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Abstract: Type 1 Diabetes mellitus (TIDM) occurs when insulin is not produced in the Pancreas
due to the beta cells' autoimmune destruction. The patients may be diagnosed when 80-90% of the
beta cells are destroyed. Insulin remains the essential medicine in TIDM management, under con-
tinuous monitoring of glucose levels. TIDM management consists of a complex and precise set of
self-care measures for the entire life; during this continuous process, the patients could become
overwhelmed, angry, anxious, frustrated, and/or discouraged. Therefore, to be widely used and
provide general benefits, new technologies for DM management must provide clinical advantages
without compromising safety. The compliance of TIDM patients is also essential, thus improving
their quality of life (QoL). Moreover, the accessibility of the new system for patients through
healthcare coverage is critical; they must be able to buy the new devices and accessories and pay for
their maintenance. In this context, our work aims to describe the most recent technologies regarding
continuous glucose monitors (CGMs) and continuous subcutaneous insulin infusion (CSII) systems,
correlated with psychosocial impact and capacity to improve T1DM patients' life quality.

Keywords: Type 1 Diabetes mellitus; Insulin; Diabetes management, Technology, Continuous glu-
cose monitoring systems, Insulin pumps

1. Introduction

According to the World Health Organization, Diabetes mellitus (DM) represents a
group of metabolic diseases characterized by high blood glucose levels when the treat-
ment is missing [1]. It is at the top of global death causes, with more than 420 million
people living with diabetes worldwide [2].

Type 1 Diabetes mellitus (T1DM) occurs when insulin is not produced in the pancreas
due to the beta cells' autoimmune destruction [3]. The patients may be diagnosed when
80-90% of the beta cells are destroyed. The classic concept is that healthy (3-cells are mis-
takenly damaged by autoreactive T cells.

Recently, Roep et al. [4] proposed an alternative point of view in which abnormal -
cells are the main contributors to TIDM pathogenesis. Based on previously reported re-
sults of immunotherapy to delay TIDM onset [5],[6],[7], they showed that (3-cells, with
limited self-defense, are vulnerable to biosynthetic stress [4]. Thus, novel strategies for
preventing and managing T1DM are investigated [8][9]. Current research is centered to
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beta cell recovery. This aim could be achieved through antigen vaccination (with oral in-
sulin or peptides). Moreover, verapamil and glucagon-like peptide-1 receptor agonists
could act as protective agents of beta cells in stress conditions. On the other hand, preven-
tion approaches against autoimmune phenomena are also essential in TIDM, requiring
the advent of stem cell-based replacement therapies [10]. Hence, FDA approved in No-
vember 2022 the first drug - Tzield (teplizumab-mzwv) injection - that can delay the Type
1 Diabetes outbreak [11],[12],[13]; thus, the treated patients could live months to years as
diabetes-free [14].

Even though there are new therapeutical approaches in diabetes mellitus type 1 and
opened new horizons in TIDM treatment, insulin remains the only treatment for TIDM,
under continuous monitoring of glucose levels. To diminish the risks and unwanted com-
plications of injectable insulin administration and increase the patient's compliance, vari-
ous research teams tried to incorporate it in multiple carriers for oral administration
[15],[16],[17]: liposomes [18],[19] mixed micelles [20],[21], nanoparticles [22],[23],[24], in-
testinal patches [25]. Current studies also explore other access ways for insulin admin-
istration: intranasal [26],[27],[28], transdermal [29],[30], and sublingual [31],[32].

Nowadays, the most common regimens consist of subcutaneous administration of
various insulin forms, as follows:

e Split or mixed — intermediate-acting insulin with rapid-acting or regular in-
sulin before breakfast, lunch, and supper [33],[34],[35];

e Multiple daily injections (MDI) — A long-acting insulin administered one time
daily (morning or evening) - and a rapid-acting one before meals (its dose is
calculated considering the amount of carbohydrate and the blood glucose
level) [35];

e Continuous subcutaneous insulin infusion (CSII) — A rapid-acting insulin ad-
ministered 24 hours/day using an insulin pump. [36].

Although insulin is a life-saving medicine for TIDM patients [37], in countries with
limited government expenditures for health, individuals must pay out-of-pocket for all or
part of their diabetes care, including insulin and syringes, blood glucose meters, delivery
devices, and necessary health education[38],[39]. Some try to underuse insulin treatment
without informing their clinicians about this condition [40]. However, TIDM is a debili-
tating chronic illness associated with high morbidity [41], work-life diminution [42], and
premature mortality [43] if not correctly managed; the patients highly depend on exoge-
nous insulin associated with substantial lifestyle adjustments to normalize lipid and pro-
tein metabolism [44]. When diabetes coexists with other diseases [45][46][47][48][49][50],
the management of a patient's condition is even more difficult.

The previously mentioned aspects have complex pathophysiological, psychological,
and quality of life (QoL) implications [51]; the risk of developing psychiatric comorbidities
(depressive disorders) increases with the earlier onset of T1IDM [52][53]. These conditions
are known as diabetes distress (DD), leading to poor compliance with diabetes care, low
glycemic control, and long-term complications (Figure 1) [52][54].


https://doi.org/10.20944/preprints202306.0080.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 June 2023 d0i:10.20944/preprints202306.0080.v1

4 Fear of
failing'in
Diabetes

Anger of
living the

Feeling of

entire life Dm-

with DM controlled /
life /

Diabetes Feeling of
/ Living with Distress missing
a chronic

support from
illness Healthcare
Providers
& ) /

Social
Life quality / isolationor
related other feeling alack /

? ——— b
issues ) ! of social
support

Figure 1. Diabetes distress, a schematic presentation; adapted from [52],[54].

