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Abstract: Standard insulin therapy to treat type 1 diabetes (T1D) consists of exogenous insulin
administration through the subcutaneous (SC) tissue. Despite recent advances in insulin formulations,
the SC route still suffers from delays and large inter/intra-subject variability that limiting optimal
glucose control. Intraperitoneal (IP) insulin administration, despite its higher invasiveness, was
shown to represent a valid alternative to the SC one. To date, no mathematical model describing
the absorption and distribution of insulin after IP administration is available. Here, we aim to fill
this gap by using data from eight patients with T1D, treated by implanted IP pump, studied in a
hospitalized setting, with frequent measurements of plasma insulin and glucose concentration. A
battery of models describing insulin kinetics after IP administration were tested. Model comparison
and selection were performed based on model ability to predict the data, precision of parameters
and parsimony criteria. The selected model assumed that the insulin absorption from the IP space
was described by a linear, two-compartment model, coupled with a two-compartment model of
whole-body insulin kinetics with hepatic insulin extraction controlled by hepatic insulin. Future
developments include model incorporation into the UVa/Padova T1D Simulator for testing open-
and closed-loop therapies with IP insulin administration.

Keywords: mathematical modeling; parameter estimation; insulin delivery; intraperitoneal route;
artificial pancreas

1. Introduction

Type 1 diabetes (T1D) is an autoimmune disease characterized by the destruction
of the insulin-secreting pancreatic beta cells, leading to chronic hyperglycemia. A 24/7
management of this disease is needed to keep blood glucose (BG) in the target range
(70-180 mg/dL) and prevent diabetes-related long- and short-term complications [1].

The standard therapy of T1D consists of the subcutaneous (SC) administration of
exogenous insulin, through a basal-bolus strategy: basal insulin is administered to keep
patient glycemia within the normal range between meals and overnight, while boluses
are injected before and after meals to prevent post-prandial hyperglycemic events. The
SC injections are usually done using insulin pens (Multiple Daily Injection, MDI) or, more
recently, insulin pump devices (Continuous Subcutaneous Insulin Infusion, CSII). These
tools are then coupled with glucose sensing devices, such as Self-Monitoring Blood Glucose
(SMBG) or, more recently, Continuous Glucose Monitoring (CGM) systems, helping patients
to determine the amount of insulin to be administered to keep BG in a safe range. In
addition, recently CSII and CGM devices have been used, in conjunction with a control
algorithm implemented either on a tablet, a smartphone or directly into the pump, to
develop a system able to automatically manage insulin dosing, the so-called Artificial
Pancreas (AP) [2].

However, the non-physiologic nature of the SC insulin route led to suboptimal glu-
cose control. In fact, while the adopted SC insulin delivery is convenient and minimally
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invasive, it is well-known that insulin appearance in plasma after SC administration is
still suboptimal, mainly due to the delay and large inter-/intra-subject variability in its
absorption [3] and the lack of a proper insulin-gradient across the liver.

To partially overcome these issues, the intraperitoneal (IP) route of administration
can be used [4]. Two main approaches for IP insulin delivery have been developed:
implantable pumps (Medtronic Minimed, Northridge, CA, USA) and the DiaPort system
(Roche Diagnostics, Mannheim, Germany). The first one consists of a pump implanted
in the abdomen, which delivers insulin via a catheter towards the liver; the second one
consists of a flexible catheter placed in the peritoneal space with a small titanium port-
body implanted into the SC tissue. Despite the higher invasiveness of IP vs. SC devices,
these raised more interest in the diabetes technology community thanks to their ability to
more closely mimic the physiological conditions occurring in healthy subjects. In fact, IP
insulin delivery allows for the restoration of the portal-periphery insulin gradient and to
avoid peripheral over-insulinization usually occurring with SC insulin delivery [5,6]. As a
result, this allows for the improvement of glycemic control and, thus, patient satisfaction,
compared to standard therapies [7-10]. Moreover, preliminary studies of closed-loop
control using implanted IP insulin technology, both in silico as well as in vivo [11-13],
have shown clinical feasibility and the potential to improve glucose control with respect to
conventional SC insulin administration.

However, to the best of our knowledge, a mathematical model of IP insulin absorption
and kinetics is still lacking. A better understanding of this process would be useful to
help patients to properly adjust IP insulin therapy to improve glucose control. Moreover, a
model of IP insulin absorption would be also an important component of in silico platforms,
such as the UVa/Padova [14,15], the Cambridge [16] and the AIDA [17] T1D simulators, to
develop and test new open- and closed-loop insulin treatment strategies. Here, we aim
to develop a mathematical model of IP insulin absorption and kinetics using the data of
patients with T1D treated by implanted IP pumps.

