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Recent, rapid changes in the treatment of type 1 diabetes have allowed for commercialization of an “artificial pancreas” that is

better described as a closed-loop controller of insulin delivery. This review presents the current state of closed-loop control systems and
expected future developments with a discussion of the human factor issues in allowing automation of glucose control. The goal of these
systems is to minimize or prevent both short-term and long-term complications from diabetes and to decrease the daily burden of managing
diabetes. The closed-loop systems are generally very effective and safe at night, have allowed for improved sleep, and have decreased the
burden of diabetes management overnight. However, there are still significant barriers to achieving excellent daytime glucose control while
simultaneously decreasing the burden of daytime diabetes management. These systems use a subcutaneous continuous glucose sensor, an
algorithm that accounts for the current glucose and rate of change of the glucose, and the amount of insulin that has already been delivered
to safely deliver insulin to control hyperglycemia, while minimizing the risk of hypoglycemia. The future challenge will be to allow for full
closed-loop control with minimal burden on the patient during the day, alleviating meal announcements, carbohydrate counting, alerts, and
maintenance. The human factors involved with interfacing with a closed-loop system and allowing the system to take control of diabetes

management are significant. It is important to find a balance between enthusiasm and realistic expectations and experiences with the closed-

loop system. (Endocrine Reviews 40: 1521 — 1546, 2019)

The Need for Closed-Loop Control

Type 1 diabetes and insulin replacement

ype 1 diabetes is generally thought to be pre-

cipitated by an immune-associated, if not
directly immune-mediated, destruction of insulin-
producing pancreatic B8 cells (1). The loss of B-cells
leads to loss of insulin and amylin secretion and
dysfunctional glucagon secretion. Insulin is the only
hormone in the body that lowers glucose levels. Before
the discovery of insulin, children diagnosed with di-
abetes had a very short lifespan. Insulin replacement
therapy has been lifesaving. In the 9o years since the
discovery of insulin, there have been progressive
improvements in insulin replacement therapy and the
ability to measure blood glucose levels to guide more
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physiologic insulin delivery. Physiologic replacement
means providing rapid increases in insulin when
carbohydrate-containing meals are consumed and
basal insulin at other times of the day. Today, insulin is
replaced by either insulin injections or by continuous
insulin infusion via an insulin pump. With multiple
daily injection (MDI) therapy a long-acting insulin
is given to meet basal needs, and injections of a rapid-
acting insulin are given to meet meal insulin
requirements and correct hyperglycemia. Insulin in-
fusion pump therapy was introduced in the late 1970s
(2, 3) and provided more flexibility around meal doses.
Because only short-acting insulin is infused, when the
infusion catheter becomes clogged or displaced or
there is local inflammation at the infusion site, insulin
delivery can be disrupted, which can lead to diabetic
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The goal of automated insulin delivery is to minimize or prevent short-term and long-term complications from diabetes
and to decrease the daily burden of managing diabetes

Current systems provide good glucose control overnight; however, the patient is still required to enter meal boluses
Significant improvements in continuous glucose monitoring have made commercialization of these systems possible

Automated full closed-loop systems that can automatically manage meals may significantly benefit from faster acting
insulins with a shorter duration of action

Bihormonal systems with the addition of glucagon and/or amylin replacement may allow for full closed-loop control

It will be key for systems to offer automatic adaptability to the individual’s changes in not only diurnal patterns of insulin
sensitivity but also to automatically adapt to changes resulting from illness, exercise routines, menstrual cycles, and eating
habits

We need multiple systems so people can choose what best fits their needs: tubeless pumps, implanted sensors, systems
allowing for user adjustment of glycemic goals, communication to significant others, phone-based or pump-based
controller systems, more complicated systems and simple systems based on the personality of the user, systems that allow
for significant user input and systems that take over control of most diabetes tasks, and choices to cover a range of costs
and the need to wear multiple devices and infusion sets

ketoacidosis. The rate of diabetic ketoacidosis is not
higher in people using pump therapy (T1D Exchange
data) (4), but it does occur and is also a risk with
automated insulin delivery.

The long-term risk of diabetes

related complications

Although insulin replacement therapy has signifi-
cantly improved the lifespan of people with di-
abetes, it is not a cure. As people with diabetes
began living longer, they began to develop long-term
complications such as retinopathy, nephropathy,
neuropathy, and cardiovascular disease. It was de-
bated whether it was the insulin therapy that was
leading to these complications or higher than normal
glucose levels. People with diabetes have higher blood
insulin levels because insulin given in the sub-
cutaneous space must first circulate through the
systemic circulation before it reaches the liver,
whereas insulin secreted by the pancreas goes directly
to the liver, one of the major organs aftected by insulin
action. To determine whether it was higher insulin
requirements or higher glucose levels leading to long-
term complications, the Diabetes Control and
Complications Trial (DCCT) was initiated in 1975 (5).
It clearly demonstrated that improved glycemic
control, measured by 8 point glucose profiles and by
hemoglobin A1c (HbA1c) levels, decreased this risk of
diabetes complications, including microvascular and
coronary artery disease (5, 6).

Burden of diabetes management

Insulin doses need to be carefully adjusted. Insulin is a
replacement hormone with a narrow therapeutic
margin. If insulin replacement is inadequate, or in-
creasing insulin needs with stress and illness are
not met, then metabolic decomposition can lead to

Lal et al Closed-Loop System in Treatment of Type 1 Diabetes

ketoacidosis, which can be fatal (7). Overtreatment
with insulin can lead acutely to impaired cognition,
hypoglycemic seizures, and can also lead to death
(dead-in-bed syndrome) (8). In a meal, the glycemic
index of the carbohydrates and the amount of protein
and fat can significantly change postprandial glucose
control (9). Exercise can have both immediate and
delayed effects on glucose levels. Short bursts of
aerobic activity can raise glucose levels, whereas sus-
tained exercise can cause both acute and delayed
hypoglycemia, as well as having an impact on insulin
sensitivity lasting days (10). To achieve current goals
for glycemic control, the person with diabetes is
making multiple, complex decisions each day based on
food composition, exercise (planned or past), as well as
factors such as their ability to recognize hypoglycemia
and menstrual cycles.

It is the current recommendation for diabetes
treatment to maintain an HbAic level of <7%
(53 mmol/mol) to decrease the risk of long-term
complications. In a study from the T1D Exchange
clinical registry in the United States in 2015, only 14%
to 30% (depending on age group) of the 16,061 par-
ticipants were meeting this goal (11). In a recent report
on HbA1c levels on 8186 pediatric participants <18
years old in 2016, only 19% had an HbA1c <7.5%
(58 mmol/mol). In 2011 the percent reaching target
was higher at 22%, and increasing pump use (from
56% to 64%) and continuous glucose monitoring
(CGM) use (from 3% to 22%) between 2011 and 2016
did not lower mean HbA1c levels [8.5% * 1.5% (70 =
16 mmol/mol) in 2011 and 8.8% * 1.6% (72 *
18 mmol/mol) in 2016]. The use of CGM, regardless of
MDI or pump therapy, however, did result in lower
HbA1c levels [8.1% (65 mmol/mol) for CGM users
compared with 9.0% (75 mmol/mol) for nonusers; P <
0.001] (12). Automated insulin delivery could offer

Endocrine Reviews, December 2019, 40(6):1521-1546

220z 1snbny Lz uo 1senb Aq Zi1.82GG/12S L/9/0F/0IE/AIPS/LLI0D dNO"DILSPEDE//:SARY WO} PAPEOJUMOCT



significant improvements in outcomes, but this has yet
to be documented across a broad population.

