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Abstract

The development of automated insulin delivery systems has seen tremendous improvements from individual
components to interoperable system combinations of devices and new drugs besides insulin. The components
have become progressively smaller, more accurate, and more user friendly. This article summarizes the
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history of the artificial pancreas from the earliest concepts to fully functional systems to research into further
improvements in the future. The authors include many of the developers of this technology who received
research support from the National Institute of Diabetes and Digestive and Kidney Diseases at various stages
to develop these systems.
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Introduction

T his article is part of a collection of publications to com-
memorate the 75th Anniversary of the NIDDK.

Stages of automated insulin delivery (AID) span the 1960s
to the present day.1 In this article, we discuss eight important
periods in the development of AID systems. These include
(1) the feasibility of automating insulin delivery including the
first advanced insulin infusion system using a control loop
(ADICOL) studies in Cambridge and studies at Medtronic;
(2) the first US closed-loop trial—the early days—from zero
to one; (3) real-time CGM and the artificial pancreas system
(APS): the Juvenile Diabetes Research Foundation (JDRF)
CGM study and first inpatient trials with the APS continuous
glucose monitoring study and first inpatient trials with the
APS; (4) the artificial Pancreas in a diabetes summer camp;
(5) wearable artificial pancreas: Diabetes Assistants (DiAs)
used in a number of clinical trials at ten clinical centers in the
United States and Europe; (6) the artificial pancreas in chil-
dren; (7) the AP in type 2 diabetes; and (8) multi-hormone
AP and adjuvants. These sections cover a variety of progres-
sively complex and progressively effective technologies
developed by pioneers in AID technology.

Feasibility of Automating Insulin Delivery: First
Advanced Insulin Infusion Using a Control Loop
(ADICOL) Studies in Cambridge and Studies
at Medtronic

Roman Hovorka, PhD1 and Garry M. Steil, PhD2,3

1University of Cambridge, Cambridge, UK
2Harvard Medical School, Harvard University, Boston,

MA, USA
3Boston Children’s Hospital, Boston, MA, USA

The concept of closed-loop insulin delivery was proposed
in the 1960s by Kadish,2 followed a decade later by the work
of Albisser,3 and Pfeiffer.4 This led to the development of
the fridge-size Biostator device.5 This early work envisioned
intravenous glucose sensing and intravenous/intraperitoneal
insulin delivery culminating in the development and clinical
testing of a fully implantable system using a long-term
implantable glucose sensor and an implantable insulin pump
filled with U400 insulin (Medtronic MiniMed, CA, USA).6

Smaller external insulin pumps became available in the
1980s, with rapid acting insulin becoming available in the
1990s. The first continuous glucose monitor system (CGMS,
Medtronic MiniMed), was released in 1999.7 Expectations
for a fully automated closed loop system with subcutaneous
glucose sensing and subcutaneous insulin delivery (SC-SC)
were high as Medtronic-MiniMed researchers aimed to
develop a system that would not require any input from the
user while achieving glucose outcomes comparable to those

of healthy individuals.8 However, progress toward these
goals proved to be slow due to inaccuracies in the commer-
cial continuous glucose monitor (CGM) system,9 and the
goals were revised to focus on gradual, incremental,
improvements in outcomes.

Using the incremental approach, the Advanced Insulin
Infusion Using a Control Loop (ADICOL) project10 shifted
its focus to the SC-SC (subcutaneous glucose sensing and
subcutaneous insulin) approach, aiming to address the high-
cost, invasiveness, and high complication rates associated
with implantable systems. Model predictive control (MPC)
was used to link the CGM system to an insulin pump. The
MPC algorithm, as introduced in the ADICOL project, used
a metabolic model of the glucose regulatory system to pre-
dict future glucose levels given the known history of insulin
delivery, carbohydrate consumption, and other factors such
as exercise. From the predicted values, an optimal insulin
delivery rate was calculated at each sample interval.

Likewise, Medtronic-Minimed (Medtronic, Northridge,
California) shifted its focus from developing its fully
implanted system, to the development of a SC-SC system. A
2006 feasibility study showed their CGMS (continuous glu-
cose monitor system) and insulin pump could be linked to a
proportional integral derivative (PID) algorithm11 to create a
fully automated system.6 The fully automated system
resulted in acceptable nighttime control, but peak post pran-
dial glucose levels were higher than desired and nadir levels
were lower than desired. This prompting the group to refocus
their efforts to the incremental approach. This led to a subse-
quent study that showed the meal response could be
improved by having the user administer a pre-meal insulin
bolus. This approach is now referred to as hybrid closed
loop.12

First US Closed-Loop Trial—The Early Days—From
Zero to One

Howard Zisser, MD, Francis J. Doyle III, PhD1,
and Eyal Dassau, PhD2

1School of Engineering, Brown University, Providence,
RI, USA

2Harvard John A. Paulson School of Engineering and
Applied Sciences, Harvard University, Boston, MA, USA

The first US (United States) based Closed-Loop artificial
pancreas came to fruition, thanks to the input of a few clini-
cians at Sansum Diabetes and a few engineers at University
of California at Santa Barbara as well as the hard work of
subjects, the generosity of grants from the NIDDK/NIH
(National Institutes of Health) and JDRF (Juvenile Diabetes
Research Foundation) and industry. Lois Jovanovic was a
visionary clinician scientist, with worldwide impact, whose
early work included understanding insulin requirements
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during pregnancy/labor/delivery in women with type 1 dia-
betes using the Biostator, a 60 kg device created in 1976 that
utilized automated intravenous glucose measurements and
insulin delivery.5,13 Francis J Doyle III, a professor of
Chemical Engineering, had explored type 1 diabetes as a
control problem to be solved.14,15 Eyal Dassau was a
researcher (Chemical Engineer) with expertise in design/
system engineering and risk analysis. Howard Zisser, a clini-
cal researcher, conducted many early diabetes device tri-
als.16–18

Construction of the new APSs built on previous run-to-
run control algorithm study,16 in which they used daily pran-
dial glucose data to optimize basal rates and insulin to carb
ratios. The APS would narrow the control cycle from
24 hours to five minutes.

The priority of Drs. Zisser, Doyle, and Dassau was to
build a modular safe system to use as a testbed for closed
loop trails for our group as well as the JDRF APS consor-
tium. The system needed to be a single input=glucose and
single output=insulin delivery. The glucose data needed to
be freed from the patient’s pocket. Dexcom (Dexcom, San
Diego, California) agreed to allow us to import glucose data
from their receiver every five minutes. Once they had that
data on a laptop, the three developers realized that they could
send the data with geolocation to the study team. This free-
dom of the glucose data has led users and caregivers to view
their data in many places including their wrist. Insulet vali-
dated six essential pump commands the team identified. The
only thing that was missing was the brains of the system, in
this case a model predictive control algorithm.19–21

It was essential that the clinical team could see the data dis-
played in real time. On the study day, the first subject arrived
fasting. They were connected to the APS, which assumed insu-
lin pump control. Figure 1 presents the in silico dynamic simu-
lator used for closed-loop control with an artificial beta cell with
hardware-in-the-loop. Everyone in the room could see the con-
trol moves. After a 25 g carbohydrate (CHO) meal, the study
was paused by Dr. Zisser, because it appeared the system was

delivering an excess of insulin. The subject was monitored for
several hours after the end of the study and went home safely.
As in many experiments, not everything went as planned, but
the results of this one trial allowed the team to optimize insulin-
on-board feedback for future trials, to design inhaled and intra-
peritoneal AP systems22,23 and share this system to many clini-
cal and industry partners around the world. Echoes of this
system still ring in current commercial AP systems.

Real-Time CGM and the APS: The JDRF CGM Study

and First Inpatient Trials With the APS

Eyal Dassau, PhD1, Aaron J. Kowalski, PhD2, Bruce
A. Buckingham, MD3, Francis J. Doyle III, PhD4, Stuart
A. Weinzimer, MD5

1Harvard John A. Paulson School of Engineering and
Applied Sciences, Harvard University, Boston, MA, USA

2Breakthrough T1D, New York, NY, USA
3Division of Pediatric Endocrinology, School of Medi-

cine, Stanford University, Stanford, CA, USA
4School of Engineering, Brown University, Providence,

RI, USA
5School of Medicine, Yale University, New Haven, CT,

USA

JDRF-CGM trials

In 2006, the JDRF-CGM Study Group conducted two
clinical trials on real-time CGM devices. The primary trial
involved 322 participants aged eight and older with baseline
Hemoglobin A1c (HbA1c) levels over 7%, comparing CGM
with standard fingerstick monitoring. The second trial
included 129 individuals already meeting HbA1c targets
(<7%), focusing on reducing biochemical hypoglycemia.

The primary trial showed significant reduction in HbA1c
levels in adults over 25 years old using CGM, but not in
younger age groups. A post-hoc analysis revealed that the
frequency of CGM use, rather than age, was crucial for
HbA1c reduction. Participants using CGM at least six days

FIG. 1. In silico dynamic simulator for closed-loop control of artificial beta cell with hardware-in-the-loop.
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per week experienced over 0.5% in HbA1c reduction. The
low HbA1c study demonstrated a 40% reduction in bio-
chemical hypoglycemia with CGM use, while maintaining
target HbA1c levels.

These trials highlighted the effectiveness of CGM in man-
aging type 1 diabetes and the importance of consistent
device use.24–26

The innovation brick road: Clinical translation of closed-loop

control, the birth of the APS

A critical challenge to clinical testing was moving beyond
straightforward computer simulations to addressing the com-
plexity and uncertainty of actual devices interacting with the
human body. In order to move beyond human-in-the-loop man-
agement of glycemia, it was essential to connect devices and
algorithms with humans, and this void was filled by the APS.27

The APS modular platform, developed by Dassau and team,
allowed flexibility and integration of various sensors, pumps,
and control algorithms, emphasizing clinical translation. This
flexibility was crucial for testing different configurations.

Omnipod communication was facilitated by limiting the
number of commands, resulting in six core commands used
in the APS and other systems to follow. Pump communica-
tion posed significant challenges, necessitating innovative
solutions, such as using an activation personal data manager
(PDM) to initiate the link with the POD and transfer control
to the PDM connected to the APS.

The Dexcom receiver tool enabled direct data transfer,
contributing to future communication protocols. This
involved an engineering modification of the static transfer
switch (STS) proprietary charging port, resulting from col-
laborative efforts. A similar strategy was used with the
Abbott (Abbott Diabetes Care, Alameda, California) Naviga-
tor for glucose information transfer using an engineering cra-
dle. Additional pumps, such as the Roche and Animas
devices, were also integrated.

