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Abstract

Background:
In silico testing was used extensively in the European Commission-funded Closed Loop Insulin Infusion for 
Critically Ill Patients (Clinicip) project, which aimed to develop prototype systems for closed loop glucose 
control in the critically ill. This article presents two examples of how the simulation environment was utilized 
in this project.

Methods:
The in silico simulation environment was used to simulate a 48-hour clinical trial in a surgical intensive care unit 
to achieve tight glycemic control. A set of 10 critically ill synthetic subjects was selected for two different studies. 
In the first study, two sets of clinical trials were simulated using two versions of a model predictive control 
(MPC)-based glucose control algorithm: MPC Version 0.1.5 with hourly glucose measurements and updated 
MPC Version 1.4.3 with variable 1- to 4-hour glucose sampling. In the second study, four sets of clinical trials 
were simulated with four levels of measurement error at 2, 5, 7, and 15% coefficient of variation corresponding 
to the measurement error of commercially available glucose measuring devices.

Results:
In the first study, more frequent glucose measurements associated with MPC Version 0.1.5 facilitated more 
efficacious and safer glucose control compared to that obtained with the prolonged and variable glucose 
sampling rate associated with MPC Version 1.4.3. In the second study, a marked deterioration in safety measures 
was observed in studies performed with a measurement error of 15%.

Conclusions:
The presented simulation studies highlighted two important uses of in silico simulation environment in the 
Clinicip project. The impressive progress and successful completion of the Clinicip project would not be 
possible without computer-based simulations.
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Introduction

Computer simulations have become an inherent part 
of the design process of complex engineering systems, 
resulting in dramatic technological progress of the last 
two decades. A typical example comes from the aviation 
industry. Modern airplanes are efficiently designed 
and tested in a computer simulation environment. This 
virtual design has eliminated the need for many costly 
experiments and accelerated the development process.

In general, simulations aim to model a real-life or 
hypothetical process in order to assess how it works. 
Depending on the purpose, simulations in biology 
can be subdivided into two categories, conceptual and 

“variability inclusive.” As the name suggests, the former 
type is helpful in assessing the conceptual behavior by 
modeling the average patient/organ/process. The latter 
also includes the representation of variability to evaluate 
system behavior across a feasible range of possibilities—
this may include representation of between and within 
subject variability as well as modeling variability 
induced by the measurement process. The variability-
inclusive type of simulation is most suitable to support 
the development of approaches for tight glycemic control 
(TGC).

It has been demonstrated that TGC within a narrow 
range of 4.4 to 6.1 mM (80 to 110 mg/dl) reduces mortality 
and morbidity in the critically ill population.1,2 TGC is 
based on intensive intravenous insulin infusion and 
frequent blood glucose sampling, potentially increasing 
the workload of the intensive care (ICU) nursing staff. 
However, TGC is not easily achievable with standard 
treatment practices at ICUs and increases the risk of 
hypoglycemia.3 The need for novel glucose protocols, 
controllers, and treatment systems is therefore rising. 
Numerous glucose management protocols and computer-
based algorithms have been developed to achieve TGC.4–7 

 

The aim of the European Commission (EC)-funded project 
“Closed Loop Insulin Infusion for Critically Ill Patients” 
(Clinicip), which started in 2004 and ran for 4 years until 
the end of 2007, was to develop prototype automated 
systems for blood glucose control in ICUs. A computer-
based algorithm for the TGC based on model predictive 
control (MPC) was developed and evaluated as part of 
the Clinicip project. Following experience from another 
EC-funded project, “Advanced Insulin Infusion using a 
Control Loop,”8 the development and use of an in silico 
simulation environment was considered crucial in order 

to facilitate rational, timely, and efficient development 
and evaluation of glucose controllers.

