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January 2008: FDA Accepts
the UVA/Padova Type 1 Diabetes Simulator
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• Dramatic improvment of subcutaneous glucose sensor accuracy
• Acceleration of artificial pancreas research



Before the Simulator: Animal Studies First, Then Humans
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• Need to be maximal (large scale) not minimal (parsimonious)

• Need to describe population variability, i.e. average models 
are useless

• Are, generally, nonlinear dynamic models of high order with a 
large number of parameters

New Generation of Simulation Models



mimicking endogenous glucose 

production

i.v. [6,6D 2] glucose

mimicking meal rate of appearance

i.v. [6-3H] glucose

[1-13C] glucose oral

Oral tracer ingested with the meal

The Breakthrough: Triple Tracer Meal Studies 
at Mayo Clinic, Rochester, MN

t=0

t=0

t=0

Tracer-to-tracee clamp technique

virtually model-independent:

• Glucose Rate of Appearance

• Endogenous Glucose Production

• Glucose Utilization

• Insulin Secretion

Fluxes, in addition to concentrations, 
measured in 

a quasi-model independent way in 
244 healthy and Type 1 diabetes 

subjects

Basu et  al., Diabetes 2006; Hinshaw et al., Diabetes 2013 
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Triple Tracer Meal Data in Healthy Individuals
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GLUCOSE

SYSTEM

GASTRO-INTESTINAL

TRACT 

LIVER

BETA-CELL

MUSCLE 

AND ADIPOSE 

TISSUE

INSULIN

SYSTEM

Plasma Glucose 

Plasma Insulin

60

80

100

120

140

160

180

0 60 120 180 240 300 360 420

0

100

200

300

400

500

0 60 120 180 240 300 360 420

Secretion

Production

0

2

4

6

8

10

12

0 60 120 180 240 300 360 420

0

2

4

6

8

10

0 60 120 180 240 300 360 420

0

100

200

300

400

500

600

700

0 60 120 180 240 300 360 420

0

0.5

1

1.5

2

0 60 120 180 240 300 360 420

Utilization

Rate of 

Appearance

Renal Excretion

The Simulator

Identification by system decomposition and bayesian forcing function strategy



Sensor Model

Subcutaneous 
Insulin Pump 
Model

In Silico Subject
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The UVA/Padova Type 1 Diabetes Simulator

Key: Inter-Individual Variability

Adults (n=100) Adolescents (n=100) Children (n=100)

Parameter Mean (SD) Min Max Mean (SD) Min Max Mean (SD) Min Max

Weight (kg) 79.7 (12.8) 52.3 118.7 54.7 (9.0) 37.0 88.7 39.8 (6.8) 27.6 60.7

Insulin (U/day) 47.2 (15.2) 21.3 98.4 53.1 (18.2) 22.6 141.5 34.6 (9.1) 17.6 56.1

Carb ratio (g/U) 10.5 (3.3) 4.6 21.1 9.3 (2.9) 3.2 19.9 14.0 (3.8) 8.0 25.5

INSULIN ABSORPTION INSULIN ACTION

(Kovatchev et al., JSDT 2009; Visentin et al., JSDT 2018)



Sensor Model

Insulin Pump 

Model

ControllerType 1 Diabetic 

Patient Model

• Controller design, testing & validation
• In silico trials for regulatory purposes

Type 1 Diabetes Simulator in AP Research



January 18, 2008:
T1DM Simulator accepted by FDA

as substitute to animal trials
(Master file #1521)

Concept

Animal Trials

Clinical Trials

Product

Concept

In Silico Trials

Clinical Trials

Product

Traditional vs. Accelerated Development 
of Drugs & Medical Devices

Regulatory Approval for clinical trials
based entirely on in silico testing:

April 17, 2008 (UVA IDE);
May 20, 2008 (Padova EC)



In Silico Procedure of Testing Controller

JDRF AP 
Consortium
Investigator

Jaeb Center
(full copy 

of the simulator)

Controller

FDA
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Response:
Yes, No, Revise



JDRF AP Consortium : Algorithm Verification for FDA Submissions

• A total of 140 candidate algorithm versions have been formally
submitted to the Jaeb Center for validation