In April 2007, a significant milestone for AID was reached
with the first MPC clinical study with the APS presented in
Figure 2, leading to further studies, including one in Israel.28

Collaborations with researchers resulted in the first JDRF inter-
national AID study29 and novel designs involving inhaled22

and intraperitoneal insulin.23 The APS acted as an incubator
for academic research and early industry-led studies, enabling
the development of novel control algorithms for insulin man-
agement from Fuzzy Logic to PID and MPC.3031

The Artificial Pancreas in a Diabetes Summer Camp

Mark D. DeBoer, MD, MSc, MCR1, Moshe Phillip,
MD2, Tadej Battelino, MD, PhD3, Steven J. Russell, MD,
PhD4,5

1Center for Diabetes Technology, The University of Virginia,
Charlottesville, VA, USA

2Jesse Z and Sara Lea Shafer Institute for Endocrinology
and Diabetes, National Center for Childhood Diabetes, Schnei-
der Children’s Medical Center of Israel, Petah Tikva, Israel

3Faculty of Medicine, University Medical Center Ljubl-
jana, University of Ljubljana, Ljubljana, Slovenia

4Harvard Medical School, Harvard University, Boston,
MA, USA

5Beta Bionics, Inc, Irvine, CA, USA

Pediatric research on AID systems has been greatly assisted
by testing in camp settings—which combines a means of
assessing a large number of children and adolescents simulta-
neously and stress-testing systems in environments with
intense physical activity and risk for hypoglycemia. Between
vigorous childhood activity and the use of smart phones to run
many prototype AID systems, it is not an exaggeration to say
this approach to research has included broken phones and bro-
ken bones.

The use of camp settings initially progressed from simple
remote-monitoring systems for overnight CGM surveillance

FIG. 2. The first model predictive control (MPC) study using the Artificial Pancreas System (APS) on April 10, 2007, Santa
Barbara, CA. On the top right, it displays APS screens, including communication linking the Omnipod, Dexcom STS-7, main
APS user interface (UI), and the real-time control/prediction algorithm. On the left, APS is running on a laptop connected via
cables to the personal data manager (PDM) and the Dexcom receiver, next to our first participant.
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and early recognition of hypoglycemia35 to new AID
systems used overnight to effectively prevent hypoglyce-
mia.36,37 When AID systems that functioned around-the-clock
were tested—both using both insulin alone and insulin plus
glucagon—they performed exceptionally well in camp set-
tings, with time in target range (TIR) increasing by 4% to 26%
above sensor-augmented pump (SAP) times, while absolute
time below glucose 70 mg/dL (TBR <70) was reduced up to
2%.37–40 These assessments were conducted across the pediat-
ric age range, from children age five to eight years (Figure 3)
through adolescents, as well as young camp counselors.

While the majority of these studies occurred at diabetes
summer camps (with study participants mixed in with other
campers at meals and activities), other studies staged winter
camps for trials that also assessed AID function in cold tem-
perature and at high altitude for winter sports and downhill
skiing. These studies also demonstrated superior glycemic
management with AID compared to an SAP by 7% to 13%
in absolute TIR.41–43

Finally, paralleling changes in the field overall, the first
camp studies randomized campers to compare AID systems
to SAP but eventually progressed to comparing AID systems
with and without new features, including algorithms for ini-
tiation settings and adaptation.43–45 Overall, testing AID sys-
tems in pediatric camp settings has provided early, rapid
assessment of new AID approaches—and has done so with
an infinitely higher degree of fun than any other type of trial.

Wearable Artificial Pancreas: DiA Used in a Number

of Clinical Trials at Ten Clinical Centers in the US

and Europe

Marc D. Breton, PhD1, Bruce A. Buckingham, MD2,
Sue A. Brown, MD1,3, Eric Renard, PhD4, R. Paul
Wadwa, MD5, Yogish C. Kudva, MD6, Carol J. Levy,
MD7, Boris Kovatchev, PhD1

1Center for Diabetes Technology, The University of Vir-
ginia, Charlottesville, VA, USA

2Division of Pediatric Endocrinology, School of Medi-
cine, Stanford University, Stanford, CA, USA

3Division of Endocrinology, The University of Virginia,
Charlottesville, VA, USA

4Institute of Functional Genomics, Montpellier University
Hospital, CNRS, INSERM, University of Montpellier,
Montpellier, France

5Barbara Davis Center for Diabetes, Anschutz Medical
Campus, University of Colorado, Aurora, CO, USA

6College of Medicine and Science, Mayo Clinic, Roches-
ter, MN, USA

7Icahn School of Medicine at Mount Sinai, New York,
NY, USA

Following its initial validation in hospital settings, the
next logical step was to expose AID to increased variability
in behaviors and metabolic fluctuations: clinical studies
therefore needed to increase in length from days to weeks
and be used in free-living conditions, forcing AID platforms
to transition from computer-based prototypes to on-body
systems.46 The introduction of the first smartphones in 2007
(iOS) and 2008 (AndroidOS) offered a unique opportunity to
leverage existing integrated connectivity to satellite devices
(CGM and insulin pump) via standard protocols (eg, Blue-
tooth Low Energy [BLE]), computation power, battery life,
and customizable user interfaces.

The first such system was proposed by researchers at the
University of Virginia and used in multi-days supervised
studies in 2011.30 The Diabetes Assistant (DiAs) is a
smartphone-based, modular, portable device that operates on
a commercial phone, with wireless communication with sat-
ellite devices is presented in Figure 4. These devices include
insulin pumps, CGMs, activity trackers, and any medical
device using a standard wireless protocol like Bluetooth or
BLE.47 In addition, DiAs uses the smartphone’s Wi-Fi or
cell data connection to stream the device data to a dedicated
remote monitoring server, allowing real-time device specific
monitoring by, and automated alerts to, the study team.48

Finally, its modular architecture allows for different control
modules and user interfaces to be easily swapped, enabling
different AID or expert-decision support algorithms to be
tested in human clinical trials.49 Originally using a specifi-
cally modified Android operating system to protect

FIG. 3. Pediatric AID studies at diabetes camps provide
the opportunity to assess new technology approaches
among groups of children—allowing acquisition of data
collection in a more natural habitat.

FIG. 4. The Diabetes Assistant (DiAs), the first mobile
glucose control platform.
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operations, DiAs was filed with the United States Food and
Drug Administration (FDA) in 2011 and received its first
investigational device exemption in 2012.

DiAs has since been used in over 20 clinical trials, on four
continents,50,51 from supervised hotel studies to the ski
slopes,41,52 for up to six months per user.53 It has imple-
mented six different families of AID algorithms50,53–57 and
was integral in the eventual adoption of at least two commer-
cial AID systems.58,59 Over the years, other smartphone-
based systems have also supported AID research, such as the
Oregon Health & Science University (OHSU) platform,60

the interoperable artificial pancreas system (iAPS),61 or do-
it-yourself (DIY) community developments.62

Since 2012, DiAs has continued to evolve, keeping pace
with AndroidOS (using an unmodified commercial version
since 2024), adding ancillary satellite devices (eg, pedometer
and heart rate sensors), and a cloud-based computation and
monitoring architecture, enabling secured bidirectional com-
munications between the clinical team and the user, as well
as the cloud computation capacity and the on-body algo-
rithm. DiAs are used in feasibility studies to this day.

The Artificial Pancreas in Children

Bruce A. Buckingham, MD1, David M. Maahs, MD,
PhD1, Laya Ekhlaspour, MD2, Stuart A. Weinzimer,
MD3, R. Paul Wadwa, MD4, Gregory P. Forlenza, MD5,
Daniel R. Cherñavvsky, MD6

1Division of Pediatric Endocrinology, School of Medi-
cine, Stanford University, Stanford, CA, USA

2Division of Endocrinology, Department of Pediatrics,
University of California, San Francisco, San Francisco, CA,
USA

3School of Medicine, Yale University, New Haven, CT, USA
4Barbara Davis Center for Diabetes, Anschutz Medical

Campus, University of Colorado, Aurora, CO, USA
5Anschutz Medical Campus, University of Colorado,

Aurora, CO, USA
6Center for Diabetes Technology, The University of Vir-

ginia, Charlottesville, VA, USA

AID is possible because of two main components: (1) CGM
and (2) algorithms that constantly modulate insulin pump deliv-
ery. Early CGM development that led to Abbott Diabetes
Care,63 Medtronic,64 and Dexcom65 CGMS, and algorithm
development at academic institutions (see other chapters) all
began with NIDDK’s support. NIDDK/NIH provided support
for translational research units conducting inpatient studies, early
stage and established investigators, collaborative groups, and
coordinating centers that allowed feasibility/pilot studies, and
pivotal trials for AID in children. We focus on these studies.

Early inpatient studies: Initial studies requiring frequent
venous blood glucose values were conducted in research units
with algorithms on bedside computers (Figure 5a). An early
study in 2008 determined that glycemic outcomes improved
more with hybrid AID than with full AID.12 Studies in66

2014 and 201667 assessed the benefit of AID for missed meal
boluses in adolescents. Algorithm development in 2009-2013
focused on predictive pump suspension to minimize noctur-
nal hypoglycemia,68,69 improve overall nighttime glyce-
mia,70–72 and day and night hybrid AID with meals and
exercise for up to two days.73,74 In 2013, an inpatient

multicenter randomized clinical trial (RCT) showed that three
days of hybrid AID within a week of type 1 diagnosis rapidly
improved glycemic control,75 but did not improve c-peptide
levels.76 Figures 5 and 6 present early AID systems.

Outpatient studies using computers, tablets or cell phones:
Once venous glucose values were not required, longer at-
home unmonitored outpatient studies were done.77–80 With
algorithms on phones and tablets connected to cellular net-
works closed loop systems allowed remote monitoring at
diabetes camps and hotels with exercise challenges.38,41,81–87

AID algorithms integrated with insulin pumps: The Min-
iMed 530G, which was approved by the FDA in 2013, was
the first system in the United States to incorporate a feature
Threshold Suspend automation, which could automatically
halt insulin delivery for up to two hours if sensor glucose
values reached a preset low threshold.88 The Medtronic
670G was the first commercial hybrid AID pump approved
for people over 14 years old in 2016, for children seven to
13 in 2018, and two to six years old in 2020. In 2019, the
Tandem pump with Control-IQ and its precursor algorithm
were tested in children six to 18 years old at ski camps.41,42

Pivotal RCTs of Control-IQ were completed in 14 to
71 year olds in 2019),89,90 six to 13 year olds in 2020,91 and
in two to six year olds in 2023.92 A three-month OmniPod 5
AID safety study in six to 70 year olds was completed in
2021.93 The 780G with autocorrection was evaluated in ado-
lescents94 in a randomized pivotal trial with two to 17 year
olds,95 and in a head-to-head comparison with the 670G.96

A pivotal RCT of the insulin-only bionic pancreas was com-
pleted in participants six to 79 years old in 2022.97,98

FIG. 5. An early inpatient AP system. Abbreviations:
AID, automated insulin delivery; RF, radio frequency.
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Benefits to youth using current AID systems include meet-
ing glycemic goals in the real world99–101 and thereby dra-
matically reducing the risk of long-term complications,
allowing better sleep quality102 and improvements in neuro-
cognitive and neuroimaging changes associated with hyper-
glycemia.103 AID systems are standard of care (“A” level
evidence) for children and adolescents with type 1 diabe-
tes,104,105 but there are still major issues to access based on
socioeconomic status.106

The AP in Type 2 Diabetes

Charlotte K. Boughton, PhD1, Chiara Fabris, PhD2,
Roman Hovorka, PhD3

1Institute of Metabolic Science-Metabolic Research Labo-
ratories, University of Cambridge, Cambridge, UK

2Center for Diabetes Technology, The University of
Virginia, Charlottesville, VA, USA

3University of Cambridge, Cambridge, UK

Outpatient fully closed-loop approach

The use of automated insulin delivery systems in people
with type 2 diabetes (T2D) is limited despite this population
having two times higher day-to-day variability in insulin
requirements than adults with type 1 diabetes as presented in
Figure 7.107 There is growing evidence from randomized
controlled trials that automated insulin delivery systems are
safe and effective in this population. In a single-center cross-
over trial involving 26 people with T2D, CamAPS HX fully-
automated closed-loop system (no meal announcements)
was safe and associated with increased time in target range
(70-180 mg/dL) compared with standard insulin therapy
(66% vs 32%) over a period of eight weeks.108 Fully closed-
loop reduced time above range and mean glucose without
increasing time in hypoglycemia. Similar benefits were
observed when CamAPS HX was used in a more vulnerable
population with T2D with end-stage renal disease requiring
dialysis.109 The benefit of a fully closed-loop approach in
this population is that it removes the need for carbohydrate

counting education and health care professional input
for optimization. Larger multicenter trials are required to
provide evidence to support widespread adoption and
reimbursement.

