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Over the past 50 years, the diabetes technology field progressed remarkably through self-
monitoring of blood glucose (SMBG), continuous subcutaneous insulin infusion (CSll), risk
and variability analysis, mathematical models and computer simulation of the human
metabolic system, real-time continuous glucose monitoring (CGM), and control algorithms
driving closed-loop control systems known as the “artificial pancreas” (AP). This review
follows these developments, beginning with an overview of the functioning of the human
metabolic system in health and in diabetes and of its detailed quantitative network modeling.
The review continues with a brief account of the first AP studies that used intravenous glucose
monitoring and insulin infusion, and with notes about CSIl and CGM—the technologies that
made possible the development of contemporary AP systems. In conclusion, engineering
lessons learned from AP research, and the clinical need for AP systems to prove their safety
and efficacy in large-scale clinical trials, are outlined.

n health, glucose metabolism is tightly con-

trolled by a hormonal network, including
the gut, the liver, the pancreas, and the brain
to ensure stable fasting blood glucose (BG) levels
and transient postprandial glucose fluctuations.
In diabetes, this network control is disrupted by
deficiency or absence of insulin secretion, which
needs to be compensated for by technological
means and/or behavioral changes (e.g., exercise,
diet). Generally, diabetes is classified into type 1
and the much more prevalent type 2 diabetes,
accounting for 90%-95% of all cases. Type 1
diabetes is characterized by absolute deficiency
of insulin secretion resulting from autoimmune
response targeting the B cells in the islets of
Langerhans of the pancreas—the site of insulin
secretion and synthesis. In general, the disease

occurs in childhood and adolescence (although
it can occur at any age) and was also known in
the past as “insulin-dependent diabetes melli-
tus” (IDDM) or “juvenile diabetes.” Affected
individuals require insulin to control hypergly-
cemia and sustain life (Pickup and Williams
2003; American Diabetes Association 2004;
Wilson et al. 2011). Type 2 diabetes is triggered
by a combination of impaired insulin action and
insufficient B-cell function and occurs because
insulin secretion is inadequate and cannot over-
come the prevailing defects in insulin action,
thereby resulting in hyperglycemia (elevated
BG levels). Excess caloric intake, inactivity,
and obesity all play parts in the pathogenesis
of type 2 diabetes. In general, it is a disease
that occurs with increasing frequency in increas-
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ing age. People with type 2 diabetes are also
more likely to have associated adverse cardio-
vascular risk factors such as dyslipidemia and
hypertension. Pre-diabetes, that is, impaired
fasting glucose (IFG) and impaired glucose tol-
erance (IGT), is an intermediate condition in
the transition between normal metabolism and
diabetes. People with IGT or IFG are at high
risk of progressing to type 2 diabetes, although
this is not inevitable. Both type 2 diabetes
and pre-diabetes are recognized risk factors for
overt cardiovascular disease and related meta-
bolic complications (Pickup and Williams 2003;
American Diabetes Association 2004; Wilson
et al. 2011). Overall, diabetes is a complex of
metabolic disorders characterized by chronic
hyperglycemia that could lead to microvascular
and macrovascular complications, which in turn
could trigger limb loss, blindness, heart disease,
and renal disease. There is no cure; the only
proven treatment for both type 1 and type 2
diabetes is the tight control of BG fluctuations
(The Diabetes Control and Complications Trial
Research Group 1993, 1995; Reichard and Pihl
1994; UK Prospective Diabetes Study Group
1998; Lachin et al. 2008).