Generally, younger people [55][56], women [57], and people with poor glycemic con-
trol—high glycosylated hemoglobin (HbA1c) values [58] — have an increased risk for high
levels of DD. Older diabetic people have a lower DD incidence [59].

T1DM management includes complex and precise self-care measures during the pa-
tients” entire life. This continuous process could overwhelm the patients; they could be-
come angry, anxious, frustrated, and/or discouraged [60].

Due to the previously described conditions, the new technologies for DM manage-
ment must provide clinical advantages and high usability without compromising safety
[61]. The adherence and compliance of TIDM patients to prescribed therapy are also es-
sential, thus improving their QoL [62]. Moreover, the accessibility of the new system for
patients through healthcare coverage [63] is critical; they must be able to afford the new
devices and accessories and their maintenance [64][65].

In this context, our work aims to analyze the most recent technologies regarding con-
tinuous glucose monitors (CGMs) and continuous subcutaneous insulin infusion (CSII)
systems, their psychosocial impact [66] and capacity to improve TIDM patients' life qual-
ity [67].

2. Materials and Methods

We performed a literature review searching original published articles on type 1 dia-
betes in humans. We used a data filter on insulin therapy, insulin pumps, and advanced
technologies in medical devices for insulin infusion. The selection aimed the publications
in scholarly peer-reviewed journals in the last 10 years (2013-2022) written in English (but
with no country restriction). The initial selection was from Google Scholar search. Due to
the high document variety, we accessed other three primary databases: PubMed®/MED-
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LINE, Mendeley, and Web of Science®. The following keywords were used: Type 1 Dia-
betes mellitus technology (3,046 journal articles), Continuous Glucose Monitoring System
(4,273), Continuous insulin infusion (7,150), Automated Insulin Delivery (533), Patch in-
sulin pump (153), Closed-loop insulin pump (874), Hybrid closed-loop insulin pump
(218), Artificial Pancreas (3,389), Bionic Pancreas (76). We performed our searching only
on open-access articles edited in English Language and performed the final search on
April 15, 2023.

3. Continuous Glucose Monitoring Systems

Insulin administration and blood glucose monitoring systems continue to be the first-
line treatment option for TIDM management [35][68][69]; the patient must have 4 meas-
urements of blood glucose level per day. The basic technology still widely used around
the world is represented by the blood glucose meters (BGM) [70]. Patients can learn to
efficiently use the blood glucose meters and appropriate PC health software and to per-
form different changes in the day-to-day management of their diabetes [71].

The glucose level monitoring daily protocol is significantly improved through ad-
vanced technologies that offer continuous glucose monitoring (CGM) systems [72]. Two
types of CGMs are described: intermittently scanned CGMs (IS-CGM) [73] and real-time
ones (RT-CGM) [74].

A CGM consisting of a sensor that measures glucose levels every minute and stores
data automatically every 15 min without transmitting them is known as a flash glucose
monitor (FGM) [75][76].

RT-CGMs automatically measure glucose levels day and night and transmit them
every 1/5 minutes to a receiver [77][78]. They have alarm systems for outstanding glucose
levels and inform patients/caregivers about immediate/long-term events (hyperglycemia
or hypoglycemia) [79]. Knowing glucose levels in real-time can help make more informed
daily decisions about food balance, physical activity, and insulin doses [80].

RT-CGMs are based on minimally invasive [81] and non-invasive [82] technics.

3.1. Description

A CGM System consists of a few principal components: sensor, transmitter, applica-
tion software, and insertion tool. For sensor insertion, the abdominal region [83] is the
most common location. CGMs evaluate glucose levels in the interstitial fluid (ISF) from
the subcutaneous adipose tissue [84]. The measured glucose concentrations in ISF are
used, through various algorithms [85], to predict the blood glucose (BG) ones, assessed
with glucometers.

The clinical utility of CGMs consists of therapeutic decisions [86] based on real-time
glucose evaluation.

CGM data have the following clinical applications:

= Insulin bolus size calculation (for patients with many injections per day) [87];

* Insulin pumps (considering the measured glucose levels, the insulin infusion
rates could be automatically or self-regulated) [88];

* Automated insulin delivery (AID) systems [89].

In the analytical performance of CGMs (sensors + algorithms) evaluation, the mean
absolute relative difference (MARD) is a parameter expressed as percent (%), frequently
used [90]. The MARD calculation involves temporally matched glucose data from CGM
systems compared to BG measurements of all subjects included in a clinical study. A high-
performance CGM implies MARD value < 10%. Therefore, the BG evaluation 2-4 times
daily with a glucometer ensures an optimal calibration of CGM systems - even for those
without mandatory calibration - avoiding significant differences between CGM data and
BG values.
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Each sensor lasts up to 7,10, 14, or 180 days and the patient can see glucose levels on
a reader device or smartphone.
Different companies commercialize minimally invasive continuous glucose monitor-
ing devices (MID): GlySens Incorporated, Senseonics Holdings, Inc., Abbott Laboratories,
Medtronic plc, F. Hoffmann-La Roche Ltd., Dexcom, Inc.,, A. Menarini Diagnostics,
LifeScan IP Holdings LLC, Echo Therapeutics, Inc., Johnson & Johnson, Terumo Corpora-
tion, and B. Braun Melsungen AG.
A few CGM system types are listed in the American Diabetes Association recommen-

dations [91] and presented in Table 1.