Outpatient hybrid closed-loop approach

In a multicenter crossover trial involving 17 adults with
T2D using insulin pumps in France, the DBLG1 hybrid
closed-loop system improved time in range compared to
insulin pump and sensor (76% vs 61%).111 There was less

FIG. 6. An early automated insulin delivery system. Abbreviation: IV, intravenous.

FIG. 7. Variability of day-to-day insulin requirements as
determined by closed-loop insulin delivery across different
populations with diabetes. Data presented are mean with
standard deviation. Reproduced from Boughton and
Hovorka110 under the CC-BY 4.0 license (http://creative
commons.org/licenses/by/4.0/). Abbreviations: CV, coefficient
of variation; IP, inpatients; OP, outpatients; T1D, type 1 dia-
betes; T2D, type 2 diabetes.
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time with glucose above target during hybrid closed-loop
and mean glucose was lower. Improved glucose outcomes
were achieved without any increase in hypoglycemia.

Non-randomized before and after studies of hybrid
closed-loop systems including Control-IQ and Omnipod 5
have been undertaken in adults with T2D, but efficacy can-
not be determined because of the absence of a control
group.112,113 Real-world observational data has also been
reported for people with T2D using Control-IQ.114,115

Inpatient fully closed-loop approach

Automated insulin delivery systems have also been
deployed in the inpatient setting to address the challenge of
glucose management during an acute admission for people
with T2D. In a multinational parallel design trial involving
136 people with T2D, a fully-automated closed-loop system
was safe and associated with increased time in target glucose
range (100-180 mg/dL) compared with standard insulin ther-
apy (66% vs 42%) during the hospital admission.116 Less
time was spent above target and mean glucose was lower in
the group using the fully closed-loop system. Importantly
there was no difference in time spent in hypoglycemia
between groups. Similar results were observed in a study
involving inpatients with T2D receiving nutritional support
with parenteral and/or enteral nutrition.117 Implementation
of inpatient closed loop requires overcoming several practi-
cal challenges including procurement, integration, and
reimbursement.118
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Although automated insulin delivery (AID) has become
the standard of care for managing type 1 diabetes (T1D),
only 30% to 50% of people with T1D are able to achieve the
recommended glycemic targets (A1c <7% or time in range
>70%).89,93,96,97,119,120 This disappointing outcome is pri-
marily due to the mismatch between the slow absorption of
subcutaneous insulin121 and rapid absorption of carbohy-
drate, hindering the ability of the systems to counteract var-
iations in postprandial glucose levels.122 Moreover, these
systems do not address the rising prevalence of obesity in
T1D,123 with its associated increased cardiovascular risk.
Closed-loop systems that deliver other hormones or that are
augmented with adjuvant therapies have been proposed to
address these limitations.

The absorption of subcutaneous glucagon is faster than
that of insulin,121 and thus delivering glucagon is more
effective in preventing hypoglycemia than suspending

insulin. Therefore, bihormonal insulin-and-glucagon systems
can deliver insulin more aggressively to correct hyperglyce-
mia and achieve lower glucose levels than insulin-alone sys-
tems, while employing glucagon to mitigate against
hypoglycemia.38,124–126 Bihormonal insulin-and-glucagon
systems are currently under development.126,127

Pramlintide is an amylin analogue that improves postpran-
dial glycemia by delaying gastric emptying to better match
insulin absorption, suppressing nutrient-derived endogenous
glucagon secretion, and reducing carbohydrate intake
through induction of satiety.128 Although several short-term
studies have shown that bihormonal insulin-and-pramlintide
systems may outperform insulin-alone systems,129 the devel-
opment of these bihormonal systems hinges on the availabil-
ity of insulin-pramlintide co-formulations. Several co-
formulations are under development.130

Sodium glucose cotransport inhibitors (SGLTi) have
been shown to improve glycemic outcomes, reduce insu-
lin requirement in people with T1D and also have estab-
lished cardio-renal safety in type 2 diabetes. SGLT2i use
along with AID has been shown to reduce hyperglycemia
without increasing hypoglycemia.131–133 However,
increased risk of diabetic ketoacidosis (DKA) has led to
failure to receive approval by the FDA for use in T1D.
Potential use of lower dosages of SGLT2i and134 use of
continuous ketone monitoring may be potential remedies
for the risk of DKA and remain to be tested in clinical
trials.

Long-acting glucagon-like peptide 1 receptor analogs
(GLP-1RAs) have demonstrated excellent glycemic, weight,
and cardio-renal benefits in those with and without type 2
diabetes. These agents are not approved for T1D; however,
off-label use in T1D is increasing135,136 and real-world stud-
ies have shown promising results.137,138 A few randomized
trials are ongoing to assess the benefits and risks of these
agents as an adjuvant to AID.

Abbreviations

ADICOL, advanced insulin infusion using a control loop;
AID, automated insulin delivery; APS, artificial pancreas
system; BLE, Bluetooth low energy; CGM, continuous glu-
cose monitoring; CGMS, continuous glucose monitor sys-
tem; CV, coefficient of variation; DiAs, Diabetes Assistant;
DIY, do-it-yourself; DKA, diabetic ketoacidosis; FDA, Food
and Drug Administration; GLP-RAs, glucagon-like peptide
1 receptor analogs; HbA1c, hemoglobin A1c; iAPS, intero-
perable artificial pancreas system; IP, inpatients; IV, intrave-
nous; JDRF, Juvenile Diabetes Research Foundation; MPC,
model predictive control; NIDDK, National Institute of
Diabetes and Digestive and Kidney Diseases; NIH, National
Institutes of Health; OHSU, Oregon Health Sciences
University; OP, outpatients; PDM, personal data manager;
PID, proportional integral derivative; RCT, randomized con-
trolled trial; RF, radiofrequency; SAP, sensor-augmented
pump; SC-SC, subcutaneous glucose sensing and subcutane-
ous insulin; SGLTi, sodium glucose cotransport inhibitors;
STS, static transfer switch; T1D, type 1 diabetes; T2D, type
2 diabetes; TBR, time below range; TIR, time in range; UI,
user interface; US, United States.

S40 ZISSER ET AL.



Acknowledgment

The authors thank Alessandra T. Ayers and Cindy N. Ho
for their careful editorial assistance.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of
interest with respect to the research, authorship, and/or publi-
cation of this article: At the time of the research reported
here, H.Z. was employed by Sansum Diabetes Research
Institute. H.Z. was subsequently employed by Insulet,
Google, and Supersapiens. He holds patents on artificial pan-
creas technology. H.Z. received product support from Insulet
Corporation, Roche, and Dexcom during this research. The
Juvenile Diabetes Research Foundation, the Helmsley
Charitable Trust, and the National Institutes of Health
(NIDDK) provided research funding. H.Z. has received roy-
alty payments from patents in his portfolio that have been
licensed to Insulet and Animas. R.H. has received speaker
honoraria from Sandoz, Abbott Diabetes Care, and
NovoNordisk, receiving consultancy fees from Abbott
Diabetes Care, patents related to closed-loop, and is director
at CamDiab. A.B. received research funding from
Medtronic. T.B. served on advisory panels of Novo Nordisk,
Sanofi, Eli Lilly, Boehringer, Medtronic, Abbott, and Indigo
Diabetes. T.B. received honoraria for participating on the
speaker’s bureau of Eli Lilly, Novo Nordisk, Medtronic,
Abbott, Sanofi, Dexcom, Aventis, Astra Zeneca, and Roche.
T.B.’s institution received research grant support from
Abbott, Medtronic, Novo Nordisk, Sanofi, Novartis, Sandoz,
and Zealand Pharma, Slovenian Research and Innovation
Agency, the National Institutes of Health, and the European
Union. C.K.B. has received consultancy fees from CamDiab,
Speaker Honoraria from Ypsomed, and research support
from Dexcom, Abbott Diabetes Care, YpsoMed, and
CamDiab. M.D.B. report research funding through his insti-
tution from Dexcom, Tandem, and Novo Nordisk. M.D.B.
reports honoraria/consulting activities with Boydsense,
Roche, Sinocare, and Tandem. M.D.B. reports royalties
managed by his institution from Dexcom, Lifescan,
NovoNordisk, and Sanofi. B.A.B. has received research sup-
port from Medtronic Diabetes, Tandem, Insulet, Bigfoot,
Dexcom, Abbott, Convatec, and Lilly. B.A.B. serves on the
advisory boards for Medtronic, Tandem, Animas, Sanofi,
Roche, Novo-Nordisk, Lilly, Convatec, BD, Profusa, and
Glysense. S.A.B. has received research support to her institu-
tion from Dexcom, Insulet, Roche, Tandem, and Tolerion
and has participated in a data management board for
MannKind. D.R.C. has no disclosures relevant to this work.
E.D. has received personal fees from Roche and Eli Lilly
and Company; holds patents on artificial pancreas technol-
ogy; and has received product support from Insulet
Corporation, Tandem Diabetes Care, Roche, and Dexcom,
Inc. The work presented in this article was performed as part
of his academic appointment and is independent of his
employment with Eli Lilly and Company. M.D.D. has
received research support from Tandem, Dexcom,
Medtronic. F.J.D. reports funding over the time course
described in this article from the Showalter Foundation,
Roche Diagnostics Corporation, the Juvenile Diabetes
Research Foundation, the Helmsley Charitable Trust, and the

