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GENERAL INTRODUCTION TO 
AUTOMATION OF INSULIN INFUSION

Type 1 diabetes is characterized by high blood glucose levels (hyperglycaemia) due to insulin 

deficiency. Insulin is produced by beta-cells of the pancreas in response to an increase of 

blood glucose and triggers body cells, in particular liver, fat and muscle cells to transport blood 

glucose into the cell to act as energy source. Insulin deficiency generally coincides with high 

blood glucose that causes excessive fluid and energy loss through increased osmotic urine 

production (polydipsia) resulting in weight loss and dehydration. On the other hand excess 

of therapeutically administered insulin causes low blood glucose (hypoglycaemia) inducing 

neuroglycopenic symptoms such as confusion and behaviour change but also seizure and coma 

can occur.1–3 Type 1 diabetes is caused by auto-immune destruction of the insulin producing 

beta-cells resulting in acute need for insulin replacement therapy due to an absolute insulin 

deficit. Diagnosis of diabetes is confirmed with a fasting plasma glucose above 7 mmol/L or 

126 mg/dL on more than one occasion or a random venous plasma glucose higher than 11.1 

mmol/L or 200 mg/dL with symptoms of hyperglycaemia i.e. weight loss, polyuria, polydipsia 

and lethargy. Type 1 diabetes can be differentiated from type 2 diabetes by age of onset (45% 

before 10 years of age), phenotype (most often slim), and diabetes specific antibodies (GAD65, 

IA2).4,5 In 2014 an estimated number of 422 million adults had diabetes, accounting for about 

7% of deaths among men and 8% among women aged 20-69. The worldwide prevalence of 

diabetes has doubled since 1980, and is rising by about 3% per year for type 1 and more so for 

type 2 diabetes.6

Long-term elevation of blood glucose causes loss of vision due to retinopathy, neuropathy as well 

as myocardial infarction, stroke and kidney disease due to atherosclerosis.7,8 Tight glycaemic 

control, reached through intensive insulin therapy, can significantly reduce these complications.7,8 

Modern insulin dosing schedules for patients with type 1 diabetes consist of long-acting insulin 

to account for basal insulin need and multiple doses (‘bolus’) of fast-acting prandial insulin. This 

dosing schedule is often referred to as multiple daily doses of insulin (MDI). The patient is advised to 

adapt insulin dose based on current blood glucose, meal content and an estimation of metabolic 

state, e.g. related to stress, illness or physical activity.9,10 Precise insulin dosing is all the more 

difficult since insulin action peaks after only 1.5-2.5 hours and can affect glucose concentration 

up to 4.5 hours after injection. At a more advanced level, insulin adjustments can be based on 

meal carbohydrate content and current glucose with use of carbohydrate counting and patient 

specific carbohydrate-insulin and insulin-sensitivity factors.9–11  A so-called ‘bolus wizard’ can be 

used to facilitate these calculations.12 Treatment targets generally aim to reduce haemoglobin-A1c 

(HbA1c), a measure of mean glucose over the last 6 to 8 weeks, targeting at an HbA1c of below 

7.0% or 53 mmol/mol. Other outcomes such as time spent in hypoglycaemia   (< 3.9 mmol/L or 

70 mg/dL), euglycaemia (3.9-10 mmol/L or 70-180 mg/dL) and hyperglycaemia (>10 mmol/L or 

180 mg/dL) are used to assess treatment efficacy in-clinic and for research purposes.13



13GENERAL INTRODUCTION, AIM AND OUTLINE OF THE THESIS

As an alternative to subcutaneous insulin injection by pen, continuous insulin infusion by insulin 

pump (continuous subcutaneous insulin infusion [CSII]) is used in about 20% of patients with 

type 1 diabetes.14 When using pump therapy, basal insulin is supplied as continuous infusion of 

fast-acting insulin at pre-programmed basal rates with pre-meal bolus doses given by the patient 

to minimize postprandial glucose excursions. Pump therapy allows for quick adaptation of insulin 

therapy, e.g. to temporarily stop basal insulin infusion, in case of an increase in the individual 

patient’s daily activities which otherwise could cause hypoglycaemia. Frequent fingerstick 

capillary glucose measurements are used to monitor blood glucose levels. Using the results, 

patients can increase insulin dosage in case of hyperglycaemia and reduce insulin dose or stop 

insulin infusion in case of hypoglycaemia. In addition to current glucose, continuous glucose 

monitors (CGM) can inform patients of their glucose trend and provide the patient with alarms in 

case of (upcoming) hyper- or hypoglycaemia.15 CGM consist of a disposable body-worn sensor 

that measures glucose every 5 minutes, glucose data is transmitted to a receiver that displays the 

information to the patient. Both pump and CGM therapy have been found to improve glycaemic 

control and patient quality of life.14,16,17 Figure 1 provides a simulated example of additional 

information provided by continuous glucose monitoring over intermittent glucose monitoring.

Figure 1 Example of simulated benefit of continuous over intermittent glucose monitoring.
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The successful extraction and purification of insulin (1922) changed the fate of people with diabetes 

from sure death to a chronic illness.18 The availability of modern insulins and self-monitoring of 

blood glucose (SMBG) allowed patients to live life more freely, while insulin pump and CGM 

allowed for further treatment individualization. But even with the latest technology and therapy 

guidance the disease burden remains high and in many cases glycaemic targets are not met.18,19 

Patients can be overwhelmed by the constant presence of their disease and sheer number of 

treatment decisions to make. New therapies are needed to not only improve glycaemic control 

but also reduce the disease burden.