Assessing outcomes: beyond HbA1c

In the DCCT, glucose control was measured
by periodically obtaining seven glucose readings
throughout a day, and by measuring glycosylated
Hb. At the time this study was conducted the
technology for CGM had not been developed. As a
result of the DCCT study, HbA1c became the
standard measurement to determine the risk of
long-term diabetes complications; however, it is an
indirect measure of the glucose levels. HbAic
measurements are affected by ethnicity, red blood
cell lifespan, and turnover rates (13), and people can
have significant differences in their HbA1c levels
with similar mean glucose levels (13, 14). CGM
provides a more direct measure of the glucose levels
bathing the eyes and kidneys where nonenzymatic
glycosylation leads to long-term complications.
Nonenzymatic glycosylation is directly correlated with
the degree and duration of hyperglycemia, that is,
mean glucose levels. When advanced glycosylation end
products were measured in skin collagen biopsies from
the DCCT, these levels were robust predictors of
retinopathy, nephropathy, and neuropathy, and A1c
lost significance in predicting these long-term com-
plications (15). It has been recommended that we now
consider CGM metrics when defining glucose control
and go beyond using an HbA1c level, which has

Table 1. Outcome Metrics

Outcome Value/Measure

significant issues based on red blood cell turnover rates
and does not measure the risk for hypoglycemia (16).
We have therefore chosen to report the commonly
reported outcomes of automated insulin delivery
studies in terms of CGM levels: mean glucose, time in
range [70 to 180 mg/dL (3.9 to 10.0 mmol/L)], and
time <7o mg/dL (3.9 mmol/L). CGM metrics have
also been accepted by the US Food and Drug Ad-
ministration (FDA) as outcome measures when
assessing automated insulin delivery. When auto-
mated insulin delivery studies were of at least
3 months in duration, we have also provided HbA1c
outcomes. There have been several consensus state-
ments on the reporting of CGM data (16, 17). These
metrics are provided below in Table 1. In studies
reported before 2018, these metrics were not consis-
tently used.

Glycemic targets may vary with specific patients or
providers. In assessing how an automated insulin
delivery system is performing, or how a patient is
doing in meeting glycemic goals, we have set these
goals:

-

. Mean glucose of =154 mg/dL (8.5 mmol/L)

.=70% of overall readings between 7o and
180 mg/dL (3.9 to 10.0 mmol/L)

. <4% of all readings <70 mg/dL (3.9 mmol/L)

. <25% of readings >180 mg/dL (10.0 mmol/L)

. Coeflicient of variation of <36%

. No diabetic ketoacidosis, seizures, or loss of
consciousness

N

(@2 NV A B SN

Hypoglycemia <70 mg/dL (39 mmol/L)

<54 mg/dL (3.0 mmol/L)

Seizure or loss of consciousness

Time in range 70-180 mg/dL (3.9-10.0 mmol/L)

70-140 mg/dL (39-7.8 mmol/L) (as a second measure)

Hyperglycemia >180 mg/dL (100 mmol/L)

>250 mg/dL (13.9 mmol/L)

Diabetic ketoacidosis

Overall Mean glucose

Glycemic variability Coefficient of variation

Sleep/wake blocks Midnight to 6:00 Am/6:00 Am to midnight

CGM data sufficiency 2 wk of collection with at least 70% of possible readings

Hypo and hyper events

doi: 10.1210/er.2018-00174

Duration of at least 15 min, separated by at least 15 min of intervening normal values
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Closed-Loop Component Technology

A closed loop refers to a feedback control system that
attempts to keep a measurable quantity within a desired
target range. There is some instrument that enables
modification of the measured quantity. Finally, there are
rules that control the operation of the instrument to try
to move the measurable quantity toward the desired
target. In the case of artificial pancreas technology,
glucose is the quantity that can be measured continu-
ously with CGM, an insulin pump is the instrument that
can alter glucose, and the rules are computer algorithms
that command the insulin pump. These three compo-
nents provide the minimum components for automated
glucose-mediated insulin delivery. Additional factors that
affect glucose may also be recorded (e.g., carbohydrate
intake, exercise), and other instruments (e.g., glucagon)
may also be included. Full closed-loop systems require
no additional data entry from the user, whereas current
hybrid closed-loop configurations require users to enter
data such as the amount of carbohydrates consumed.

Continuous glucose monitoring

Commercial CGM has been available since 1999 (18).
Since then, there has been marked improvements in
sensor accuracy, reliability, wearability. and features.
Sensor accuracy is commonly measured by the mean
(or median) absolute relative difference (MARD) of
sensor readings to a reference glucose. Initial sensors
had an MARD of 26%, and current sensors generally
have a MARD of <10%. Using in silico modeling,
Kovatchev et al. (19) determined that a sensor with a
MARD of =10% would be accurate enough for insulin
dose decisions. Currently, sensors from two companies
have been used in most reported automated insulin
delivery studies, and each sensor has a reported
MARD of <10%. Both the Dexcom Gs, with two
calibrations daily, and the Dexcom G6, with no cal-
ibrations, have a MARD of 9% (20). The Medtronic
Guardian sensor with three to four calibrations a day
has a MARD of 9.6% (21).

The Dexcom and Medtronic sensors are based on
an electrochemical glucose oxidase reaction to measure
glucose. The Eversense implanted subcutaneous sensor
is coated with a fluorescent chemical that produces light
proportional to the glucose concentration. The fluo-
rescence is measured optically with a miniaturized
spectrofluorometer, and the data are then transmitted
via near-field communication to a receiver worn over
the sensor. In a recent study testing 9o days of sensor
performance after implantation, the overall MARD was
8.8% (22), and there are now ongoing trials testing the
use of this sensor with automated insulin delivery (23).
The FreeStyle” Libre™ provides a factory-calibrated
glucose oxidase—based sensor that allows for intermit-
tent reading of the glucose values by swiping a handheld
near-field communication device over the sensor. The
current glucose value is displayed along with historic

Lal et al Closed-Loop System in Treatment of Type 1 Diabetes

glucose readings obtained every 15 minutes for up to 8
hours and has a MARD of 10.7% during days 2 to 14 of
wear (24). Because it only provides intermittent read-
ings, the sensor in the present configuration would not
work for automated insulin delivery; however, this well-
established sensor is being configured to work in an
automated insulin delivery system developed by Bigfoot
Biomedical (25).

The Dexcom G6 has been approved as an in-
tegrated continuous glucose monitoring (ICGM)
system (26). This means it can be used in multiple
closed-loop systems without the need to provide full
manufacturing and performance data on the sensor
when building the system (i.e., a plug-and-play sensor).

The above sensors are placed subcutaneously and
measure glucose concentration in the interstitial
fluid rather than blood glucose, which introduces an
~5- to 10-minute delay in sensor readings compared
with a blood glucose (27). Intravascular glucose
kinetics are instantaneous, and IP glucose-sensing
kinetics are significantly faster than subcutane-
ous kinetics (28). The sensor kinetics in these spaces
may provide added benefit to implanted closed-loop
systems.

Insulin infusion pumps
Allinsulin infusion pump therapy makes it easier to have
multiple courses (such as dessert) and to cover snacks,
because additional food does not require separate in-
jections. Some pumps allow greater flexibility with meal
insulin coverage, so that meals with a high fat content
and delayed food absorption can be covered with a “dual
wave bolus,” with a portion of the insulin given as a usual
bolus and the remainder of the bolus given during
several hours. This is also effective in dosing young
children who do not always consume all of their food. If
this occurs, the extended bolus can be cancelled. Basal
insulin needs can also be adjusted throughout the day
and night to adjust for changes in insulin sensitivity due
to exercise, early morning insulin resistance (the dawn
phenomenon), illnesses, and periods of fasting,
Currently, there are three manufacturers selling
pumps in the United States, with closed-loop insulin
delivery in various phases of development:

1. Medtronic: commercial automated insulin de-
livery with a hybrid closed-loop system (670G)

2. Tandem: FDA-approved predictive low-glucose
suspend, and initiating trials with a hybrid
closed-loop system; also seeking FDA ap-
proval to function as an interoperable alternate
controller-enabled (ACE) infusion pump so
that it could be configured to work in multiple
closed-loop systems (29)

3. Insulet: OmniPod tubeless “patch pump” with a
hybrid closed-loop system under development

Important worldwide pump manufacturers selling
pumps outside the United States are:
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1. Roche: Having recently left the United States
market, Roche Accu-Chek remains available in
Europe. The Accu-Chek Spirit Combo pump can
receive commands via Bluetooth and is com-
patible with an open-source control system called
AndroidAPS.

2. SOOIL Development: The Diabecare RS insulin
pump can receive Bluetooth commands from a
smartphone, and the company supports the use
of do-it-yourself (DIY) artificial pancreas soft-
ware, such as AndroidAPS.

Control algorithms for glucose control

Control systems have been used since antiquity and
only recently applied to the field of diabetes care. The
described techniques have been used in industrial
processes and adapted for maintaining a target blood
sugar. In industry, they provide control for practi-
cally any variable that can be measured. These
systems are discussed individually and a summary is
provided in Table 2.