National Institutes of Health (NIDDK). F.J.D. also reports
royalty payments from patents in a portfolio that have been
licensed to Insulet, Roche, and Dexcom. L.E. receives salary
support through and NIDDK career development research
grant. L.E.’s institution has received research support from
Breakthrough T1D, Medtronic, Mannkind, and Abbott. She
has served on the advisory board of Abbott, Diabetes Center
Berne, Sequel, and Medtronic. She has received consulting
fees from Jaeb and Tandem Diabetes Care, and has received
honorarium fees from Med Learning Group (Sanofi-spon-
sored grant), Tandem Diabetes Care, Medtronic, and Insulet.
C.F. reports receiving research support from Novo Nordisk,
Dexcom, and Tandem Diabetes Care handled by the
University of Virginia, and patent royalties from Novo
Nordisk and Dexcom handled by the University of
Virginia’s Licensing and Ventures Group. G.P.F. conducts
research supported by Medtronic, Dexcom, Abbott, Tandem,
Insulet, and Beta Bionics and has been a speaker/consultant/
advisory board member for Medtronic, Dexcom, Abbott,
Tandem, Insulet, Beta Bionics, Sequel, and Lilly. A.H. has
acted as a consultant for Eli Lilly and Abbott Diabetes Care,
and has received drugs, supplies, equipment, and other in-
kind support from Tandem, Adocia, Dexcom, Eli Lilly, and
Ypsomed. D.C.K. is a consultant for Afon, Embecta,
GlucoTrack, Lifecare, Novo, Samsung, and Thirdwayv.
B.K. reports research grants handled by the University of
Virginia from the National Institutes of Health, Novo
Nordisk, Dexcom, and Tandem Diabetes Care. In addition,
B.K. has a number of patents with royalties paid to Dexcom
and Novo Nordisk. A.J.K. is the Chief Executive Officer at
Breakthrough T1D. C.J.L. has received research support
from Tandem Diabetes, Dexcom, Abbott, and Insulet paid to
my institution (within last three years). C.J.L. have served as
a consultant for Tandem Diabetes and Dexcom (within the
last three years). Y.C.K. is a consultant for Novo Nordisc,
Tandem Diabetes Inc, Vertex pharmaceuticals. Y.C.K. has
industry studies with compensation to the following employ-
ers: Medtronic, Tanem, Dexcom, Novo Nordisk, and Sanofi.
Y.C.K. supported products from Dexcom, Tandem, and
Insulet. D.M.M. has had research support from the NIDDK,
NIH, Breakthrough T1D, and Helmsley Charitable Trust.
His institution has had research support from DexCom Inc.,
Medtronic, Insulet, Bigfoot Biomedical, Tandem, and
Roche; and he has consulted for Abbott, the Leona M. and
Harry B. Helmsley Charitable Trust, Lifescan, Sanofi,
Medtronic, Provention Bio, Kriya, Novo Nordisk, Eli Lilly,
Insulet, Biospex, and Bayer. M.P. is an advisory board mem-
ber for AstraZeneca, Eli Lilly, Mannkind, Medtronic
Diabetes, Pfizer, Sanofi, DOMPE, LifeScan, Novo Nordisk,
Insulet, ProventionBio, Merck, Ascensia, Bayer, embecta,
and Tandem. M.P. has received consulting fee from Qulab
Medical, and ProventionBio. M.P. has received research
grants from Eli Lilly, Medtronic Diabetes, Novo Nordisk,
Pfizer, Sanofi, DreaMed Diabetes, NG Solutions, DOMPE,
Lumos, Gwave, OPKO, ProventionBio, AstraZeneca, and
Omega Galil. M.P. owns stocks from DreaMed Diabetes and
NG Solutions. E.R. declares consultant/speaker fees from
A. Menarini Diagnostics, Abbott, Air Liquide SI, Astra-
Zeneca, Becton-Dickinson, Boehringer-Ingelheim, Cellnovo,
Dexcom Inc., Eli-Lilly, Hillo, Insulet Inc., Johnson &
Johnson (Animas, LifeScan), Medtronic, Medirio, Novo-

EXPLORING THE FUTURE OF AUTOMATED INSULIN DELIVERY SYSTEMS S41



Nordisk, Roche, and Sanofi-Aventis and research support by
Abbott, Dexcom Inc., Insulet Inc., Roche, and Tandem
Diabetes Care. S.J.R. is an employee and stockholder of
Beta Bionics, Inc. V.N.S.’s institution has received research
support from Enable Bioscience, Zucara Therapeutics, Lilly,
Cystic Fibrosis Foundation, Breakthrough T1D, and NIH.
V.N.S. has received personal fees from Sanofi, Lilly,
NovoNordisk, Dexcom, Tandem Diabetes Care, Insulet,
Sequel Med Tech, Embecta, Genomelink, and Lumosfit for
consulting, advising, or speaking; outside of this submitted
work. G.M.S. was employed by Medtronic/MiniMed and
was one of the original developers of the Medtronic/
MiniMed closed-loop insulin delivery algorithm. G.M.S.
currently works at Boston Children’s Hospital where he is
developing closed-Loop insulin delivery algorithms for use
in the Intensive Care Unit. G.M.S. has served as a consultant
to Abbott Diabetes Care, Roche Diabetes Care, and Eli Lilly.
R.P.W. conducts research funded by Medtronic, Dexcom,
Abbott, Tandem Diabetes Care, Insulet, and Eli Lilly and
has been a consultant for Dexcom and Tandem Diabetes
Care and an advisory board member for Sequel Med Tech.
S.A.W. has conducted clinical trials for Abbott Diabetes,
JDRF/Breakthrough T1D, Medtronic, and Tandem; has
received honoraria for consulting or speaking engagements
from Abbott, Dexcom, Insulet, Medtronic, and Tandem; and
has served on advisory boards for Zealand. He currently
receives research support (to his institution) from Abbott
Diabetes.

Funding

The author(s) received no financial support for the
research, authorship, and/or publication of this article.

References

1. Phillip M, Kowalski A, Battelino T. Type 1 diabetes: from
the dream of automated insulin delivery to a fully artificial
pancreas. Nat Med 2024;30(5):1232–1234; doi: 10.1038/
d41591-024-00013-5

2. Kadish AH. Automation control of blood sugar. I. A servo-
mechanism for glucose monitoring and control. Am J Med
Electron 1964;3:82–86.

3. Albisser AM, Leibel BS, Ewart TG, Davidovac Z, Botz
CK, Zingg W. An artificial endocrine pancreas. Diabetes
1974;23(5):389–396; doi: 10.2337/diab.23.5.389

4. Pfeiffer EF, Thum C, Clemens AH. The artificial beta
cell–a continuous control of blood sugar by external reg-
ulation of insulin infusion (glucose controlled insulin
infusion system). Horm Metab Res 1974;6(5):339–342;
doi: 10.1055/s-0028-1093841

5. Clemens AH, Chang PH, Myers RW. The development of
biostator, a glucose controlled insulin infusion system
(GCIIS). Horm Metab Res 1977; (Suppl 7):23–33.

6. Renard E, Costalat G, Bringer J. From external to implant-
able insulin pump, can we close the loop? Diabetes Metab
2002;28(4, pt 2):2S19–2S25.

7. Mastrototaro J. The MiniMed continuous glucose monitor-
ing system (CGMS). J Pediatr Endocrinol Metab JPEM
1999;12 (suppl 3):751–758.

8. Steil GM, Rebrin K, Darwin C, Hariri F, Saad MF. Feasi-
bility of automating insulin delivery for the treatment of

type 1 diabetes. Diabetes 2006;55(12):3344–3350; doi: 10
.2337/db06-0419

9. Hovorka R. Continuous glucose monitoring and closed-
loop systems. Diabet Med J Br Diabet Assoc 2006;23(1):
1–12; doi: 10.1111/j.1464-5491.2005.01672.x

10. Hovorka R, Chassin LJ, Wilinska ME, et al. Closing the
loop: the adicol experience. Diabetes Technol Ther 2004;
6(3):307–318; doi: 10.1089/152091504774197990

11. Åström KJ, Hägglund T. The future of PID control. Con-
trol Eng Pract 2001;9(11):1163–1175; doi: 10.1016/
S0967-0661(01)00062-4

12. Weinzimer SA, Steil GM, Swan KL, Dziura J, Kurtz N,
Tamborlane WV. Fully automated closed-loop insulin
delivery versus semiautomated hybrid control in pediatric
patients with type 1 diabetes using an artificial pancreas.
Diabetes Care 2008;31(5):934–939; doi: 10.2337/dc07-
1967

13. Jovanovic L, Peterson CM. Insulin and glucose require-
ments during the first stage of labor in insulin-dependent
diabetic women. Am J Med 1983;75(4):607–612; doi: 10
.1016/0002-9343(83)90441-2

14. Parker RS, Doyle FJ, 3rd, Peppas NA. A model-based
algorithm for blood glucose control in type I diabetic
patients. IEEE Trans Biomed Eng 1999;46(2):148–157;
doi: 10.1109/10.740877

15. Parker RS, Doyle JF, Harting JE, Peppas NA. Model pre-
dictive control for infusion pump insulin delivery. Pro-
ceedings of 18th Annual International Conference of the
IEEE Engineering in Medicine and Biology Society. Vol
5. Amsterdam, Netherlands: IEEE; 1996:1822–1823; doi:
10.1109/IEMBS.1996.646272

16. Zisser H, Jovanovic L, Doyle FJ, 3rd, Ospina P, Owens
C. Run-to-run control of meal-related insulin dosing.
Diabetes Technol Ther 2005;7(1):48–57; doi: 10.1089/
dia.2005.7.48

17. Zisser H, Jovanovic L. OmniPod insulin management sys-
tem: patient perceptions, preference, and glycemic control.
Diabetes Care 2006;29(9):2175; doi: 10.2337/dc06-0986

18. Bailey TS, Zisser HC, Garg SK. Reduction in hemoglobin
A1C with real-time continuous glucose monitoring: results
from a 12-week observational study. Diabetes Technol
Ther 2007;9(3):203–210; doi: 10.1089/dia.2007.0205

19. Percival MW, Zisser H, Jovanovic L, Doyle FJ, 3rd. Closed-
loop control and advisory mode evaluation of an artificial
pancreatic Beta cell: use of proportional-integral-derivative
equivalent model-based controllers. J Diabetes Sci Technol
2008;2(4):636–644; doi: 10.1177/193229680800200415

20. Ellingsen C, Dassau E, Zisser H, et al. Safety constraints in
an artificial pancreatic beta cell: an implementation of model
predictive control with insulin on board. J Diabetes Sci Tech-
nol 2009;3(3):536–544; doi: 10.1177/193229680900300319

21. Dassau E, Jovanovic L, Doyle FJ, 3rd, Zisser HC.
Enhanced 911/global position system wizard: a telemedi-
cine application for the prevention of severe hypoglyce-
mia–monitor, alert, and locate. J Diabetes Sci Technol
2009;3(6):1501–1506; doi: 10.1177/193229680900300632

22. Zisser H, Dassau E, Lee JJ, Harvey RA, Bevier W, Doyle
FJ, 3rd. Clinical results of an automated artificial pancreas
using technosphere inhaled insulin to mimic first-phase
insulin secretion. J Diabetes Sci Technol 2015;9(3):
564–572; doi: 10.1177/1932296815582061

S42 ZISSER ET AL.