2. Materials and Methods
2.1. Database and Protocol

Eight subjects with T1D, treated by implanted IP pump infusing U-400 regular insulin
(Insuplant; Sanofi-Aventis, Paris, France) and monitored by a subcutaneous continuous glucose
monitoring (CGM) sensor, were studied in a hospitalized setting [13]. Participants” charac-
teristics were as follows (mean + SD): 7M/1E age 59.8 & 8.7 years, BMI 26.4 + 3.4 kg/ m?,
diabetes duration 31.7 & 15.1 years, treatment duration by implanted pump 8.5 & 7.4 years,
A1C 6.8 £ 1.0%, and daily insulin requirement 0.60 £ 0.21 units/kg/day.

The study consisted of two randomized consecutive phases in random order: an
open-loop (control) phase and a closed-loop phase. During the open-loop phase, patients
were studied for 24 h (one day with 3 meals) with the IP insulin pump programmed
based on patients” standard basal-bolus insulin therapy. During the closed-loop phase,
patients were studied for 48 h (2 days with 3 meals per day) with the IP insulin pump
manually programmed by the patient to deliver 30% of meal insulin bolus approximatively
15 min before meal time, while the basal insulin infusion was automatically modulated
by a Proportional-Integral-Derivative (PID) algorithm driven by the SC glucose sensor
(CGM). In this work, only the open-loop phase data were used for model development and
identification. No information about complications due to IP insulin administration was
reported in the original paper, where one can find detailed protocol description [13].

2.2. Model Development

Modeling insulin kinetics after IP administration requires the development of a model
of IP insulin absorption coupled with a model of whole-body insulin kinetics. In the
following sections, a total of 9 models were proposed and tested. These were obtained by
the combination of 3 different models of IP insulin absorption, coupled with 3 models of
whole-body insulin kinetics which share the two-compartment structure [15] but differ in
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the description of hepatic insulin extraction (HE) [18]. In all models, insulin is assumed to
pass from the IP space to the liver compartment.

2.2.1. Model of IP Insulin Absorption

Three linear models of IP insulin absorption were tested. Model 1 was a single
compartment absorption model:

Qipl(t) = —ka1-Qim(t) +Inf(t) Qip1(0) = Qip1o )
Ral(t) = kal'Qip,l(t)

where Qj,1 (mU) is the insulin mass in the first IP compartment, Inf (mU/min) the insulin
infusion rate from the IP pump. Parameter k,; (min~!) represents the rate constant of
insulin absorption from the IP space to the liver.

Model 2 was a two-compartment IP absorption model:

Qipl(t) = —kg-Qip1(t) + Inf(t) Qip1(0) = Qipr0
Qipp(t) = —kaz - Qipa(t) +ka- Qip1(t) Qip2(0) = Qipno @)
Rap(t) = ka2 - Qipa(t)

where Qj,1 and Qjy2 (mU) are the insulin masses in the first and second IP compartments,
respectively. Parameter k; (min~!) represents the rate constant of insulin distribution
between the two IP compartments and k;, (min~1) the rate constant of insulin absorption
from the second IP compartment to the liver.

Finally, Model 3 is, again, a two-compartment model where, at variance with Model 2,
insulin is assumed to be absorbed both from the first IP compartment, through the rate
constant k;; (min~1), as well as from the second IP compartment, through the rate constant
kap (min~1):

Qipl(t) = —(kaa +ka1) - Qipa(t) + Inf(t) Qip1(0) = Qip1o
Qipp(t) = —kaz- Qipa(t) + ka2 - Qip1(t)  Qip2(0) = Qipo ®)
Rap(t) = ka1 - Qip1(t) + ka2 - Qip2(t)

In all the models, the rate of insulin absorption from the IP to the liver compartment
was represented by Ra; (mU/min).

2.2.2. Model of Whole-Body Insulin Kinetics

The proposed models of IP insulin absorption were coupled with the two-compartment
model of whole-body insulin kinetics included in the UVA /Padova T1D simulator [15]:

Qp(t) = —(mz+may)- Qp(t) +my - Qu(t) Qp(0) = Qp
Qi(t) = —(my+ma(t))  Qi(t) +ma-Qp(t) + Rar(t) Qi(0) = Qp 4)
I,(t) = Q@E”

where Qp and Q) (mU) are the insulin masses in plasma and liver compartment, respectively,
and I, (mU/L) is the plasma insulin concentration. As already anticipated, at variance
with the peripherally administered insulin, which is usually assumed to be absorbed
into the plasma compartment, here IP administration is assumed to appear in the liver
compartment, which is close to the anatomical site of the IP plant. Parameter V; (L)
represents the volume of insulin distribution, m; (min~1) the fractional rate of hepatic
plasma flow [17], m; the rate of insulin distribution from liver to plasma, my (min~1) the
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rate of insulin degradation in the periphery and m3 (min~!) the rate of insulin degradation
in the liver which is given by:

HE(t)

m tmy ©)

mg(t) =
where HE represents the hepatic extraction of insulin. From a combination of model
parameters, the post-hepatic insulin clearance CL (L/min), i.e., the clearance of insulin
peripherally administered, can also be calculated as:

CL = (HEy-my+my)-V; (6)

where HE}, is the basal hepatic insulin extraction (the subscript b denotes the basal state).

Three models of HE were tested in this work: in Model A, HE(t) is assumed to be
constant (and equal to HE;) throughout the experiment as in [15]; in Model B, HE(f) is
regulated by glucose concentration in plasma, as proposed in [18]:

HE(t) = —ag-(G(t) — Gp) + HE} ?)

where ag (dL/mg) represents the control of glucose on HE(t) and G(f) the plasma glucose
concentration (mg/dL); in Model C, HE(f) is regulated by insulin mass in the liver compartment:

HE(t) = —ar- (Qi(t) — Qip) + HEp 8)
where a; (mU™1) represents the control of hepatic insulin.

2.3. Model Identification

The a priori identifiability of all the models was assessed using the software DAISY [19].
All models resulted a priori identifiable once mj; is assumed to be known (fixed to
0.268 min~! [20]). Moreover, in Model 2, without loss of generality, we assumed k; > ks
since these two parameters are interchangeable (identifiable but not uniquely).

All the models were numerically identified on plasma insulin concentration data using
a Bayesian Maximum a Posteriori (MAP) estimator [21]. Specifically, for all the models, a
priori information on whole-body insulin kinetics parameters V7, m1, CL and HE}, has been
used to improve their numerical identifiability [15]. In addition, to assess intra-subject
(between-meals) variability in the IP insulin absorption, parameters of the IP absorption
model were allowed to vary meal-by-meal (breakfast, lunch and dinner). Measurement
error on plasma insulin data was assumed to be uncorrelated, Gaussian, with zero mean
and known standard deviation, as reported in [22].

Of note, on some occasions, models can be simplified when one of the following
conditions occurs: (i) in Model 2, k;5 = k; when the two parameters are virtually identical,
i.e., the absolute relative difference was less than 1%; (ii) in Model 3, k;1 = 0 when k;; was
less than 1073 min 1.

Model identification and statistical analysis were performed in Matlab® (R2016a) and
the ode45 solver, implemented in Matlab®, was used to integrate the model differential
equations [23].

2.4. Model Assessment and Comparison

Model ability to predict the data was assessed by checking the randomness of weighted
residuals, using Runs test. The numerical (a posteriori) identifiability of model param-
eters [21] was assessed by calculating the coefficient of variation (CV, %) of estimated
parameters: poor precision of estimated parameter is defined when its CV is above 100%.
If all the previous criteria were satisfied, model comparison was performed according
to the Bayesian Information Criterion (BIC) [24]. Of note, the physiological plausibil-
ity of model parameters was not used as a criterion since all model parameters were
physiologically plausible.
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2.5. Statistical Analysis

Model parameters are presented as median [25th, 75th] percentiles. Paired two-
samples comparison was done by Wilcoxon Signed-Rank test and Kruskal-Wallis test
was used for multiple comparison. Significance level was set at p = 0.05 for all the
statistical tests.

3. Results
3.1. Model Comparison

As shown in Table 1, all models of IP insulin absorption provide acceptable/good resid-
ual independence, regardless from the specific description of hepatic extraction adopted
in the whole-body insulin kinetics model, with a number of subjects passing the Runs
test ranging from 6/8 to 8/8. In particular, Model 34, i.e., given by the combination of
Model 3 of IP insulin absorption and Model A of whole-body insulin kinetics, was not able
to achieve residual independence in 2 out of 8 subjects; Models 1A, 2A and 2C were not
able to achieve residual independence for one subject; while all the subjects passed the
Runs test with Models 1B, 2B, 3B, 1C and 3C.

Table 1. Summary results of model comparison.

Parameters Estimated

Intraperitoneal  Whole-Body Residual with Coefficient of

. . s
Abl\s/[o;‘g:lon Ilf/}zzt;lc Independence (*) Variation BIC (%)
(CV) <100%

1 7/8 100% 183

2 A 7/8 86% 178

3 6/8 97% 177

1 8/8 92% 168

2 B 8/8 80% 176

3 8/8 89% 177

1 8/8 97% 171

2 C 7/8 91% 176

3 8/8 96% 170

* Number of subjects out of the total. ** Bayesian Information Criterion (BIC): median values.