Proportional, integral, derivative controllers

Proportional, integral, derivative (PID) control is among
the most basic control systems. At each point in time, the
controller assesses how far the current glucose is from the
desired glucose. Insulin delivery is based on the difference at

Table 2. Comparison of Control Strategies
Proportional, Integral, Derivative Controller

Method  Evaluate deviation from target glucose and
use operations on these data to change
insulin delivery

Systems Medtronic 670G

Benefits Easy to implement

Does not require information about
carbohydrate intake

Drawbacks In unaltered state usually has worse
performance vs other strategies

Current commercial systems require
additional modeling of insulin-on-board

the current point of time (proportional), the rate of change
over time (derivative), and the cumulative deviation above
or below target (integral). Fach of these three terms is
weighted with a multiplier, which may be determined
beforehand or tuned over time. These individual terms are
summed to modify insulin delivery and thereby alter the
measured glucose value (Fig. 1). In dlosed-loop insulin
delivery, the difference term is the current CGM value
subtracted from a defined goal blood sugar; the integral is
the area under the curve of the difference term providing
memory of prior controller action; and the derivative is the
rate of change in the error term anticipating the trajectory of
current changes.

In commercial systems, such as the Medtronic
670G, the standard PID algorithm has been combined
with an insulin-on-board estimate. This method is
often used to constrain the maximum insulin delivery
and limit hypoglycemia (30).

Model predictive control controllers

Model predictive control (MPC) relies on dynamic
multicompartmental modeling of a system to predict an
outcome after a fixed period of time. With respect to
artificial pancreas systems, glucose is the dependent
outcome being modeled, which is affected by carbohy-
drate intake, endogenous glucose production, and
insulin-on-board. In closed-loop systems predictions

Model Predictive Control

Model future glucose and deliver insulin
to bring the predicted glucose into
target range

Tandem
OmniPod
Beta Bionics
Loop
OpenAPS
AndroidAPS

Good performance in subcutaneous hybrid
closed loop

Can add information from various sources
to better predict future glucose

In theory, models can be tailored to an
individual

More difficult to implement
Usually based on a “standard” model of

absorption, which may not be applicable
to all users

Although systems are designated by their primary control strategy, many use combinations of techniques.

doi: 10.1210/er.2018-00174

Fuzzy Logic

Establish specific rules for what to do to insulin
delivery based on available data

MD-Logic

Can add additional data sources or perform
operations on existing data sources to add
finer levels of control

Possible optimizations with machine learning

Often starts with generalized “expert” opinion to
establish baseline rules.

Difficult to perfect
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Target
glucose

CGM
glucose

are made for some period in the future, and the
prediction is updated every 5 to 15 minutes with new
sensor glucose measurement and new information on
insulin delivery, carbohydrate intake, or any other
available data. Some controllers will model diurnal
variations (31), exercise, and accept additional inputs
from an accelerometer or heart rate monitor. One of
the main constraints on insulin delivery is the risk of
hypoglycemia. A control strategy that minimizes hy-
perglycemia and hypoglycemia is applied and the
process repeats itself when a new measurement be-
comes available. This process is illustrated in Fig. 2 for
the main user interface of Loop, an open-source DIY
artificial pancreas system.

A 2016 study comparing MPC to PID controllers
in 30 adults with type 1 diabetes using subcutaneous
systems revealed greater time in the range of 74.4%
with MPC controller vs 63.7% with the PID controller
used in this study (P = 0.02) (32).

Beta Bionics is developing a bihormonal insulin
and glucagon system that utilizes MPC for insulin
delivery to a glucose goal of 100 mg/dL (5.6 mmol/L)
and a proportional-derivative control algorithm
for glucagon delivery to prevent or treat glucose
levels <100 mg/dL (5.6 mmol/L) (33). Since the
original description of the algorithm by Damiano and
colleagues (33) in 2010, the insulin dosing algorithm
has received feedback from the glucagon adminis-
tration subroutine (34).

Multivariable adaptive artificial pancreas systems
describe the addition of other measures to better
model future glucose and improve MPC. Turksoy
et al. (35) expanded the MPC system to include energy
expenditure and galvanic skin response measured by
the SenseWear Pro3 armband. In comparison with an
open loop, the system significantly reduced severe
hypoglycemia and increased time in the range from
54% to 58% (36). A few research groups reported the
use of heart rate monitor or accelerometer to detect

Error
function

Insulin
change

A

Figure 1. Diagram of a simple PID controller applied to closed-loop glucose control. P indicates
proportional term (scalar factor multiplied by the difference between current CGM and target
glucose); | indicates integral term (scalar factor multiplied by the area under the error function);
and D indicates derivative term (scalar factor multiplied by the current rate of change in the error

function).

1526

Lal et al

Closed-Loop System in Treatment of Type 1 Diabetes

exercise. Although results indicate that exercise can be
detected, evidence for changes in postexercise hypo-
glycemia is more limited (37-41). There is ongoing
research on the measurement of physiologic stress as a
variable in closed-loop systems (42). The use of au-
tomatic meal detection using various devices have also
been proposed (43).

Fuzzy logic controllers

Fuzzy control systems take a set of inputs and apply
conditional logic to produce an output control that
is often based on “expert” opinion. Several such sys-
tems have been implemented for closed-loop glucose
control. The inputs to these systems are CGM data and
some of their derivatives, and the output is a dose of
insulin to be delivered. MD-Logic, a proprietary
implementation by Phillip and colleagues, has been
shown to mitigate nocturnal hypoglycemia and in-
crease time in the range of 9o to 140 mg/dL (5.0 to
7.8 mmol/L) (44). MD-Logic provides correction
boluses in real time, which is now being tested on the
Medtronic 670G pump. Another system, reported by
Mauseth et al (45), used current glucose, glucose
velocity, and glucose acceleration to deliver insulin
based on clinician expert opinion (45). A very basic
example of a fuzzy-logic control system is illustrated in
Fig. 3.

Overview of Current Controllers and
Controller Configurations

Closing the loop: specific system configurations

In an automated insulin delivery system there are
multiple configurations for the functions of an insulin
pump (see Fig. 4):

1. The pump can be a “servant” that reliably exe-
cutes commands of a remote controller that has
the algorithm to determine insulin doses (such
as a smart phone or a dedicated controller). In
hybrid automated insulin delivery, the meal
boluses would be entered on the remote con-
troller [Fig. 4(a)].

2. All interaction remains on the pump, but two-
way communication with a remote controller
(such as a smart phone or dedicated controller)
adjusts insulin delivery on the pump based on
CGM data. In hybrid automated insulin delivery,
the meal boluses are entered on the pump and
these data are received on the controller [Fig.
4(b)].

3. The algorithm for controlling insulin doses re-
sides on the pump. In this configuration the
pump receives the CGM data directly and does
not communicate with another device [Fig. 4(c)].

4. The algorithm for controlling insulin doses re-
sides on the pump and the pump receives the
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CGM data directly, but the pump also com-
municates with a remote device (such as a
smartphone). In this configuration the sensor and
pump data could be displayed remotely and could
be sent to the cloud for real-time analysis, which
could allow long-term adaptability of the algo-
rithm [Fig. 4(d)].

Independent microcontroller with independent
insulin pump and sensor
Early and DIY systems use a CGM that can send data
remotely to a separate microcontroller (computer,
tablet, smartphone, or system on a chip) and a separate
insulin pump that can be commanded by the same
microcontroller. One of the first platforms developed
by Dassau for multiple academic groups to use in
testing algorithms was the artificial pancreas system. It
was run on a personal computer under MATLAB and
could be configure to work with Dexcom or Navigator
sensors driving an OmniPod pump and could be used
to test PID, MPC, and fuzzy logic algorithms (46). The
University of Virginia Diabetes Assistant (DiAS)
system utilizes a Dexcom sensor, Tandem or Roche
Spirit Combo insulin pump and an Android smart-
phone controller with the ability to communicate with
both CGM and pump (47). Systems using a smart-
phone allow for remote monitoring of sensor values
and insulin boluses. Insulet recently tested their model
predictive control algorithm using a tablet that re-
ceived data from a Dexcom sensor transmitting
wirelessly to a Dexcom receiver wired to a tablet and
transmitting wireless to the OmniPod personal di-
abetes manager, and then to the OmniPod pump (48).
The ultimate goal is for sensors to communicate di-
rectly with the pump and the pump to have Bluetooth
connection to a smartphone for remote monitoring.
The #WeAreNotWaiting DIY movement is fo-
cused on empowering the diabetes community by
providing tools to use existing devices and data to
improve health outcomes. Several open-source plat-
forms have been developed to provide artificial pan-
creas technology that is not FDA approved. One
such system, OpenAPS, utilizes a system on a chip
running a Linux variant with wireless capabilities.
CGM data are transmitted via Nightscout and com-
mands are issued to a pump (49). The Nightscout
project puts CGM data on a personal Web site,
through a variety of interfaces depending on the specific
CGM system (50). Loop is another DIY artificial
pancreas system that utilizes an iOS device to acquire
Dexcom data and issues commands to an insulin pump
through a Bluetooth bridge. The Dana Diabecare R is an
insulin pump that can be issued commands directly
over Bluetooth. The DIY AndroidAPS system makes
use of an Android phone, acquiring CGM data
through a variety of software methods and can issue
commands directly to the Dana pump.

doi: 10.1210/er.2018-00174

These hardware implementations allow for rapid
prototyping and testing of new control systems in the
research setting. Often the microcontroller running on
this type of setup is far more powerful than what could
be placed on an integrated circuit within the existing
devices. DIY systems that combine existing proprietary
hardware must often rely on this configuration to
allow interoperability of several devices. The major
problem with these systems is their reliance on
multiple hardware components and resultant com-
munication errors. When any single piece is in-
operative, or there is any lack of communication
between devices, the whole system fails.

