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Summary: Despite the increasing use of new treatment options, the glycaemic control of
most diabetes patients is not satisfactory. However, a clear advantage is documented in the
subpopulation of patients applying advanced technologies. Nevertheless, there is a need to
improve the replacement of islet function and to check the achievement of treatment goals in
individuals with diabetes. Aiming to fulfil these requirements, new technologies need to
attain. Parallel development of insulin pumps and continuous glucose monitoring devices
lead to automated insulin delivery systems. The future development goal is to achieve
systems not dependent on user inputs, e.g. the fully closed loop system (artificial pancreas).
The biggest barriers are the non-physiological insulin delivery and glucose monitoring
subcutaneous/interstitial) of the systems used currently, therefore further research will
establish the long-term benefits of emerging technologies in the care of diabetes individuals.
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INTRODUCTION

The cure for diabetes has not been solved until today, which is why different methods
have been investigated that seek to completely replace the endocrine function of the
pancreas, and thereby aim to cure the disease. During diabetes, the islet cell
apparatus of the pancreas — the islets of Langerhans — is completely destroyed. Three
alternatives are currently available to replace the function: 1) transplantation (of the
whole pancreas or pancreatic islet cells), 2) the use of beta cells that can be produced
from stem cells, and 3) the use of an artificial pancreas. This paper deals with the
research direction of the artificial pancreas.

In recent years, thanks to the development of information technology, the
replacement of islet cell function has become a realistic possibility. The portable
insulin pump (CSII: continuous subcutaneous insulin infusion) and the instantaneous
glucose monitoring (rtCGM: real-time continuous glucose monitor) have been
available in clinical practice for a long time, which form the technological basis of
research and development. Using the traditional insulin pump and glucose
monitoring together provides an open feedback system (OLS: open loop system),
which, however, cannot ensure complete normoglycaemia. One of the most
significant barriers to ensuring a normal blood glucose level is hypoglycemia, the
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most common side effect of insulin treatment, which limits the success of the
treatment. In the course of developments over the past few years, two new functions
have been developed with the available tools to avoid hypoglycemia: suspension of
insulin infusion in case of low glucose level (LGS: low glucose suspend) and
predictive suspension of insulin infusion anticipating the upcoming low glucose
level (PLGS: predictive low glucose suspend). Despite all this, it is still not possible
to ensure long-term normoglycaemia in the majority of patients. Hypoglycemia
cannot be avoided in many cases and the fear of it significantly worsens the quality
of life of patients, therefore the research and development of the artificial pancreas
(AP: artificial pancreas, or CLS: closed loop system) is also of fundamental
importance from a clinical point of view.

The artificial pancreas is a system that can adjust the administration of insulin to
the glucose level. The prototypes that could only be used in hospital conditions were
developed in the 70s, (“biostator”) however, portable systems have also appeared in
the last decade, and they have recently been licensed for clinical use in the USA.
Today’s artificial pancreas consists of a portable insulin pump (CSII) communicating
with a subcutaneous interstitial glucose sensor (CGM) and an algorithm that analyses
the results and regulates insulin administration. The sensor continuously sends
information about the interstitial glucose level to the algorithm, which, based on this,
gives instructions to the pump for the necessary insulin infusion (Figure 1). The
components of the AP are reviewed below.

Closed-loop insulin delivery concept
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Figure 1. Artificial pancreas
Insulin pump

An insulin pump contains an insulin reservoir, a graphical interface, a battery, and
mechanical and hardware components for injecting insulin into the subcutaneous
tissue. Nowadays, many companies offer functional products that can be used to
automatically administer insulin to the patient. In contrast to the traditional injection
practice, the number of people choosing an insulin pump has been steadily increasing
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lately. Their number is currently estimated at more than one million worldwide [1].
Insulin pumps can be divided into two main categories: catheter and patch versions.
Traditional catheter-based pumps include devices from Animas, Medtronic, and
Roche that connect a metal or plastic cannula placed under the skin to the pump’s
insulin reservoir. In contrast, the Omnipod patch system does not require a wire, the
insulin reservoir is fixed above the injection point. In both cases, it is recommended
to change the cannula every 3-6 days. The results of a recent comprehensive study
showed no significant difference in HbAlc values between individual manufacturers
and types [2]. In the 2000s, traditional catheter pumps were more common, but
thanks to numerous technological innovations, the popularity of patch pumps is
increasing nowadays [3].