Among the models achieving the best results in residual independence, Model 1C and
3C provided the highest number of model parameters estimated with precision (coefficient
of variation, CV, below 100% in 97% and 96% of the cases, respectively), while Model
1B, 3B and 2B provided precise estimates in only 92%, 89% and 80% of the parameters,
respectively. In particular, the poor precision of the estimated model parameters achieved
with Models B was mainly due to the inability of estimating the glucose contribution on
hepatic insulin extraction (ag), which was badly estimated (CV >> 100%) in five out of
eight subjects for both Models 1-3.

Finally, between Model 1C and 3C, the lowest value of the Bayesian Information Crite-
rion (BIC) index, i.e., the ability to best predict the experimental data with the minimum
number of parameters, was achieved by Model 3C.

Summing up, among the models achieving the best results in terms of residual in-
dependence and precise parameter estimates, the combination of IP Model 3 and the
whole-body insulin kinetics Model C resulted as the most parsimonious one (lowest BIC).

In Figure 1, data vs. model predictions of IP Models 1-3, assuming hepatic insulin
extraction controlled by hepatic insulin (Model C), is reported (top panel), together with
the predicted hepatic insulin extractions (bottom panel) in a representative subject. Of
note, despite intra-subject (between-meals) variability of IP model parameters was ac-
counted in each model, only Model 3 was able to predict all plasma insulin concentration
excursions well.
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Data vs Model prediction: Representative Subject
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Figure 1. Insulin concentration data in a representative subject (black circles) vs. model predictions
(continuous lines, top panel) and predicted hepatic insulin extraction (bottom panel) provided by IP

Model 1(red line), IP Model 2 (blue line) and IP Model 3 (green line), coupled with Model C.
3.2. Performance of the Selected Model
The model selected (3C) is reported in Figure 2.

Inf(t)

intraperitoneal space

I[t) = Qp/vl
"

Figure 2. Schematic representation of the selected model combining Model 3 of intraperitoneal
absorption of insulin and Model C of whole-body insulin kinetics. Model compartments are repre-
sented by white circles, fluxes and control signals are indicated by continuous and dashed arrows
respectively. Signals Inf(t) and I(t) represent the intraperitoneal insulin administration and plasma

insulin concentration, respectively.

Weighted residuals, defined as (data-model prediction)/SD, with SD standard devia-
tion of the measurement error on insulin data [22], of the selected model in each subject are
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reported in Figure 3. These show the ability of the model to describe the data in most of the
cases, with no long sequences of samples above or below zero (randomness of residuals
achieved in 100% of the subjects).

Weighted Residuals

SYAN

2 Sl

AR o : q oy A “"% “‘ @3
3 W\ PRy 7777 S

weighted residuals [dimensionless]

time [h]

Figure 3. Weighted residuals of the selected model in each subject. Dashed line represents zero value,
while dashed-dotted lines represent [—1, +1] interval.

The median [25th, 75th] percentiles (median CV) of estimated model parameters
are reported. The constant rate of absorption from the first IP compartment k;; = 0.018
[0.009, 0.029] min~—! (18%), 0.004 [0.002, 0.010] min~! (39%) and 0.012 [0.004, 0.027] min~!
(27%), at breakfast, lunch and dinner, respectively; while from the second IP compart-
ment kg = 0.028 [0.021, 0.037] min~! (19%), 0.028 [0.019, 0.030] min~! (13%) and 0.024
[0.020, 0.032] min~! (20%), at breakfast, lunch and dinner, respectively. The volume of
insulin distribution V; = 3.4 [3.3, 3.6] L (17%), the constant rate of insulin distribution
from liver to plasma my = 0.15 [0.13, 0.20] min~! (43%), the post-hepatic insulin clearance
CL=1.16[0.93,1.29] L/min (32%), the basal hepatic insulin extraction HE, = 0.59 [0.56, 0.64]
(9%), and the control of hepatic insulin on its own extraction a; = 16 X 1072 [6 x 1072,
29 x 10~°] mU~! (49%). However, no statistically significant difference was detected be-
tween meals in k;; and k;p using the Kruskal-Wallis test. Of note, in 23% of the cases,
parameter k,1 collapsed to zero (estimated below 10~2 min ).