Integrated systems with algorithm on the insulin
pump and a separate sensor

After initial algorithm design has been performed on a
general purpose microcontroller, the code is often
ported to a specialized integrated circuit that is part of
the insulin pump system. If the pump manufacturer
does not produce the glucose sensor, data must be
communicated from the CGM to the pump/
controller. Insulet and Tandem are currently in-
vestigating such systems that pair with the Dexcom
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Figure 2. Status screen for Loop, an open-source DIY MPC that runs on Apple iOS. Glucose values
received from the CGM are denoted with dots, and the dashed lines reflect the predicted glucose
dependent on active insulin and active carbohydrates modeled in the graphs below. The system
alters insulin delivery in an effort to keep the eventual glucose within target (reflected by the
shaded blue area in the glucose graph). BG, blood glucose; COB, carbohydrates on board; DIA,

duration of insulin action; 10B, insulin on board.
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CGM via Bluetooth, and Bigfoot Biomedical is working
with the Abbott FreeStyle” Libre™. These systems
encourage collaboration between sensor and pump
manufacturers. Indeed, the Dexcom G6 was labeled as
an iCGM system used to describe CGM that reliably
and securely transmits measurements to digitally
connected devices (51). Likewise, Tandem is seeking
approval for an integrated insulin delivery (iPump)
system (ACE pump) that would allow for interopera-
bility with a variety of closed-loop systems (29).

Fully integrated with sensor, pump, and algorithm
on one device

A fully integrated system includes sensor and pump
that communicate seamlessly and are built to work
together. Medtronic is currently the only pump
manufacturer producing their own sensors. The
Medtronic 670G system has controller hardware in-
side the pump and utilizes proprietary communication
with their CGM transmitter. The benefits of such a
design are assured interoperability, optimization of
power usage, and interface and communication be-
tween devices. Although reliable, the operation of this
system is less transparent to the end user. Theoretical
benefits of this type of system are software updates or
customizations that can carry over to all hardware.
Although not currently implemented, the same hard-
ware may be optimized for level of aggressiveness or age
of the patient, offering a unique experience depending
on the user.

In automated hybrid insulin delivery systems the
basal rates are adjusted in real time based on CGM data
and meal boluses are provided by the patient. Cor-
rection doses for high glucose may be given by the
automated insulin delivery system or may require user
input. Some of the features of a standard insulin pump
may be lost with automated insulin delivery systems. In
the first commercial automated insulin delivery system,
the Medtronic 670G, it is not possible to give extended
boluses or to adjust basal insulin delivery, however the
glucose set point can be raised for activity. To be ef-
fective this change in set point for exercise should be
done 30 to 90 minutes before onset of activity.

IP systems

Beginning in the 1970s, several groups added insulin to
dialysate in patients with diabetes undergoing peri-
toneal dialysis (52-54). IP insulin delivery results in

BG rate Negative Zero Positive
_ High 100% basal 150% basal 200% basal
é Normal 75% basal 100% basal 125% basal
= Low 0% basal 0% basal 50% basal

Figure 3. A simple fuzzy logic controller using current blood glucose (BG) level and rate of change

in blood glucose.
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faster drug pharmacokinetics and pharmacodynamics.
By the early 1980s, the peritoneal route of insulin
delivery was used in those with diabetes not receiving
concurrent peritoneal dialysis. In these patients, a
catheter was placed percutaneously 5 to 7 mm into
the peritoneum and connected to an externally worn
pump (55-58). Implanted pumps manufactured by
Siemens, Infusaid, and MiniMed soon followed (59).
The last implanted IP pump manufactured was the
Medtronic MIP 2007. This pump was combined with
an IV glucose sensor for full closed-loop control but
had limited performance due to the newly developed
sensor (60). Subsequent studies combined the implanted
pump with a subcutaneous sensor and demonstrated
greater time in range during closed loop with a PID
controller vs open loop (61). The most recent studies
have used the Accu-Check DiaPort peritoneal catheter
that connects to an external insulin pump and a sub-
cutaneous CGM. Using a zonal MPC controller, Dassau
et al. (62) demonstrated superior full closed-loop control
using the IP system with regular insulin vs a subcuta-
neous system with fast-acting insulin analog. Addi-
tional research in control theory, insulin, and sensor
kinetics is required to develop fully closed-loop
implanted insulin delivery.

First-Generation Hypoglycemia Prevention and
Overnight Controllers

In the DCCT, 55% of severe hypoglycemic events oc-
curred at night (63), and in children 75% of seizures
occurred overnight (64). As of 2015, 6% of T1iD Ex-
change Clinic Registry participants reported having
experienced a seizure or loss of consciousness due to
hypoglycemia in the prior 3 months (11). Fear of hy-
poglycemia limits therapy intensification efforts and can
adversely affect the lives of patients with type 1 diabetes
and their families (65). Using real-time continuous
glucose monitoring, people with diabetes can monitor
their glucose values frequently during the day and
respond to alarms for hypoglycemia and hyperglycemia.
When they are sleeping, however, they fail to awaken to
71% of nocturnal alarms (66). In a randomized trial in
children and adults with 36,467 nights of CGM data, the
glucose level was <60 mg/dL (3.3 mmol/L) for at least
10 consecutive minutes on 8.5% of nights, and on 23%
of those nights, the duration was >2 hours (67). There
is a greater frequency of severe hypoglycemia during
sleeping than during waking hours (63, 64, 68). Pro-
longed nocturnal hypoglycemia may result in the “dead-
in-bed” syndrome, which is possible due to cardiac
arrhythmias triggered by hypoglycemia and/or associ-
ated hypokalemia (69). One of the obvious first uses of
an automated insulin delivery system was to decrease
the incidence of nocturnal hypoglycemia by stopping
insulin delivery when there is low blood glucose
(threshold suspend). These systems were successful in
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Figure 4. Automated insulin delivery configurations, with representative systems. (a) University of Virginia Diabetes Assistant (DiAS) (left): The
user interacts only with the controller (Android phone). In this system all communication occurs through native Bluetooth without the need for any
intermediary devices. Loop (right): The user interacts exclusively with the controller (iPhone) where he or she enters meal information. In this case,
the iPhone commands the insulin pump through a Bluetooth-to-radio bridge known as the RileyLink. (b) Open Artificial Pancreas System

(OpenAPS): The user interacts with the pump where he or she enters meal information. The “black box” modulates delivery based on data received
from CGM and pump. (c) Medtronic 670G: The user interacts exclusively with the pump where he or she enters meal information. The pump is in
direct communication with the proprietary sensor and holds the control algorithms. (d) OmniPod Horizon (planned future configuration): The user
interacts with the smartphone where he or she enters meal information. The smartphone, insulet “patch pump,” and CGM communicate with each
other directly via Bluetooth. The pump holds the control algorithms and data are sent from the smartphone to the cloud for additional services.
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reducing nocturnal hypoglycemia by 38% without an
increase in HbA1c levels (70). The next step in pro-
tection against hypoglycemia was to use a predictive
low-glucose suspend system. In 5332 randomized nights
of testing a predictive low-glucose suspend system in
patients with type 1 diabetes from 4 to 45 years of age,
the number of nights with glucose <60 mg/dL
(3.3 mmol/L) for >120 minutes was reduced by 60%
(11- to 45-year-olds) to 80% (4- to 10-year-olds) when
compared with nights when the system was not active
(71, 72). Medtronic Diabetes has a commercial pre-
dictive low-glucose suspend system (640G) (73-76). It
has been tested in two randomized clinical trials in
children and adolescents (77, 78), and in both trials
there was an ~40% decrease in the time <65 mg/dL
(3.6 mmol/L) and <54 mg/dL (3.0 mmol/L). In both
studies, however, there were mild increases in hyper-
glycemia, although HbA1c levels were not increased
during 6 months (78). Tandem Diabetes has also
evaluated a predictive low-glucose suspend algorithm,
which showed a 31% reduction in percent CGM
time <yo mg/dL (3.9 mmol/L) without a signif-
icant increase in hyperglycemia (79). They re-
ceived FDA approval for this algorithm (Basal-1Q)
on their pump in June 2018, and it was released to
patients via a downloadable upgrade to their
existing pumps that can be performed at home.
Tandem’s Basal-1Q pump works with the factory-
calibrated Dexcom G6 sensor.

