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Closed-loop (artificial pancreas) systems for automated insulin delivery have been likened
to the holy grail of diabetes management. The first iterations of glucose-responsive insulin
delivery were pioneered in the 1960s and 1970s, with the development of systems that
used venous glucose measurements to dictate intravenous infusions of insulin and
dextrose in order to maintain normoglycemia. Only recently have these bulky, bedside
technologies progressed to miniaturized, wearable devices. These modern closed-loop
systems use interstitial glucose sensing, subcutaneous insulin pumps, and increasingly
sophisticated algorithms. As the number of commercially available hybrid closed-loop
systems has grown, so too has the evidence supporting their efficacy. Future challenges
in closed-loop technology include the development of fully closed-loop systems that do
not require user input for meal announcements or carbohydrate counting. Another
evolving avenue in research is the addition of glucagon to mitigate the risk of
hypoglycemia and allow more aggressive insulin dosing.
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INTRODUCTION

The mainstay of treatment for type 1 diabetes is intensive insulin therapy, either as multiple daily
injections or continuous subcutaneous insulin infusion via pump. The goal of intensive insulin
therapy is to mimic physiological insulin release by pancreatic beta cells in a basal-bolus fashion to
achieve tight glycemic control and thereby reduce the risk of micro- and macrovascular
complications of hyperglycemia (1). However, optimal glycemic control in many individuals with
type 1 diabetes is limited by hypoglycemia and the high burden of self-management required with
frequent monitoring of blood glucose and adjustment of insulin dosing (2). As a result, a majority of
people with type 1 diabetes are unable to achieve the recommended therapeutic targets (3).

In the 100 years since the discovery of insulin, there have been significant technological advances in
diabetes management. Insulin pumps first became clinically feasible in the 1970s, and have since become
miniaturized and more reliable. Continuous glucose monitoring systems (CGMS) are now minimally
invasive and more accurate. There is a growing demand for connection of these two types of devices with
algorithms that can facilitate automated insulin delivery. These closed-loop systems — also referred to as
the “artificial pancreas” — have been likened to the holy grail of diabetes management as they have the
potential to improve glycemic outcomes and reduce disease burden (4).
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EARLY CLOSED-LOOP SYSTEMS

The first closed-loop insulin delivery system was developed by
Arnold Kadish in the early 1960s. Kadish’s invention, which he
termed a “servomechanism for blood glucose control”,
comprised an autoanalyzer for continuous blood glucose
monitoring via an intravenous catheter and two intravenous
syringe pumps containing insulin and either glucose or glucagon.
Both pumps were shut off when the blood glucose level was
within a defined target range; the insulin pump was activated
when the glucose level rose above the upper threshold, and the
glucose or glucagon pump was activated when it dropped below
the lower threshold (5, 6). Kadish published the results of a
successful trial of his system in a single diabetic volunteer in
1963 (5).

The first systems to be described as an artificial pancreas were
developed in the early 1970s. Albisser and colleagues (a Canadian
group) and Pfeiffer and colleagues (a German group) separately
designed essentially the same configuration of apparatuses and
both published their findings in 1974 (7-9). Both systems utilized
a computer programmed to respond to continuous venous
glucose monitoring and control the intravenous delivery of
insulin and/or dextrose. The apparatus originally developed by
Pfeiffer et al. (Figure 1) was commercialized in 1977 as the
Biostator (Miles Laboratories, Elkhart, Indiana, USA), which
consisted of: a pump which controlled continual blood
withdrawal; a glucose analyzer for continuous measurement of
blood glucose concentration; a computer programmed to
calculate the amount of insulin or dextrose to be infused based
on blood glucose levels; an infusion pump for insulin and
dextrose delivery; and a printer for minute-by-minute blood
glucose recording (10, 12).

Because the Biostator was bulky, intricate, and required the
patient to be connected to a blood withdrawal catheter in one
arm and an infusion line in the other arm, its use was largely
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limited to research. It was also employed as an investigative tool
to study an individual’s glycemic patterns over a 24-36 hour
hospital admission, in order to help determine their ideal insulin
dosage (13). The Biostator was used extensively in research
throughout the 1980s and 1990s, with over 200 publications
based upon its use (14).