Table 1. Comparison between various commercial CGM Systems, adapted from [77] and [92].

Characteristics Dexcom G6 Guardian 3 Libre 2 Eversense E3
Manufacturer DexCom, Inc, San Medtronic, Abbott Laboratories, Senseonics Holdings,
[77] Diego, California, Minneapolis, Chicago, Maryland, USA
USA Minnesota, Illinois, USA
USA
FDA Approval March 2018 September 2016 September 2017 February 2022
[77]
Users [77] Adults and children Adults and children Adults and children Adults over

Days of Sensor
Wear (RT) [77]
Sensing
molecule
[77]
Technique
Category [77]
Components

[77]
Sensor size [77]
Approved areas

of sure [77]
Accuracy

(MARD%) [77]

Daily calibration
Frequency [77]

Integration with
an insulin pump

[77]

over 2 years
10

Glucose-oxidase

Electrochemical

Sensor, transmitter,

app
Unavailable

2-13 years - abdomen
and buttocks
over 14 years — abdo-
men and arm
9%

0
(factory
calibration)

Tandem t:slim
Control-IQ (and
older Basal-IQ)

over 7 years
7

Glucose-oxidase

Electrochemical

Sensor, Transmitter,

app

9.5 mm long
Abdomen,

buttocks, and
upper arm

10.55%

2-4

Medtronic MiniMed
740G, 780G etc.

over 4 years
14

Glucose-oxidase

Electrochemical

Sensor,
reader

Height: 5 mm
Diameter: 35 mm
Back of
upper arm

9.7%

0
(factory
calibration)

No

18 years
180

Boronic-acid derivative

Optique

Sensor, Transmitter,
app, insertion tool

15 mm long

Upper arm

8.5%

2
(at 12 h)
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Cost [92]

Smartphone
integration [92]

Data-sharing
[92]

A separate
receiver is
available [92]
Water
Resistance [92]
Skin
complications

- Transmitter: $300/3 -

Rechargeable - Sensors: $135for1 - $1400 for the Sensor,

months. Transmitter: $1100 (12 month (28 days Transmitter, and
- Sensors: $420 for 1 months warranty, or supply). supplies,
month supply. longer). - Reader: $175 (it is - In addition, the price
- Receiver: $380 (itis - Sensors: $450 for aset not necessary if the  of insertion in the
unnecessary if the with 5 sensors (35-day patient has a doctor's office.
patient uses a supply). smartphone - Limited
smartphone application). time Eversense Bridge
application). program globally
diminishes the price to
$99 plus insertion’s cost.
Android, iOs, Android, Android, Android, iOs,
Apple Watch iOs iOs Apple Watch
<10 people <4 people <20 people <5 people
Yes No Yes No

2.75 m, > 24 hours

2.5m, 10 min 1 m, 30 min 1 m, 30 min

Yes Yes Yes Yes

MARD — mean absolute relative difference; CGM —Continuous Glucose Monitoring

In Table 1, the most known FDA-approved CGMs are comparatively analyzed.

Registered data show that the most complex and expensive is Eversense E3 CGM. It
also has the most numerous days of sensor wearing and is suitable for over 18 years pa-
tients. The others have RT under 15 days and can be used by children.

Two MIDs have factory calibration and do not require daily calibration (Dexcom 6
and Libre 2); they also register a high accuracy. The most significant accuracy (MARD =
8.5%) is attributed to Eversense E3 CGM. Its previous version, Eversense XL, was
approved in June 2018 by the U.S. Food and Drug Administration as the first implantable
CGM device for people with diabetes. Furthermore, Only two GCMs received FDA ap-
proval to be used in Automatic insulin delivery (AID) systems.

The measured glucose levels are strongly influenced by numerous factors related to
the insertion place [83].

Thus, measurements from the right abdominal site tend to be diminished than those
from the left. Studies on CGM sensors involving sleep [93] and belt compression [94] re-
ported a potential influence of diminished blood flow on the sensors' measurements. Sim-
ilarly, Mensh et al. [84] demonstrated that the susceptibility of CGMs to abnormal noctur-
nal glucose readings was related to sleeping positions. On the abdominal surface, various
physiologic conditions [95],[96] could be related to different CGM readings in the left ver-
sus right part. In various BMI values, the subcutaneous adipose tissue size could influence
CGM measurement accuracy [97].

The sensors' biocompatibility could determine the discrepancy between abdominal
sites [98]. Sensor insertion traumatizes the afferent zone, inducing inflammatory reactions
[99], which are glucose customers around [100]. Local proteolytic enzymes and reactive
oxygen species [101] could negatively affect the sensors. During wound healing, capillary
neoangiogenesis can supply additional glucose at the insertion site [25].

Benefits
Compared with a standard blood glucometer, every day using a CGM system can
help to:
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* Maintaining a constant glycemic level daily.
* Diminishing hypoglycemia emergencies.