Thus, people with diabetes face a lifelong
optimization problem: to maintain strict glyce-
mic control without increasing their risk for hy-
poglycemia. In clinical terms, the optimization
problem of diabetes was formulated as a “trade-
off between glycemic control and iatrogenic
hypoglycemia” (Cryer 2014), meaning that low-
ering of hemoglobin Alc—the primary marker
of average glycemic control—must be accompa-
nied by concurrent mitigation of the risk for
hypoglycemia. This postulate, however, is strictly
focused on desired glycemic outcomes and does
not prescribe means for achieving optimal con-
trol. Given that undesirable glycemic variation
is triggered at multiple biosystem levels and is
driven by self-treatment behavior, the key to op-
timal diabetes treatment is a multilayer holistic
approach, which uses advanced technology when
appropriate/accepted by the patient, and accounts
for individual factors of human behavior. This is
well understood, and the external regulation of
diabetes is now an interdisciplinary endeavor
with significant bioengineering component.

To put the progress of bioelectronic medi-
cine for diabetes in perspective, for the 2000
years following the clinical introduction of the
term diabetes (Aretaeus the Cappadocian, first
century AD), diet was the only treatment (albeit
unsuccessful in type 1 diabetes). In the 19th
century, the nature of diabetes was generally
understood, and, with the discovery of insulin
in 1921 by Frederick Banting at the University of
Toronto, type 1 diabetes was no longer a death
sentence. For this breakthrough, Banting and
John Macleod were awarded the Nobel Prize in
Physiology or Medicine in 1923. To recognize
the contributions of their colleagues, Banting
shared his prize with Charles Best and Macleod
shared his with J.B. Collip. Insulin injections
became the standard treatment for type 1 dia-
betes and for many people with type 2 diabetes.
The field of diabetes medicine was born.

On March 6, 2013, the American Diabetes
Association (ADA) published research showing
that the total costs of diagnosed diabetes in the
United States have risen to $245 billion in 2012
from $174 billion in 2007, a 41% increase over
5 years (American Diabetes Association 2013).
Therefore, diabetes is a prime example of an
enormous health care problem, the only so-
lution of which is integration of behavioral
change, advanced technologies aiming at func-
tional replacement of the failing B cell, and syn-
ergistic drug-device integration. Given that dia-
betes is common and affects millions of people
around the world, major efforts targeting the
optimization of diabetes control and large inter-
national organizations are dedicated to the treat-
ment and, ultimately, the cure of diabetes and
its complications, including the ADA, the Euro-
pean Association for the Study of Diabetes
(EASD), the International Diabetes Federation
(IDF), and the Diabetes Technology Society.
These efforts are picking up speed and new di-
abetes treatments relying on bioelectronics ad-
vancements are being introduced daily.

THE HUMAN GLUCOSE-INSULIN
CONTROL NETWORK

As presented in Figure 1A, BG levels are raised
by food containing carbohydrates, and glucose
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Figure 1. The glucose-insulin control network. Network in health (A) and type 1 diabetes (B). The pathways
marked with (+) exert positive influence on blood glucose (BG) levels; the pathways marked with (-) lower BG. In
type 1 diabetes, all insulin-dependent glucose-lowering pathways are nonfunctional because of a lack of endog-
enous insulin secretion. Thus, exogenous insulin replacement is mandatory.

is also produced by the body (mainly by the it reaches the system circulation after liver deg-
liver), after which it is distributed and utilized  radation and is peripherally cleared primarily
through both insulin-independent (e.g., central by the liver. The glucose and insulin systems

nervous system and red blood cells) and insulin-  interact by feedback control signals. If a glucose
dependent (muscle and adipose tissues) path-  perturbation occurs (e.g., after a meal), B cells
ways. Insulin secreted by the pancreatic § cell ~ secrete more insulin in direct response to in-
is the primary regulator of glucose homeostasis; ~ creased plasma glucose concentration, or as
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indirect response to hormonal release from the
gut, GIP and GLP-1, known as the “incretin
effect” (Nauck et al. 1986a). In turn, insulin sig-
naling promotes glucose utilization and inhibits
glucose production to bring rapidly and effec-
tively plasma glucose to its preperturbation level.
These control interactions are usually referred
to as insulin sensitivity and B-cell responsivity
(Cobelli et al. 2009). In pathophysiology, this
feedback control is degraded. In type 2 diabetes,
the network in Figure 1A is largely preserved,
but insulin secretion is deficient relative to
hepatic and peripheral insulin resistance. In
particular, the incretin response is deficient
(Nauck et al. 1986b), and this finding triggered
the introduction of new classes of medications
known as GLP-1 receptor agonists (incretin
mimetics), and DPP-4 inhibitors (incretin en-
hancers) (Drucker and Nauck 2006). In type 1
diabetes, insulin secretion is virtually absent,
whereas glucagon secretion from the o cell
is still preserved, which removes the insulin-
dependent pathways lowering BG levels and,
therefore, BG can only go up, leading to hyper-
glycemia. Thus, insulin replacement is manda-
tory (Fig. 1B).

