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A Century of Diabetes Technology: Signals,
Models, and Artificial Pancreas Control

Boris Kovatchev ® '*

Arguably, diabetes mellitus is one of the best-quantified human conditions:
elaborate in silico models describe the action of the human metabolic system;
real-time signals such as continuous glucose monitoring are readily available;
insulin delivery is being automated; and control algorithms are capable of opti-
mizing blood glucose fluctuation in patients’ natural environments. The transition
of the artificial pancreas (AP) to everyday clinical use is happening now, and
is contingent upon seamless concerted work of devices encompassing the
patient in a digital treatment ecosystem. This review recounts briefly the story
of diabetes technology, which began a century ago with the discovery of insulin,
progressed through glucose monitoring and subcutaneous insulin delivery, and
is now rapidly advancing towards fully automated clinically viable AP systems.

Introduction: the Previous Century

Classic studies have shown that many of the microvascular and macrovascular complications of
diabetes can be predicted by average glycemia (typically measured by hemoglobin A1c
(HbA,.), see Glossary) and/or by glycemic variability, and can be reduced by intensive insulin
therapy in type 1 diabetes [1,2], and/or by medication in type 2 diabetes [3]. However, in both
type 1 and type 2 diabetes, the risk for hypoglycemia was identified as, and remains, the primary
barrier to optimal glycemic control [4,5]. Thus, diabetes poses a life-long optimization problem:
reduce HbA . while simultaneously avoiding hypoglycemia [5]. Traditional external insulin replace-
ment through multiple daily injections has not been nearly as efficient as the natural endogenous
insulin secretion of the pancreatic [3 cells and, as a result, acute events have occurred and con-
tinue to occur, exposing patients to severe hypoglycemia. The pathophysiology of this phenom-
enon has been studied extensively: imperfect intensive insulin treatment may reduce the warning
symptoms and hormonal defenses against hypoglycemia leading to defective counter-regulation
and hypoglycemia unawareness [6-10]; all of which make external blood glucose (BG) regulation
even more challenging.

For the 40 years following the landmark discovery of insulinin 1921, the primary diabetes technol-
ogy has been a syringe used to inject insulin. This began to change in the early 1960s, when
an intravenous insulin and glucagon pump was introduced [11] (Figure 1), opening the way to
intravenous BG control designs emerging in the 1970s [12—-14]. In 1977, one of these designs
[13] resulted in the first commercial artificial pancreas (AP) — the Biostator [15] — a large
(refrigerator-sized) device that has been used extensively for glucose-control research [16].
Thus, the AP idea is not new — it can be traced back decades ago to these studies, which
have demonstrated the possibility for external BG regulation using intravenous BG measurement
and infusion of insulin and glucose [11-16]. The first commercial subcutaneous insulin pump —the
Auto Syringe —was introduced in the 1970s (Figure 1), and by the end of the decade, the first trials
demonstrating the feasibility of continuous subcutaneous insulin infusion (CSIl) were
reported in the UK [17] and the USA [18]. It has been a long journey, however, from these
early systems to the contemporary technological management of diabetes — the merger of
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Glossary

Artificial Pancreas (AP): the popular
name for CLC of diabetes; also known
as automated insulin delivery. Generally
refers to a system that combines CGM
and CSlI run by a control algorithm
(Controller) that reads CGM and possibly
other data and directs insulin delivery.
Continuous glucose monitoring
(CGM): typically refers to minimally
invasive subcutaneous sensors
(although implantable sensors also
exist), which sample interstitial glucose
frequently; for example, every 5 min.
rtCGM refers to sensors transmitting
and/or displaying the data automatically
without the patient’s involvement. iCGM,
also known also as FGM, is a form of
CGM requiring the sensor to be queried
(flashed) to produce data. FGM is not
usable for automated CLC.
Continuous Subcutaneous Insulin
Infusion (CSII): an insulin pump.
Hemoglobin A1c (HbA,,): classic
marker of average glycemia, widely
accepted to gauge clinical trial outcomes
and guide clinical practice.