4. Discussion

IP insulin delivery recently raised interest in the diabetes community as a promising
alternative to the conventional SC route [11,13] thanks to its faster pharmacokinetics and
pharmacodynamics [5,6]. These have become particularly important, since in the last
decade it has become clear that SC insulin administration is, to date, the bottleneck for
the development of a safe and effective automatic glucose control. Another important
take-home message of the last decade was that an effective design of an artificial pancreas
algorithm must pass through in silico testing before being used in in vivo trails. However, to
the best of our knowledge, a model describing the IP insulin absorption and kinetics is still
not available in the literature. Here, we aim to fill this gap exploiting data from a population
of eight subjects with T1D treated with an implanted IP insulin pump in a hospitalized
setting [13]. A battery of models of both IP insulin absorption and whole-body insulin
kinetics, including different descriptions of hepatic insulin extraction, were proposed and
tested. The model selected as the best was made by a linear two-compartment model,
describing the absorption from both the first and the second IP compartment (Model 3),
coupled with a two-compartment model of insulin kinetics, similar to that included in the
UVa/Padova T1D simulator [15], but with hepatic insulin extraction controlled by insulin



Metabolites 2021, 11, 600

8of11

in the liver (Model C). The model well predicted the data in most of the subjects (Figure 3)
with model parameters estimated with precision (Table 1).

Model parameters of IP insulin absorption (k;1 and k) were allowed to vary among
meals but, despite this, these were not significantly different among meals, as detected
by Kruskal-Wallis test. In particular, the overall, i.e., from all meals, estimated model
parameters were: k;1 = 0.010 [0.004, 0.024] min~! (estimated in 77% of the subjects) and
kap = 0.028 [0.017, 0.033] min 1. Regarding the hepatic insulin extraction, at variance with
the model reported in [18], here a control by glucose concentration on HE was detectable
in only 3 out of 8 subjects. In particular, we found that the percentage hepatic insulin
extraction decreased when insulin levels in the liver increased. This suggests that the
hepatic insulin extraction process saturates at high intrahepatic insulin level, in agreement
with what reported in previous studies [25].

Overall, these results are in line with the expected faster IP absorption than the
conventional SC route also when using fast-acting insulin analogues [3]. In fact, if one
simulates plasma insulin concentration after a bolus injection of U-400 regular insulin using
the proposed IP model vs. the same amount of insulin after a bolus of U-100 fast-acting
insulin using the SC model incorporated into the UVa/Padova T1D Simulator [15], one can
observe a faster appearance/disappearance of plasma insulin after IP vs. SC administration
(Figure 4). The nonlinear behavior of the IP model is also evident from Figure 4, where the
peak of plasma insulin concentration was lower with the IP than SC absorption for both a
5 and 10 U boluses, while it is higher with the IP than SC for the 15 U bolus.

IP vs. SC insulin absorption

120 '
—P-5U
IP-10U
00l . —IP-15U | 1
X ——-8C-5U
/, . sc-10U
E 8o [/ N —=eel
£ ! "
= ’ R
= ! A
£ ! E
S 60F ! \‘\ 1
7] ! )
2 ,‘ ~
= ||
7]
: 4
[oN
5 6

time (h)

Figure 4. Simulated plasma insulin concentration after different bolus injection amounts (5U, red; 10U
green and 15U blue) of U-400 regular insulin using the proposed IP model (continuous line) vs. U-100
fast-acting insulin concentration obtained with the SC model incorporated into the UVa/Padova T1D
Simulator [15] (dashed line). Median estimated parameters were used to simulate both the IP and
SC routes.

The first major limitation of this work is the small number of subjects available in
the database. Hence, further work is needed to validate or falsify the model on a larger
dataset. A second limitation of this work is that, despite the model accounting for possible
intra-subject (between-meals) variability in IP insulin absorption, in a few cases, it was not
able to perfectly predict plasma insulin data (Figure 3). This could be due to unaccounted
delays in IP insulin appearance after IP administration, similarly to what observed after SC
injection [3]; possible nonlinearities in IP absorption such as those due to insulin volume;
unaccounted intra-day variability of whole-body insulin kinetic parameters, etc. Another
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possible limitation is that, in this work, the whole-body insulin kinetics were described by a
two-compartment model, even if a more physiological but complicated three-compartment
model has also been proposed [20]. The choice was driven by the necessity to keep such a
model as simple as possible, to favor both the a priori and the a posteriori identifiability;,
but also to make the model easy to incorporate in the UVa/Padova T1D Simulator, as
done in [26,27]. This is particularly important to enable the in silico testing of a future
closed-loop control algorithm for next generation SC-IP artificial pancreas. Finally, in this
work U-400 regular insulin was adopted as usual formulation employed for implanted
insulin pumps, allowing for the reduction in injected insulin volumes and less frequent
refills of the reservoir. Hence, the model needs to be further tested if different insulin
formulations are used.