The next step in overnight glucose control was to
minimize both hypoglycemia and hyperglycemia with
automated insulin delivery. In one of the first major
publications for automated insulin delivery, Phillip
et al. (80) demonstrated in a diabetes camp that au-
tomated insulin delivery decreased overnight hypo-
glycemia and hyperglycemia when compared with
sensor-augmented pump therapy without automated
insulin delivery. The Cambridge group, led by Roman
Hovorka, subsequently demonstrated in a randomized
controlled outpatient trial without remote monitoring
that automated insulin delivery significantly decreased
both hypoglycemia and hyperglycemia and improved
mean glucose values when compared with sensor-
augmented pump therapy without automated in-
sulin delivery (81). The same group subsequently
conducted a 3-month randomized in-home closed-
loop study for children and adolescents and again
demonstrated significant improvements in overnight
hypoglycemia and hyperglycemia, as well as increased
time in range [70 to 145 mg/dL (3.9 to 8.0 mmol/L)],
compared with sensor-augmented pump therapy (82).
However, without automated insulin delivery during
the day, there was no improvement in HbA1c.

These studies have demonstrated that automated
insulin delivery at night, whether by threshold sus-
pend, predicted low-glucose suspend, or hybrid closed
loop, can significantly decrease the risk for nocturnal
hypoglycemia. Additionally, the hybrid closed-loop

Lal et al Closed-Loop System in Treatment of Type 1 Diabetes

systems significantly improve time in range and
fasting glucose values. Subsequent studies described
below have used hybrid closed-loop control 24/7 to
not only improve nocturnal glycemic control, but also
to improve daytime glycemic control. As an example,
Hovorka and colleagues (83) have subsequently
conducted a 3-week cross-over study of day-and-night
closed loop in suboptimal controlled adolescents and
showed a significant improvement in time in range, as
well as decreased hyperglycemia and an improved
mean glucose. Using the same algorithm but a new
hardware configuration with an Android phone and a
640G pump, they conducted a 3-month study showing
improved HbA1c levels of 7.4% compared with 7.7% in
the closed-loop group when compared with the
sensor-augmented pump group, improved time in
range [70 to 180 mg/dL (3.9 to 10 mmol/L)] of 65%
compared with 54%, and a lower time <7o mg/dL
(3.9 mmol/L) of 2.6% compared with 3.9% (84). In the
subsequent section we have provided a table of 24/7
hybrid closed-loop control studies showing mean glu-
cose values, time in range, and percent time <7o mg/dL
(3.9 mmol/L) when these measurements were reported
in the study outcomes.

24/7 Closed-Loop Control

Trials testing the efficacy and safety of the closed-
loop systems have progressed from initial studies in
adults to studies in adolescents and young children,
and from inpatient settings to transitional, super-
vised studies in camps, rental homes, and hotels to
free-range in-home and work environments with and
without remote monitoring by research staff. Hybrid
closed-loop systems automate insulin delivery based
on CGM glucose values that adapt daily but they
require user-initiated boluses for carbohydrates and/
or optional correction doses. Overall, closed-loop
systems typically reduce mean glucose, increase
time in range, and reduce the risk of hypoglycemia.
However, despite improved overnight and pre-
prandial glycemic control, postprandial glucose ex-
cursions remain challenging.

Insulin-only hybrid closed loop

Tables 3-6 (47, 48, 80-83, 85-108) include the clinical
trials testing insulin-only closed-loop systems. In ad-
dition to considering methodological differences, these
studies were written prior to the development of
standardized glycemic outcomes. We have therefore
denoted when median instead of mean values were
used and when the currently accepted standards for
time in range and hypoglycemia thresholds were not
used. Some of the study designs did not include a
control arm and compared the results to the partic-
ipants” baseline information using their usual care
system. With enrollment into a study there can often
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be a significant improvement in glucose control during
the “run-in” phase (84), and many studies did not
incorporate a “run-in” period. Remote CGM is an
important factor that may affect outcomes depending
on when the remote monitor intervenes. We have
therefore separated the results of the studies to those
with and without remote monitoring,.

Bihormonal hybrid closed loop
The current sensor-augmented pump technology and
insulin-only closed-loop systems allow for temporary
insulin suspension when a patient’s blood glucose is
trending toward, or is already in, the hypoglycemic
range. Such measures can reduce the rate of hypo-
glycemic episodes compared with standard pump
therapy. However, because even the most rapid-acting
insulin has relatively slow absorption, an insulin
suspension system cannot halt the actions of pre-
administered insulin, which may continue to lower
blood glucose even when the patient is already
trending toward hypoglycemia. Thus, although insulin
suspensions may help reduce the severity and duration
of hypoglycemia, they will not always be successful in
preventing hypoglycemia (109). Within a year of type 1
diabetes diagnosis there is a loss of the glucagon re-
sponse to hypoglycemia as well as a dysregulation of
glucagon secretion with high levels immediately after a
meal and decreased secretion of glucagon when the
glucose is falling in the latter stages of a meal (110).
Dual-hormone closed-loop delivery systems have
been proposed to provide more physiologic islet cell
replacement (111-114). These systems combine sub-
cutaneous insulin and glucagon delivery by pump to
turther reduce the risk of hypoglycemia. These
bihormonal (also known as dual-hormone) closed-
loop systems deliver subcutaneous glucagon when
hypoglycemia is detected or predicted. Bihormonal
systems can be adjusted to administer insulin in the
same way as insulin-only closed-loop systems or more
“aggressively,” anticipating that glucagon may mitigate
insulin over delivery (115). A dual-hormone system
will allow a lower average glucose concentration with a
lower risk of hypoglycemia because aggressive insulin
delivery can be countered with glucagon. The re-
quirement for a second infusion pump makes the
bihormonal systems more complicated. The infusion
set and the glucagon cartridge need to be replaced
daily because the current glucagon preparations are
unstable in the infusion sets after 24 hours (116).
Potential cytotoxic amyloid fibril formation of glu-
cagon in aqueous solution, pump, and infusion set
occlusions limits the usage of glucagon in bihor-
monal systems (117). Stable and novel formulation of
glucagon for a dual-hormone pump is key to the
development of bihormonal closed-loop systems
(116, 118). Long-term safety studies are required to
evaluate the effect of glucagon on the liver and
cardiovascular system and to assess long-term

doi: 10.1210/er.2018-00174

tolerability. Increased glucagon delivery might also be
associated with increased gastrointestinal symptoms
such as nausea or vomiting. Longer-term studies are
required to compare the usage of glucagon in terms of
dosage and timing in addition to the potential side
effects. A summary of outcomes of bihormonal systems
(119) is provided in Table 7 (33, 34, 120-130).

Full closed-loop systems
A fully automated closed-loop system should not
require meal or physical activity announcements to
the algorithm, and it would significantly reduce the
burden of diabetes. Short-term studies [see Table 8
(131-137)] have shown that a fully automated system
can improve glycemic control and decrease hypogly-
cemia. However, ideal glycemic control following
unannounced meals is not feasible with the current
delays associated with subcutaneous insulin delivery.
There have been several systematic reviews and
meta-analysis of randomized trials comparing artificial
pancreas systems with conventional pump therapy in
outpatient settings in adults and children with type 1
diabetes. In a review in 2017 by Weisman et al. (138),
they made 27 comparisons from 24 studies, which
included 585 participants. Use of artificial pancreas
systems resulted in a robust 12% greater time in blood
glucose target range [70 to 180 mg/dL (3.9 to 10 mmol/
L)], which is equivalent to a reduction in HbA1c by a
minimum of 0.3% (3.3 mmol/mol) and reduced the
percent of time in hypoglycemia [<70 mg/dL
(3.9 mmol/L)] to 2.45%, a 50% reduction when
compared with the control group (138). In a review
and meta-analysis by Bekiari ef al. (139) in 2018, they
made 44 comparisons from 4o studies that included
1027 participants. Use of artificial pancreas systems
resulted in a 9.6% increased time in the target blood
glucose range [70 to 180 mg/dL (3.9 to 10 mmol/L)],
which is equivalent to a reduction in HbA1ic by
a minimum of 0.3% (3.3 mmol/mol) and reduced
the percent of time in hypoglycemia [<70 mg/dL
(3.9 mmol/L)] by 1.34% or ~20 minutes each day
when compared with the control group. In both meta-
analyses improvement in overnight glucose control
was very significant, and the greatest improvements in
control were seen overnight.