The first wearable artificial pancreas system was developed by
a Japanese group led by Motoaki Shichiri in the early 1980s (15,
16). The whole system, consisting of a sensor, a microcomputer
and two roller pumps, weighed 400 grams and measured 15 x 12
x 6 cm, and was able to be stored in the pocket of the user’s
jacket. While the Biostator was an intravenous-intravenous
system, using venous glucose sensing and intravenous insulin
delivery, Shichiri’s technology used a subcutaneous glucose
sensor paired with intravenous pumps for insulin and
glucagon infusions (16).

CURRENT CLOSED-LOOP TECHNOLOGIES

Progress towards a fully closed-loop system have been
accelerating since the mid-2000s, with the development and
commercialization of numerous glucose-sensing and insulin
delivery systems of increasing sophistication. With the
technological progress made regarding insulin pumps and
interstitial glucose-sensing devices, attention turned to the
development of a subcutaneous-subcutaneous closed-loop
system (17). The Juvenile Diabetes Research Foundation
(JDRF) established the Artificial Pancreas Project in 2005
with the aim of promoting the research, regulatory approval,
and eventual adoption of closed-loop technologies (4). The
JDREF defined six categories of artificial pancreas systems based
on the level of automation involved (Figure 2); at the time, all
were in varying stages of development but none were
commercially available.

FIGURE 1 | Early closed-loop technologies: (A) Components of the Biostator (reproduced from Fogt et al., 1978); (B) A mobile version of the Biostator (reproduced
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First Generation

Second Generation Third Generation

Very-Low-Glucose Hypoglycemia Hypoglycemia/
Insulin Off Pump Minimizer Hyperglycemia
Pump shuts off Predictive hypo- Minimizer

when user not
responding to
low-glucose alarm

glycemia causes
alarms, followed
by reduction or
cessation of insulin
delivery before
blood glucose
gets low

Same product as
#2 but with added
feature allowing in-
sulin dosing above
high threshold (e.g.
200 mg/dL)

Low-Glucose Suspend Systems

Low-glucose suspend (LGS) systems are the simplest form of a
closed-loop system. They consist of an integrated glucose sensor
and insulin pump with the ability to automatically suspend
insulin infusion when glucose levels fall below a certain
threshold without requiring any confirmation from the user. In
2009, Medtronic commercialized the first LGS system with the
MiniMed Paradigm Veo (Medtronic, Northridge, California,
USA), which suspends insulin delivery and alerts the user
when a pre-programmed glucose threshold is reached (18).
The primary benefit of LGS over sensor-augmented pump
therapy is reduced nocturnal hypoglycemia, without an
increase in HbAlc (19, 20).

LGS technology was further refined in the form of predictive
low-glucose suspend (PLGS) systems, which contain algorithms
that predict future hypoglycemia (for example, within the next
30 minutes) and pre-emptively suspend insulin delivery before
hypoglycemia occurs. This technology became commercially
available in 2015 with the MiniMed 640G (Medtronic), and
can also be found in the t:slim X2 with Basal-IQ (Tandem, San
Diego, California, USA). Like LGS, use of PLGS is associated with
a significantly reduced risk of nocturnal hypoglycemia as well as
overall time spent in hypoglycemia, without an increase in
hyperglycemia (21, 22).

Hybrid Closed-Loop Systems

Hybrid closed-loop systems aim to minimize hypoglycemia and
hyperglycemia and maintain glucose levels within a target range
through the use of a computerized algorithm to adjust the basal
rate of insulin and administer corrective bolus doses. They are
called “hybrid” systems as, unlike fully closed-loop systems, the
user is still required to manually program insulin boluses with
meals. Development of the first hybrid closed-loop systems
began in parallel with LGS technology. The Advanced Insulin
Infusion Using a Control Loop (ADICOL) project was launched
in 2000, with the collaboration of several European centers to
develop one of the first hybrid closed-loop systems (23). A
pivotal trial by Weinzimer et al. in 2008 was the first to show
that a hybrid closed-loop system significantly improved

FIGURE 2 | The six categories of closed-loop systems as defined by the JDRF.