Most advanced technologies leading to fully automated insulin delivery systems
integrate the three main components of the AP into one device. Such an important
milestone was the combined use of the CGM system and insulin pump, which
allowed an algorithm to stop basal insulin administration in the event of
hypoglycemia. An improved function of this can interrupt the insulin administration
before the blood sugar drop occurs (this is available from the 640G series by
Medtronic) [4]. It is an innovation that Medtronic’s MiniMed 670G system can
operate partially autonomously by continuously adjusting the basal insulin, which
can be achieved using the “proportional-integral-derivative” (P1D) control algorithm
mentioned in more detail later [5]. In contrast to the seven-day operating time of
CGM systems, the cannulas of insulin pumps must be changed every 3-6 days.
Therefore, it is particularly important to develop cannulas that can be used to
increase the service life and require fewer replacements. No significant difference
was found between the currently used stainless steel and Teflon cannula in terms of
inflammatory processes and lifespan. It is important to examine whether the
additional cost of Teflon is associated with a significant increase in service life [6].

Sensor

The use of CGM systems is becoming more and more widespread, given that their
cost implications are significantly lower than those of classic fingerprick
measurements [7]. Their advantage over classic measurements is that they provide
continuous feedback on the patient’s glucose level, which, due to the continuous
information, is a significant help in adjusting therapy. In addition, it helps patients
to achieve both the glycemic goals set and the desired HbA1lc level with the help of
closer glycemic control. However, it must be emphasised that the sensor measures
interstitial glucose levels and the blood glucose concentration is calculated from
these data. The use of CGM is beneficial for all patients with diabetes regardless of
the use of an insulin pump. In 2018, several clinical studies were also carried out,
which proved that the use of such a system is helpful in all age groups and types of
diseases [8]. By increasing the frequency of measurement, the patient can better
adjust his/her treatment, and other important statistical information for the patient
can be obtained. CGM systems consist of three main units: sensor, transmitter and
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receiver. Depending on the technology, the sensor and the transmitter can be placed
in the same device, they do not need to form separate units. There are solutions based
on different measuring principles for the implementation of CGM systems. In most
cases, the structure is attached to the patient’s abdomen, where it is connected to the
subcutaneous layer of the skin through a thin catheter. The most commonly used
measurement method is based on the glucose oxidase enzyme, which can be used to
estimate the patient's blood sugar level through changes in the electrical properties
of the sensor. The enzyme catalyzes the conversion of glucose into gluconic acid,
and an electric charge is indirectly created in the reaction. The estimated glucose
concentration can be calculated from the magnitude of the charge created in the
electrode with appropriate analogue and digital signal processing.

CGMs have many advantages as well as disadvantages. These disadvantages
stem, on the one hand, from the lack of education of sensor users, as they may not
use the device as prescribed. On the other hand, they represent a challenge from the
point of view of engineering design. Due to technological limitations, the data of
sensor measurements are available every five minutes on average, i.e. a sampling
time of five minutes can be expected in the case of automated algorithms, which
greatly complicates the design of a continuous regulator [9, 10].

The control algorithms used within the framework of AP require that the
measurement data be available at appropriate intervals, which is currently possible
primarily by using a CGM system. The control algorithms evaluate the incoming
CGM data according to a given methodology, based on which the amount of insulin
to be administered is determined. In practice, this means that if there is a discrepancy
between the measured blood sugar level and the prescribed blood sugar level, an
error signal is generated, and the amount of insulin to be administered is calculated
concerning the level of the error signal.