Low Glucose Suspend (LGS) and
predictive LGS (PLGS): systems that
use CGM data to discontinue insulin
delivery if a low BG threshold is crossed
(LGS) or is predicted to be crossed
(PLGS); sometimes referred to as
entry-level controllers.
Model-predictive control (MPC): one
of the major classes of CLC algorithms
used by a number of contemporary AP
systems, which is based on a
mathematical model of the human
metabolism predicting BG fluctuations
and thereby compensating for the
inherent time delays of insulin delivery;
PID controllers are popular as well, but
lack the predictive capabilities of MPC.
Sensor-augmented pump (SAP):
therapy that combines CGM with CSlI,
without communication between the
two; typically used as control condition in
AP studies.

Time in range (TIR): widely used
metric of glycemic control reflecting the
percent CGM readings within a certain
range. Commonly accepted ranges are
70-180 mg/d! (overall) or 80-140 mg/d|
(overnight).

Figure 1. Discovery of Insulin in 1921 Marked the Beginning of Diabetes Technology Development. By the late
1970s continuous subcutaneous insulin delivery (CSIl) and early intravenous control algorithms became available. Continuous
glucose monitoring (CGM) was introduced in 1999. Since the 2000s, CSlII devices have become smaller and more reliable,
CGM more precise, and control algorithms have overcome the challenges of subcutaneous glucose sensing and
subcutaneous insulin delivery. The first experimental wearable system suitable for outpatient use was introduced in 2012, and
the first commercial hybrid closed loop became available in 2017; pivotal trials of new generations of closed-loop control
systems are now under way. Abbreviation: DIAS, Diabetes Assistant. [12-14,17,18,44,62]
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Image of Figure 1

continuous glucose monitoring (CGM), CSl| via insulin pump, and a mathematical algorithm
(Controller), into a subcutaneous closed-loop control (CLC) AP system that automates insulin
delivery and facilitates BG regulation, so far primarily in type 1 diabetes.

This review takes a brief look at the key components of contemporary diabetes technology
and describes the most recent advances in AP development and clinical translation. Following
the tradition established by previous reviews of the diabetes technology field [19,20], three
specific topics are emphasized: (i) signals, in particular CGM, which provides input data for
the contemporary treatment of diabetes; (i) in silico models and computer simulation, which
enabled technology development and replaced animal trials in the preclinical testing of AP al-
gorithms; and (iii) control, in its ultimate real-time implementation as an AP system. The key
message is that the AP is a network of devices, perhaps the first medical network responsible
for minute-to-minute critical treatment decisions, in countless constantly shifting surround-
ings, over many years of use. It is therefore imperative for the system components, CGM,
CSllI, and Controller, to be seamlessly integrated and thoroughly tested in silico and in vivo
prior to their clinical deployment. Figure 1 depicts some of the milestones of the progress of
diabetes technology in the past century, with particular emphasis on BG monitoring and
control:

Signals: Enabling Real-Time Monitoring of Diabetes

In 1969, the first portable BG meter — the Ames Reflectance meter — was manufactured
(Figure 1) and, until 1999, self-monitoring of blood glucose (SMBG) requiring a fingerstick
and collection of a blood drop was the only BG measurement available for ambulatory use.
The leap towards minimally invasive subcutaneous glucose monitoring was made at the turn
of the 21st century with the introduction of CGM devices by Medtronic, Abbott, Dexcom,
and others [21-23]. It is important to know, however, that these devices measure glucose
concentration from a different blood compartment — the interstitium — which introduces an
additional (presumably diffusion) process between blood and interstitial glucose (IG) [21]. As
aresult, BG is different from |G and this difference presented a major challenge to the accuracy
of early CGM devices. The formulation of the push—pull phenomenon offered arguments for
a more complex BG-IG relationship than a simple constant or directional time lag [24] and,
indeed, most studies observed that IG lagged behind BG by 4-10 min, regardless of the direc-
tion of BG change [25,26]. To account for the gradient between BG and |G, CGM devices have
been typically calibrated with capillary BG readings. Successful calibration would adjust the
amplitude of IG fluctuations with respect to BG, but would only partially mitigate the time lag
due to BG-to-IG glucose transport. In addition, errors from calibration, loss of sensitivity, and
random noise confound further the data produced by CGM sensors [27]. Nevertheless, over
the years the accuracy of CGM has been steadily increasing and has reached a point where
CGM readings could be used as a replacement for traditional BG measurement without cali-
bration with capillary blood. For example, a few years ago the Dexcom G4 Platinum and G5
CGMs used algorithmic signal processing to improve their accuracy and obtain replacement
clearance from the FDA [28]. In 2018, the new version of these devices — G6 — was approved
by the FDA for use without fingerstick calibration, thereby potentially eliminating a major
nuisance of diabetes monitoring.

Over the last decade, the clinical utility of CGM has been demonstrated by a number of
studies that have documented its benefits in children and adults, and charted guidelines
for its use [29-33]. A version of CGM using on-demand retrieval of frequently sampled
glucose traces was introduced by Abbott and became known as intermittently viewed
CGM (iCGM), or flash glucose monitoring (FGM); also available without fingerstick calibration
and primarily aimed at the management of type 2 diabetes [34,35]. The differences between
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real-time CGM and iCGM, were recently summarized by the International Consensus on Use
of CGM as follows:

Real-time continuous glucose monitoring (tCGM) and intermittently viewed CGM (i(CGM) address many
of the limitations inherent in HoA1c¢ testing and SMBG. tCGM uniformly tracks the glucose concentrations
in the body’s interstitial fluid, providing near real-time glucose data; iCGM uses similar methodology to
show continuous glucose measurements retrospectively at the time of checking. Both tCGM and iCGM
facilitate monitoring of time spent in the target glucose range (time in range; TIR). However, only tCGM
canwarn users if glucose is trending toward hypoglycemia or hyperglycemia. With iCGM, these trends can
only be viewed after physically scanning the sensor [36].

Alternatives to subcutaneous CGM were recently presented by new implantable sensors, which
have demonstrated the potential for long-term (up to 6 months) continuous use [37]. Other sig-
nals relevant to the human metabolism, for example, heart rate or motion sensing, have been
used to successfully improve the automated control of diabetes, particularly around challenges
such as physical activity [38,39], but the routine use of these additional signals is still away from
mainstream.

In Silico Models: Abandon Animal Trials

In January 2008, in an unprecedented decision, the FDA accepted a computer simulator as a
substitute to animal trials for the testing of CLC strategies, which accelerated the development
of AP algorithms and effectively eliminated animal studies from this field. The simulation
environment that was granted this designation was built upon 30 years of metabolic modeling
studies and contained in silico images of 300 virtual subjects with type 1 diabetes [40]. Each of
these images corresponded to one specific configuration (vector) of individual parameters; rate
constants in a large model of the human metabolism derived from the quantitative understand-
ing of the network of interactions presented in Figure 2 [41]. In health, BG levels are regulated
by the pancreas, gut, liver, muscle, kidneys, and brain. BG levels increase with food containing
carbohydrates, and glucose is also produced by the body (mainly by the liver), after which it is
distributed and utilized through both insulin-independent (e.g., central nervous system and red
blood cells) and insulin-dependent (muscle and adipose tissues) pathways. Insulin, secreted
by the pancreatic {3 cells in response to elevated BG levels and signals from the gut (incretin
effect [42,43)), is the primary regulator of glucose homeostasis. Insulin action depends on
rate constants that are usually referred to as insulin sensitivity and 3-cell responsivity [19]. In
pathophysiology, the control is degraded. In type 2 diabetes, the network in Figure 2 is largely
preserved, but insulin secretion is deficient relative to hepatic and peripheral insulin resistance.
In type 1 diabetes, insulin secretion is virtually absent, while glucagon secretion from a cells is
still preserved, which removes the insulin-dependent pathways and lowers BG levels; there-
fore, BG can only go up, leading to hyperglycemia. Thus, in type 1 diabetes insulin replacement
is mandatory.