* Reducing finger pricks number.

* Decreasing BG and HbAlc levels variability.

3.2 Limits

* CGM systems are more expensive than standard glucometers.

= The finger prick glucose test is needed twice daily for some CGM to check the
accuracy.

* Readings are not trusted, and too much time is needed to use them [90].

* Invasiveness.

*  Short lifespan.

* Biocompatibility.

* Calibration and prediction.

3.3. Potential adverse effects related to the insertion, removal, and wear of the sensor

= Allergies to adhesives

* Bleeding and bruising

= Infection, pain, or discomfort

= Sensor destruction during extraction

» Skin inflammation, scarring, thinning, discoloration, or redness.

Other potential unwanted effects are associated with decisions made in the case of
inaccurate device measurements:

*  Excessive insulin administration could increase the risk of hypoglycemia

* Inappropriate administration of carbohydrates increases the risk of hyperglyce-
mia and acute diabetic ketoacidosis. Moreover, there could appear long-term mi-
crovascular complications of diabetes.

* Inaccurate calculation of the glucose change rate could increase the incidence of
hypo or hyperglycemia.

Recently, a non-invasive CGM manufactured by Afon Technology Ltd (Caldicot,
Monmouthshire, UK) is in the stage of clinical studies. It could be available soon as an
alternative technology to traditional blood glucose monitoring tools. This CGM system
utilizes high-frequency microwaves, a technology not used yet in this application [102].
The most important features regarding used materials, techniques, and methods are
displayed in Figure 2.
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Figure 2. Overview of the modern non-invasive CGM approaches for intensive insulin therapy,
adapted from [82].

4. Continuous Subcutaneous Insulin Delivery Systems (CSII)

An insulin pump is an electronic device that releases regular insulin according to the
body's daily needs [103]. Hence, the patient with TIDM does not need insulin injections
[104].

Insulin pumps generally use rapid-acting insulin formulations. They deliver insulin
in two primary ways:
= A continuous infusion of rapid-acting insulin throughout the day and night
(basal),
= The user gives a discreet, one-time dose of rapid-acting insulin for meals or
high blood glucose correction (bolus).

The ideal patient for insulin pump use is:

e People with TIDM or insulin-dependent T2DM.

e Persons with multiple-day injections of Insulin and a similar number of BG
tests.

e Individuals - able to assess appropriate blood glucose control.

e Capable of performing insulin pump therapy initiation and maintenance.

e Able to maintain frequent contact with the healthcare team.

e Able to consider insulin pumps as a tool to improve diabetes care.

e Capable of accurately calculating carbohydrates and insulin bolus.

e DPatients with critical clinical conditions have serious difficulties controlling
glycemic targets despite intensive treatment and monitoring.

e  With substantially decompensated diabetes (frequent severe hypoglycemia
and/or hypoglycemia).

e  Other associated conditions: extreme insulin sensitivity, gastroparesis, preg-
nancy, variable schedules or work shifts, significant "dawn phenomenon,"
high insulin doses therapy, or severe insulin resistance.
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The CSII benefits and limits are displayed in Table 2.

Table 3. Benefits and limits of CSII, adapted from [105].

Insulin Pump Therapy Benefits

Insulin Pump Therapy Limits

Better diabetes control.
Fewer injections.

The need to understand the functioning and proper
management of the device.

Improved quality of life.

High costs, if not covered by the insurance company.

The flexibility of basal insulin delivery during the day
and night.

A device that should be worn on the body with tubing
that can be caught on objects.

The flexibility of food intake and exercises.

Diminished risk of hypoglycemia. Skin allergies or infections.

Diminished risk of complications. Multiple alerts.

4.1. Conventional Insulin Pumps

An insulin pump is a small digital device that ensures a continuous infusion of rapid-
acting insulin. The infusion set is inserted into the subcutaneous tissue and fixed on the
skin with an adhesive. In most insulin pumps, the infusion set connects to the pump by
plastic tubing. Insulin infuses from the pump through the tubing to the infusion set can-
nula and into the subcutaneous tissue.

4.2. Insulin Patch Pumps (PP)

Some insulin pumps are directly attached to the skin (patch insulin pumps). Insulin
delivery in a PP is controlled by a hand device; however, some devices also allow at least
some functionality via the PP. There are 3 categories of PP: PPs with reduced features,
fully equipped PPs, and PPs suitable for Automatic Insulin Delivery (AID) systems.

42.1. Simple insulin PPs devices

The simple forms of PPs intended for insulin therapy aim to be small and disposable,
easy to handle and carry. They aim to replace insulin pen therapy with PPs. PPs use simple
insulin dosing ways. To simplify insulin therapy, PPs deliver only basal insulin. V-GO
(Zealand Pharma; Zealand, Denmark) is a simple PP that delivers a fixed amount of basal
insulin over 24 h and has a bolus button that permits up to 36 units of prandial insulin to
be given in 2-unit increments per day (Figure 3, and Table S1 from Supplementary Mate-
rial).
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Figure 3. V-Go - a 24 h wearable insulin PP, reproduction with permission from [107].
V=Go is replaced daily, but other insulin PPs could be maintained 3 days. The Sim-

plicity (CeQur; Luzern, Switzerland) PP holds up to 200 bolus insulin units infused in 2-
unit increments or 330 units for 3 days, and admits different basal rates.