Since insulin pumps use fast-acting insulin analogues (insulin aspart, lispro or
glulisine among the active ingredients available in Hungary), control algorithms are
expected to allow for the reaction dynamics and reaction kinetics of these
preparations, which is usually the area of model creation and application. From the
point of view of CGM, however, this means that reliable data must be available
quickly enough so that the error signal generation and the amount to be administered
can be calculated by the given algorithm. In daily practice, the availability of five-
minute blood glucose measurement data is suitable for the design of “quasi-
continuous™ and discrete (sampled) algorithms.

In connection with the AP concept, several CGM systems have been tested in
clinical conditions in recent years, which without exception were based on glucose
oxidase enzyme technologies. In the vast majority of recent clinical trials, devices
from three manufacturers were used: Medtronic’s Enlite sensor, Dexcom’s G series
(mainly G4, G5 and G6) and Abbott’s Freestyle Navigator Il system. Currently, the
Dexcom G6 is one of the most advanced CGMS systems available on the market.
The biggest innovations of the sensor in terms of the AP concept are the ten-day
wearing time, new data access options, smartphone display, and the use of factory
settings. The latter allows patients to use the sensor without fingerprick calibration
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after the sensor has been placed, which can perform measurements of adequate
quality even without a reference value [11].

One of the most widely used versions of the Dexcom G series is the G4, which
has also been successfully used in many AP-related clinical surveys (e.g. nighttime
blood sugar control, as well as various distractions, stress, and physical activity) [12,
13]. It is worth mentioning that implantable CGM sensors have also appeared in
recent years, of which Senseonics’ Eversense sensor recently received FDA
approval. This can be implanted for 90 days [14].

Algorithm

The third important component of AP is the control algorithm, which enables
automated insulin administration. Since insulin pumps are currently mainly used for
the treatment of TLDM patients, most of the control algorithms were also developed
to automate this treatment. The main expectation of the AP is to keep the patient’s
blood glucose level in the normoglycemic range (3.6-6.0 mmol/l) despite the
disturbing effects (food intake, exercise, etc.) so that only minimal intervention is
required by the patient. Furthermore, the main criterion is that dangerously low blood
sugar levels, which could endanger the patient, can be avoided in an automated way
using the AP.

In the literature, we can find examples of the adaptation of many control methods
to AP. The most promising directions include model predictive control (MPC), fuzzy
logic control (FL), classical proportional-integral-derivative control (PID) and the use
of robust control solutions [15]. All control algorithms are based on the fact that before
we intervene in the process, we must first know the characteristic to be controlled at a
given moment. In the case of AP, this is the patient’s blood glucose level, the value of
which is provided by the CGM system based on the measured tissue glucose value.
From the difference between the measured value and the target value we want to
achieve, we can create a so-called error signal. Individual algorithms are distinguished
by the form in which this error signal is taken into account and possibly what other
information is required to determine the intervention (insulin dose). Algorithms must
meet certain qualitative and quantitative requirements. A qualitative requirement is to
keep the blood sugar level in the appropriate range, while a quantitative criterion is the
dose of insulin administered.

The first AP control algorithms were based on PID, because they are simple, which
is why they are used most often in industrial applications to this day. This algorithm
works in such a manner that it examines the blood sugar level coming from the CGM
and the desired blood sugar level at each moment, which, when compared, forms an
error signal proportional to the magnitude of the error. The algorithm also considers
the value of the previous error signals (its integral) as well as the slope of the error
change (derivative). Based on these, the algorithm produces the appropriate insulin
dosage. It can be said about the control algorithm that its implementation is simple, but
it is sensitive to all kinds of unprogrammed conditions. With this regulation, promising
results could be achieved during the application of AP [16, 17].
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Today, MPC is the most advanced and widespread AP control technique, but this
method is very sensitive to changes in the patient’s internal properties (e.g. ageing
processes), as well as to differences between patients and external disturbances. MPC
is a model-based approach that uses prediction, that is, estimates future blood glucose
levels based on available information and the amount of insulin currently administered.
This means that, based on a mathematical model (cost function) and other information,
the regulator determines the amount of insulin that needs to be administered to meet
the regulatory goals over time. The cost function describes the actual control goals,
such as the amount of insulin used, the variability of blood sugar levels, etc [18].