http://dx.doi.org/10.1038/d41591-024-00013-5
http://dx.doi.org/10.1038/d41591-024-00013-5
http://dx.doi.org/10.2337/diab.23.5.389
http://dx.doi.org/10.1055/s-0028-1093841
http://dx.doi.org/10.2337/db06-0419
http://dx.doi.org/10.2337/db06-0419
http://dx.doi.org/10.1111/j.1464-5491.2005.01672.x
http://dx.doi.org/10.1089/152091504774197990
http://dx.doi.org/10.1016/S0967-0661(01)00062-4
http://dx.doi.org/10.1016/S0967-0661(01)00062-4
http://dx.doi.org/10.2337/dc07-1967
http://dx.doi.org/10.2337/dc07-1967
http://dx.doi.org/10.1016/0002-9343(83)90441-2
http://dx.doi.org/10.1016/0002-9343(83)90441-2
http://dx.doi.org/10.1109/10.740877
http://dx.doi.org/10.1109/IEMBS.1996.646272
http://dx.doi.org/10.1089/dia.2005.7.48
http://dx.doi.org/10.1089/dia.2005.7.48
http://dx.doi.org/10.2337/dc06-0986
http://dx.doi.org/10.1089/dia.2007.0205
http://dx.doi.org/10.1177/193229680800200415
http://dx.doi.org/10.1177/193229680900300319
http://dx.doi.org/10.1177/193229680900300632
http://dx.doi.org/10.1177/1932296815582061


23. Dassau E, Renard E, Place J, et al. Intraperitoneal insulin
delivery provides superior glycaemic regulation to subcu-
taneous insulin delivery in model predictive control-based
fully-automated artificial pancreas in patients with type 1
diabetes: a pilot study. Diabetes Obes Metab 2017;19(12):
1698–1705; doi: 10.1111/dom.12999

24. Juvenile Diabetes Research Foundation Continuous Glu-
cose Monitoring Study Group; Tamborlane WV, Beck
RW, Bode BW, et al. Continuous glucose monitoring and
intensive treatment of type 1 diabetes. N Engl J Med 2008;
359(14):1464–1476; doi: 10.1056/NEJMoa0805017

25. Juvenile Diabetes Research Foundation Continuous Glucose
Monitoring Study Group; Beck RW, Hirsch IB, Laffel L,
et al. The effect of continuous glucose monitoring in well-
controlled type 1 diabetes. Diabetes Care 2009;32(8):
1378–1383; doi: 10.2337/dc09-0108

26. Juvenile Diabetes Research Foundation Continuous Glucose
Monitoring Study Group; Beck RW, Buckingham B, Miller
K, et al. Factors predictive of use and of benefit from contin-
uous glucose monitoring in type 1 diabetes. Diabetes Care
2009;32(11):1947–1953; doi: 10.2337/dc09-0889

27. Dassau E, Zisser HC, Palerm CA, Buckingham B, Jovanovic
LJ, Doyle F, 3rd. Modular artificial beta-cell system: a proto-
type for clinical research. J Diabetes Sci Technol 2008;2(5):
863–872; doi: 10.1177/193229680800200518

28. Dassau E, Zisser H, Harvey RA, et al. Clinical evaluation
of a personalized artificial pancreas. Diabetes Care 2013;
36(4):801–809; doi: 10.2337/dc12-0948

29. Chase HP, Doyle FJ, 3rd, Zisser H, et al. Multicenter
closed-loop/hybrid meal bolus insulin delivery with type 1
diabetes. Diabetes Technol Ther 2014;16(10):623–632;
doi: 10.1089/dia.2014.0050

30. Cobelli C, Renard E, Kovatchev BP, et al. Pilot studies of
wearable outpatient artificial pancreas in type 1 diabetes.
Diabetes Care 2012;35(9):e65–e67; doi: 10.2337/dc12-
0660

31. Finan DA, McCann TW, Jr, Rhein K, et al. Effect of
algorithm aggressiveness on the performance of the
hypoglycemia-hyperglycemia minimizer (HHM) system.
J Diabetes Sci Technol 2014;8(4):685–690; doi: 10.1177/
1932296814534589

32. Buckingham BA, Forlenza GP, Pinsker JE, et al. Safety
and feasibility of the OmniPod hybrid closed-loop system
in adult, adolescent, and pediatric patients with type 1 dia-
betes using a personalized model predictive control algo-
rithm. Diabetes Technol Ther 2018;20(4):257–262; doi: 10
.1089/dia.2017.0346

33. Howsmon DP, Baysal N, Buckingham BA, et al. Real-time
detection of infusion site failures in a closed-loop artificial
pancreas. J Diabetes Sci Technol 2018;12(3):599–607; doi:
10.1177/1932296818755173

34. Mauseth R, Wang Y, Dassau E, et al. Proposed clinical appli-
cation for tuning fuzzy logic controller of artificial pancreas
utilizing a personalization factor. J Diabetes Sci Technol
2010;4(4):913–922; doi: 10.1177/193229681000400422

35. DeSalvo DJ, Keith-Hynes P, Peyser T, et al. Remote glu-
cose monitoring in camp setting reduces the risk of pro-
longed nocturnal hypoglycemia. Diabetes Technol Ther
2014;16(1):1–7; doi: 10.1089/dia.2013.0139

36. Phillip M, Battelino T, Atlas E, et al. Nocturnal glucose
control with an artificial pancreas at a diabetes camp. N

Engl J Med 2013;368(9):824–833; doi: 10.1056/NEJMoa1
206881

37. Ly TT, Breton MD, Keith-Hynes P, et al. Overnight glu-
cose control with an automated, unified safety system in
children and adolescents with type 1 diabetes at diabetes
camp. Diabetes Care 2014;37(8):2310–2316; doi: 10.2337/
dc14-0147

38. Russell SJ, El-Khatib FH, Sinha M, et al. Outpatient glyce-
mic control with a bionic pancreas in type 1 diabetes. N Engl
J Med 2014;371(4):313–325; doi: 10.1056/NEJMoa1314474

39. Del Favero S, Boscari F, Messori M, et al. Randomized
summer camp crossover trial in 5- to 9-year-old children: out-
patient wearable artificial pancreas is feasible and safe. Diabe-
tes Care 2016;39(7):1180–1185; doi: 10.2337/dc15-2815

40. DeBoer MD, Breton MD, Wakeman C, et al. Perform-
ance of an artificial pancreas system for young children
with type 1 diabetes. Diabetes Technol Ther 2017;19(5):
293–298; doi: 10.1089/dia.2016.0424

41. Breton MD, Cherñavvsky DR, Forlenza GP, et al. Closed-
loop control during intense prolonged outdoor exercise in
adolescents with type 1 diabetes: the artificial pancreas ski
study. Diabetes Care 2017;40(12):1644–1650; doi: 10
.2337/dc17-0883

42. Ekhlaspour L, Forlenza GP, Chernavvsky D, et al. Closed
loop control in adolescents and children during winter
sports: use of the tandem control-IQ AP system. Pediatr
Diabetes 2019;20(6):759–768; doi: 10.1111/pedi.12867

43. Schoelwer MJ, Robic JL, Gautier T, et al. Safety and effi-
cacy of initializing the control-IQ artificial pancreas sys-
tem based on total daily insulin in adolescents with type 1
diabetes. Diabetes Technol Ther 2020;22(8):594–601; doi:
10.1089/dia.2019.0471

44. de Bock M, Dart J, Hancock M, Smith G, Davis EA, Jones
TW. Performance of Medtronic hybrid closed-loop itera-
tions: results from a randomized trial in adolescents with
type 1 diabetes. Diabetes Technol Ther 2018;20(10):
693–697; doi: 10.1089/dia.2018.0161

45. Palisaitis E, El Fathi A, Von Oettingen JE, et al. The efficacy
of basal rate and carbohydrate ratio learning algorithm for
closed-loop insulin delivery (artificial pancreas) in youth
with type 1 diabetes in a diabetes camp. Diabetes Technol
Ther 2020;22(3):185–194; doi: 10.1089/dia.2019.0270

46. Renard E, Cobelli C, Zisser HC, Kovatchev BP. Artificial
pancreas goes outpatient: a new diabetes ecosystem. J Dia-
betes Sci Technol 2013;7(6):1411–1415; doi: 10.1177/
193229681300700601

47. Keith-Hynes P, Guerlain S, Mize B, et al. DiAs user inter-
face: a patient-centric interface for mobile artificial pan-
creas systems. J Diabetes Sci Technol 2013;7(6):
1416–1426; doi: 10.1177/193229681300700602

48. Place J, Robert A, Ben Brahim N, et al. DiAs web monitor-
ing: a real-time remote monitoring system designed for
artificial pancreas outpatient trials. J Diabetes Sci Technol
2013;7(6):1427–1435; doi: 10.1177/193229681300700603

49. Keith-Hynes P, Mize B, Robert A, Place J. The diabetes
assistant: a smartphone-based system for real-time control
of blood glucose. Electronics 2014;3(4):609–623; doi: 10
.3390/electronics3040609

50. Sánchez-Peña R, Colmegna P, Grosembacher L, et al. Arti-
ficial pancreas: first clinical trials in Argentina. IFAC-Pap
2017;50(1):7731–7736; doi: 10.1016/j.ifacol.2017.08.1151

EXPLORING THE FUTURE OF AUTOMATED INSULIN DELIVERY SYSTEMS S43

http://dx.doi.org/10.1111/dom.12999
http://dx.doi.org/10.1056/NEJMoa0805017
http://dx.doi.org/10.2337/dc09-0108
http://dx.doi.org/10.2337/dc09-0889
http://dx.doi.org/10.1177/193229680800200518
http://dx.doi.org/10.2337/dc12-0948
http://dx.doi.org/10.1089/dia.2014.0050
http://dx.doi.org/10.2337/dc12-0660
http://dx.doi.org/10.2337/dc12-0660
http://dx.doi.org/10.1177/1932296814534589
http://dx.doi.org/10.1177/1932296814534589
http://dx.doi.org/10.1089/dia.2017.0346
http://dx.doi.org/10.1089/dia.2017.0346
http://dx.doi.org/10.1177/1932296818755173
http://dx.doi.org/10.1177/193229681000400422
http://dx.doi.org/10.1089/dia.2013.0139
http://dx.doi.org/10.1056/NEJMoa1206881
http://dx.doi.org/10.1056/NEJMoa1206881
http://dx.doi.org/10.2337/dc14-0147
http://dx.doi.org/10.2337/dc14-0147
http://dx.doi.org/10.1056/NEJMoa1314474
http://dx.doi.org/10.2337/dc15-2815
http://dx.doi.org/10.1089/dia.2016.0424
http://dx.doi.org/10.2337/dc17-0883
http://dx.doi.org/10.2337/dc17-0883
http://dx.doi.org/10.1111/pedi.12867
http://dx.doi.org/10.1089/dia.2019.0471
http://dx.doi.org/10.1089/dia.2018.0161
http://dx.doi.org/10.1089/dia.2019.0270
http://dx.doi.org/10.1177/193229681300700601
http://dx.doi.org/10.1177/193229681300700601
http://dx.doi.org/10.1177/193229681300700602
http://dx.doi.org/10.1177/193229681300700603
http://dx.doi.org/10.3390/electronics3040609
http://dx.doi.org/10.3390/electronics3040609
http://dx.doi.org/10.1016/j.ifacol.2017.08.1151