The Minimal Model of Glucose Kinetics, introduced in 1979 (Figure 1), was the first to represent
the glucose—insulin control network in formal mathematical terms, and is still in use to date [44].
Fast forward to 2007, the minimal model methodology has evolved into elaborate quantitative
understanding of the human metabolic system, which allowed its comprehensive description,
fully implementing the body of knowledge about metabolic regulation into large, nonlinear models
of high order, with a large number of parameters [41]. In addition, two other types of models were
introduced that describe: (i) the changes of the metabolic system triggered by external distur-
bances, for example, physical activity/exercise; and (i) the time delays associated with subcuta-
neous insulin delivery (Figure 2) [45]. In combination, these models marked a critical step towards
accelerating the progress of AP development — simulation allowed rapid in silico testing of CLC
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Mathematical (in silico) modeling of the human metabolic system

(2) Model of external metabolic disturbances including the effects of physical activity on insulin
resistance and glucose utilization.
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(3) Model of subcutaneous insulin transport used to describe the [substantial] delays from
subcutaneous insulin administration (e.g., by insulin pump) to insulin action; Insulin-on-board is
typically used to represent active available insulin.
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Figure 2. Three Mathematical Models Are Typically in Play to Describe the Action of the Human Metabolic
System in Diabetes and the Effects of Insulin Treatment. (1) Model of the internal metabolic fluxes and
glucoregulatory responses triggered by blood glucose fluctuation; (2) model of the influence of external disturbances such
as food and exercise; and (3) model of treatment describing subcutaneous glucose sensing and insulin delivery. The
metabolic models are typically compartmental, using differential equations governed by rate constants to describe the
metabolic system in action, that is, the fluxes between various compartments such as gut, liver, kidney, muscle, and brain.
At the center is 3-cell insulin production, deficient or absent in diabetes, and the release of glucagon from the a cell.

Abbreviations: GIP, gastric inhibitory polypeptide; GLP-1, glucagon-like peptide-1.

algorithms and opened the field for efficient and cost-effective in silico preclinical trials leading
directly to human studies. Simulation experiments now allow any CGM device, any insulin
pump, and any control algorithm to be linked in a closed-loop system in silico, prior to their
deployment in clinical trials. With this methodology, any meal and insulin delivery scenario can
be pilot-tested efficiently and, most importantly, extreme scenarios that cannot be tested safely
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Image of Figure 2

in vivo can be played multiple times to ensure adequate response of the treatment approach
[46]. A detailed account of the metabolic models and the simulators of the human metabolic
system developed to date is included in a recent review [47]. We need to emphasize,
however, that good in silico performance of a control algorithm does not guarantee in vivo
performance — it only helps test extreme situations and the stability of the algorithm, and
rule out inefficient scenarios. Thus, computer simulation is only a prerequisite to, but not a
Substitute for, clinical trials.