Automated Fully Automated Fully Automated
Basal/Hybrid Insulin Closed Multihormone
Closed Loop Loop Closed Loop

Manual meal-time
bolus eliminated

Closed loop at all
times with meal-
time manual-assist
bolusing

overnight time spent in the normoglycemic range compared to
conventional open-loop insulin delivery (24). Further trials in
adult and pediatric populations have demonstrated increased
time in target and reduced hypoglycemia, mean glucose levels,
and HbA1c in hybrid closed-loop systems (25-28).

The MiniMed 670G (Medtronic), the first commercially
available hybrid closed-loop system, was released in 2016.
Other systems that have received regulatory approval
(Figure 3) include the MiniMed 780G (Medtronic), t:slim X2
with Control-IQ (Tandem), and CamAPS FX (CamDiab,
Cambridge, UK) (29). These systems use three main types of
algorithms: model predictive control (MPC), proportional-
integral-derivative (PID), and fuzzy logic. MPC algorithms use
a mathematical model of the user’s glucoregulatory system to
predict glucose excursions and adjust insulin delivery to treat-to-
target, taking into account estimated insulin sensitivity. PID
algorithms adjust insulin delivery according to three elements:
the difference between measured and target glucose levels (the
proportional component), the area under the curve between
measured and target glucose (the integral component), and the
rate of change in measured glucose levels over time (the
derivative component). Algorithms based on fuzzy logic are
less common, and modulate insulin delivery according to a set
of rules designed to imitate the knowledge and reasoning of
experienced diabetes clinicians (30).

The pivotal trial establishing the efficacy of the MiniMed
670G system was published by Garg et al. in 2017. The
prospective analysis of 124 adults and adolescents using the
system at home over three months demonstrated a significantly
increased time in range compared to baseline (28). A later trial by
Forlenza et al. in children aged 7-13 similarly found that in-
home use of the MiniMed 670G resulted in increased time in
range and reduced HbAlc compared to baseline (31). A
prospective study by Lal et al. of real-world use of the
MiniMed 670G over 12 months found significant correlation
between time spent in Auto Mode (in which the hybrid closed-
loop algorithm is activated) and HbAlc, but this was countered
by a high discontinuation rate, with 33% of users having
discontinued Auto Mode use by 12 months. The most frequent
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algorithm with Kaleido patch-pump and Dexcom G6 sensor.

605,

93noa

FIGURE 3 | Commercially available and in-development hybrid closed-loop systems. (A) MiniMed 670G with Guardian Link 3 sensor/transmitter. (B) Omnipod
Horizon with patch-pump. (C) CamAPS FX algorithm hosted on Android. (D) Tandem t:slim X2 pump paired with Dexcom G6 sensor. (E) Diabeloop DLBG1

reasons reported for discontinuation included sensor issues,
problems obtaining supplies, and fear of hypoglycemia (32). A
recent retrospective analysis of data uploaded over a 15-month
period by 14,899 European users of the MiniMed 670G found
that users spent a mean 81.4% of the time in Auto Mode and
could expect to spend 72% of the time in range with Auto Mode
enabled, an increase of 10% compared with pre-Auto Mode
initiation (33).

Do-It-Yourself Closed-Loop Systems

The “do-it-yourself” (DIY) closed-loop movement began to gain
momentum in 2013 when a group of people with type 1 diabetes
and their families began collaborating online to create open-
source closed-loop software. Many shared their knowledge and
experiences under the hashtag #WeAreNotWaiting in reference
to their frustration with the slow progress of medical device
development and delays in regulatory approval of closed-loop
systems (34, 35). These DIY systems connect commercially
available insulin pumps and CGMS to an open-source
algorithm, held either in a smartphone application or custom
hardware, that analyses glucose data from the sensor and
remotely adjusts insulin delivery by the pump. The first DIY
closed-loop system contained a radio stick to communicate
between the insulin pump and a minicomputer holding the
algorithm, but the emergence of Bluetooth-enabled pumps
means that an increasing number of these systems use
smartphones or other mobile devices to host the algorithm and
communicate directly with the pump. While most DIY systems
operate similarly to conventional hybrid closed-loop systems,
where users manually administer boluses with meals, some users

choose to enable features that allow them to skip meal
announcements and boluses (34).