51. Anderson SM, Raghinaru D, Pinsker JE, et al. Multina-
tional home use of closed-loop control is safe and effec-
tive. Diabetes Care 2016;39(7):1143–1150; doi: 10.2337/
dc15-2468

52. Brown SA, Kovatchev BP, Breton MD, et al. Multinight
“bedside” closed-loop control for patients with type 1 dia-
betes. Diabetes Technol Ther 2015;17(3):203–209; doi: 10
.1089/dia.2014.0259

53. Kovatchev B, Cheng P, Anderson SM, et al. Feasibility of
long-term closed-loop control: a multicenter 6-month trial
of 24/7 automated insulin delivery. Diabetes Technol Ther
2017;19(1):18–24; doi: 10.1089/dia.2016.0333

54. Cameron FM, Ly TT, Buckingham BA, et al. Closed-loop
control without meal announcement in type 1 diabetes.
Diabetes Technol Ther 2017;19(9):527–532; doi: 10.1089/
dia.2017.0078

55. Kropff J, Del Favero S, Place J, et al. 2 month evening and
night closed-loop glucose control in patients with type 1 dia-
betes under free-living conditions: a randomised crossover
trial. Lancet Diabetes Endocrinol 2015;3(12):939–947; doi:
10.1016/S2213-8587(15)00335-6

56. Dassau E, Pinsker JE, Kudva YC, et al. Twelve-week 24/7
ambulatory artificial pancreas with weekly adaptation of
insulin delivery settings: effect on hemoglobin a1c and
hypoglycemia. Diabetes Care 2017;40(12):1719–1726;
doi: 10.2337/dc17-1188

57. Moscoso-Vasquez M, Colmegna P, Barnett C, et al. Evalua-
tion of an automated priming bolus for improving prandial
glucose control in full closed loop delivery. Diabetes Technol
Ther 2025;27(2):93–100; doi: 10.1089/dia.2024.0315

58. FDA authorizes first interoperable, automated insulin dos-
ing controller designed to allow more choices for patients
looking to customize their individual diabetes management
device system. FDA. Published March 24, 2020. Accessed
July 15, 2024. https://www.fda.gov/news-events/press-
announcements/fda-authorizes-first-interoperable-automated-
insulin-dosing-controller-designed-allow-more-choices

59. SmartAdjust technology indications for use (K203774). Pub-
lished January 27, 2022. Accessed February 4, 2025. https://
www.accessdata.fda.gov/cdrh_docs/pdf20/K203774.pdf

60. Jacobs PG, El Youssef J, Castle J, et al. Automated control
of an adaptive bihormonal, dual-sensor artificial pancreas
and evaluation during inpatient studies. IEEE Trans
Biomed Eng 2014;61(10):2569–2581; doi: 10.1109/TBME
.2014.2323248

61. Deshpande S, Pinsker JE, Zavitsanou S, et al. Design and
clinical evaluation of the interoperable artificial pancreas
system (iAPS) smartphone app: interoperable components
with modular design for progressive artificial pancreas
research and development. Diabetes Technol Ther 2019;
21(1):35–43; doi: 10.1089/dia.2018.0278

62. Lewis D, Leibrand S; #OpenAPS Community. Real-world
use of open source artificial pancreas systems. J Diabetes Sci
Technol 2016;10(6):1411; doi: 10.1177/1932296816665635

63. Chen T, Friedman KA, Lei I, Heller A. In situ assembled
mass-transport controlling micromembranes and their appli-
cation in implanted amperometric glucose sensors. Anal
Chem 2000;72(16):3757–3763; doi: 10.1021/ac000348c

64. Rebrin K, Steil GM, van Antwerp WP, Mastrototaro JJ.
Subcutaneous glucose predicts plasma glucose independ-
ent of insulin: implications for continuous monitoring. Am

J Physiol 1999;277(3):E561–E571; doi: 10.1152/ajpendo
.1999.277.3.E561

65. Updike SJ, Shults MC, Gilligan BJ, Rhodes RK. A subcu-
taneous glucose sensor with improved longevity, dynamic
range, and stability of calibration. Diabetes Care 2000;
23(2):208–214; doi: 10.2337/diacare.23.2.208

66. Elleri D, Maltoni G, Allen JM, et al. Safety of closed-loop
therapy during reduction or omission of meal boluses in
adolescents with type 1 diabetes: a randomized clinical
trial. Diabetes Obes Metab 2014;16(11):1174–1178; doi:
10.1111/dom.12324

67. Cherñavvsky DR, DeBoer MD, Keith-Hynes P, et al. Use
of an artificial pancreas among adolescents for a missed
snack bolus and an underestimated meal bolus. Pediatr
Diabetes 2016;17(1):28–35; doi: 10.1111/pedi.12230

68. Buckingham B, Cobry E, Clinton P, et al. Preventing
hypoglycemia using predictive alarm algorithms and insu-
lin pump suspension. Diabetes Technol Ther 2009;11(2):
93–97; doi: 10.1089/dia.2008.0032

69. Buckingham B, Chase HP, Dassau E, et al. Prevention of
nocturnal hypoglycemia using predictive alarm algorithms
and insulin pump suspension. Diabetes Care 2010;33(5):
1013–1017; doi: 10.2337/dc09-2303

70. Elleri D, Allen JM, Kumareswaran K, et al. Closed-loop
basal insulin delivery over 36 hours in adolescents with
type 1 diabetes: randomized clinical trial. Diabetes Care
2013;36(4):838–844; doi: 10.2337/dc12-0816

71. Sherr JL, Cengiz E, Palerm CC, et al. Reduced hypoglyce-
mia and increased time in target using closed-loop insulin
delivery during nights with or without antecedent after-
noon exercise in type 1 diabetes. Diabetes Care 2013;
36(10):2909–2914; doi: 10.2337/dc13-0010

72. Spaic T, Driscoll M, Raghinaru D, et al. Predictive hyper-
glycemia and hypoglycemia minimization: in-home evalu-
ation of safety, feasibility, and efficacy in overnight
glucose control in type 1 diabetes. Diabetes Care 2017;
40(3):359–366; doi: 10.2337/dc16-1794

73. Breton M, Farret A, Bruttomesso D, et al. Fully integrated
artificial pancreas in type 1 diabetes: modular closed-loop
glucose control maintains near normoglycemia. Diabetes
2012;61(9):2230–2237; doi: 10.2337/db11-1445

74. El-Khatib FH, Russell SJ, Magyar KL, et al. Autonomous
and continuous adaptation of a bihormonal bionic pancreas
in adults and adolescents with type 1 diabetes. J Clin
Endocrinol Metab 2014;99(5):1701–1711; doi: 10.1210/jc
.2013-4151

75. Diabetes Research in Children Network (DirecNet) Study
Group; Type 1 Diabetes TrialNet Study Group;
Buckingham BA, Beck RW, Ruedy KJ, et al. The effects
of inpatient hybrid closed-loop therapy initiated within 1
week of type 1 diabetes diagnosis. Diabetes Technol Ther
2013;15(5):401–408; doi: 10.1089/dia.2013.0002

76. Buckingham B, Beck RW, Ruedy KJ, et al. Effectiveness
of early intensive therapy on b-cell preservation in type 1
diabetes. Diabetes Care 2013;36(12):4030–4035; doi: 10
.2337/dc13-1074

77. Hovorka R, Elleri D, Thabit H, et al. Overnight closed-
loop insulin delivery in young people with type 1 diabetes:
a free-liv ing, randomized clinical trial. Diabetes Care
2014;37(5):1204–1211; doi: 10.2337/dc13-2644

78. Forlenza GP, Raghinaru D, Cameron F, et al. Predictive
hyperglycemia and hypoglycemia minimization: in-home

S44 ZISSER ET AL.

http://dx.doi.org/10.2337/dc15-2468
http://dx.doi.org/10.2337/dc15-2468
http://dx.doi.org/10.1089/dia.2014.0259
http://dx.doi.org/10.1089/dia.2014.0259
http://dx.doi.org/10.1089/dia.2016.0333
http://dx.doi.org/10.1089/dia.2017.0078
http://dx.doi.org/10.1089/dia.2017.0078
http://dx.doi.org/10.1016/S2213-8587(15)00335-6
http://dx.doi.org/10.2337/dc17-1188
http://dx.doi.org/10.1089/dia.2024.0315
https://www.fda.gov/news-events/press-announcements/fda-authorizes-first-interoperable-automated-insulin-dosing-controller-designed-allow-more-choices
https://www.fda.gov/news-events/press-announcements/fda-authorizes-first-interoperable-automated-insulin-dosing-controller-designed-allow-more-choices
https://www.fda.gov/news-events/press-announcements/fda-authorizes-first-interoperable-automated-insulin-dosing-controller-designed-allow-more-choices
https://www.accessdata.fda.gov/cdrh_docs/pdf20/K203774.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf20/K203774.pdf
http://dx.doi.org/10.1109/TBME.2014.2323248
http://dx.doi.org/10.1109/TBME.2014.2323248
http://dx.doi.org/10.1089/dia.2018.0278
http://dx.doi.org/10.1177/1932296816665635
http://dx.doi.org/10.1021/ac000348c
http://dx.doi.org/10.1152/ajpendo.1999.277.3.E561
http://dx.doi.org/10.1152/ajpendo.1999.277.3.E561
http://dx.doi.org/10.2337/diacare.23.2.208
http://dx.doi.org/10.1111/dom.12324
http://dx.doi.org/10.1111/pedi.12230
http://dx.doi.org/10.1089/dia.2008.0032
http://dx.doi.org/10.2337/dc09-2303
http://dx.doi.org/10.2337/dc12-0816
http://dx.doi.org/10.2337/dc13-0010
http://dx.doi.org/10.2337/dc16-1794
http://dx.doi.org/10.2337/db11-1445
http://dx.doi.org/10.1210/jc.2013-4151
http://dx.doi.org/10.1210/jc.2013-4151
http://dx.doi.org/10.1089/dia.2013.0002
http://dx.doi.org/10.2337/dc13-1074
http://dx.doi.org/10.2337/dc13-1074
http://dx.doi.org/10.2337/dc13-2644


double-blind randomized controlled evaluation in children
and young adolescents. Pediatr Diabetes 2018;19(3):
420–428; doi: 10.1111/pedi.12603

79. Tauschmann M, Allen JM, Wilinska ME, et al. Day-and-
night hybrid closed-loop insulin delivery in adolescents
with type 1 diabetes: a free-living, randomized clinical
trial. Diabetes Care 2016;39(7):1168–1174; doi: 10.2337/
dc15-2078

80. Tauschmann M, Allen JM, Wilinska ME, et al. Home use
of day-and-night hybrid closed-loop insulin delivery in
suboptimally controlled adolescents with type 1 diabetes: a
3-week, free-living, randomized crossover trial. Diabetes
Care 2016;39(11):2019–2025; doi: 10.2337/dc16-1094