42.2. Full-Featured Electromechanical Patch Pumps

They have generally electromechanical structure with an electronic controller.
These are all full-featured pumps with different basal rates, individually controllable
bolus amounts and fewer ways of bolus delivery.

42.3. PPs suitable for AID systems

PPs have small size, beying easy to use and discreet to wear. Moreover, they are
able to interact with CGM system and the algorithm, in AID systems.

Other advantages of PPs and their limitations are displayed in Table 3.

Table 3. Advantages and limitations of PPs, adapted from [106][108].

Advantages Limitations
The devices are tubeless, without request for an Waste of insulin when PPs are replaced
insulin infusion system
The needle could be automatically inserted; thus, The infusion place is poorly visible, and regular in-
their application could be less painful. spection is complex.
The needle is not visible.

More convenient than conventional pumps in The accuracy of insulin delivery of some PPs is often
numerous activities (showering, swimming, sweating lower than that of conventional pumps, particularly at low
or making exercises). basal doses.

Smaller and lighter than conventional pumps.

PPs can be attached to various body parts and dis- Its have a poor ecological balance due to waste from
creetly carried, offering more effortless movement. plastic material and batteries.

Technical properties are often specifically adapted Risk of infections.

to T1IDM patients' needs.
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Simple education and training are requested for
their use.

Diminished price if certain PPs compared to con-
ventional pumps.

Higher price than MDI.

IIS—Insulin Infusion System; PP —Patch Pump; MDI—Multiday Injections

4.3. Sensor Augmented Pump Therapy (SAPT)

In a SAPT system, the insulin pump is combined with a CGM system. It displays CGM
data on the insulin pump's home screen, with easy access to the recorded data.
SAPT systems reveal a higher diminution in HbAlc after 12 months than MDI ther-
apy [109].
Exist 2 function types of SAPT (Table 4):
= With low-glucose suspend (SAPT-LGS)
= With predictive low-glucose management (SAPT-PLGM).

SAPT systems are known as open-loop systems [110]. The most known device is the
MiniMed Paradigm Real-Time system (Medtronic Diabetes, Northridge, CA, USA),
launched in 2006 and consists of real-time continuous glucose monitoring (CGM) inte-
grated with an insulin delivery device (Table 4) [111].

SAPT-LGS can reduce hypoglycemia by 40-50% (< 70 mg/dL). It occurs without an
increase in glycosylated hemoglobin (Table 4) [112][113].

Table 4. SAPT-LGS and SAPT-PLGM, adapted from [80][109]
SAPT-LGS SAPT-PLGM

Properties

When the pump users did not recognize the
warning sounds, the SAPT-LGS automatically stops the
basal insulin infusion (for up to 2 h) as a response to
hypoglycemia detected by a sensor. Then, the basal
insulin infusion is released at the rate previously
programmed.

SAPT-LGS system can diminish moderate-to-severe
hypoglycemia, especially during nighttime.

Basal insulin delivery is usually stopped when the
sensor indicates a glucose level below 70 mg/dL.

When the users do not exert an action, the insulin
infusion returns at the last regulated rate after two hours
of suspending.

SAPT-PLGS system reduces more effectively the
frequency of hypoglycemia and the risk of developing this
condition in a severe form in T1DM patients.

Devices
RT-Paradigm® Veo™" RT-MiniMed 640G
(Medtronic, Northridge, CA, USA) (Medtronic, Northridge, CA, USA)
MARD% 13.6% MARD% 14.2%
Calibration 3 days Calibration 3 days
Life of sensor 6 days Life of sensor 6 days

Clinical studies

Studies using SAPT-LGS demonstrated a
diminishing in hypoglycemic events (with 40-50%),
without an A1C increase, compared to SAPT alone
[112][113].

Under real-life conditions, SAPT-PLGM decreases
hypoglycemic events in patients previously treated with
MDI and SAPT-LGS. It occurs without deteriorating gly-
cemic control in SAPT-LGS patients and improves A1C in
those treated with MDI [114][115].

Ideal user

Able to permanently wear a device on the body and
manage CGM data.
Able to check BG when needed.

Able to comfortably wear an automatic device.

Able to regulate the carbohydrate amount.
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Able to respond and manage CGM alerts

SAPT —Sensor Augmented Pump Therapy; LGS—Low Glucose Suspend; PLGM —Predictive Low
Glucose Management; CGM—Continuous Glucose Monitor; MDI—Multi-Daily Injections;
MARD — mean absolute relative difference; A1C —measures the amount of glycosylated hemoglo-
bin.

4.4. Closed-loop Insulin Systems (Artificial Pancreas)

A CGM could become a part of a CSII, generating a closed-loop insulin system (Figure
4A). It is a substantially improved system, adjusting insulin delivery in response to real-
time sensor glucose levels and other inputs, such as meal intake (Figure 4B). Control al-
gorithms can modulate the insulin needs' variability between and within individual users,
considering CGM accuracy limitations and insulin delivery imprecision [116].