This article presents two examples of how the simulation 
environment was used in the Clinicip project and 
shows the impact of the results on the development of 
glucose controllers and the Clinicip system as a whole. 
We exclude the detailed description of the synthetic 
population or the control algorithm and focus on the 
assessment of the utility of the simulation environment. 
In the first example, two versions of the glucose control 
algorithm are compared. The original version of the 
controller uses regular hourly glucose measurements, 
whereas the updated version, preferred by clinicians as 
less resource demanding, adopts variable, 1- to 4-hour 
glucose sampling. Safety and efficacy measures provided 
by the simulations allowed preclinical comparison of the 
two controllers. The objective of the second study was to 
determine an acceptable level of the measurement error 
of the glucose measuring device to achieve TGC with 
the MPC.

Materials and Methods

Simulation Environment
The simulation environment reflects the setup of a real 
clinical trial. Figure 1 presents the overall structure of 
the simulation environment. The simulated experiment 
comprises the experimental protocol, the simulated 
critically ill subject, the model of the glucose sensor, the 
model of the insulin pump, the glucose controller, and 
finally the metrics summarizing the results.

Figure 1. Simulation environment—main components.
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Subjects are represented by individual parameter sets, 
which characterize the physiological model of glucose 
regulation.

Figure 2 shows that the simulated critically ill subject 
is represented by a set of interacting submodels. The 
model of glucose kinetics and insulin action described 
by Hovorka et al.9 represents the core of the simulation 
model. Other submodels include a model of endogenous 
insulin secretion developed using hourly insulin and 
C-peptide concentrations collected in the critically ill 
treated by intravenous insulin to achieve TGC, a model of 
insulin kinetics where saturable hepatic insulin extraction 
is acknowledged10 and a single compartment is used to 
represent a whole body insulin kinetics, and finally a two-
compartment submodel of enteral glucose absorption9 

with added saturability of the gut absorption rate. 
External inputs to those submodels include enteral and 
parenteral feeding and an insulin infusion by the insulin 
pump. The rate of insulin infusion is calculated by the 
glucose control algorithm and is updated at 1- to 4-hour 
intervals. At each of these time intervals the controller 
requires information about glucose concentration, which 
is provided by the glucose measuring device. 

remaining parameters were drawn from informed 
probability distributions. The number of subjects was 
dictated by the availability of clinical data to determine 
the core of the carbohydrate metabolism model, i.e., 
submodels of glucose kinetics and insulin action. For the 
purpose of this study, a subset of 10 simulated surgical 
ICU subjects was selected.

Model Predictive Control
The MPC algorithm has been described previously by 
Hovorka and colleagues.9 The main component of the 
MPC is a model representing the glucoregulatory system. 
As the original algorithm was developed for the treatment 
of type 1 diabetes, the MPC model had to be modified for 
the purpose of the critically ill. The main modifications 
included addition of an endogenous insulin secretion 
model and introduction of time variant insulin resistance. 
Further details of these and other modifications can be 
found in Hovorka et al.12 The model enables prediction 
of the glucose excursion by a dose optimizer. The dose 
optimizer proposes future insulin infusion rates and 
optimizes the rates until the predicted glucose excursion 
fits into the desired glucose excursion, where excursion 
is a slow normalization in case of hyperglycemia, a fast 
recovery in case of hypoglycemia, or maintenance of 
normoglycemia. The glucoregulatory model of the MPC 
has individual parameters, which are adapted online. 
Glucose concentration, insulin dosage, and carbohydrate 
intake are the input variables for the MPC. Entry of the 
glucose concentration is required every 60 to 240 minutes 
and triggers the online adaptation of the parameters and 
the calculation of the insulin infusion rate for the next 
60–240 minutes.