A battery of counterregulatory hormones
are also at work, including glucagon, epineph-
rine, cortisol, and growth hormone, which de-
fend, on different time scales, the body from life-
threatening hypoglycemia. Both hypoglycemia
counterregulation and insulin control are neu-
romediated through the brain. However, with
intensive insulin treatment, the counterregula-
tory defenses may fail, risking potentially severe
hypoglycemia (White et al. 1983; Cryer and
Gerich 1985; Amiel et al. 1988, 1997). Thus, in
health, the optimization of blood sugar control
is tightly regulated by a hormonal network, and
this regulation fails in diabetes at several levels:
deficient insulin response from the B cell, im-
paired counterregulation, and inadequate in-
creting effect. External regulation is therefore
necessary to alleviate these deficiencies and to
maintain strict glycemic control by reducing
hyperglycemia without increasing the risk for
hypoglycemia. The BG level is both the measur-
able result of this optimization and the principal
feedback signal to the patient, or to technology,

for his/her control of diabetes. This understand-
ing of the glucose-insulin control network has
been described in formal mathematical terms,
which in turn led to modeling, simulation,
and, ultimately, to bioelectronic medicine for
diabetes (Cobelli et al. 2009).

THE PREVIOUS CENTURY: GLUCOSE
CONTROL, MONITORING, AND RISK
ANALYSIS

Intravenous Glucose Control

Forty-two years after the discovery of insulin,
an insulin pump delivering insulin and gluca-
gon (to counteract hypoglycemia) was designed
(Kadish 1964). This marked the beginning of
attempts to develop automated closed-loop
control of diabetes, which can be traced back
to the 1970s when the possibility for external
BG regulation was established by studies using
intravenous (i.v.) glucose measurement and i.v.
infusion of glucose and insulin. Five teams re-
ported i.v. closed-loop control results between
1974 and 1978 (Albisser et al. 1974; Pfeiffer et al.
1974; Kraegen et al. 1977; Mirouze et al. 1977;
Shichiri et al. 1978). In 1977, one of these de-
signs resulted in the first commercial device—
the Biostator (Clemens et al. 1977)—a large
(refrigerator-sized) device that has been used
extensively for glucose-control research (Mar-
liss et al. 1977; Fischer et al. 1978; Santiago
etal. 1979). A review of methods for i.v. glucose
control can be found in Parker et al. (2001).
In 1979, another key element—the minimal
model of glucose kinetics—was introduced by
Bergman et al. (1979). This and subsequent
mathematical models serve as the “brain” be-
hind the majority of control algorithms used
in contemporary artificial pancreas (AP) sys-
tems. Detailed description of the major early
algorithm designs can be found in Clemens
(1979), Broekhuyse et al. (1981), and Salzsieder
et al. (1985). More work followed, spanning
a range of control techniques powered by phys-
iologic modeling and computer simulation (Co-
belli and Ruggeri 1983; Sorensen 1985; Fischer
et al. 1987; Brunetti et al. 1993; Parker et al.
1999).
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Continuous Subcutaneous Insulin
Infusion (CSII)

The first commercial subcutaneous insulin
pump—the auto syringe—was introduced by
Dean Kamen in the 1970s and, by the end of
the 1970s, the first trials of CSII were reported
in the United Kingdom (Pickup et al. 1978)
and in the United States (Tamborlane et al.
1979), showing the feasibility of this minimally
invasive mode of insulin replacement. The next
logical step was automated insulin delivery
controlled by a mathematical algorithm—a
method that became known as closed-loop
control, or the AP. Between 1980 and 2000,
the insulin pumps became smaller and porta-
ble, whereas the models of the glucose-insulin
system became larger and more elaborate,
allowing first computer simulation and then
automated model-predictive glucose control
of diabetes. Figure 2 presents the timeline of
these developments.