The glycemic control artificial maintenance requires three main components of a closed-
loop system (Figure 4A):

*  Glucose measuring device (CGM)

*  Control device for BG analysis and insulin dosing regulation (computer/micro-

processor)

* Insulin infusion device (insulin pump)
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Figure 4. A. Closed-loop glycemic management system using the 'Sense and Act' method for opti-
mal insulin delivery; a reproduction with permission from [117]; B. Schematic representation of
closed-loop insulin delivery, adapted from [116]. A CGM wirelessly transmits the information re-
lated to interstitial glucose concentration (to a smartphone/insulin pump); the algorithm translates
the received data and calculates the appropriate amount of insulin. Then, a rapid-acting insulin an-
alog is delivered by an insulin pump. Insulin infusion is regulated in real time by the control algo-
rithm. CSII — continuous subcutaneous insulin infusion; ISF —interstitial fluid.

The control algorithms are continuously adapted to physiological changes with real-
time adjustment of closed-loop control parameters (Figure 5).
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Figure 5. Control systems' principles applied to glycemic control; a reproduction with permission
from [118].

Various control algorithms were developed [119], as follows: Model predictive itera-
tive learning control (MPC) [120] [121] [122], Proportional integral derivative (PID) con-
trollers [123] [124], and Fuzzy logic control approaches [125][126].

The closed-loop system’s components function as a healthy pancreas that controls BG
levels. Thus, the closed-loop insulin system is known as the Artificial Pancreas (AP) [127].

When an AP system requires counting and registering the carbohydrate amount from
mealtime, it is called a "hybrid" [128] because a part of insulin is provided automatically,
and another is infused based on the reported information.

In 2016, FDA approved a hybrid closed-loop system that measures the glucose level
at each 5 minutes day and night through a CGM [129]. It automatically gives a suitable
amount of long-acting basal insulin through a separate insulin pump. The patient still
needs a glucose meter a few times daily, manually adjusting the insulin delivery at
mealtimes and when it requires a dose correction.

The hybrid closed-loop system could free the patient from some actions needed to
keep constant BG levels—or help him to sleep the nighttime without needing to wake for
glycemia testing.

Like a healthy pancreas, an utterly automated closed-loop system does not request
meal announcements; it can react to BG level variations [130].

Another artificial pancreas system is known as a hormonal Bionic Pancreas (BP) [131]
[130][132]. It has the next-generation technology to deliver insulin and/or glucagon auto-
matically than standard-of-care management. Therefore, BP is more effective in maintain-
ing blood glucose levels within the normal range in TIDM people [133]. In 2018, the Beta
Bionics Inc (Boston, Massachusetts, U.S.A.) ilet bionic pancreas system
[131][132][134][135][136] received FDA approval for clinical trial testing at home.

4.4.1. Benefits

* The glucose levels could be continuously monitored.

= The control algorithms improve BG control, automatically regulating the amount
of insulin.

= The System helps the TIDM user avoid emerging events (hypoglycemia and hy-
perglycemia).
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4.4.2. Limits

*  The T1IDM patient regularly verifies the devices to ensure that they function cor-
rectly.

*  The user must continuously verify the CGM and infusion pump catheter, ensur-
ing they are in a suitable place, and change them when needed.

* The CGM accuracy should be verified, and the CGM sensor must be regularly
replaced.

= The patient must count the mealtime carbohydrates and enter them into the Sys-
tem.

= The control software settings must be verified to ensure that the insulin infusion
has a suitable amount.

*  The extreme BG levels should be regulated if the System is unable.

= The adhesive patches used with these systems may cause skin redness or irrita-
tion.

= Other medicines might also interfere with the glucose monitor.

44.3. Complications

* Hypoglycemia occurs when a significant basal rate of insulin is delivered due to
a human error in insulin pump programming or a device malfunction.

* Hyperglycemia is caused by programming error or device malfunction, leading
to alow insulin delivery rate (battery depletion or malposition, cannula occlusion,
total pump failure).

= If the infusion set is not changed regularly, at 3-4 days, there is irritation and in-
fections at the place of cannula insertion.

* Insulin pump therapy discontinuation (18-50%) is the TIDM patient choice for
various reasons: unwanted interference with the lifestyle, missing improvements
in glycemic control, and infection at the insertion place. It occurs with high inci-
dence in women, younger patients, pregnancy, and when the patient has psycho-
logical comorbidities.

5. The impact of new technologies on TIDM people's Quality of Life

5.1. Evaluation of Diabetes Distress

The T1DM adults have a self-report scale with 28 items, evidencing 7 critical
points of diabetes distress.
These 7 items refer to crucial feelings of TIDM adults, according to Fisher et
al. [137] (Figure 6).
Open discussions with T1IDM patients represent a clinical instrument for their
emotional behavior evaluation.
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Figure 6. The principal sources of diabetes distress in TIDM adults, adapted from [137]

5.2. Satisfaction Survey for Diabetes Technology Users

The Glucose Monitors Satisfaction Survey (GMSS) [140] was conceived for
T1DM patients as a 15-item self-report scale, following 3 key dimensions:
=  Openness.
=  Emotional and behavioral burdens.
= Trust.

Moreover, Insulin Device Satisfaction Survey (IDSS) as a self-report scale with a 14-
item version for TIDM [141], following 3 key dimensions:
* Effectiveness.
* Burdensomeness.
* Inconvenience.