• The 140 submissions represent approximately 16 discrete projects
for which one or more algorithm versions was submitted

• This resulted in an Investigational Device Exemption (IDE) being
submitted to FDA after final validation



The FDA accepted T1D Simulator: 
Glucose Sensors , New Molecules & Insulin Delivery Modes

• SC glucose sensors: FDA Approval of Dexcom G5 Nonadjunctive Use, 2016 

• Adjunctive T1D treatment (Pramlintide): Micheletto et al, DTT 2013; Riddle et al, 
DOM 2015

• Inhaled insulin (Afrezza): Visentin et al, DTT 2016

• Long-acting insulin: glargine & degludec: Schiavon et al, DTT 2020

• Intraperitoneal insulin delivery: the EU FET FORGETDIABETES project



Dexcom G5 Mobile - Nonadjunctive Use 

Nonadjunctive use: no need of self monitoring blood 
glucose to dose insulin



40,000 Unique Adult and Pediatric Combinations

Alert settings, SMBG frequency, 
hypoglycemia awareness

100 Behaviors
200 Unique 
Physiologies

20,000 Combinations

Insulin sensitivity, body 
weight,…

Additional 20,000 for impaired hypoawareness

X =



FDA Approves Dexcom G5 Nonadjunctive Use
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• The effect of inhaled insulin was then incorporated into the UVA/Padova 
T1D simulator

21

Incorporation into the UVA/Padova T1D Simulator
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Future Emerging Technology (FET) call : 
high-risk high-gain breakthrough technology

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 951933



Individualized adaptive 
control algorithm

μ-mechanical pump for 
hormone delivery

3D printed glucose
nano-sensor

Biocompatible coating to 
ensure implant long 

duration

Hormone refilling every 2 weeks 
via magnetic docking of an 

ingestible pill

Implantation leaves no 
visible signs

ip physiologic hormone 
delivery route

The bionic implantable pancreas : 
a radically new intraperitoneal (ip) fully closed-loop technology

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 951933



ip fully automated CL

• ip Insulin delivery (Diaport)
• 1 day in hospital fully closed-loop ip vs sc

with unannounced meal 
• 10 individuals with type 1 diabetes
• ↑↑↑ TIR (80-140mg/dL)

Dassau et al, DOM 2017

8am 1pm 7pm

40g 70g 70g



Bayesian in silico Augmentation of  Clinical Trials

Toffanin C, Cobelli C, IEEE 2022

• 100 in silico subjects confirmed  ip in vivo 1-day results of Dassau et al over a 4-weeks ip study with inter- and 
intra-day insulin sensitivity variability

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 951933



This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 951933



Day & Night

A (mg/dl)

MPC-IP-U 141.32 [126.73, 161.61]

MPC-SC-U 169.74 [145.91, 209.55]

SD (mg/dl)
MPC-IP-U 28.72 [22.37, 36.02]

MPC-SC-U 46.19 [33.38, 54.40]

CV (mg/dl)
MPC-IP-U 0.20 (± 0.06)

MPC-SC-U 0.25 (± 0.09)

Tr  (%)
MPC-IP-U 87.22 [72.37, 94.56]

MPC-SC-U 59.52 [38.56, 72.10]

Ttr (%)
MPC-IP-U 56.67 [26.13, 69.21]

MPC-SC-U 25.88 [2.65, 52.48]

Ta  (%)
MPC-IP-U 9.15 [3.31, 26.06]

MPC-SC-U 39.88 [26.07, 61.44]

Tb  (%)
MPC-IP-U 0.00 [0.00, 1.26]

MPC-SC-U 0.00 [0.00, 0.99]

Glucose metrics

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 951933



CONCLUSIONS

• The FDA acceptance of the Type 1 Diabetes Simulator: an unprecedented 
event in the modeling community

• In silico trials have dramatically accelerated regulatory processes of  
artificial pancreas research

• The simulator is instrumental in diabetes technology research: glucose 
sensors, new molecules and insulin delivery modes

• In silico trials allow augmentation of small clinical trial by increasing 
numerosity and variability of the population

• Absence in Italy of the FDA Investigational Exemption Device penalizes 
research , and especially small innovative biotech companies or 
investigator initiated studies