Future work will assess the IP absorption model in combination with other models of
whole-body insulin kinetics. Finally, future developments of the present work will also
include testing the validity of the model to describe IP insulin absorption using other IP
insulin administration systems, such as the DiaPort by Roche (Second Generation, Roche
Diagnostics, Mannheim, Germany), as well as more recent devices [28].

5. Conclusions

In this work, a battery of models of IP insulin absorption and kinetics were proposed
and tested on subjects with T1D, treated by implanted IP pump. The selected model
(Figure 2) is a linear two-compartment model for IP absorption, with absorption from both
IP compartments, coupled with a two-compartment model for insulin kinetics assuming
hepatic insulin to control its own extraction. Overall, the median constant rate of absorption
from the first (k,1) and second (k;2) IP compartments were 0.010 min~! (estimated in 77%
of the subjects) and 0.028 min~!, respectively; and a saturation of hepatic insulin extraction
governed by intrahepatic insulin levels was suggested. The model represents the best
trade-off between the ability to predict the data and the minimum number of precisely
estimated parameters, so that 96% of model parameters were estimated with a coefficient
of variation less than 100%. Future work will include testing the model on larger datasets
and incorporating it into the UVa/Padova T1D Simulator for testing open- and closed-loop
therapies with IP insulin administration.

Author Contributions: M.S. developed the model, performed the analysis, contributed to the dis-
cussion, and wrote the manuscript. C.C. contributed to the discussion and edited the manuscript.
C.D.M. developed the model, supervised the analysis, contributed to the discussion, and edited the
manuscript. C.D.M. is the guarantor of this work and, as such, had full access to all the data in the
study and takes responsibility for the integrity of the data and the accuracy of the data analysis. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by MIUR (Italian Minister for Education) under the initia-
tive “Departments of Excellence” (Law 232/2016) and University of Padova under the initiative
“SIDNetworking Project 2019”.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of Comité de Protection des
Personnes Sud Mediterranée IV, Montpellier, France, on 11 September 2007. The study was authorized
by Agence Francgaise de Sécurité Sanitaire des Produits de Santé on 29 November 2007 and registered
under the reference number 2007-A00696-47.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. The data used in this work were already published in [13].

Data Availability Statement: Restrictions apply to the availability of these data. Data were obtained
from Eric Renard and are available from the authors with the permission of Eric Renard.

Acknowledgments: The authors thank Eric Renard (Centre Hospitalier Universitaire of Montpellier,
France) to have made available the data used in this study and Filippo Moret for his contribution in
preliminary data analysis and model development.



Metabolites 2021, 11, 600 10 of 11

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

World Health Organization. Definition, Diagnosis and Classification of Diabetes Mellitus and Its Complications: Report of a WHO
Consultation. Part 1, Diagnosis and Classification of Diabetes Mellitus; World Health Organization: Geneva, Switzerland, 1999;
Available online: https://apps.who.int/iris /handle/10665/66040 (accessed on 17 February 2021).

Kovatchev, B.P. The year of transition from research to clinical practice. Nat. Rev. Endocrinol. 2018, 14, 74-76. [CrossRef] [PubMed]
Schiavon, M.; Dalla Man, C.; Cobelli, C. Modeling subcutaneous absorption of fast-acting insulin in type 1 diabetes. IEEE Trans.
Biomed. Eng. 2018, 65, 2019-2086. [CrossRef]

Van Dijk, PR; Logtenberg, S.].; Gans, R.O.; Bilo, H.J.; Kleefstra, N. Intraperitoneal insulin infusion: Treatment option for type 1
diabetes resulting in beneficial endocrine effects beyond glycaemia. Clin. Endocrinol. 2014, 81, 488—497. [CrossRef]

Selam, ].L.; Bergman, R.N.; Raccah, D.; Jean-Didier, N.; Lonzano, ].; Charles, M.A. Determination of portal insulin absorption
from peritoneum via novel nonisotopic method. Diabetes 1990, 39, 1361-1365. [CrossRef]

Nathan, D.M.; Dunn, EL.; Bruch, J.; McKitrick, C.; Larkin, M.; Haggan, C.; Lavin-Tompkins, J.; Norman, D.; Rogers, D.; Simon,
D. Postprandial insulin profiles with implantable pump therapy may explain decreased frequency of severe hypoglycemia,
compared with intensive subcutaneous regimens, in insulin-dependent diabetes mellitus patients. Am. J. Med. 1996, 100, 412-417.
[CrossRef]