In the course of the Clinicip project, several versions 
of the MPC have been developed and tested in clinical 
trials. The early versions adopted regular hourly glucose 
measurements, such as that reported by Plank et al.11 
(MPC Version 0.1.5 and similar). Following a clinical review 
of these early trials it was suggested that the glucose 
sampling rate should be extended to reduce the workload of 
the ICU staff and the aggressiveness increased to facilitate 
faster achievement of the target glucose concentration of 
4.4 to 6.1 mM (80 to 110 mg/dl). The MPC was modified 
and optimized on the simulation environment to allow 
1- to 4-hour glucose sampling; clinical testing of MPC 
Version 1.4.3 adopting a variable sampling interval was 
described by Hovorka and colleagues.12 In later versions, 
the MPC also provided advice on the time to the next 
glucose measurement. The sampling interval is extended 
if glucose excursions are predictable and reduced if 
glucose swings occur, for example.

Figure 2. Simulator design—the simulated human (dark shaded) is 
represented by a set of interacting submodels. i.v., intravenous; s.c., 
subcutaneous.

Virtual Population of Critically Ill Subjects
The complete virtual population consisted of 55 critically 
ill subjects; 29 of those subjects came from the medical 
ICU and 26 from the surgical ICU. The majority of 
the subject parameters were generated in the process 
of fitting the glucoregulatory model to the rich set of  
clinical data using Bayesian parameter estimation. The 
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Measurement Error
In the studies performed during the Clinicip project, the 
coefficient of variation (CV) of the measurement error 
associated with blood glucose measurements ranged from 
2% for commercial laboratory equipment such as ABL 
(ABL 700™, Radiometer Medical, Copenhagen, Denmark) 
to 15% reported for the OneTouch® II glucose meter 
(LifeScan, Milpitas, CA).13 Two intermediate levels of 5 and 
7% corresponded to other commercially available devices, 
the Accutrend® (Boehringer Mannheim, Mannheim, 
Germany) and Accu-Check® Inform (Roche Diagnostics, 
Burgdorf, Switzerland), respectively.

In Silico Study Design
Ten synthetic subjects from a surgical ICU were selected 
for the purpose of this analysis. An in silico simulation 
environment was used to simulate a 48-hour-long clinical 
trial in surgical ICU subjects to achieve TGC. In the first 
study, two sets of 10 clinical trials were simulated: one 
set was simulated with MPC Version 0.1.5 and the other 
with updated MPC Version 1.4.3.

In the second study, four sets of 10 clinical trials were 
simulated using updated MPC Version 1.4.3 with the 
variable sampling rate. Each of the four sets had a different 
level of the measurement error at 2, 5, 7, and 15% CV.

Glucose Control Measures
The mean blood glucose concentration, the standard 
deviation (SD) of the glucose concentration, the hyper-
glycemic index (HGI)14 defined as the area under the 
curve above glucose level of 6.0 mM divided by the 
duration of the experiment, the time to reach the target 
glucose range of 4.4 to 6.1 mM (80 to 110 mg/dl), and 
finally the percentage of time spent in the target range 
were used to assess efficacy of the TGC. The number of 
hypoglycemia episodes (<2.8 mM; <50 mg/dl) and the 
number of subjects experiencing hypoglycemia were 
used to assess the safety of the TGC.

Results

Comparison of Two Versions of Glucose Controller
An example of graphical output of two simulation studies 
with synthetic subject 1010126 utilizing MPC Version 
0.1.5 with the regular hourly glucose measurements and 
updated MPC Version 1.4.3 with the variable, controller-
determined, glucose measurements is shown in Figure 3. 

Results of the comparison between the original versus 
the updated version of the MPC are shown in Table 1. 

Figure 3. Graphical output from simulation studies with synthetic 
subject 1010126 using two versions of the control algorithm:  
MPC Version 0.1.5 with a regular hourly sampling interval (top) and 
MPC Version 1.4.3 with a variable sampling interval (bottom); green 
squares represent glucose measurements, the blue line (piecewise 
constant) represents the insulin infusion rate, and the red solid line 
represents simulated blood glucose. Green dashed lines represent 
the target glucose range (4.4–6.1 mmol/liter; 80–110 mg/dl), and 
the magenta dashed line represents the level of mild hypoglycemia  
(3.3 mmol/liter; 60 mg/dl). Letters L seen in the background on the 
right are used as diagnostic symbols.