Timeline of selected achievements in the field of
automated closed-loop systems

To provide a perspective on these studies, we present a
timeline of some selected publications and milestones
in the development of automated insulin delivery in
Fig. 5. The first artificial pancreas used for research
and inpatient patient care was developed in 1972.
It used continuous withdrawal of blood for glucose
measurements and IV insulin and glucose infusions to
reach a glucose set point (140, 141). This system
became a commercial product, the “Biostater,” which
has been used in >200 publications and is still used

https://academic.oup.com/edrv

“...automated insulin delivery
has advanced from closely

monitored research studies to

become the standard of care
for subcutaneous insulin

delivery.”
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Table 3. Insulin-Only Closed-Loop Inpatient Studies

System
Inpatient studies

MD-Logic 2012 (85)"

Medtronic 2012 (86)

Medtronic 2015 (87)

Medtronic 2016 (88)"

DiAs-MMPC algorithm
2017 (47)

Insulet 2018 (48)

Average Glucose = SD [mg/dL (mmol/L)]

Study Outcomes: Closed Loop vs Open Loop

% CGM Time 70-180 mg/dL

% CGM Time <70 mg/dL
(3.9 mmol/L)

<63 mg/dL (3.5 mmol/L)

0% vs 7%

No control

PID + IFB 2%

PID 9%

No control

2% during the day
No control

0%

<50 mg/dL (2.8 mmol/L)
Inpatient: 0.05%

Hotel: 0.2%

Open loop: 0.4%

n or Median (IQR1, IQR3) (3.9-10.0 mmol/L)
7 CGM 122 =+ 16 (68 = 09) 63-140 mg/dL (35-7.8 mmol/L)
Glucose meter 83% vs 34%
129 + 12 (72 * 07) vs 160 * 57 (89 =* 32)
4 No control No control
PID + IFB: 153 * 54 (85 * 3.0) PID + IFB 70%
PID: 133 = 56 (74 = 3.1) PID 73%
8 No control No control
152 *= 54 (84 = 3) 67.6% during the day
16 Not reported No control
70-150 mg/dL (3.9-8.3 mmol/L)
63%
10 Inpatient: 142 (7.9) Inpatient: 78%
Hotel: 152 (8.4) Hotel: 73%
Open Loop: 160 (8.9) Open Loop: 62%
58 No control (vs prior open loop) No control (vs prior open loop)

Adults: 1615 *+ 201 (89 * 1.1) vs 155 + 226
(86 = 13)

Adolescents: 1534 + 216 (85 * 12) vs 1653 *
283 (92 * 16)

Pediatrics: 1569 = 204 (8.7 = 1.1) vs 160.7 =
211 (89 % 12)

We use italics when our standards for time in range and hypoglycemia thresholds were not used.
Abbreviations: IFB, insulin feedback algorithm; IQR, interquartile range; MMPC, modular model predictive control.

a0vernight glycemic outcomes.
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today for glucose clamp studies, although there is no
longer commercial support for the system. With the
development of subcutaneous insulin delivery by in-
fusion pumps, and the ability to measure glucose
subcutaneously, ambulatory outpatient automated in-
sulin delivery became feasible. These systems were first
tested in inpatient settings using laptop computers (131)
and then moved to closely monitored outpatient studies
and then longer outpatient studies without remote
monitoring. Initially, commercial systems were designed
to prevent hypoglycemia by suspending insulin delivery
based on the sensor glucose, and then based on pre-
dicted hypoglycemia. As the subcutaneous sensor ac-
curacy improved, these systems were able to mitigate
both hyperglycemia and hypoglycemia. Now all future
insulin pumps will incorporate automated insulin

Lal et al

Adults: 69.5% vs 63.8%

Adolescents: 72.6% vs 60%

Pediatrics: 70.1% vs 63.5%

Closed-Loop System in Treatment of Type 1 Diabetes

No control (vs prior open loop)

Adults: 0.7% vs 5.2%
Adolescents: 2% vs 3.5%

Pediatrics: 2% vs 3.2%

delivery, and this has become the new standard of care
for subcutaneous ambulatory insulin pump therapy.

Adjunctive Therapy Integrated Into Closed-
Loop Control

As discussed below, the addition of other medications
may improve time in range while using a closed-loop
system. These gains must be balanced against the
additional burden placed on patients in administering
additional agents.

Pramlintide

Pramlintide, a synthetic analog of amylin, is another
protein therapeutic agent used to control blood glu-
cose levels. Amylin is a protein that is cosecreted with
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insulin from pancreatic 8-cells and is also absent in
type 1 patients with diabetes (142). Amylin slows
gastric emptying, suppresses the mobilization of gly-
cogen stores by inhibiting glucagon excretion, and
prolongs fullness. Pramlintide reaches peak serum
concentrations in 20 minutes and has been shown to
reduce postprandial spikes in blood glucose more
effectively than insulin alone (143). In 2012, Weinzimer
et al. (144) assessed the effect of 30 pg of pramlintide
subcutaneously before meals with a PID closed-loop
system vs closed loop alone. Eight adolescent and young
adults with type 1 diabetes used the closed-loop device
alone for 24 hours followed by 24 hours with
the pramlintide intervention. There was a statistically
significant reduction in time-to-peak blood glucose
from 2.5 * 0.9 hours to 1.5 = 0.5 hours and decreased
glycemic excursion from 113 * 32 mg/dL (6.3 =
1.8 mmol/L) to 88 = 42 mg/dL (4.9 * 2.3 mmol/L)

with pramlintide. During the 2018 American Diabetes
Association meeting, Haidar presented clinical trial
data in which adults underwent three 24-hour in-
patient experiments with automated insulin delivery
and the time in range [70 to 180 mg/dL (3.9 to
10 mmol/L)] with regular insulin and pramlintide was
72%, with rapid-acting insulin and pramlintide was
85%, and with rapid insulin alone was 71% (145). In
these studies, the pramlintide and insulin were infused
through separate insulin infusion pumps because of
pH incompatibility. Pramlintide, which is formulated
at pH 4, cannot currently be coformulated with insulin
owing to poor stability at pH 7.13. A coformulation of
insulin and pramlintide has the potential to reduce
patient burden and allows for the adoption of re-
placement therapy that more closely mimics endoge-
nous hormone secretion from the B-cell for improved
glycemic control. There are several companies working

Table 4. Insulin-Only Closed-Loop Transitional Studies Conducted in Camp, Hotel, or Airbnb Settings

Average Glucose =SD [mg/dL (mmol/L)] % CGM Time 70-180 mg/dL % CGM Time <70 mg/dL
System n or Median (IQR1, IQR3)

Transitional studies <48 h

MD-Logic 2013 (80)" 54 1264 (115.7-139.1) [7 (64-93)] vs 1404
(105.7-1674) [7.9 (5.9-93)]

44 hvs 28 h
DiAs 2014 (89) 6 Not reported 94.8% Vs 682%
DiAs 2014 (90)" 20 147 * 34 (82 % 19) vs 146 £ 42 70-150 mg/dL (3.9-83 mmol/L)  Not reported
(81 =+ 23)
62% vs 55%
DiAs 2014 (91) 18 1613 * 249 (90 % 0.1) 66.1% vs 70.7%

Study Outcomes: Closed Loop vs Open Loop

(3.9-10.0 mmol/L)

Time reported, rather than percent

vs 1521 %+ 244 (84 = 0.1)

Transitional studies >48 h

MD-Logic 2014 (92)° 15 1335 (123.9-1458) [74 (6.9-8.1)] vs 130
(113.1-1524) [7.2 (63-85)]

DiAs 2015 (93)° 10 1390 (123-158) [7.7 (68-88)] vs 1703

44 hvs31h

85.4% vs 59.1%

(133-200) [9.5 (74-11.1))

DiAs 2016 (94) 33 143 % 3 (79 % 02) vs 156 = 5 78.6% Vs 65.4%
(87 =+ 03)

DiAs 2016 (95) 30 169 * 23 (94 * 13) vs 147 = 23 56.8% vs 63.1% 2% vs 6.7%
(82 = 13)

Medtronic 2015 (87) 21 Reported on daily basis 69.9% vs 73.1%

Medtronic 2016 (88)° 21 132 (119-144) [7.3 (66-80)] vs 128 79.9% vs 60%

(115-141) [7.1 (64-78))]

Medtronic 2016 Android-based 9 No control
hybrid closed loop (96)

80% 0.79%

145 * 43 (80 * 2.4)

We use italics when our standards for time in range and hypoglycemia thresholds were not used.