Haardt, M.].; Selam, J.L.; Slama, G.; Bethoux, J.P.; Dorange, C.; Mace, B.; Ramaniche, M.L.; Bruzzo, F. A cost-benefit comparison of
intensive diabetes management with implantable pumps versus multiple subcutaneous injections in patients with type I diabetes.
Diabetes Care 1994, 17, 847-851. [CrossRef]

Selam, J.L.; Raccah, D.; Jean-Didjier, N.; Lozano, J.L.; Waxman, K.; Charles, M.A. Randomized comparison of metabolic control
achieved by intraperitoneal insulin infusion with implantable pumps versus intensive subcutaneous insulin therapy in type I
diabetic patients. Diabetes Care 1992, 15, 53-58. [CrossRef]

Van Dijk, PR.; Logtenberg, S.J.; Groenier, K.H.; Gans, R.O.; Kleefstra, N.; Bilo, H.J. Continuous intraperitoneal insulin infusion in
type 1 diabetes: A 6-year post-trial follow—up. BMC Endocr. Disord. 2014, 14, 1-7. [CrossRef] [PubMed]

Van Dijk, PR.; Groenier, K.H.; DeVries, ].H.; Gans, R.O.; Kleefstra, N.; Bilo, H.].; Logtenberg, S.J.]. Continuous intraperitoneal
insulin infusion versus subcutaneous insulin therapy in the treatment of type 1 diabetes: Effects on glycemic variability. Diabetes
Technol. Ther. 2015, 17, 379-384. [CrossRef] [PubMed]

Dassau, E.; Renard, E.; Place, J.; Farret, A.; Pelletier, M.].; Lee, ].; Huyett, L.M.; Chakrabarty, A.; Doyle, EJ., IIL. Intraperitoneal
insulin delivery provides superior glycaemic regulation to subcutaneous insulin delivery in model predictive control-based
fully-automated artificial pancreas in patients with type 1 diabetes: A pilot study. Diabetes Obes. Metab. 2017, 19, 1698-1705.
[CrossRef] [PubMed]

Toffanin, C.; Lalo, M.; Cobelli, C. Artificial Pancreas: In silico study shows no need of meal announcement and improved time in
range of glucose with intraperitoneal vs subcutaneous delivery. IEEE Trans. Med. Robot. Bionics 2021, 3, 306-314. [CrossRef]
Renard, E.; Place, ].; Cantwell, M.; Chevassus, H.; Palerm, C. Closed-Loop insulin delivery using a subcutaneous glucose sensor
and intraperitoneal insulin delivery. Diabetes Care 2010, 33, 121-127. [CrossRef] [PubMed]

Kovatchev, B.P.; Breton, M.; Dalla Man, C.; Cobelli, C. In silico precilinical trials: A proof of concept in closed-loop control of type
1 diabetes. J. Diabetes Sci. Technol. 2009, 3, 44-55. [CrossRef]

Visentin, R.; Campos-Nafiez, E.; Schiavon, M.; Lv, D.; Vettoretti, M.; Breton, M.; Kovatchev, B.P.; Dalla Man, C.; Cobelli, C. The
UVA /PADOVA type 1 diabetes simulator goes from single meal to single day. ]. Diabetes Sci. Technol. 2018, 12, 273-281. [CrossRef]
[PubMed]

Wilinska, M.E.; Chassin, L.]J.; Acerini, C.L.; Allen, ].M.; Dunger, D.B.; Hovorka, R. Simulation environment to evaluate closed-loop
insulin delivery systems in type 1 diabetes. J. Diabetes Sci. Technol. 2010, 4, 132-144. [CrossRef] [PubMed]

Lehmann, E.D.; Tarin, C.; Bondia, ].; Teufel, E.; Deutsch, T. Development of AIDA v4.3b Diabetes Simulator: Technical upgrade to
support incorporation of insulin lispro, aspart, and glargine insulin analogues. J. Electr. Comput. Eng. 2011, 2011, 1-17. [CrossRef]
Piccinini, F,; Dalla Man, C.; Vella, A.; Cobelli, C. A model for the estimation of hepatic insulin extraction after a meal. IEEE Tran.
Biomed. Eng. 2016, 63, 1925-1932. [CrossRef]

Bellu, G.; Saccomani, M.P.; Audoly, S.; D’Angio, L. DAISY: A new software tool to test global identifiability of biological and
physiological systems. Comput. Methods Programs Biomed. 2007, 88, 52-61. [CrossRef] [PubMed]

Sherwin, R.S.; Kramer, K.J.; Tobin, ].D.; Insel, P.A ; Liljenquist, J.E.; Berman, E.; Andres, R. A model of the kinetics of insulin in
man. JCI 1974, 53, 1481-1492. [CrossRef]

Cobelli, C.; Carson, E.R. Introduction to Modeling of Metabolic in Physiology and Medicine; Academic Press: San Diego, CA, USA,
2008.