The mean glucose sampling interval for updated MPC 
Version 1.4.3 was 111 minutes.

Comparison of Selected Glucose Measuring Devices
An example of graphical output from three simulation 
studies with three different levels of the measurement 
error of 5, 7, and 15% CV is presented in Figure 4. Updated 
MPC Version 1.4.3 was used in these studies. Figure 3 
(bottom) shows graphical output from the simulation 
study with the reference measurement error 2%, which 
corresponds to the commercial laboratory equipment ABL. 
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performance measures was observed (see Table 1). The 
mean glucose and glucose SD increased with the updated 
version of the MPC. More than a twofold increase was 
noted in the HGI. The percentage of time spent in the 

Table 1.
Glucose Control Measures for Original MPC 
Version 0.1.5 (Regular Sampling) and Updated 
MPC Version 1.4.3 (Variable Sampling) of the MPC 
(N =10; Median Values Are Reported)

Original MPC
Version 0.1.5

Updated MPC
Version 1.4.3

Mean glucose (mM) 5.55 5.99

Glucose SD (mM) 0.87 1.59

Time in targeta (%) 76 56

Time to target (min) 360 177

Hyperglycemic index (mM) 0.17 0.40

Hypoglycemic episodesb (unitless) 0 2

Subjects with hypoglycemia 
(unitless)

0 2

a Target glucose range from 4.4 to 6.1 mM (80 to 110 mg/dl).
b Blood glucose <2.8 mM (<50 mg/dl).

Table 2.
Glucose Control Measures with Updated MPC 
Version 1.4.3 (Variable Sampling) at Four Levels 
of Measurement Error  (N = 10; Median Values Are 
Reported)

Measurement error (CV)

2% 5% 7% 15%

Mean glucose (mM) 6.01 5.98 6.08 6.31

Glucose SD (mM) 1.49 1.45 1.68 1.98

Time in targeta (%) 54 48 50 44

Time to target (min) 178 150 178 181

Hyperglycemic index (mM) 0.42 0.49 0.55 0.68

Hypoglycemic episodesb (unitless) 2 2 2 7

Subjects with hypoglycemia 
(unitless)

2 2 2 5

a Target glucose range 4.4 to 6.1 mM (80 to 110 mg/dl).
b Blood glucose <2.8 mM (<50 mg/dl).

Table 2 lists results obtained with updated MPC Version 
1.4.3 at four different levels of the measurement error.

Discussion
This study highlighted two important uses of the 
simulation environment in the Clinicip project. In the 
first example, two versions of the MPC controller were 
tested on 10 synthetic ICU subjects and the simulation 
results were compared. A trade-off between less frequent 
sampling and efficacy and safety of glucose control 
by the MPC has been demonstrated. As the sampling 
interval increased, deterioration in most of the efficacy 

Figure 4. Graphical output from three simulation studies with subject 
1010126 using different levels of the measurement error: 5% (top), 7% 
(middle), and 15% (bottom); symbols as in Figure 1. Letters L and H 
seen in the background are diagnostic symbols.
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In summary, realistic computer simulations can provide 
invaluable information about safety, efficacy, and 
limitations of control algorithms. Various control 
algorithms can be tested efficiently and compared 
in a variety of control scenarios. However, computer 
simulations can only be used to reject inappropriate or 
inefficient algorithms. Simulations alone cannot assess 
the safety and efficacy of control algorithms. Ultimately 
this is the role of clinical trials.

Conclusion
The simulation environment has been used routinely 
throughout the Clinicip project, serving as an invaluable 
tool to assess preclinically the performance of different 
versions of the MPC controller prior to clinical testing. 
The simulation environment played an important role 
in making important decisions about the experimental 
setup, such as selecting an appropriate type of a bloods 
glucose measuring device. The impressive progress and 
successful completion of the Clinicip project would not 
be possible without computer-based simulations.
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