Abbreviation: IQR, interquartile range.
a0vernight glycemic outcomes.
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https://academic.oup.com/edrv

(3.9 mmol/L)

1.25% vs 11.9%

0.7% vs 1.25%

Time reported, rather than percent  Time reported, rather than
percent 3.8 min vs 48.7 min

0.55% vs 1.56%

1.8% vs 42%

Not reported

54% vs 19.5%

70-140 mg/dL (3.9-7.8 mmol/L)  Time reported, rather than percent
7.6 min vs 164 min
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Table 5. Insulin-Only Closed-Loop Outpatient Studies With Monitoring (Participants’ Glucose Data Monitored in Real Time Remotely by Study Providers)

Study Outcomes: Closed Loop vs Open Loop

Average Glucose = SD [mg/dL (mmol/L)]

System n or Median (Interquartile Range)

Outpatient studies <2 wk with monitoring

Medtronic 2015 (97) 8 1584 % 558 (88 =* 3.1) vs 1656 *+ 612
(92 + 34)
Medtronic 2017 (98) 9 152 * 14 (84 £ 08) vs 144 *= 15 (80 = 08)
Medtronic 2017 (98) 15 153 £ 17 (85 % 09) vs 171 % 30 (95 = 17)
Android hybrid closed loop 2016 (99) 28 144.1 £ 189 (8.0 % 10) vs 142.1 £ 243
(79 * 13)
Outpatient studies 2 wk—3 mo with monitoring
MD-Logic 2074 (100)" 24 14772 * 1584 (82 % 09) vs 16128 = 251
(90 * 14)
DiAs 2016 (101) 30 153 + 12 (85 * 07) vs 157 * 18 (87 = 1.0)

DiAs 2015 (102) 32 1602 * 9 (89 * 05) vs 1638 = 9 (9.1 * 05)

Outpatient studies >3 mo with monitoring

DiAs 2017 (103) 14

We use italics when our standards for time in range and hypoglycemia thresholds were not used.
dlndicates overnight glycemic outcomes.

on coformulation of a rapid-acting insulin with
pramlintide. Adocia presented data at the 2018 Eu-
ropean Association for the Study of Diabetes meeting
in Berlin using a coformulation of 10 U of lispro with
60 wg of pramlintide that resulted in a 97% reduction
in postprandial glucose excursions for the first 2 hours
compared with lispro alone.

Glucagon-like peptide-1 agonists

Glucagon-like peptide-1 (GLP-1) agonists slow gastric
emptying, enhance satiety, reduce postprandial glu-
cagon, and increase glucose-dependent insulin se-
cretion (in those with intact endogenous insulin
production). A 2016 study compared prandial glyce-
mic excursions with pramlintide and the GLP-1 ag-
onist liraglutide in a PID closed-loop controller. With
30 pg of pramlintide given subcutaneously before
meals there was a statistically significant reduction in
time-to-peak blood glucose from 2.9 % 0.9 hours to
1.6 £ 0.5 hours, a 39% decrease in peak postprandial
glucose, and a 40% decrease in area under curve for
pramlintide. With 1.8 mg of daily subcutaneous lir-
aglutide there was no decrease in time-to-peak blood
glucose but a statistically significant 22% reduction in
peak postprandial glucose and a 39% decrease in area
under curve. Liraglutide therapy also led to a weight
loss of 3.2 £ 1.8 kg after 4 weeks (146).
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% CGM Time 70-180 mg/dL
(3.9-10.0 mmol/L)

67.4% vs 61.0%

72% vs 68%

70% vs 55%

70-140 mg/dL (3.9-7.8 mmol/L)

59.4% vs 532%

72.87% vs 52.72%

% CGM Time <70 mg/dL
(3.9 mmol/L)

<60 mg/dL (3.3 mmol/L)
0.54% vs 1.13%

2% vs 7.6%

25% vs 2.7%

<72 mg/dL (4.0 mmol/L)

0% vs 0%

2.53% vs 5.16%

149 * 108 (83 * 06) vs 155 + 198 (86 = 1.1)

Closed-Loop System in Treatment of Type 1 Diabetes

73% vs 65% 1.7% vs 4.1%

63.7% vs 59.4% 2.6% vs 3.6%

77% Vs 66% 1.30% vs 4.1%

Another study by Ilkowitz et al. (147) performed a
closed-loop study among 15 adult patients with type 1
diabetes. They found that 1.2 mg of liraglutide vs closed-
loop control alone decreased the average blood glucose
from 160 = 51 mg/dL (8.9 * 2.8 mmol/L) to 145 *
36 mg/dL (8.0 = 2.0 mmol/L) and decreased areas
under the curve after breakfast and lunch without in-
creasing the incidence of hypoglycemia (147).

Barriers to Full Closed Loop

Delayed insulin absorption and prolonged
insulin action

Insulin analogs

The greatest challenge for full closed-loop control is
the pharmacokinetics and pharmacodynamics of
rapid-acting insulin. Without announcing meals,
current systems require a glucose change to start
delivering insulin. The longer the onset of insulin
action, the more difficult it is to act on a rapidly
changing glucose (148). Insulin analogs have been
available in the United States since the approval of
lispro in 1996. Approved rapid-acting insulin analogs
(lispro, aspart, and glulisine) and have been shown to
reduce rates of hypoglycemia and decrease HbA1c in
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those with diabetes (149, 150). The ideal fast-acting
insulin would instantly correct a rising blood sugar.

Novo Nordisk received FDA approval for a fast-acting
insulin aspart (Fiasp) in September 2017. It contains the
excipients niacinamide and t-arginine hydrochloride.
Recent publications have demonstrated small [0.1%
(1.1 mmol/mol)] but significant (P = 0.0424) decreases in
HbA1c and 1-hour postprandial plasma glucose levels
among 381 subjects with type 1 diabetes (151) using
MDIs. When used in an insulin pump there is an ad-
ditional improvement in the pharmacokinetics and
pharmacodynamics of insulin aspart (152). Multiple trials
are underway to investigate the effect of Fiasp on closed-
loop systems.

IP insulin delivery

IP insulin delivery results in faster drug pharmaco-
kinetics and pharmacodynamics, with peak insulin
efficacy 15 minutes after administration (153, 154) vs
82 minutes with subcutaneous insulin aspart and 57
minutes with subcutaneous Fiasp (152). The insulin is
absorbed through blood vessels of the visceral peri-
toneum and is detectable within the portal system 1
minute after administration (155). IP delivery partially
restores glucagon response to hypoglycemia and ex-
ercise (156-159). Additionally, there is long-term
evidence of increased IGF-1 concentrations closer to
reference populations without diabetes (160). Signif-
icant research on larger populations is needed to

elucidate the purported benefits of IP insulin with
closed-loop delivery.

Lived Experience of Automation: Role of
Human Factors

Excitement and enthusiasm for closed loop is driven
by the hope and promise of removing significant daily
burden of diabetes management (e.g., vigilance to
glucose levels, dietary intake, and physical activity) and
decreasing risk of complications via improved time
spent in the target glucose range. Stakeholders in
closed loop, including people with type 1 diabetes,
system developers, device manufacturers, and diabetes
care clinicians, presently face a challenge of balancing
this enthusiasm with the practical limitations of early
generation systems, as noted earlier in this review. Our
experiences with multiple closed-loop systems and as-
sessment of the available data on the lived experience of
closed loop led us to conclude that two topics are worth
considering as the field evolves and matures: human
factors associated with diabetes device use and the lived
experience of automated insulin delivery (so far).

