modeling. Approximately 50% of ITRs became
insulin independent and had better homeostasis of the basal
glucose and insulin. In these subjects we were able to model
IVGTTs without exogenous insulin supplementation as
described (5). Alternatively, many insulin dependent ITRs used
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insulin pump therapy, enabling stabilization of the baseline state
by continuing the insulin pump together with the Taniguchi
exogenous insulin protocol (20).

In the ITRs we chose also to model plasma C-peptide
responses during the glucose challenges to estimate Insulin
Secretion Rates by the ISEC methodology (21). We aimed to
maximize the information to further investigate the
pathophysiology of insulin secretion by the transplanted islets.
We reported deficient first-phase insulin secretion (Phil) during
IV glucose tolerance tests and greater restoration of second
compared with first phase insulin secretion after successful islet
transplantation, with maintained Si despite being on
immunosuppression regimens after islet transplantation (22),
indicating that comprehensive estimates of insulin secretion
capacity (first and second phases, and DI) with the Non-insulin
modified IVGTT (NIM-IVGTT) have an significant role in
metabolic monitoring after islet transplantation in subjects who
are insulin independent. This finding contrasted with other studies
using IVGTT which showed that islet transplantation can restore
first-phase insulin secretion to the normal range (23, 24). Further
studies of the insulin independent ITR patients included C-peptide
ISEC analyses and our preliminary data confirms a reduction in
first phase insulin secretion rates (Figure 4), and this would also
indicate that our previous results with plasma insulin Phil (22)
were not reduced secondary to binding of secreted insulin by
circulating insulin antibodies.

We extended our studies of the delays of early secretion of
insulin to include Oral Glucose Tolerance Tests (OGTT) because
this test included the incretin effects (25, 26) which is a
potentially important element in the ITR group, and we found

that the incretin effect was reduced in our cohort of ITR (25, 26).
We found however that one practical drawback, was the difficulty
of using OGTTs in the insulin-dependent subset of ITRs because
of the lack of standardization of exogenous insulin protocols
during the OGTT, which would be needed to avoid undesirable
hyperglycemia during the tests in the insulin-dependent group. It
is also difficult to model the insulin responses in this group
because of the low insulin responses limit the ability to fit the
model to the data (6). We therefore focused our OGTT studies
on the insulin-independent ITRs which make up about 50% of
the ITRs in our clinic in accordance with other clinics who use
the standard Edmonton Islet Transplant Protocol (27).

Our studies using OGTTs in Islet Transplant recipients (25)
indicated that there is a delay in insulin secretion rates which
may be related to factors such as incretin function (26). Our
OGTT studies also demonstrated a normalized suppression of
free fatty acids in islet transplant recipients despite this delay in
insulin secretion (28).

Our ITR subjects were 7 T1D patients (Group A, gender 7F,
age 56 + 4 SE yr, BMI 19.8 + 1.0 kg/m2, T1D duration 46 + 10
yr.) who had achieved insulin-free status following IT as
described in our Multicenter Trial (29). The detailed exclusion
and inclusion criteria for the transplants were as described (29)
but the key criteria were T1D patients with life-threatening
severe recurrent hypoglycemia and impaired awareness of
hypoglycemia, but who were suitable for immunosuppression.
They were compared to 9 matched non-diabetic controls as
described (25). (Group B, 7F:2M, 53 + 4 yr., BMI 24.8 + 1.0 kg/
m2). All subjects had both OGTTs and IVGTTs. The clinical
investigations described here were carried out with the approval
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FIGURE 4 | The post-transplant first-phase insulin secretion (Phi1) during an IVGTT, when calculated by ISEC analysis of plasma C-peptide levels, was reduced in
insulin independent Islet Transplant recipients - compared with matched healthy controls.
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of the Institutional Human Research Ethics committee at St
Vincent’s Hospital Melbourne. Within 6 months of gaining
insulin-independence, 75-gram 4-hour OGTTs and 200mg/kg
IVGTTs were performed in the 7 insulin-independent T1D islet
transplant recipients and compared to the similar non-diabetic
healthy subjects who had both an OGTT and an IVGTT within 6
months of each other. The groups A & B had similar glucose
levels (transplant recipients vs healthy non-diabetic subjects:
mean HBAlc 5.7 £ 0.3SE vs 5.5 + 0.1% p=NS; and similar
insulin sensitivity HOMA2-S% 117 + 28 vs 83 + 8 p=NS
Mann-Whitney).

Plasma glucose, insulin and C-peptide were measured at 30
minute intervals during the OGTTs, and as previously described
(7) during the IVGTTs.

Insulin secretion rates were calculated by using ISEC to fit a
model of C-peptide kinetics to the plasma C-peptide
concentrations during both IVGTTs and OGTTs (21). Using
these Insulin Secretion Rates (ISR) during the IVGTTs, the initial
post-transplant first-phase insulin secretion (Phil, peak value in
first 10 minutes) was reduced in recipients compared with
healthy non-diabetic subjects (median [Interquartile Range] 4.1
[1.1-6.78] vs 22.4 [21.8-23.1] pmol/kg/min, respectively, p<0.01
Mann Whitney). (Figure 4). Using the ISR during the first 30
minutes of the OGTT to calculate first-phase insulin secretion
(oPhil, as the increment in ISR per increment in glucose) also
showed a reduction in the recipients versus healthy non-diabetic
subjects (0.43 [0.26-1.11] vs 2.32 [1.41-2.59] pmol/kg/min per
mmol/L, respectively, p<0.01 Mann Whitney). The above data

on Phil and oPhil were not normally distributed so non-
parametric tests were used.