81. Russell SJ, Hillard MA, Balliro C, et al. Day and night gly-
caemic control with a bionic pancreas versus conventional
insulin pump therapy in preadolescent children with type 1
diabetes: a randomised crossover trial. Lancet Diabetes
Endocrinol 2016;4(3):233–243; doi: 10.1016/S2213-8587
(15)00489-1

82. Huyett LM, Ly TT, Forlenza GP, et al. Outpatient closed-
loop control with unannounced moderate exercise in ado-
lescents using zone model predictive control. Diabetes
Technol Ther 2017;19(6):331–339; doi: 10.1089/dia.2016
.0399

83. Forlenza GP, Cameron FM, Ly TT, et al. Fully closed-loop
multiple model probabilistic predictive controller artificial
pancreas performance in adolescents and adults in a super-
vised hotel setting. Diabetes Technol Ther 2018;20(5):
335–343; doi: 10.1089/dia.2017.0424

84. Anderson SM, Dassau E, Raghinaru D, et al. The interna-
tional diabetes closed-loop study: testing artificial pancreas
component interoperability. Diabetes Technol Ther 2019;
21(2):73–80; doi: 10.1089/dia.2018.0308

85. Kovatchev B, Anderson SM, Raghinaru D, et al. Random-
ized controlled trial of mobile closed-loop control. Diabe-
tes Care 2020;43(3):607–615; doi: 10.2337/dc19-1310

86. Deshpande S, Weinzimer SA, Gibbons K, et al. Feasibility
and preliminary safety of smartphone-based automated
insulin delivery in adolescents and children with type 1
diabetes. J Diabetes Sci Technol 2024;18(2):363–371; doi:
10.1177/19322968221116384

87. Sherr JL, Buckingham BA, Forlenza GP, et al. Safety and
performance of the omnipod hybrid closed-loop system in
adults, adolescents, and children with type 1 diabetes over
5 days under free-living conditions. Diabetes Technol Ther
2020;22(3):174–184; doi: 10.1089/dia.2019.0286

88. Bergenstal RM, Klonoff DC, Garg SK, et al. Threshold-
based insulin-pump interruption for reduction of hypogly-
cemia. N Engl J Med 2013;369(3):224–232; doi: 10.1056/
NEJMoa1303576

89. Brown SA, Kovatchev BP, Raghinaru D, et al. Six-month
randomized, multicenter trial of closed-loop control in
type 1 diabetes. N Engl J Med 2019;381(18):1707–1717;
doi: 10.1056/NEJMoa1907863

90. Isganaitis E, Raghinaru D, Ambler-Osborn L, et al.
Closed-loop insulin therapy improves glycemic control in
adolescents and young adults: outcomes from the interna-
tional diabetes closed-loop trial. Diabetes Technol Ther
2021;23(5):342–349; doi: 10.1089/dia.2020.0572

91. Breton MD, Kanapka LG, Beck RW, et al. A randomized
trial of closed-loop control in children with type 1

diabetes. N Engl J Med 2020;383(9):836–845; doi: 10
.1056/NEJMoa2004736

92. Wadwa RP, Reed ZW, Buckingham BA, et al. Trial of
hybrid closed-loop control in young children with type 1
diabetes. N Engl J Med 2023;388(11):991–1001; doi: 10
.1056/NEJMoa2210834

93. Brown SA, Forlenza GP, Bode BW, et al. Multicenter trial
of a tubeless, on-body automated insulin delivery system
with customizable glycemic targets in pediatric and adult
participants with type 1 diabetes. Diabetes Care 2021;
44(7):1630–1640; doi: 10.2337/dc21-0172

94. Carlson AL, Sherr JL, Shulman DI, et al. Safety and glyce-
mic outcomes during the MiniMedTM advanced hybrid
closed-loop system pivotal trial in adolescents and adults
with type 1 diabetes. Diabetes Technol Ther 2022;24(3):
178–189; doi: 10.1089/dia.2021.0319

95. Garg SK, Grunberger G, Weinstock R, et al. Improved gly-
cemia with hybrid closed-loop versus continuous subcuta-
neous insulin infusion therapy: results from a randomized
controlled trial. Diabetes Technol Ther 2023;25(1):1–12;
doi: 10.1089/dia.2022.0421

96. Bergenstal RM, Nimri R, Beck RW, et al. A comparison of
two hybrid closed-loop systems in adolescents and young
adults with type 1 diabetes (FLAIR): a multicentre, rando-
mised, crossover trial. Lancet Lond Engl 2021;397(10270):
208–219; doi: 10.1016/S0140-6736(20)32514-9

97. Bionic Pancreas Research Group; Russell SJ, Beck RW,
Damiano ER, et al. Multicenter, randomized trial of a
bionic pancreas in type 1 diabetes. N Engl J Med 2022;
387(13):1161–1172; doi: 10.1056/NEJMoa2205225

98. Messer LH, Buckingham BA, Cogen F, et al. Positive
impact of the bionic pancreas on diabetes control in youth
6–17 years old with type 1 diabetes: a multicenter random-
ized trial. Diabetes Technol Ther 2022;24(10):712–725;
doi: 10.1089/dia.2022.0201.pub

99. Arrieta A, Battelino T, Scaramuzza AE, et al. Comparison
of MiniMed 780G system performance in users aged
younger and older than 15 years: evidence from 12 870
real-world users. Diabetes Obes Metab 2022;24(7):
1370–1379; doi: 10.1111/dom.14714

100. Breton MD, Kovatchev BP. One year real-world use of the
control-IQ advanced hybrid closed-loop technology. Dia-
betes Technol Ther 2021;23(9):601–608; doi: 10.1089/dia
.2021.0097

101. Forlenza GP, DeSalvo DJ, Aleppo G, et al. Real-world evi-
dence of Omnipod® 5 automated insulin delivery system
use in 69,902 people with type 1 diabetes. Diabetes Tech-
nol Ther 2024;26(8):514–525; doi: 10.1089/dia.2023.0578

102. Cobry EC, Bisio A, Wadwa RP, Breton MD. Improve-
ments in parental sleep, fear of hypoglycemia, and diabetes
distress with use of an advanced hybrid closed-loop sys-
tem. Diabetes Care 2022;45(5):1292–1295; doi: 10.2337/
dc21-1778

103. Reiss AL, Jo B, Arbelaez AM, et al. A Pilot randomized
trial to examine effects of a hybrid closed-loop insulin
delivery system on neurodevelopmental and cognitive
outcomes in adolescents with type 1 diabetes. Nat
Commun 2022;13(1):4940; doi: 10.1038/s41467-022-
32289-x

104. American Diabetes Association Professional Practice
Committee. 14. Children and adolescents: standards of

EXPLORING THE FUTURE OF AUTOMATED INSULIN DELIVERY SYSTEMS S45

http://dx.doi.org/10.1111/pedi.12603
http://dx.doi.org/10.2337/dc15-2078
http://dx.doi.org/10.2337/dc15-2078
http://dx.doi.org/10.2337/dc16-1094
http://dx.doi.org/10.1016/S2213-8587(15)00489-1
http://dx.doi.org/10.1016/S2213-8587(15)00489-1
http://dx.doi.org/10.1089/dia.2016.0399
http://dx.doi.org/10.1089/dia.2016.0399
http://dx.doi.org/10.1089/dia.2017.0424
http://dx.doi.org/10.1089/dia.2018.0308
http://dx.doi.org/10.2337/dc19-1310
http://dx.doi.org/10.1177/19322968221116384
http://dx.doi.org/10.1089/dia.2019.0286
http://dx.doi.org/10.1056/NEJMoa1303576
http://dx.doi.org/10.1056/NEJMoa1303576
http://dx.doi.org/10.1056/NEJMoa1907863
http://dx.doi.org/10.1089/dia.2020.0572
http://dx.doi.org/10.1056/NEJMoa2004736
http://dx.doi.org/10.1056/NEJMoa2004736
http://dx.doi.org/10.1056/NEJMoa2210834
http://dx.doi.org/10.1056/NEJMoa2210834
http://dx.doi.org/10.2337/dc21-0172
http://dx.doi.org/10.1089/dia.2021.0319
http://dx.doi.org/10.1089/dia.2022.0421
http://dx.doi.org/10.1016/S0140-6736(20)32514-9
http://dx.doi.org/10.1056/NEJMoa2205225
http://dx.doi.org/10.1089/dia.2022.0201.pub
http://dx.doi.org/10.1111/dom.14714
http://dx.doi.org/10.1089/dia.2021.0097
http://dx.doi.org/10.1089/dia.2021.0097
http://dx.doi.org/10.1089/dia.2023.0578
http://dx.doi.org/10.2337/dc21-1778
http://dx.doi.org/10.2337/dc21-1778
http://dx.doi.org/10.1038/s41467-022-32289-x
http://dx.doi.org/10.1038/s41467-022-32289-x


care in diabetes-2025. Diabetes Care 2025;48(Suppl 1):
S283-S305; doi: 10.2337/dc25-S014

105. Biester T, Berget C, Boughton C, et al. International soci-
ety for pediatric and adolescent diabetes clinical practice
consensus guidelines 2024: diabetes technologies—insulin
delivery. Horm Res Paediatr 2024;97(6):636–662; doi: 10
.1159/000543034

106. Conway RB, Snell-Bergeon J, Honda-Kohmo K, et al. Dis-
parities in diabetes technology uptake in youth and young
adults with type 1 diabetes: a global perspective. J Endocr
Soc 2024;9(1):bvae210; doi: 10.1210/jendso/bvae210

107. Lakshman R, Daly AB, Nwokolo M, et al. Variability of
insulin requirements in adults with type 2 diabetes during
fully closed-loop insulin delivery. Diabetes Technol Ther
2023;25(6):442–444; doi: 10.1089/dia.2023.0073

108. Daly AB, Boughton CK, Nwokolo M, et al. Fully auto-
mated closed-loop insulin delivery in adults with type 2
diabetes: an open-label, single-center, randomized cross-
over trial. Nat Med 2023;29(1):203–208; doi: 10.1038/
s41591-022-02144-z

109. Boughton CK, Tripyla A, Hartnell S, et al. Fully automated
closed-loop glucose control compared with standard insulin
therapy in adults with type 2 diabetes requiring dialysis: an
open-label, randomized crossover trial. Nat Med 2021;27(8):
1471–1476; doi: 10.1038/s41591-021-01453-z

110. Boughton CK, Hovorka R. The role of automated insulin
delivery technology in diabetes. Diabetologia 2024;67(10):
2034–2044; doi: 10.1007/s00125-024-06165-w

111. Borel AL, Lablanche S, Waterlot C, et al. Closed-loop
insulin therapy for people with type 2 diabetes treated with
an insulin pump: a 12-week multicenter, open-label
randomized, controlled, crossover trial. Diabetes Care
2024;47(10):1778–1786; doi: 10.2337/dc24-0623

112. Levy CJ, Raghinaru D, Kudva YC, et al. Beneficial effects
of control-IQ automated insulin delivery in basal-bolus
and basal-only insulin users with type 2 diabetes. Clin Dia-
betes 2024;42(1):116–124; doi: 10.2337/cd23-0025