All these documents are available in various languages and accessible to non-profit
institutions for use in clinical care and research. Concomitantly, they could be accessed as
copyright with licensing fees by all for-profit companies and institutions on https://behav-
ioraldiabetes.org/scales-and-measures/ (accessed on April 9, 2023).

5.3. Quality of Life Evaluation

Joensen et al. [142] analyzed the effect of continuous care and support in TIDM
adults with insulin pump therapy. The flexible and participatory peer support approach
augmented patients' motivation and empowerment, induced a feeling of serenity about
diabetes management, and demonstrated the potential to diminish diabetes distress, thus
increasing their QoL. Adequate diabetes-specific social support avoids the risk of partici-
pants feeling isolated within peer support groups and allows free interactive dialogue
regarding TIDM disease and all difficulties in coping with it. Evaluation of motivation,
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serenity in life with diabetes, awareness of own diabetes practices, diabetes empower-
ment, diabetes loneliness, and diabetes distress are applicable, feasible, and appropriate
when measuring the effect of peer support in adults with insulin pump-treated diabetes.

Introducing technology in TIDM management in patients with 30+ year's duration
of diabetes also encounters multiple obstacles. Our team’s experience materialized in a
model of the efficiency of this process. Following this model and after the treatment
change, we have obtained a 1.3% reduction of HbAlc and significantly fewer hypoglyce-
mic events RR 34% (p < 0.01). Patients' acceptance of the new treatment increased in time
by 92%. The implementation process effectively achieved this transformation, reached
glycemic targets, and changed patients' lifestyles [143].

Recently, Fanzolla et al. [144]supervised a two-section questionnaire
(children/parents) to evaluate the impact of CGM on T1DM children and their families.
The data show that CGM devices significantly benefited the QoL of children and their
parents. Thus, 80% of children reported that the CGM subcutaneous placement is much
less painful than fingertips implied in classical BG controlling. Moreover, the QoL at
school and sports is significantly better: diminished anxiety, higher comfort, and better
glycemic control [144]. Of parents, 90% stated that CGM devices use remarkably im-
proved glycemic control, reducing emerging events. A similar percentage (89% of parents)
are convinced that the recent technology substantially benefits their children's QoL [144].

The use of CGM by individuals with diabetes is correlated with psychological bene-
fits and burdens [145]. Potential benefits consist of improved QoL and diminished hypo-
glycemia fear. However, randomized clinical trials versus cohort studies for youth and
adults show heterogeneous results. In correspondent studies, adolescents and adults have
nearly universally reported substantially perceived satisfaction regarding CGM use. The
specific benefits were linked to easier diabetes management and better glycemic con-
trol. In contrast, pain and body issues, communication problems, feeling awestruck by the
complex glucose management, and doubts regarding the accuracy of CGM compared to
glucometer readings [146]. Increased anxiety of adolescents and parents and poorer pa-
rental sleep has also been remarked [147].

Rusak et al. [148] evaluated the quality of life and satisfaction in children under 7
years of age with TIDM using the RT-CGM system integrated with an insulin pump, in-
vestigating their caregivers' opinions. They reported high satisfaction with CGM use (68%
in groups aged 5-7 years and 92% in 2—4 years). 71% of caregivers confirmed the positive
effect of CGM on their sleep quality.

Polonsky et al. [149] analyzed the CGM Impact on the Quality of Life in TIDM
adults. The participants completed QoL evaluation (regarding overall well-being, health
status, DD, confidence, and hypoglycemic fear) and CGM Satisfaction Survey. CGM sat-
isfaction was not considerably associated with glycemic levels. The satisfaction was di-
rectly correlated with diminishing diabetes distress and hypoglycemic fear and increasing
well-being and hypoglycemic confidence [149]. Therefore, the CGM group reported
higher hypoglycemic confidence and diabetes distress reduction than the SMBG, but with
no statistically significant differences.

The Satisfaction survey on patients with Artificial Pancreas [150] did not yet clearly
reveal a clear impact on fear of hypoglycemia, adherence, quality of life, depression and
anxiety, and diabetes distress.

However, T1DM children from a summer camp [151] revealed the benefits of a Bi-
onic Pancreas in the following;:

* Reducing their fear of hypoglycemia,

* Decreasing their sense of regimen burden,

* Diminishing their worries about out-of-range blood sugar levels,

= Improving their overall freedom to engage in activities that they enjoyed.
In addition, their concerns about the BP included wishing the system responded to out-
of-range blood sugar levels more quickly and the annoyance of carrying several devices
around [151].
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6. Discussion

BG self-monitoring is crucial to the daily routine care of TIDM patients receiving
insulin therapy. However, the adherence rate is low. A recent study [152] reported a 61.6%
adherence rate to the Spanish Diabetes Society protocol for SMBG. The authors identified
the associated factors: the frequency of insulin injections ( < 3 injections daily), alcohol
abstinence, peripheral vascular disease, and retrieval of the reactive strips from the phar-
macy. Only 21.4% of patients had an excellent self-perception of glycemia.

Peralta et al. [153] performed a cross-sectional observational study in adults and chil-
dren treated with basal-bolus therapy and CSII users, aiming at TIDM management. They
observed that metabolic control (expressed as HbAlc) positively correlates with higher
educational level, carbohydrate counting, more daily SMBG, and minor hypoglycemic ep-
isodes. It decreases with TIDM duration, higher insulin total dose, low adherence to diet,
and a family history of DM [153].