Toffolo, G.; Campioni, M.; Basu, R.; Rizza, R.A.; Cobelli, C. A minimal model of insulin secretion and kinetics to assess hepatic
insulin extraction. Am. J. Physiol. Endocrinol. Metab. 2006, 290, 169-176. [CrossRef]

Matlab, version 9.0.0.341360 (R2016a); The MathWorks Inc.: Natick, MA, USA, 2016.

Kass, R.E.; Raftery, A.E. Bayes Factors. ]. Am. Statist. Assoc. 1995, 90, 773-795. [CrossRef]

Ferrannini, E.; Cobelli, C. The kinetics of insulin in man. II. Role of the liver. Diabetes Metab. Rev. 1987, 3, 365-397. [CrossRef]
[PubMed]


https://apps.who.int/iris/handle/10665/66040
http://doi.org/10.1038/nrendo.2017.170
http://www.ncbi.nlm.nih.gov/pubmed/29286043
http://doi.org/10.1109/TBME.2017.2784101
http://doi.org/10.1111/cen.12546
http://doi.org/10.2337/diab.39.11.1361
http://doi.org/10.1016/S0002-9343(97)89516-2
http://doi.org/10.2337/diacare.17.8.847
http://doi.org/10.2337/diacare.15.1.53
http://doi.org/10.1186/1472-6823-14-30
http://www.ncbi.nlm.nih.gov/pubmed/24708696
http://doi.org/10.1089/dia.2015.0001
http://www.ncbi.nlm.nih.gov/pubmed/25856045
http://doi.org/10.1111/dom.12999
http://www.ncbi.nlm.nih.gov/pubmed/28474383
http://doi.org/10.1109/TMRB.2021.3075775
http://doi.org/10.2337/dc09-1080
http://www.ncbi.nlm.nih.gov/pubmed/19846796
http://doi.org/10.1177/193229680900300106
http://doi.org/10.1177/1932296818757747
http://www.ncbi.nlm.nih.gov/pubmed/29451021
http://doi.org/10.1177/193229681000400117
http://www.ncbi.nlm.nih.gov/pubmed/20167177
http://doi.org/10.1155/2011/427196
http://doi.org/10.1109/TBME.2015.2505507
http://doi.org/10.1016/j.cmpb.2007.07.002
http://www.ncbi.nlm.nih.gov/pubmed/17707944
http://doi.org/10.1172/JCI107697
http://doi.org/10.1152/ajpendo.00473.2004
http://doi.org/10.1080/01621459.1995.10476572
http://doi.org/10.1002/dmr.5610030202
http://www.ncbi.nlm.nih.gov/pubmed/3552527

Metabolites 2021, 11, 600 11 of 11

26. Visentin, R.; Schiavon, M.; Giegerich, C.; Klabunde, T.; Dalla Man, C.; Cobelli, C. Incorporating long-acting insulin glargine into
the UVa/Padova Type 1 Diabetes Simulator for in silico testing of MDI therapies. IEEE Trans. Biomed. Eng. 2019, 66, 2889-2896.
[CrossRef] [PubMed]

27. Schiavon, M.; Visentin, R.; Giegerich, C.; Sieber, J.; Dalla Man, C.; Cobelli, C.; Klabunde, T. In silico head-to-head comparison of
insulin glargine 300 U/mL and insulin degludec 100 U/mL in type 1 diabetes. Diabetes Technol. Ther. 2020, 22, 553-561. [CrossRef]
[PubMed]

28. Tacovacci, V.; Ricotti, L.; Dario, P.; Menciassi, A. Design and development of a mechatronic system for noninvasive refilling of
implantable artificial pancreas. IEEE/ASME Trans. Mechatron. 2014, 20, 1160-1169. [CrossRef]


http://doi.org/10.1109/TBME.2019.2897851
http://www.ncbi.nlm.nih.gov/pubmed/30735983
http://doi.org/10.1089/dia.2020.0027
http://www.ncbi.nlm.nih.gov/pubmed/32125178
http://doi.org/10.1109/TMECH.2014.2327196

	Introduction 
	Materials and Methods 
	Database and Protocol 
	Model Development 
	Model of IP Insulin Absorption 
	Model of Whole-Body Insulin Kinetics 

	Model Identification 
	Model Assessment and Comparison 
	Statistical Analysis 

	Results 
	Model Comparison 
	Performance of the Selected Model 

	Discussion 
	Conclusions 
	References