113. Davis GM, Peters AL, Bode BW, et al. Safety and efficacy
of the Omnipod 5 automated insulin delivery system in
adults with type 2 diabetes: from injections to hybrid
closed-loop therapy. Diabetes Care 2023;46(4):742–750;
doi: 10.2337/dc22-1915

114. Fabris C, Kovatchev B. Real-life use of automated insulin
delivery in individuals with type 2 diabetes. J Diabetes Sci
Technol; doi: 10.1177/19322968241274786

115. Forlenza GP, Carlson AL, Galindo RJ, et al. Real-world
evidence supporting tandem control-IQ hybrid closed-loop
success in the Medicare and Medicaid type 1 and type 2
diabetes populations. Diabetes Technol Ther 2022;24(11):
814–823; doi: 10.1089/dia.2022.0206

116. Bally L, Thabit H, Hartnell S, et al. Closed-loop insulin
delivery for glycemic control in noncritical care. N Engl J
Med 2018;379(6):547–556; doi: 10.1056/NEJMoa1805233

117. Boughton CK, Bally L, Martignoni F, et al. Fully closed-
loop insulin delivery in inpatients receiving nutritional
support: a two-centre, open-label, randomised controlled
trial. Lancet Diabetes Endocrinol 2019;7(5):368–377; doi:
10.1016/S2213-8587(19)30061-0

118. Hughes MS, Pasquel FJ, Davis GM, et al. Toward automa-
tion: the road traveled and road ahead for integrating auto-
mated insulin delivery into inpatient care. Diabetes

Technol Ther 2025;27(3):217–242; doi: 10.1089/dia.2024
.0343

119. Tauschmann M, Thabit H, Bally L, et al. Closed-loop insulin
delivery in suboptimally controlled type 1 diabetes: a multi-
centre, 12-week randomised trial. Lancet Lond Engl 2018;
392(10155):1321–1329; doi: 10.1016/S0140-6736(18)31947-0

120. Karakus KE, Akturk HK, Alonso GT, Snell-Bergeon JK,
Shah VN. Association between diabetes technology use
and glycemic outcomes in adults with type 1 diabetes over
a decade. Diabetes Care 2023;46(9):1646–1651; doi: 10
.2337/dc23-0495

121. Haidar A, Duval C, Legault L, Rabasa-Lhoret R. Pharma-
cokinetics of insulin aspart and glucagon in type 1 diabetes
during closed-loop operation. J Diabetes Sci Technol
2013;7(6):1507–1512; doi: 10.1177/193229681300700610

122. Weinzimer SA, Bailey RJ, Bergenstal RM, et al. A com-
parison of postprandial glucose control in the medtronic
advanced hybrid closed-loop system versus 670G. Diabe-
tes Technol Ther 2022;24(8):573–582; doi: 10.1089/dia
.2021.0568

123. Diabetes Control and Complications Trial/Epidemiology
of Diabetes Interventions and Complications (DCCT/E-
DIC) Research Group; Nathan DM, Zinman B, Cleary PA,
et al. Modern-day clinical course of type 1 diabetes mellitus
after 30 years’ duration: the diabetes control and complications
trial/epidemiology of diabetes interventions and complications
and Pittsburgh epidemiology of diabetes complications
experience (1983-2005). Arch Intern Med 2009;169(14):
1307–1316; doi: 10.1001/archinternmed.2009.193

124. Castle JR, Engle JM, El Youssef J, et al. Novel use of glu-
cagon in a closed-loop system for prevention of hypogly-
cemia in type 1 diabetes. Diabetes Care 2010;33(6):
1282–1287; doi: 10.2337/dc09-2254

125. Haidar A, Legault L, Messier V, Mitre TM, Leroux C,
Rabasa-Lhoret R. Comparison of dual-hormone artificial
pancreas, single-hormone artificial pancreas, and conven-
tional insulin pump therapy for glycaemic control in
patients with type 1 diabetes: an open-label randomised
controlled crossover trial. Lancet Diabetes Endocrinol
2015;3(1):17–26; doi: 10.1016/S2213-8587(14)70226-8

126. van Bon AC, Blauw H, Jansen TJP, et al. Bihormonal fully
closed-loop system for the treatment of type 1 diabetes: a
real-world multicentre, prospective, single-arm trial in the
Netherlands. Lancet Digit Health 2024;6(4):e272–e280;
doi: 10.1016/S2589-7500(24)00002-5

127. Castellanos LE, Balliro CA, Sherwood JS, et al. Perform-
ance of the insulin-only iLet bionic pancreas and the bihor-
monal ilet using dasiglucagon in adults with type 1
diabetes in a home-use setting. Diabetes Care 2021;44(6):
e118-e120; doi: 10.2337/dc20-1086

128. Ratner RE, Dickey R, Fineman M, et al. Amylin replace-
ment with pramlintide as an adjunct to insulin therapy
improves long-term glycaemic and weight control in type
1 diabetes mellitus: a 1-year, randomized controlled trial.
Diabet Med 2004;21(11):1204–1212; doi: 10.1111/j.1464-
5491.2004.01319.x

129. Cohen E, Tsoukas MA, Legault L, et al. Simple meal
announcements and pramlintide delivery versus carbohy-
drate counting in type 1 diabetes with automated fast-
acting insulin aspart delivery: a randomised crossover trial
in Montreal, Canada. Lancet Digit Health 2024;6(7):
e489–e499; doi: 10.1016/S2589-7500(24)00092-X

S46 ZISSER ET AL.

http://dx.doi.org/10.2337/dc25-S014
http://dx.doi.org/10.1159/000543034
http://dx.doi.org/10.1159/000543034
http://dx.doi.org/10.1210/jendso/bvae210
http://dx.doi.org/10.1089/dia.2023.0073
http://dx.doi.org/10.1038/s41591-022-02144-z
http://dx.doi.org/10.1038/s41591-022-02144-z
http://dx.doi.org/10.1038/s41591-021-01453-z
http://dx.doi.org/10.1007/s00125-024-06165-w
http://dx.doi.org/10.2337/dc24-0623
http://dx.doi.org/10.2337/cd23-0025
http://dx.doi.org/10.2337/dc22-1915
http://dx.doi.org/10.1177/19322968241274786
http://dx.doi.org/10.1089/dia.2022.0206
http://dx.doi.org/10.1056/NEJMoa1805233
http://dx.doi.org/10.1016/S2213-8587(19)30061-0
http://dx.doi.org/10.1089/dia.2024.0343
http://dx.doi.org/10.1089/dia.2024.0343
http://dx.doi.org/10.1016/S0140-6736(18)31947-0
http://dx.doi.org/10.2337/dc23-0495
http://dx.doi.org/10.2337/dc23-0495
http://dx.doi.org/10.1177/193229681300700610
http://dx.doi.org/10.1089/dia.2021.0568
http://dx.doi.org/10.1089/dia.2021.0568
http://dx.doi.org/10.1001/archinternmed.2009.193
http://dx.doi.org/10.2337/dc09-2254
http://dx.doi.org/10.1016/S2213-8587(14)70226-8
http://dx.doi.org/10.1016/S2589-7500(24)00002-5
http://dx.doi.org/10.2337/dc20-1086
http://dx.doi.org/10.1111/j.1464-5491.2004.01319.x
http://dx.doi.org/10.1111/j.1464-5491.2004.01319.x
http://dx.doi.org/10.1016/S2589-7500(24)00092-X


130. Andersen G, Eloy R, Famulla S, et al. A co-formulation of
pramlintide and insulin A21G (ADO09) improves post-
prandial glucose and short-term control of mean glucose,
time in range, and body weight versus insulin aspart in
adults with type 1 diabetes. Diabetes Obes Metab 2023;
25(5):1241–1248; doi: 10.1111/dom.14972

131. Garcia-Tirado J, Farhy L, Nass R, et al. Automated insulin
delivery with SGLT2i combination therapy in type 1 dia-
betes. Diabetes Technol Ther 2022;24(7):461–470; doi: 10
.1089/dia.2021.0542

132. Haidar A, Lovblom LE, Cardinez N, et al. Empagliflozin
add-on therapy to closed-loop insulin delivery in type 1
diabetes: a 2 · 2 factorial randomized crossover trial. Nat
Med 2022;28(6):1269–1276; doi: 10.1038/s41591-022-
01805-3

133. Biester T, Muller I, von dem Berge T, et al. Add-on therapy
with dapagliflozin under full closed loop control improves
time in range in adolescents and young adults with type 1
diabetes: the DAPADream study. Diabetes Obes Metab
2021;23(2):599–608; doi: 10.1111/dom.14258

134. Pasqua MR, Jafar A, Kobayati A, Tsoukas MA, Haidar A.
Low-dose empagliflozin as adjunct to hybrid closed-loop
insulin therapy in adults with suboptimally controlled type
1 diabetes: a randomized crossover controlled trial. Diabe-
tes Care 2023;46(1):165–172; doi: 10.2337/dc22-0490

135. Li P, Li Z, Staton E, et al. GLP-1 receptor agonist and
SGLT2 inhibitor prescribing in people with type 1

diabetes. JAMA 2024;332(19):1667–1669; doi: 10.1001/
jama.2024.18581

136. Edwards K, Li X, Lingvay I. Clinical and safety outcomes
with GLP-1 receptor agonists and SGLT2 inhibitors in type
1 diabetes: a real-world study. J Clin Endocrinol Metab
2023;108(4):920–930; doi: 10.1210/clinem/dgac618

137. Akturk HK, Dong F, Snell-Bergeon JK, Karakus KE,
Shah VN. Efficacy and safety of tirzepatide in adults
with type 1 diabetes: a proof of concept observational
study. J Diabetes Sci Technol 2025;19(2):292–296;
doi: 10.1177/19322968231223991

138. Holmager P, Christensen MB, Nørgaard K, Schmidt S.
GLP-1 receptor agonists in overweight and obese individu-
als with type 1 diabetes using an automated insulin deliv-
ery device: a real-world study. J Diabetes Sci Technol
2025;19(2):286–291; doi: 10.1177/19322968241289438

Address correspondence to:
Howard Zisser, MD

Independent Researcher
15 West Los Olivos Street

Santa Barbara
CA 93105

USA

E-mail: hzisser@gmail.com

EXPLORING THE FUTURE OF AUTOMATED INSULIN DELIVERY SYSTEMS S47

http://dx.doi.org/10.1111/dom.14972
http://dx.doi.org/10.1089/dia.2021.0542
http://dx.doi.org/10.1089/dia.2021.0542
http://dx.doi.org/10.1038/s41591-022-01805-3
http://dx.doi.org/10.1038/s41591-022-01805-3
http://dx.doi.org/10.1111/dom.14258
http://dx.doi.org/10.2337/dc22-0490
http://dx.doi.org/10.1001/jama.2024.18581
http://dx.doi.org/10.1001/jama.2024.18581
http://dx.doi.org/10.1210/clinem/dgac618
http://dx.doi.org/10.1177/19322968231223991
http://dx.doi.org/10.1177/19322968241289438
mailto:hzisser@gmail.com