Reliable figures of usage are difficult to track but recent
estimates suggest that there are over 2000 worldwide users of
DIY closed-loop systems including OpenAPS, AndroidAPS and
Loop (36). The most attractive features of these systems for users
include their low-cost availability and increased customizability
compared to commercial hybrid closed-loop systems. Although
few clinical trials have been conducted on DIY closed-loop
systems, analyses of self-reported data from users have shown
benefits in HbAlc, time in range, glucose variability, and fewer
episodes of hypoglycemia. Reported quantitative outcomes
include reduced mental burden of diabetes management and
reduced reliance on carbohydrate counting (37). Objective
comparison of data between patients is limited by the highly
individualized use of DIY systems between users and the fact that
they use open-source software, meaning each user can customize
the algorithms. In silico studies may overcome this challenge, and
have been used by some groups to establish the safety and
efficacy of these systems, as well as providing comparison to
commercialized technologies (38, 39); indeed, research on many
commercially available closed-loop systems began with in silico
trials (40).

Currently, practitioners are placed in a challenging position
when caring for patients who are actively using or interested in
using DIY systems. On the one hand, many patients report
improvements in glycemic control and quality of life; on the
other, these technologies lack formal safety studies and approval
from regulatory bodies, and often involve off-label use of
approved CGMS and insulin pumps (41).
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FUTURE DIRECTIONS IN
CLOSED-LOOP TECHNOLOGY

The past five to ten years have seen an explosion in research and
published literature about closed-loop systems (selected notable
publications are highlighted in Figure 4). Multiple further hybrid
systems are expected to be commercialized in the near future, in
addition to those already available. The DBLG1 (Diabeloop,
Grenoble, France) has received the CE mark in Europe for use
in adults with type 1 diabetes, while the Omnipod Horizon
(Insulet, Billerica, Massachusetts, USA) and insulin-only iLet
(Beta Bionics, Boston, Massachusetts, USA) are currently
undergoing clinical trials (49). On the DIY front, Tidepool, the
non-profit software organization responsible for Loop, has
submitted an application to the United States Food and Drug
Administration (FDA) with the aim of releasing Loop as an
FDA-regulated mobile application, supported by funding from
the JDRF (50). Future directions in closed-loop research are
principally aimed at the advanced generations of closed-loop
systems as outlined by the JDRF: fully automated and multi-
hormone systems.

Fully Closed-Loop Systems

Fully closed-loop systems, unlike hybrid systems, are designed to
automate all insulin delivery without requiring user input for
mealtime boluses. The main challenge in fully closed-loop
systems therefore is postprandial hyperglycemia, as there is no
manually provided information about the timing and
carbohydrate content of meals. These postprandial glucose
excursions are often followed by hypoglycemia secondary to
the delayed action of current rapid-acting insulins. Fully closed-
loop systems can use the same types of algorithms as hybrid

systems - MPC, PID, or fuzzy logic - although all fully closed-
loop systems included in a 2017 meta-analysis used MPC-based
algorithms (51). Investigators have made use of different
algorithms to recognize unannounced meals and estimate
carbohydrate intake based on either the rate of change in
glucose levels or the required insulin boluses (52). Another
proposed solution to mitigate postprandial glucose excursions
is the integration of GoCARB, a smartphone application that
estimates carbohydrate content based on user-submitted images
of meals in real time, into an MPC algorithm (53).

An early trial by Kovatchev et al. in 2010 found that use of a
fully closed-loop system in adults with type 1 diabetes improved
hypoglycemia and time in target range compared to sensor-
augmented pump therapy (54). Phillip et al. similarly showed a
reduced incidence of hypoglycemia in a pediatric population
using a fully closed-loop system (42). However, postprandial
glucose excursions remain the largest limitation of fully closed-
loop systems in direct comparisons with hybrid systems. In the
pioneering study by Weinzimer et al., manual pre-meal insulin
boluses reduced peak postprandial glucose excursions and mean
daytime glucose compared to a fully closed-loop system (23).
Forlenza et al. similarly found an improvement in postprandial
hyperglycemia and mean glucose levels with manual mealtime
boluses in a closed-loop system (55). Still, fully closed-loop
systems may be suited for users who frequently miss or
miscalculate mealtime boluses (56, 57).