Control: the AP

The contemporary AP systems have resulted from nearly 100 years of advances in diabetes
technology and, as with any other technology, their development has accelerated dramatically in
the past decade. In 2009, JAMA stated that the AP may soon be a reality [48]. In 2012, a Nature
Outlook featured the topic of AP [49], and a News Focus in the January 10, 2014 issue of Science
[50] highlighted the same topic. These newsflashes reflected rapidly growing academic and
industrial efforts focused on the development of CLC systems using CGM coupled with subcutane-
ous insulin pumps. First steps towards fully automating the glucose control in diabetes using CGM
and CSll linked via a CLC algorithm, were taken by the early work of Steil [51] and Hovorka [52]. Var-
ious types of control algorithms were introduced ranging from relatively straightforward proportional—
integral—derivative (PID) controllers [51] to complex model-predictive control (MPC) algorithms [52]
and dual-hormone control that added glucagon to combat hypoglycemia [53]. In 2006 the JDRF Ar-
tificial Pancreas Project was initiated, sponsoring several centers in the USA and Europe to carry out
CLC research. In 2008 the National Institutes of Health launched an AP initiative and in 2010 the
European AP@Home consortium was established. A roadmap towards a viable AP was accepted,
which included several sequential steps, beginning with automated mitigation of hypoglycemia and
progressing through control-to-range and control-to-target towards fully automated, possibly
multihormonal, AP [54]. By 2010 the AP became a global research topic engaging physicians and
engineers in an unprecedented collaboration. A number of inpatient studies established the feasibility
of automated subcutaneous CLC in the hospital setting [55-59]. Most of these studies pointed out
the superiority of CLC over CSll in terms of: (i) increased time within target range (typically 70-180
mg/dl); (i) reduced incidence of hypoglycemia; and (jii) better overnight control.

Wearable AP

The first outpatient studies took a laptop-based AP system to a camp setting, where children
with diabetes were controlled overnight by the MD-logic probabilistic control algorithm [58,60].
Comparing the AP with sensor-augmented pump (SAP) therapy, this multicenter, multina-
tional, randomized, crossover trial showed significantly reduced incidence of night-time
glucose levels below 63 mg/dl (7 vs. 22 episodes on AP vs. SAP) and significantly tighter over-
night control: median values for the individual mean overnight glucose levels were 126.4 mg/dl
on AP versus 140.4 mg/dl on SAP [60]. This same system was then taken to patients’ homes,
achieving similar results [61]. However, as with all previous inpatient trials, these first outpatient
studies used a system that was based on laptop computers, still cumbersome and unsuitable
for routine ambulatory use. In the Nature [49] and Science [50] reviews cited earlier, a common
photograph appeared of a smartphone presenting a dual traffic-light display — the face of the
first portable AP platform — the Diabetes Assistant (DiAs) developed at the University of Virginia
in 2011 (Figure 1). DiAs was built using an Android smartphone as a computational hub and
included a graphical user interface designed for the patient [62] and a Web-based remote
monitoring system [63]. DiAs was used in a number of clinical trials (including long-term studies
at home) at ten clinical centers in the USA and Europe [64-69], and in the first ‘stress test’ of
an AP system — the AP Ski Trial, which involved children with type 1 diabetes wearing DiAs
during 5-day winter-sport camps in Virginia, Colorado, and California [70]. This experimental

Cell

REVIEWS

Trends in Endocrinology & Metabolism, July 2019, Vol. 30, No. 7 437




Trends in Endocrinology & Metabolism

24/7 day and night outcomes
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Upper panel: Comparison of AP vs. SAP over 24 hours illustrating the advantages of
closed-loop control in terms of: (i) lower average glucose; (ii) increased time within
control (AP) target range (70-180 mg/dl), and (ii) reduced incid of hypoglycemi

Lower panel: These effects are better pronounced overnight, during steady-state
periods. Away from disturbance such as meals and exercise. the steady state of the
pump (SAP) person allows the AP algorithm to regain better control over the metabolic system,

even with the relatively slow action of contemporary insulin formulations.

Trends In Endocrinology & Metabollsm

Figure 3. Meta-Analysis of Outpatient Mobile Artificial Pancreas (AP) Studies using DiAs by the end of 2015.
Upper Panel: comparison of AP versus sensor-augmented pump (SAP) over 24 h illustrating the advantages of closed-
loop control in terms of: (i) lower average glucose; (i) increased time within target range (70-180 mg/dl); and (iii) reduced
incidence of hypoglycemia. Lower Panel: these effects are better pronounced overnight, during steady-state periods.
Away from disturbance such as meals and exercise. The steady state of the person allows the AP algorithm to regain
better control over the metabolic system, even with the relatively slow action of contemporary insulin formulations.