Spaan et al. [154] reported that adherence to insulin pumps in TIDM adolescents de-
clined with age. The transition from parental care to adolescent self-caring patients led to
this. Moreover, more conditions are requested to maintain the T1IDM pediatric patients'
adherence to CSII therapy. Giany et al. [155] observed that insulin pumps are underused
in TIDM youths. Their study integrated the evaluation of biomedical and psychosocial
factors associated with consistent and durable CGM use over time. Their results were con-
firmed by Trandafir et al. [156], who showed that close family members (parents) and
healthcare professionals have an essential role in their adherence to insulin pump therapy,
together with other determinants (Figure 8).
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Figure 8. Factors negatively impacting insulin pump adherence in pediatric patients, adapted
from [156], reproduction with permission.

De Bock et al. [157] analyzed CGM adherence and contributing factors. They investi-
gated users of sensor-augmented pumps with low-glucose insulin suspension in a 6-
month clinical trial. Variable parameters were examined (patients' age and gender, the
values of HbAlc, diabetes duration, frequency of BG testing, sensor accuracy, and the
frequency of insulin pump alarm) and associated with CGM adherence. CGM adherence
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was 75% (35% to 96%), significantly varying with age—the other variables mentioned
above were not directly correlated with CGM adherence.

On the other hand, younger clinicians treated more patients using insulin pumps and
CGMs, recorded more positive attitudes concerning diabetes technology [158], and iden-
tified the barriers to patient adherence: device on the body (73% pump; 63% CGM), alarms
(61% CGM), and missing understanding the procedure (40% pump; 46% CGM).

Aiming to increase CGM adherence, the healthcare professionals (a diabetes specialist
and a nurse clinician) improved the communication and information transmitting mode
to their TIDM patients. Rizvi et al. evaluated the impact of the continuous monitorisation
of patients using CGMs in a diabetes clinique. It implied virtual video visits with high
frequency; moreover, the patients on intensive insulin therapy could communicate with
healthcare staff through an electronic messaging system on glycemic parameters [159].
CGM data was downloaded proactively every 2 weeks from computer cloud-based device
accounts in 146 patients with diabetes on multiple (2-5) daily insulin injections or insulin
pump therapy. Then, the diabetes specialist analyzes and interprets the glucose profile
and individually advises each patient regarding modifications in diet, behavior, and com-
ponents of the insulin regimen. The communication used an electronic portal linked to
email during telehealth and in-person office visits. As a result, the adherence was approx-
imately 100%.

Insulin pumps have been developed to offer continuous glucose sensing coupled with
insulin infusions [160]. However, many challenges remain regarding displayed data, in-
cluding continuous glucose sensor inaccuracies and signal feedback lags [161]. Moreover,
the technologies price could explain the poor adherence and early discontinuation.
Shengsheng et al. [162] evaluated the monthly healthcare resource waste within the first
year of traditional CGM initiation. They combined estimates of real-world nonadherence
and too rapid discontinuation from the literature with the wholesale acquisition costs of
the current technology in the United States (for a commercial payer and Medicare), or its
equivalent in Sweden, Germany, or the Netherlands. Therefore, they found an early dis-
continuation rate of 27% and nonadherence rates of 13.9%-31.1% over the first 12 months
following CGM initiation. In addition, the calculated values of healthcare resource waste
were $220,289 (associated with early discontinuation) and $21,775 (caused by nonadher-
ence) for every 100 patients initiating CGM in the U.S. commercial payer scenario. In the
Medicare scenario, the corresponding figures were $72,648 and $5,675, respectively. In
both cases, nonadherence and early discontinuation accounted for 24% of resources
wasted within the first year of CGM initiation. Similar results were observed using the
local costs in the other countries analyzed.

The healthcare resource waste associated with nonadherence to traditional CGM and
early discontinuation justifies rigorous consideration in selecting suitable patients for
these technologies.

Recent studies analyzed glucose-responsive biomaterials [163], especially for rapid
and extended self-regulated insulin delivery [164]. Moreover, using chitosan hydrogels
integrated with glucose-responsive microspheres for insulin delivery, Yin et al. [165] per-
formed a synthetic artificial pancreas. However, new biomaterials or a substantial variety
of composite ones are necessary to build a functional bioartificial pancreas with proper
mechanical strengths and biological activities [166]. These properties can be achieved us-
ing 3D bioprinting technology. An innovative process in advanced tissue engineering
aims to construct clinically applicable bioartificial pancreatic islet tissue [167] with a native
tissue environment. It is expected that a 3D bio-printed Pancreas to have critical applica-
tions for future diabetes treatment.

7. Conclusions
All presented data evidence that current emerging technologies and control systems

significantly improve T1DM self-management. Moreover, unconditional, continuous
medical and social help is essential in increasing their self-confidence, motivation, and
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adherence to CSII, minimizing the impact of other factors (family incomes, requested ed-
ucation, and the ability for technology use). The quality of life of TIDM patients could
substantially increase when the advanced devices and algorithms performances are asso-
ciated with considerable support from family and healthcare providers.

However, the technological systems' limitations and potential adverse effects and
complications lead to continuous worldwide research for finding alternative approaches
for T1IDM therapy.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Table S1: Various Insulin PPs, adapted from [106][108].
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