Another challenge for fully closed-loop systems is glycemic
control during and after exercise. An ideal algorithm would
account not only for changes in glucose levels associated with
exercise, but also the duration, intensity, and type of physical
activity. Biometric data such as heart rate, skin temperature,
accelerometry, and energy expenditure have been used in trials of

e e Russell et al. (2014) SR e Brown et al. (2019) Lal etal. (2019)

en=17 *n=52 *n=124 *n=14 +n=168 *n=84
+ 34 hours « 5 days « 3 months + 6 months + 6 months « 1year
+ Adolescents « Adults/adolescents « Adults/adolescents « Adults + Adults/adolescents + Adults/children
* 24-hour CLS in a * Multi-day dual- « Extended use of a * Long-term HCLS at * Long-term HCLS at * Real-world use of a
supervised setting hormone CLS in a commerc:lallsed home home commermallsed
camp setting
2008 2013 2014 2015 2016 2017 2018 2019 2020 2021
| // |
Phillip et al. (2013) Thabit et al. (2015) Stewart et al. (2016) e K(h;(;%f‘ a'
*n=56 *n=58 *n=16 *n=39 *n=24
« 1 night * 12 weeks * 4 weeks * 24 hours + 21 days
« Adolescents « Adults/children  Adults « Adults « Children
« Overnight CLS in a * 24-hour CLS atina « CLS during * In-home use of « In-home use of
camp setting free-living setting pregnancy dual-hormone CLS HCLS in very

young children

FIGURE 4 | A timeline of selected studies of closed-loop systems. CLS = closed-loop system; HCLS = hybrid closed-loop system. References: Weinzimer et al.,
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a fully closed-loop system to recognize different types and
intensities of exercise without any manual inputs (58). A
feasibility study by Breton et al. showed that a heart rate
monitor can be integrated into a wireless closed-loop system,
although their exercise algorithm did not result in a significant
reduction in hypoglycemic events (59).

Currently, the only commercially available fully closed-loop
system is the STG-55 (Nikkiso, Tokyo, Japan) and its
predecessor, the STG-22. As opposed to the more widely
available wearable hybrid technologies, these are bedside
devices that use intravenous-intravenous access for glucose
sensing and insulin delivery. The STG-55 is only available in
Japan, where its approval is limited to the perioperative setting
for a maximum of a three-day period (60).

Dual-Hormone Closed-Loop Systems

Two of the earliest closed-loop systems - those developed by
Kadish and Shichiri - utilized a dual-hormone approach with a
combination of insulin to counter hyperglycemia and glucagon
to counter hypoglycemia. However, the use of glucagon in
closed-loop systems fell out of practice in the Biostator era and
first appeared in subcutaneous closed-loop systems in research in
the mid-2000s (61). The primary rationale for dual-hormone
systems, which are capable of administering boluses of glucagon
in addition to continuous insulin infusion, is that prevention of
hypoglycemia is more effective with administration of glucagon
than with suspension of insulin delivery. This is due to the
pharmacokinetics of subcutaneous insulin and glucagon:
currently available rapid-acting insulins have a relatively slow
onset (10-15 minutes), delayed time to maximum effect (40-60
minutes) and prolonged duration of action (up to 4-6 hours),
while glucagon has an onset of 5 minutes (62).