Glucose Monitoring and Risk Analysis

In 1969, the first portable BG meter—the Ames
reflectance meter—was manufactured. This de-
vice set the beginning of what is now known
as episodic self-monitoring of blood glucose
(SMBG)—the first home-based tool providing
data for the day-to-day optimization of diabetes
treatment. Various metrics quantifying glyce-
mic variability based on SMBG data were intro-
duced, including but not limited to standard
deviation (SD) and coefficient of variation
(CV), and diabetes-specific metrics, such as
the M-value based on a logarithmic transforma-
tion of the BG deviation from a preset value
(Schlichtkrull et al. 1965); the mean amplitude
of glycemic excursions (MAGE) (Service et al.
1970); the Lability Index (Ryan et al. 2004);
and the mean absolute glucose (MAG) change
(Hermanides et al. 2010). However, the BG
measurement scale is quite asymmetric: the hy-
poglycemic range (below 70 mg/dL) is much
narrower numerically than the hyperglycemic
range (BG > 180 mg/dL). This asymmetry cre-
ates a number of computational problems and
challenges. For example, a BG excursion from

Diabetes Technology

180 to 240 mg/dL is much larger numerically
than a BG excursion from 70 to 50 mg/dL, yet
the latter carries a much greater risk to the pa-
tient. In 1997-1998, the first elements of the risk
analysis of BG data were introduced (Kovatchev
etal. 1997, 1998), which resolved the asymmetry
of the BG scale by a nonlinear transformation
that maps the entire BG range (20 to 600 mg/dL
or 1.1 to 33.3 mmol/L) to a symmetric interval.
The BG value of 112.5 mg/dL (6.25 mmol/L)
is mapped to zero, corresponding to zero risk
for hypo- or hyperglycemia (it should be noted
that this is not a normoglycemic or fasting
value, which in health would be <100 mg/dL;
it is zero-risk value pertinent to diabetes).
The analytical form of this transformation is
f(BG) = y-[In(BG)” — ], where the parameters
are estimated as a=1.084, f=5.381, and y=
1.509, if BG is measured in mg/dL and o=
1.026, B=1.861, and y=1.794, if BG is mea-
sured in mmol/L. The scale transformation has
been introduced in 1997 and its analytical form
and parameters have since remained unchanged
(Kovatchev et al. 1997; Kovatchev 2017). After
fixing the parameters of f(BG), the quadratic
function r(BG) = IO-f(BG)2 is used to define
the BG risk space. The function r(BG) ranges
from 0 to 100. Its minimum value is 0 and
is achieved at BG=112.5 mg/dL, whereas its
maximum is reached at the extreme ends of
the BG scale, 20 mg/dL and 600 mg/dL. Thus,
r(BG) can be interpreted as a measure of the risk
associated with a certain BG level. The left
branch of this parabola identifies the risk of
hypoglycemia, whereas the right branch identi-
fies the risk of hyperglycemia (Fig. 3A) (Ko-
vatchev et al. 1998).