Abbreviation: BG, blood glucose.

device set a precedent for one of the two types of home AP systems — Mobile AP using a
smart phone to connect to CGM and CSlI, run the Controller and, possibly, connect to the
Cloud. Figure 3 presents a meta-analysis of 18 clinical trials completed by the end of 2015,
which enrolled 320 patients with type 1 diabetes, yielding approximately 155 000 h of data

[64-69].

438  Trends in Endocrinology & Metabolism, July 2019, Vol. 30, No. 7

Cell

REVIEWS


Image of Figure 3

Multisignal and Multihormonal AP

Physical activity was identified as a major challenge to automated control by early inpatient stud-
ies, which focused on exercise increasing the risk for hypoglycemia and its possible reduction
through CLC [59,71,72]. Various algorithm adaptation methods were tested [73-76], and it
was generally accepted that the rapid changes in insulin sensitivity and glucose utilization during
exercise are difficult to mitigate by manipulating insulin delivery alone; thus, additional signals or,
possibly, additional hormones were needed to detect and mitigate these changes faster [72].
Indeed, it was shown that additional signals, such as motion sensing or heart rate monitoring
could mitigate the effects of physical activity [38,39,77,78]. Dual-hormone systems using gluca-
gon to counter the effects of insulin overdelivery and prevent hypoglycemia were introduced [53]
and tested in inpatient and outpatient studies [79-81]. The relative benefits of adding glucagon to
insulin-only AP systems have been assessed in direct comparison studies, and were generally
limited to mitigation of hypoglycemia associated with exercise [82-85]. According to a recent re-
view [86]: ‘Glucagon may therefore serve an important role in the artificial pancreas system during
aerobic exercise as a result of the rapid change in glucose levels and the inability of insulin reduc-
tion or suspension to compensate because of the prolonged duration of action of insulin. Insulin
suspension may be sufficient, however, for preventing the gradual, delayed onset of post-
exercise hypoglycemia.” Given the complexity of the technology — a dual-chamber pump using
stable glucagon to counter hypoglycemia — the future of insulin-plus-glucagon systems remains
uncertain. Meanwhile, other candidate hormones, such as amylin, glucagon-like peptide (GLP)-
1 receptor agonists, or sodium glucose transport protein (SGLT) inhibitors, are considered for
dual-hormone AP use; but, these studies are still in their infancy.

System Integration: the First Step towards Routine Clinical Use

Low Glucose Suspend (LGS) is considered a precursor to AP because of the automated data
transfer from CGM to the insulin pump — a system integration that was a critical step in AP devel-
opment. In this type of system, the insulin pump ‘listens’ to a CGM and suspends insulin delivery if
the CGM value crosses a certain predefined low BG threshold; for example, 70 mg/dl. Predictive
LGS (PLGS) takes this functionality one step further and discontinues insulin delivery if BG levels
are predicted to fall below a threshold by a mathematical formula. The ASPIRE trial showed a 38%
reduction in nocturnal hypoglycemia compared with CGM alone without increasing HbA [87]; a
subsequent study achieved similar results [88]. PLGS algorithms brought these type of systems
to a higher level of computational sophistication [89]; both LGS and PLGS are now commercially
available and are part of clinical practice; for example, Medtronic’s MiniMed 630G is a LGS
system and Tandem’s Basal-1Q uses PLGS. However, LGS and PLGS are still binary off-on
insulin ‘switches’; they lack the defining property of a CLC algorithm — feedback estimation of
the patient state using CGM and insulin delivery data to modulate insulin delivery up or down in
real time, depending on the needs of the person at any moment. Nevertheless, these integrated
systems created the hardware needed for including a control algorithm directly in an insulin pump,
that is, Embedded AP. Figure 4, Key Figure presents the schematics of contemporary CLC
systems: depending on the location of the Controller, the system is Mobile or Embedded, but
in either case the key components are: a real-time CGM producing the signal used for control,
typically a glucose reading every 5 min; an actuator — the pump delivering insulin, and a ‘brain’
in between, that is the control algorithm. The data exchange between these devices is typically
wireless and some systems provide a Cloud connection for remote monitoring and advanced
applications.