Fuzzy logic control methods (FL) can also be found in the literature in connection
with AP, but the clinical examination of these methods has only become timely in
the last few years [19]. There are also attempts to use the recently fashionable
machine learning algorithms, but the use of these methods is still in a very
experimental stage [20].

In recent years, modern robust regulations regarding the AP concept have also
appeared. The goal of these regulations is to eliminate deterministic disturbances that
arise from physiological variations, as well as food intake as a disturbance affecting
blood sugar levels. In other words, modern robust regulations aim to provide general
security guarantees during AP operation. As a result, the given robust regulation may
be able to minimise the disturbing effects resulting from parameter variability, food
intake and possibly other effects [21-25]. These methods enable uniform handling
of the already mentioned parameter variabilities and unfavourable mathematical
properties and significantly simplify the controller design, as well as have favourable
properties to minimise disturbing effects.

The approaches described above can be applied to systems based on insulin
delivery (single-hormone AP). In addition, there are also dual hormone-based
regulators, which not only administer insulin but also glucagon working as the so-
called bionic systems (bihormonal AP). A major advantage of dual hormone regulators
over the traditional AP concept is that they can handle external disturbances more
effectively, such as larger, unpredicted food intake and vigorous exercise. This
conceptually different new approach is gaining ground among AP researchers, and
clinical trials have also provided promising results. However, some studies did not
show a significant difference compared to the traditional method in certain age groups,
and it should also be taken into account that the practical application of this method is
also more complicated due to the double hormone handling [26, 27].

Clinical applicability

During the development of AP and control algorithms, an important aspect is their
testing in clinical practice. Encouraging results have been obtained in numerous
clinical trials in recent years. The AP that only administers insulin was tested for the
first time in hospital conditions. These studies have demonstrated safety and efficacy
for nocturnal blood glucose control and hypoglycemia. Later, the tests were also
performed outside the hospital, and the safety and effectiveness proved to be
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adequate. However, contradictory results were obtained, as some authors were able
to demonstrate an improvement in the duration of the blood glucose value within the
target range, while others could not prove this, only a reduction in the rate of
hypoglycemia.

Some researchers have examined the applicability of AP in the case of T2DM in
hospital conditions and the results have proven to be promising [28]. Other studies
have examined the effectiveness of the regulations in the case of exercise of varying
intensity and unpredicted, large amounts of food intake, with favourable results [29,
30]. During the testing of the bionic AP, the first results in terms of safety and
efficiency were promising, and the results of the subsequent tests also confirmed the
previous data. In a recent study, better blood sugar control and a lower rate of
hypoglycemia could be achieved with the use of bihormonal AP than with the use of
an insulin-only AP or a traditional insulin pump. However, the few available studies
are not yet sufficient to determine whether the currently used bionic AP has clear
benefits. Further longer-term clinical studies are necessary to establish this.

Several difficulties arise during the development of the artificial pancreas. One is
the latency between blood glucose and interstitial glucose levels, which delays the
adaptation of insulin administration. The other is the late onset of action of the meal
insulin and the still too long duration of action, which causes the postprandial blood
sugar rise to be significant, and the increased risk of late hypoglycemia after a meal.
Another difficulty is monitoring and avoiding the metabolic effects of unplanned
physical activity. In the case of bionic AP, the instability of glucagon preparations is
also a difficulty, which makes it necessary to replace the hormone daily. But last but
not least, the non-physiologic route of insulin administration (subcutaneous tissue vs.
portal vein) and glucose measurement (interstitial vs. intravascular compartments) are
prominent challenges needed to be overcome in the future [31].

In summary, intensive research and development regarding the treatment and care
of diabetes have been going on for decades. Currently, the development of the
artificial pancreas is already in the shorter term with the possibility of clinical
application promises. Although diabetes is still an essentially incurable disease, with
the automation of insulin administration methods developed over the years, AP can
be an attractive option for many patients. Clinical trials conducted in recent years
have proven the success of the developments, however, many difficulties and
barriers still need to be overcome for AP to become a widely used and fully
automated method for people with diabetes.
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