There are two main approaches to insulin-glucagon systems:
the first utilizes small boluses to prevent hypoglycemia without a
concomitant increase in insulin delivery, while the second uses
intermittent glucagon doses to allow more aggressive insulin
delivery to target lower glucose levels (62). Compared with
conventional insulin pump therapy, dual-hormone closed-loop
systems have been shown to reduce hypoglycemia, improve
mean glucose levels, and increase time spent in the target
glycemic range (43, 63). A 2017 meta-analysis comparing
single-hormone and dual-hormone closed-loop systems
showed that the dual-hormone approach resulted in increased
time in target (51). The main barrier to the development and
uptake of glucagon-containing closed-loop systems is the lack of
stable liquid formulations of glucagon; some studies have used
glucagon cartridges that require replacement as frequently as
every 8 hours (64). Recently, Castellanos et al. have published
preliminary results from a trial of the dual-chamber iLet (Beta
Bionics), which contains insulin and dasiglucagon, a chemically
stable synthetic glucagon analogue (65).

Another dual-hormone approach combines insulin with
pramlintide, a synthetic analogue of amylin, which is co-
secreted with insulin by healthy pancreatic beta cells and slows
gastric emptying, suppresses glucagon production, and prolongs
satiety. One study showed in 2016 that the addition of fixed-dose

premeal injections of pramlintide to a closed-loop system
reduced postprandial hyperglycemia (66). Another trial
demonstrated improved daytime glycemic control in a dual-
hormone closed-loop system with basal-bolus delivery of
pramlintide compared to an insulin-only closed-loop system
(67). The practicality of insulin-pramlintide closed-loop
systems is limited by the requirement for two separate infusion
reservoirs, but this remains an area of ongoing research (68).

Specific Populations

The safety and efficacy of several closed-loop systems have been
established in large trials of adults and adolescents with type 1
diabetes in both controlled environments and real-life settings.
However, there are many subpopulations who stand to benefit
from closed-loop therapy. In the framework of personalized
precision medicine, closed-loop control has the potential for
success in individuals with unique physiological, pathological,
and behavioral characteristics that influence glycemic control,
such as pregnant women, very young children, critical care
patients, dialysis patients, shift workers, and travelers. Most
commercially available hybrid closed-loop systems are licensed
for use in children, albeit with varying minimum ages for use
(69). CamAPS FX is the only system currently licensed for use in
pregnancy, although there are case reports of off-label use of the
MiniMed 670G by pregnant women (70, 71). A significant
barrier to closed-loop use during pregnancy is the need for a
customizable algorithm that allows for adjustment of glycemic
targets to the tighter range recommended in pregnancy.

A study of day-and-night hybrid closed-loop control during
pregnancy by Stewart et al. found reduced hypoglycemia
compared to sensor-augmented pump therapy, but no
difference in the primary outcome of overall time spent in
range (72). Bally et al. compared a similar hybrid system to
conventional subcutaneous insulin therapy in hospitalized
patients with type 2 diabetes, finding reduced hypoglycemia,
reduced mean glucose, and increased time in range (73). A post-
hoc analysis of this data focusing on patients undergoing
hemodialysis similarly found an increased proportion of time
in target and reduced hypoglycemia (74). A recent randomized
trial of hybrid closed-loop therapy in children aged 1 to 7
demonstrated significant improvements in time in range,
HbAlc, and mean glucose level compared to sensor-
augmented pump therapy, without a significant difference in
total daily insulin dose (75).

CONCLUSION

Since the era of the first closed-loop systems in the 1960s and
70s, progress in diabetes management has been closely tied to
advances in diabetes technology with the proliferation of devices
for continuous insulin delivery and glucose monitoring. The past
decade has seen rapid advances in the development and uptake
of closed-loop systems, with the hybrid closed-loop system
transitioning from research to commercial availability.
Although the ultimate artificial pancreas - a fully closed-loop
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system — has not yet been realized in clinical practice, the success
of closed-loop system development thus far, and the timeline in
which it has been achieved, is promising.

The key open questions in closed-loop system development
surround the capability of sensors, pumps, and algorithms to
adapt to complex scenarios. Current technologies often struggle
to handle glycemic dysregulation resulting from features of
everyday life such as exercise, sleep disruption, and variable
meal times and sizes. Will this require better sensors, without the
built-in delay of interstitial glucose readings? Faster-acting
insulins or alternative routes for insulin delivery, allowing for
more rapid onset and offset? The addition of glucagon or other
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