Transplantation of pancreas tissue or isolated beta-cells does temporally restore glucose control but 

is limited by the availability of donor pancreas and requires chronic systemic immunosuppressive 

treatment.20,21 Also transplantation of isolated beta-cell mass does not present a permanent 

solution due to cell vitality loss over time.20 Research investigating revitalization of beta-cells and 

tissue culture of beta-cell progenitors is promising but moving ahead slowly.22,23 The automation 

of insulin administration by integration of a pump, system for continuous glucose monitoring and 

algorithm for glucose control might provide a mechanical solution.

The concept of automation of insulin infusion to improve glucose control was conceived and 

provisionally executed quite some time ago (1974, Biostator, Ames Division, Miles Laboratories, 

Elkhart, IN).24,25 At the time, investigators showed that with closed-loop (CL) technology, 

using intravenous glucose sampling and administration of both insulin and glucose, it was 

possible to achieve near-normal glucose control in patients with type 1 diabetes. But due to 

the invasiveness of the procedure and bulkiness of the device, it could not be used in daily 

practice. The development of subcutaneous CGM allowed for less invasive glucose monitoring, 

enabling at-home application. With improvement in usability and glucose measurement 

accuracy, this evolved into combined use of insulin pumps (CSII) and CGM, also known as the 

sensor-augmented pump therapy (SAP),26,27 and enabled research into automation of insulin 

administration. Sensor-augmented pumps are the first systems that automatically stop insulin 

infusion when glucose becomes too low and can be regarded as a forerunner of the artificial 

pancreas. SAP-systems show a significant reduction in overnight hypoglycaemia.28,29

The infographic at the left flap of this thesis provides information on the components of a 

system used for automation of insulin administration, i.e. an artificial pancreas or closed-loop 

system (AP/CL). AP systems consist of an insulin pump, a system for continuous glucose 

monitoring and algorithms for glucose control. Systems either consist of separate parts or are 

more integrated devices in which the CGM receiver and control algorithm device (infographic 

items 2-3) are integrated with the insulin pump.30,31 Mode of operation can be distinguished 

between full closed-loop in which only limited patient-device interaction is needed with the device 

more or less taking over and hybrid closed-loop in which the patient informs the device of meal 

intake and exercise and decides whether proposed actions are to be accepted or rejected.30–32 

These systems can work as an add-on on the patient’s standard treatment settings, reducing or 
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increasing pre-set basal insulin only if the projected glucose targets are not met. Some systems 

require to be pre-set with the carbohydrate-to-insulin ratio and insulin sensitivity factor while 

others need to be informed of body weight only. Insulin-only and dual-hormone approaches have 

been investigated, dual-hormone systems administer glucagon or amylin in addition to insulin to 

improve glycaemic control.30,31,33,34 Advanced algorithms are needed to account for delay in 

insulin action and inaccuracy of current CGM systems. Finally, different types of glucose control 

approaches have been investigated including algorithms with self-learning properties that enable 

treatment adaptation over time.35

Aim and outline of the thesis
Many years have passed since the first experiments with automation of insulin administration 

were performed, now the commercial introduction of the artificial pancreas is imminent. 

In PART 1 of this thesis TO MEASURE WHAT THEY MEASURE we focus on the assessment 

methods and accuracy of devices used for CGM. These devices provide the input and control 

information for the closed-loop operation of artificial pancreas systems (infographic items 1 

and 2). Chapter 1 and 2: CGM measurement accuracy can differ significantly between CGM 

systems, indicating the importance of reproducible and effective accuracy assessment. We aimed 

to investigate current assessment methods, including use of venous, arterialized-venous and 

capillary glucose reference measurements and propose improved methods for reproducible and 

effective accuracy assessment assuring a level playing field for comparison of future CGM systems. 

Figure 2 provides an example of CGM accuracy assessed using venous glucose reference. 

Chapter 3 and 4: When CGM data are used for insulin dosing without confirmatory finger stick 

glucose measurement such as in artificial pancreas systems (i.e. so-called ‘non-adjunctive’ use) 

the accuracy and reliability of these systems is extra important. In chapter 3 and 4 we aimed 

to investigate the accuracy of modern CGM systems using proposed assessment methods. In 

chapter 3 we aimed to compare the accuracy of the two most widely used CGM systems in a 

head-to-head comparison. Chapter 4 describes the investigation of a novel type implantable 

glucose monitoring system presenting accuracy data and clinical outcomes. 
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In PART 02, AUTOMATION OF INSULIN INFUSION  we aimed to evaluate the out-of-hospital 

clinical performance of an artificial pancreas system and assessed patient acceptance of the 

system. Chapter 5 provides an overview of the evolution taking place in technological innovations 

in diabetes leading towards clinical testing of the artificial pancreas. Chapter 6 describes the 

transition from in-hospital experiments to short-term out of hospital assessment of the artificial 

pancreas, a vital step towards product commercialisation. Chapter 7 describes the results of 

the first free-living evening-and-night long-term clinical investigation of the artificial pancreas. 

In Chapter 8 we aimed to assess the patient acceptance of the artificial pancreas system and 

to provide insights for future development of the artificial pancreas system. Chapter 9 and 10 

describe the results of use of the artificial pancreas system during day-and-night as compared 

to evening-and-night use. Advanced self-learning algorithms were investigated as a measure to 

improve glycaemic control through treatment adaptation over time.

Figure 2 CGM measured glucose versus venous glucose reference measurements. 
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