[t is likely that both Embedded and Mobile AP systems will continue to coexist and share function-
alities in the future. For example, smartphone apps will continue to accompany CGM and AP
systems, transferring some of the medical functions of these devices to consumer electronics.
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Key Figure

Schematic of a Closed-Loop Control System

Upcoming: Data sharing and cloud
analytics/data visualization.

Controller: A mathematical
algorithm embedded in the pump
(Configuration A) or running on a
mobile device (Configuration B).
The Controller runs automatically
every time new data becomes
available (e.g., every 5 min).

)

Signal: CGM sensor,
possibly other (e.g., motion
sensing, heart rate?) transmits
wirelessly data to the Controller.

Actuator: Insulin pump. Possibly other
hormones (e.g., glucagon, amylin?).

/\ Configuration A - Embedded closed -loop control: The control algorithm is run by the

insulin pump, which receives data directly from the CGM sensor. Optionally, the
I pump communicates data to a mobile device and from there to the Cloud.
/ \ Configuration B - Mobile closed-loop control: The control algorithm is run by a
mobile device, which receives data from the CGM and from the insulin pump, and
I controls the insulin pump. Typically, the mobile device transmits data to the Cloud.

Trends in Endocrinology & Metabolism

(See figure legend at the bottom of the next page.)
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Such an approach offers certain advantages not only to the initial research phase of AP develop-
ment (e.g., DiAs), but potentially to routine clinical use. (i) Contemporary smartphones are readily
available, capable of running high-demand computations, wirelessly connectable to various
devices, and capable of broadband communication with the Cloud. (i) No current insulin pump
offers similar capabilities, thus the demand for more flexibility could drive adoption. (iii) The tech-
nological life cycle of a smart phone is several months, as opposed to several years for insulin
pump controllers; thus use of consumer electronics allows keeping up with contemporary user
interface appearance and device form factor. (iv) Psychological studies show that many patients,
particularly children and teenagers, are reluctant to use their insulin pump in public, missing
boluses and slipping into poor glycemic control when privacy is limited, for example, during
school days; however, no one is embarrassed to use a smartphone, and that may be a key to
better patient engagement and better glucose control.

Concluding Remarks and Future Perspectives

In 2018, the National Library of Medicine (PubMed) included 132 publications in the AP field,
and in the first 6 weeks of 2019, 25 additional papers were published. This continues a
trend of over 100 scientific publications per year since 2015 and confirms the growing
prominence of AP for the treatment of diabetes. AP systems were pilot-tested, and were
found effective, in pregnant women with type 1 diabetes [90], and in people with type 2
diabetes on insulin therapy [91]. Several meta-analyses were published, confirming the
efficacy of the AP for diabetes control [92-94]. For example, a recent meta-analysis includ-
ing 40 studies with 1027 participants found that the proportion of time in the target
range of 70-180 mg/dl was significantly higher with AP, both overnight and over 24 h
(weighted mean differences of 15.1% and 9.6%, respectively); AP also reduced the time
below 70 mg/dl (weighted mean difference — 1.5%) [93]. These new results are similar to
the 2015 meta-analysis presented in Figure 3, which showed time-in-target improvement
of 156% overnight and a 2.2% reduction of time below 70 mg/dl. Overall, the studies to
date have produced promising results, which is somewhat remarkable, given that the AP
systems used in most of the trials pooled by meta-analyses were highly experimental and
cumbersome; for example, minicomputers of tablets carried around by the study partici-
pants. We can therefore expect that with improved form factors and system usability, the
outcomes will become more stable and, perhaps, better. Research results continue to be
translated to clinical practice: two new systems are featured at the end of the timeline in
Figure 1 — the Medtronic MiniMed 670G [95,96] and the Tandem Control-1Q [97]. Following
a pivotal trial [95] and regulatory approval in 2017, the MiniMed 670 is now commercially
available and used clinically. This is a Hybrid closed-loop system, which modulates auto-
matically the insulin pump basal rate to mitigate both hypo- and hyperglycemia, but does
not administer automated insulin boluses; for example, corrections after a meal. The
Tandem Control-IQ uses a Dexcom G6 sensor that does not require fingerstick calibration
and an advanced Controller that modulates basal rate, administers automated insulin
corrections, and has a dedicated safety system monitoring the work of the Controller to
safeguard against hypoglycemia. A pilot study of Control-IQ has been published [97] and
the system has now completed a multicenter pivotal trial (NCT 03563313).