The conversion of the BG data into risk
values has profound implications not only for
the interpretation of the BG signal, but for
control design as well because similar emphasis
is placed on the hypoglycemic and hyperglyce-
mic ranges, whereas the normal BG range (70—
180 mg/dL) is given less weight. Thus, variabil-
ity contained within normal range carries less
risk than excursions outside of this range,
whereas excursions into extreme hypo- and
hyperglycemia get progressively increasing risk
values, which can be used as a cost function
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Figure 3. Risks of hypoglycemia and hyperglycemia. The blood glucose (BG) risk function (A) increases steeply
when BG levels descend into the hypoglycemic range, and more gradually with the onset of hyperglycemia.
Control modules used by artificial pancreas algorithms (B) employ the risk function as a cost function defining
algorithm action. The set point of the controller is a zero-risk value and the algorithm aggressiveness is deter-

mined by the steepness of the cost function.

by diabetes control algorithms. For example, a
modular AP algorithm is based on this risk anal-
ysis approach (Patek et al. 2012). As shown
in Figure 3B, the set point of the algorithm is
at BG = 112.5 mg/dL, that is, the algorithm tar-
gets zero risk. A dedicated safety module pre-
venting hypoglycemia uses the left branch of the
risk function to weight risk as BG descends in-
to hypoglycemia, and tailors the algorithm re-
sponse accordingly. Similarly, a range control
module corrects hyperglycemia using the right
branch of the risk function.

THE 2000s: CONTINUOUS GLUCOSE
MONITORING AND THE ARTIFICIAL
PANCREAS

The final critical technological leap enabling
minimally invasive closed-loop control was
made at the turn of the 21st century with the
introduction of continuous glucose monitoring
(CGM) (Bode 2000; Mastrototaro 2000; Feld-
man et al. 2003)—an event that started the on-
going quest for a wearable AP. Since the advent
of CGM technology, significant progress was
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made toward versatile and reliable CGM devices
that not only monitor the entire course of BG
day and night, but also provide feedback to the
patient, such as alarms when BG reaches preset
low or high levels. A number of studies have
documented the benefits of CGM (Deiss et al.
2006; Garg et al. 2006; Kovatchev and Clarke
2007; The Juvenile Diabetes Research Founda-
tion Continuous Glucose Monitoring Study
Group 2008) and charted guidelines for its clin-
ical use and its future as a precursor to closed-
loop control (Klonoff 2005, 2007; Hovorka
2006). The next logical step—prevention of
hypoglycemia via automated shutoff of the
insulin pump when CGM readings cross a pre-
determined low glucose threshold—was under-
taken (Buckingham et al. 2009).

Attempts to fully automate glucose control
in diabetes using subcutaneous CGM and sub-
cutaneous insulin pump (i.e., CSII) linked via a
closed-loop control algorithm began with the
early work of Hovorka et al. (2004) and Steil
et al. (2006), and with the launch of the Juvenile
Diabetes Research Foundation (JDRF) Artificial
Pancreas Consortium, which in 2006 sponsored
several centers in the United States and Europe
to carry out closed-loop control research. In
2009, the Journal of the American Medical As-
sociation (JAMA) wrote: “Artificial pancreas
may soon be a reality” (Friedrich 2009). In
May 2012, a Diabetes Outlook was published
in Nature that highlighted the AP (Dolgin
2012), and 18 months later Science featured
the same topic (Clery 2014). Increasing academ-
ic and industrial effort was focused on the de-
velopment of control algorithms, ranging from
relatively straightforward proportional-integral-
derivative (PID) controllers (Steil et al. 2006) to
fuzzy-logic (Atlas etal. 2010) and model-predic-
tive algorithms (Hovorka et al. 2004), to dual-
hormone control that added glucagon to combat
hypoglycemia (El-Khatib et al. 2010). In 2008,
the National Institutes of Health launched an
AP initiative and in 2010 the European
AP@Home Consortium was established. A
roadmap toward a viable AP was accepted,
which included several sequential steps, begin-
ning with automated mitigation of hypoglyce-
mia and progressing through control-to-range

and control-to-target toward fully automated,
possibly multihormonal AP (Kowalski 2009).
By 2010, the AP became a global research topic
engaging physicians and engineers in an un-
precedented collaboration. In 2014, JAMA revis-
ited the AP and suggested: “Fully automated
artificial pancreas finally within reach” (Hamp-
ton 2014). Key milestones of this development
are described in several reviews (Cobelli et al.
2011; Kovatchev 2011; Renard et al. 2013a,b).