Although the transplant recipients’ mean OGTT 2-hour
glucose was elevated (13.8 + 1.7 mmol/L), 2 recipients were
classified as non-diabetic (<11.1), and all recipients’ glucoses
returned to baseline (5.8 + 1.2) by 4-hours. (Figure 5).

ISEC analysis of the plasma C-peptide allowed estimation of
Insulin Secretion Rates (Figure 6), showing a delay in early
insulin secretion with clear improvement in the latter half of the
OGTT. The relationship of this improvement to incretin effects
requires further investigation.

Only measuring early insulin release during OGTTs could
underestimate later secretion by ~30% in islet transplantation,
correlating with our previous report using IVGTTs (22). The
good control of HBA1c in the recipients despite the delayed early
secretion could be related to the portal route of transplantation,
or might reflect the dietary preferences of the recipients.

However, our findings support a role for also testing the early
secretion using IVGTT. When C-peptide-derived Insulin
Secretion Rates during the IVGTTs were estimated using ISEC,
the initial post-transplant first-phase insulin secretion was
reduced in recipients compared with healthy non-diabetic
subjects. This confirms our previous conclusion based on
plasma insulin concentrations (22), indicating that the reduced
Phil was not caused by binding of secreted insulin by
insulin antibodies.

Reduced IVGTT Phil after islet transplantation could reflect
the same factors as the delayed insulin secretion during OGTT.

Oral Glucose Tolerance Tests (75 Grams)
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FIGURE 5 | Mean + SE plasma glucose concentrations during 75g OGTTs in the 7 Insulin-independent Islet Transplant Recipients, and in the 9 Nondiabetic Controls.
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Beta-cell Insulin Secretion Rates (ISR)
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FIGURE 6 | Mean + SE Pre-hepatic insulin secretion rates estimated from the plasma C-peptide concentrations by deconvolution using the program ISEC, during
759 OGTTs in the 7 Insulin-independent Islet Transplant Recipients, and in the 9 Nondiabetic Controls.

For example it has been suggested that increased beta-cell
overdrive could cause depletion of readily-releasable insulin
stores. This marker of beta cell dysfunction provides a
parameter that could be monitored in addition to indices of
beta cell mass. Alternatively, these reduced insulin responses
could represent recurrence of autoimmune beta cell damage
similarly to that observed with reduced first phase insulin
responses in pre-type 1 diabetes patients (30). Further studies
are underway in our clinic with greater number of patients to
clarify the significance of this delay in insulin secretion and its
relationship of the pathophysiology of the decline in islet
function after ITR.

Future Directions in IVGTT and OGTT After
Islet Transplantation in T1D

Future evaluation of beta cell function in islet transplant
recipients would be improved by better understanding of the
interaction of insulin sensitivity, glucose effectiveness and the
parameters of beta cell secretion of insulin. It is well accepted that
insulin secretion and sensitivity are best interpreted together,
because of the hyperbolic relationship between these two
parameters (31), and that an improved measure of beta cell
function is obtained by calculating the “disposition index” (i.e.
the “insulin sensitivity-adjusted beta cell function”) (31). The
other less well-understood interaction is the degree to which
exogenous insulin given during IVGTTs can directly suppress
endogenous insulin secretion, independent of the impact upon

glucose levels, due to the feedback loop of circulating insulin on
its own secretion (32). The current methods to correct for this
effect mainly involve omitting of data during exogenous insulin
supplementation but would benefit from standardization. Other
methods of data analysis such as Bayesian hierarchical analysis
could be explored that could improve parameter estimation (33),
although it would need to be confirmed whether this would avoid
the need for optimized exogenous insulin protocols during the
IVGTT. Alternatively algorithms developed for closed-loop
subcutaneous insulin pumps (34) and successfully used in
exercise perturbation studies (35), may allow adaptation to
intravenous glucose monitoring and insulin delivery, which
may allow real-time adjustment of insulin infusions during
IVGTT or OGTTs. This would optimize the glucose decay
curves and therefore the ability to identify parameters for Sg
and Si (6).

OVERALL SUMMARY

We have presented our perspective of the application of the
Mathematical Models to the analysis of intravenous and oral
glucose challenges in Type I diabetes. The modifications of the
protocols necessary to apply these models also to Type I diabetes
patients who have received Islet Transplants were elaborated.
Islet Transplant Recipients represent a pathophysiological state
that is similar to T2D, but has some distinct differences. These
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differences are exposed by application of the modified protocols
and models of insulin secretion and action. In our preliminary
studies, IVGTT versus OGTT parameters provided additional
insights into the pathophysiology of transplanted islets, reflecting
beta cell dysfunction rather than only monitoring beta cell mass
(23) in Islet Transplant Recipients. Further evaluation with
greater numbers of ITR is required to explore the relevance of
delayed early insulin secretion in determining survival of
transplanted islets.
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