Figure 4. Configuration A (green): embedded closed-loop control. The control algorithm is run by the insulin pump, which
receives data directly from the continuous glucose monitoring (CGM) sensor. Optionally, the pump communicates data to
a mobile device and from there to the Cloud. Configuration B (orange) mobile closed-loop control: the control algorithm is
run by a mobile device, which receives data from the CGM and from the insulin pump, and controls the insulin pump.
Typically, the mobile device transmits data to the Cloud.
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Outstanding Questions

What are the most important directions
for future glucose sensor development?
More accurate? More durable and reli-
able? Less invasive? All of the above?

Are other sensors, for example, insulin,
lactate, potentially contributing to better
glycemic control?

What is the best route to fully automated
CLC that does not require any user inter-
vention prior to, or during, abrupt events
such as unannounced meal or exercise?
Is tracking human behavior and building
behavioral action profies a viable
alternative?

What is the utility of additional real-time
signals, for example, motion sensing,
heart rate, and geolocation, for the im-
provement of diabetes control? Early
studies have shown marginal improve-
ment, particularly around the manage-
ment of the effects of physical activity,
but comprehensive multisignal control
of diabetes is still elusive.

What is the utility of additional hormones,
for example, glucagon, amylin, or GLP-1
receptor agonists and SGLT inhibitors,
for the improvement of diabetes control?
In type 2 diabetes, new medications are
showing promising resullts in clinical trials
and in clinical practice. It is less clear
whether these compounds would add
tangible improvement to the automated
treatment of type 1 diabetes, particularly
in view of increased technological
complexity.

Mobile CLC running in an app, or algo-
rithm embedded in the insulin pump?
Can they coexist and complement each
other in the same system?
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We can therefore conclude that, a century after the discovery of insulin, viable AP technology is
within reach and entering mainstream clinical practice. The AP is a mobile medical network
consisting of several devices, CGM, Controller, and insulin pump, which work in concert to
optimize the control of diabetes in real time. Thus, connectivity between devices is paramount
and issues such as security of interdevice communication are being vigorously addressed.
While currently targeting insulin replacement in type 1 diabetes, similar automated technologies
are being tested and have potential for the treatment of type 2 diabetes as well. The AP user
interface is generally multifunctional, offering more possibilities that a CGM or insulin pump
display; thus, the limits of safe AP operation should be clearly defined and explained to the
user, to healthcare professionals, and to significant others. Exceeding system capabilities carries
risks with any device, but can be particularly harmful with medical equipment.

In summary, a number of studies in the past decade have confirmed that AP is a feasible treat-
ment for diabetes; its digital-network structure is well defined, and at least two configurations —
Mobile and Embedded - are in play in contemporary systems. First-generation control algorithms
are already out, and research continues in multiple new directions including better sensors and
new advanced multisignal and, possibly, multihormonal controllers (see Outstanding Questions).
Thus, AP is here to stay, and is on its way to fulfill its promise as the digital-age optimal treatment
for diabetes.
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