Inpatient AP Studies

During 2008-2012, promising results were re-
ported by several groups (Weinzimer et al. 2008;
Bruttomesso et al. 2009; Clarke et al. 2009; El-
Khatib et al. 2010; Hovorka et al. 2010, 2011;
Renard et al. 2010; Zisser et al. 2011, 2014; Bre-
ton et al. 2012; Russell et al. 2012; Luijf et al.
2013; Sherr et al. 2013). Most of these studies
pointed out the superiority of closed-loop con-
trol over CSII therapy in terms of (1) increased
time within target range (typically 70-180 mg/
dL), (2) reduced incidence of hypoglycemia, and
(3) better overnight control. Inpatient studies
linked AP to reduction of hypoglycemia follow-
ing exercise (Breton et al. 2012; Sherr et al. 2013;
Zisser et al. 2014) and an auxiliary heart rate
signal was shown to contribute to better exercise
control (Breton et al. 2014). An algorithm
mimicking B-cell physiology was embedded in
alow-power microchip (Reddy et al. 2014) and a
controller running on a smartphone was tested
in the hospital (O’Grady et al. 2012). A direct
comparison between single- versus dual-hor-
mone AP found “little evidence of glucagon
benefits in reducing the number of hypoglyce-
mic events requiring treatment” (Haidar et al.
2015)—an important finding that helped settle
the debate about whether dual-hormone AP us-
ing glucagon is justified, given the added com-
plexity, possible risks, and expense.

AP System Integration

Low glucose suspend (LGS), which is now com-
mercially available and is already a part of the
clinical practice, is considered a precursor to AP
because of the automated data transfer from
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CGM to the insulin pump—a system integration
that is a critical step in AP development. The
ASPIRE trial showed a 38% reduction in noc-
turnal hypoglycemia compared to CGM alone
without increasing HbAlc (Bergenstal et al.
2013); a subsequent study achieved similar
results (Ly et al. 2013). Predictive LGS algo-
rithms were introduced (Beck et al. 2014),
which brought this type of system to a higher
level of computational sophistication. However,
LGS systems were still binary on-off insulin
“switches”; they lacked the defining property
of a closed-loop algorithm—feedback estima-
tion of the patient state using CGM and insulin
delivery data to determine the degree or insulin
modulation in real time.

Outpatient (But Not Portable) AP

The first steps toward outpatient AP were taken
by a laptop-based system installed at the bedside
of children at a diabetes camp (Phillip et al.
2013), and then taken to patients’ homes (Nimri
et al. 2013). Similarly, another bedside AP trial
deployed small personal computers at patients’
homes, and confirmed their feasibility outside of
the hospital (Hovorka et al. 2014). The progress
of the outpatient AP was presented in a sympo-
sium, “Advances in Artificial Pancreas Develop-
ment,” which contained an editorial (Cefalu
and Tamborlane 2014) and seven papers on top-
ics ranging from physiology and engineering
(Kudva et al. 2014; Schiavon et al. 2014) to re-
ports on the feasibility of AP in type 2 diabetes
(Kumareswaran et al. 2014), overnight and
24/7 outpatient AP with a portable system
(Del Favero et al. 2014). Subsequent studies
firmly took AP to the outpatient setting (Leela-
rathna et al. 2014; Russell et al. 2014; Thabit et
al. 2014).

Wearable Artificial Pancreas

In the Nature (Dolgin 2012) and Science (Clery
2014) reviews cited above, a common photo
appeared of a smartphone presenting a dual
traffic-light display—the face of the first porta-
ble AP platform-the Diabetes Assistant (DiAs)
developed at the University of Virginia (UVA) in

Diabetes Technology

2011. DiAs was built using an Android smart-
phone as a computational hub and included a
graphical user interface (GUI) designed for the
patient (Keith-Hynes et al. 2013) and a web-
based remote monitoring system (Place et al.
2013). The defining characteristic of DiAs was
its capability to switch between different modes
of operation, depending on patient preference
and signal availability. For example, if the
CGM signal was not available or if the patient
does not wear a sensor for a certain period of
time, DiAs could switch into “pump mode,”
running this patient’s normal basal/bolus insu-
lin routine and adding extended GUI and re-
mote monitoring. Similarly, if the pump is not
available, DiAs could switch to “sensor mode,”
running trends, alerts, and cloud services. Figure
3 shows the DiAs AP system configuration used
in several trials and based on a Dexcom G4 sen-
sor and Roche insulin pump (Fig. 4).

Thus, by design, DiAs was a platform for AP
technology deployment—it was not a single-
function device providing either a fixed closed-
loop operation, or nothing. DiAs was used in
20 clinical trials, by over 300 patients at clinical
centers in the United States (Virginia, Califor-
nia, Minnesota, and New York), as well as in
France, Italy, Holland, and Israel. Following ini-
tial 2-day pilot-feasibility trials (Cobelli et al.
2012),1in 2012-2013, two international multisite
studies were completed, which confirmed the
feasibility of DiAs and its efficacy to reduce hy-
poglycemia in the outpatient setting (Kovatchev
et al. 2013, 2014). Three summer camp trials of
remote monitoring (DeSalvo et al. 2014), over-
night AP (Ly et al. 2014), and AP during the day
(Chernavvsky et al. 2016), confirmed the effica-
cy of DiAs in children with type 1 diabetes. With
several completed multicenter trials, evening/
overnight closed-loop control is now considered
an established and very effective use of portable
bioelectronic devices for the control of diabetes
(Brown et al. 2015; Del Favero et al. 2015). At the
2015 Advanced Technologies and Treatments
for Diabetes Conference in Paris, a special ses-
sion was dedicated to the recent DiAs studies
and a meta-analysis was presented showing
significant overall improvement in glycemic
control (Renard et al. 2015).
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Figure 4. The Diabetes Assistant (DiAs), which became the first portable artificial pancreas (AP). This config-
uration has been used in several closed-loop control studies: a smartphone using a modified Android operating
system, locked to meet medical device requirements, runs the control algorithm, the graphical user interface, and
the wireless communications with a continuous glucose monitor (Dexcom G4), an insulin pump (Roche Accu-
Chek), and with a remote server (through WiFi or cellular network) that provides real-time monitoring capa-

bilities, analytics, and database support.

The progress of the AP was presented in
a symposium published by Diabetes Care in
July 2016 (Kovatchev et al. 2016), which was
exclusively dedicated to outpatient closed-loop
control studies done with portable AP systems,
including trials at patient’s homes lasting a
month or more (Anderson et al. 2016; Renard
et al. 2016; Tauschmann et al. 2016) and studies
in young children (Del Favero et al. 2016). In the
past 2 years:

1. A pivotal trial of the first commercial hybrid
system was completed—the Medtronic 670G,
which automatically modulates basal rate but
does not automate insulin boluses (Bergen-
stal et al. 2016).

2. A 6-month pilot-feasibility study of long-
term closed-loop control was reported show-
ing improvements in glycemic control and
reduction of hypoglycemia with long-term
AP use (Kovatchev et al. 2017).

3. Long-term (up to 10 months) studies were
initiated using a new commercially devel-
oped version of the DiAs system—InControl
AP developed by TypeZero Technologies,
which runs on Android smartphones and
connects wirelessly to a CGM sensor and
an insulin pump (Fig. 4).

4. The National Institutes of Health invested
over $35 million in four pivotal trials of
closed-loop control technologies intended
to bring these systems to market—a press
release (which in particular presented a
photo of InControl AP) can be found at
www.nih.gov/news-events/news-releases/
four-pivotal-nih-funded-artificial-pancreas-
research-efforts-begin.

5. The first AP Ski Camp and was successfully
completed, indicating that the use of closed-
loop control in the conditions of winter
sports (5 hours of skiing per day for 5 days)

10 Cite this article as Cold Spring Harb Perspect Med 2019;9:a034389
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Figure 5. InControl artificial pancreas (AP) is a con-
temporary mobile artificial pancreas system devel-
oped by Type Zero Technologies under a license
from the University of Virginia, which is now in use
in several long-term clinical trials.

is safe and effective for children and adoles-
cents with type 1 diabetes (Fig. 5) (Breton
et al. 2017).

CONCLUSION

Classic large-scale studies have shown that in-
tensive treatment to maintain optimal average
glycemia (as measured by hemoglobin Alc)
markedly reduces the chronic complications in
both type 1 and type 2 diabetes. External insulin
replacement through multiple daily injections
(MDIs) or CSII using insulin pumps is manda-
tory in type 1 diabetes. However, MDI and CSII
are not nearly as efficient as the endogenous
insulin secretion; thus, acute events do occur,
exposing patients to life-threatening severe hy-
poglycemia or diabetic ketoacidosis. Imperfect
intensive insulin treatment may also reduce
the warning symptoms and hormonal defenses
against hypoglycemia leading to defective coun-
terregulation and hypoglycemia unawareness.
As a result, the clinical optimization problem
of diabetes was formulated as a “trade-off
between glycemic control and iatrogenic hypo-

Diabetes Technology

glycemia” (Cryer 2014) and was formalized by
risk analysis of BG data.

Arguably, diabetes is one of the best quanti-
fied human conditions. A century of diabetes
technology development began with the discov-
ery of insulin in 1921, and progressed to con-
temporary self-monitoring, CGM, minimally
invasive subcutaneous insulin delivery, and
closed-loop AP devices powered by sophisti-
cated mathematical models of the human met-
abolic system. AP technology is indeed within
reach and is the ultimate bioelectronic medicine
approach to improve glucose control in diabetes.
Lessons learned in the past 10 years of intense
interdisciplinary AP research are listed below.

Abandon Animal Trials

The 2008, the Food and Drug Administration
acceptance of the UVA/University of Padova
computer simulator as a substitute for animal
trials in the design and safety of preclinical test-
ing of AP controllers opened the field for rapid
and cost-effective in silico experiments (Ko-
vatchev et al. 2009a). Since then, virtually no
animal experiments have been conducted for
the purpose of designing AP algorithms. Virtual
environments will allow thorough testing of
myriad control cycles in extreme physiological
situations, or during low-probability system fail-
ures, that cannot be reproduced in real life
(Viceconti et al. 2017).

Keep the AP System Modular

Modular architecture allows AP systems to be
assembled from independent (but compatible)
modules, each performing a specific function
(e.g., prevention of hypoglycemia, postmeal in-
sulin corrections, fine tuning of basal rate, or
administration of ancillary compounds such as
amylin or glucagon [Kovatchev et al. 2009b]).
Modularity is essential for the “graceful degra-
dation” of the system in the event of component
failure—the network permits critical functions
to be redundant, residing in more than one
module, and redirected to avoid system melt-
down (Patek et al. 2012).
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Whenever Possible, Use Consumer
Electronics

Traditionally, it is assumed that the AP control
system would reside in a patient’s insulin pump,
which is the case with most commercial devel-
opments. An alternative solution was suggested
by DiAs, which was based on appropriately
configured consumer electronic devices (smart-
phone). This approach offered advantages to
the initial research phase of AP development,
and is potentially viable for commercial systems
as well.

In conclusion, 2017 became the year of
transition of the AP from research topic to clin-
ical practice (Kovatchev 2018). To be ultimately
established and accepted as a viable treatment of
diabetes, AP systems need to prove their safety
and efficacy in large-scale clinical trials with
outcomes tied to the key components of glyce-
mic control in diabetes—hemoglobin Alc and
risk for hypoglycemia. These validations are on-
going now, and we can be optimistic that the
closed-loop AP will indeed become the digital-
age treatment of diabetes in the near future.
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