Human side of diabetes devices and technologies

“The best predictor of future behavior is past behavior”
(161) can be adapted for diabetes devices to note that
the best predictors of future use are predictors of past

Table 6. Insulin-Only Closed-Loop Outpatient Studies Without Monitoring (Free-Living Without Direct Supervision or Real-Time Remote Monitoring)

Average Glucose = SD (mg/dL (mmol/L))
or Median (Interquartile Range)

System n
Outpatient studies <2 wk without monitoring
Florence 2014 (104) 17 146 * 18 (8.1 = 10) vs 158

Florence 2016 (105) 12
(101 % 13)

Outpatient studies 2 wk—3 mo without monitoring

Florence 2014 (106) 24 148 = 16 (82 % 09) vs 162

Florence 2014 (81) 16 137 = 32 (76 = 1.8) vs 151
Florence 2015 (82) 58 157 £ 19 (87 = 1.1) vs 168
Florence 2016 (83) 12 157 = 16 (8.7 %= 09) vs 189

Outpatient studies >3 mo without monitoring

Medtronic 2016 (107) 124
(83 £ 1.3) (baseline)

Medtronic 2018 (108) 31 Not reported

1566 + 198 (87 = 1.1) vs 1818 * 234

1508 * 137 (84 * 08) vs 1502 * 22.7

Study Outcomes: Closed Loop vs Open Loop

% CGM Time 70-180 mg/dL
(3.9-10.0 mmol/L)

+ 18 (88 = 10)  75% vs 62%

72% vs 53%

+23(90 £ 13)  732% vs 612%

+ 52 (84 = 29) 85% vs 69%

+28 (93 * 16)  68% vs 57%

+32(105 £ 18)  66.6% vs 47.7%

722% vs 66.7%

67.4%-69% vs 553% (Time in range was
reported for four 7-d time points: days
=7,

22-28, 50-56, and 78-84)

% CGM Time <70 mg/dL

(3.9 mmol/L)

3.7% vs 50%

29% vs 1.7%

1.8% vs 2.1%
0.9% vs 1.4%
2.9% vs 3%

4.3% vs 2.4%

33% vs 59%

Not reported

We use italics when median instead of mean values were reported and when the currently accepted standards for time in range and hypoglycemia thresholds were not used.

doi: 10.1210/er.2018-00174

https://academic.oup.com/edrv
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Table 7. Bihormonal Closed-Loop Studies in Various Settings
Study Outcomes: Closed Loop vs Open Loop

A Glucose *+ SD [mg/dL (mmol/L
SEIESEREE [mg/dL (mmol/L)] ' M Time 70-180 mg/dL % CGM Time <70 mg/dL

System n Median (IQR1, IQR3) or Median (IQR) (3.9-10.0 mmol/L) (3.9 mmol/L)
Bionic Pancreas 2010 (33)” 6 Fast PK controller 140 = 9 (7.8 £ 05) Fast PK controller 74% Fast PK controller <1%
Slow PK controller 173 = 18 (9.6 % 1.0) Slow PK controller 56% Slow PK controller <1%
Bionic Pancreas 2014 (120)° 24 Meal priming 129 = 8 (72 = 04) Meal priming 80% 5.1% vs 3.6%
No meal priming 140 * 8 (7.8 = 04) No meal priming 70%
Bionic Pancreas 2014 (121) 20 Adults (no control group) 138 = 14 (7.7 = 08) Day 2-5 86.5% 4.8%
32 Adolescents 138 = 18 (7.7 = 1.0) vs 157 = 27 Day 2-5 86.9% vs 66.7% 2.6% vs 33%
(87 = 15)
Bionic Pancreas 2016 (122) 19 Day 2-5 1368 £ 108 (7.6 = 06) vs 1674 = 80.6% vs 57.6% <29% vs 6.1%
306
(93 + 17)
Bionic Pancreas 2017 (34) 43 1404 * 108 (7.8 £ 06) vs 162 * 288 (90 = 784% vs 619% <60 mg/dL (3.3 mmol/L)
16)

0.65% vs 1.9%

Inreda bihormonal closed 5 Not reported 60% vs 31% 11% vs 19%
loop 2010 (123)

Inreda bihormonal closed 10 1566 vs 162 (8.7 vs 9.0) (SD not reported) 61.2% vs 62.3% 4.1% vs 53%
loop 2012 (124)
Bihormonal: Oregon 7 153 (85) 73.10% 1.30%
University 2014 (125)
Inreda bihormonal closed 11 Day 1: 132 (40) [7.38 (2.23)] vs 149 (15) Day 1: 792% vs 67.2% Day 1: 21% vs 0.7%
loop 2014 (126) [827 (0.83)]
Day 2: 139 (41) [7.70 (229)] vs 159 (16) Day 2: 765% vs 66.0% Day 2: 0% vs 2.8%
[8:84 (0.87)]
Inreda Diabetic 2016 (127) 10 1332 (131.4-145.8) [7.4 (7.3-8.1)] vs 145.8 84.7% vs 68.5% 1.3% vs 24%
(1332-1674) [8.1 (74-93)]
Haidar 2013 (128) 15 140 + 20 (78 = 1.1) vs 142 =* 34 70.7% (46.4%—88.4%) vs 57.3 0.0% (0.0%-3.0%) vs 102%
(79 + 19) (25.2-718) (0.0%-13.0%)
Haidar 2015 (129) 25 1674 * 252 (93 *£ 14) 72-180 mg/dL (4.0-10 mmol/L) <72 mg/dL (4.0 mmol/L)
Single hormone: 1458 *+ 306 (8.1 = 17) Conventional 29% 34% (0-11.0) conventional therapy
Dual hormone: 1386 % 306 (7.7 £ 17) Single hormone 55% 3.1% (0.0-6.9) insulin only
Dual hormone 63% 0% dual hormone
Haidar 2016 (130) 28 Open Loop 121 (104-140) [6.7 (58-7.8)] 72-180 mg/dL (4.0-10 mmol/L) <72 mg/dL (4.0 mmol/L)
Single hormone 112 (104-122) [6.2 (58-6.8)]  Open loop 70% (58%-81%) Open loop 14% (4%—28%)

Dual hormone 112 (104-126) [6.2 (5.8-7.0)] Single hormone 91% (76%-97%)  Single hormone 5% (0%—13%)
Dual hormone 93% (81%—99%) Dual hormone 1% (0%—8%)

We use italics when our accepted standards for time in range and hypoglycemia thresholds were not used.

Abbreviation: IQR, interquartile range.

a“Fast PK Group”: Model parameters include a 33-min time-to-peak (tmnax) and 3.25-h time to 95% clearance (tgse). “Slow PK Group”: tnax of 65 min, tose, of 6.5 h.
bparticipants were randomized either to receive or not receive automatically adaptive meal-priming boluses.

use. Considering this framework, the future forecast  development of devices and digital health applications,
is less enthusiastic than most stakeholders pres-  as well as unparalleled access, yet uptake of the main
ently endorse. For example, there has been rapid  components of closed loop is low. CGM rates of use
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are increasing, but most show values below one-fourth
of the patient population (wide variation across
countries and clinics). Insulin pump use approaches
three-fourths of the patient population in many places,
again with wide variability. Smartphone uptake nears
80% of the general population, and a 2015 survey by the
Pew Research Center revealed that 62% used their
phone to search for health information. However, there
has been little sustained use for health and diabetes
apps. This is particularly relevant when closed-loop
system algorithms operate on a smartphone. So, what
are the reasons for low uptake of closed-loop com-
ponents and how can that knowledge be used to op-
timize uptake and sustain use of closed loop?
Through collaboration with the T1D Exchange
and Jaeb Center for Health Research, we explored
barriers to CGM and pump use with 1503 adults with
type 1 diabetes (162). In addition to reported cost
barriers, the most common modifiable barriers of
users and potential users were physical discomfort,
having to wear devices all the time, the way devices
look on the body, and worries about devices not
working correctly. For those users who stopped using
CGM or an insulin pump, they noted lack of ac-
curacy, nuisance from alarms, and mental burden as
reasons for discontinuing use. In addition to the
inspection of barriers, common “hidden” factors were
correlated with device use; those include psycho-
logical distress related to having type 1 diabetes (such
as diabetes distress), concerns about hypoglycemia,

Table 8. Full Closed-Loop Studies

Average Glucose *= SD [mg/dL

and attitudes about diabetes devices and technologies
(162, 163).

Related to this work is the concept of device
readiness, which we termed the degree to which a
person is ready to use diabetes devices. Our research
has revealed four personas of use based on statistical
clustering of human and behavioral factors (164). For
example, a “free ranger” who is being asked by the
diabetes care provider to consider CGM would likely
benefit from education on the device paired with some
type of simulation, whether that is wearing CGM on a
trial basis or leveraging other technology like virtual
reality. Experiencing CGM alarms and alerts and the
demands from continuous data will likely ease the
reluctant device user with negative technology atti-
tudes, whether it is real or virtual. Furthermore,
teaching problem-solving techniques (165) will help
this type of potential user to be ready and able to deal
with common device issues and failures. Stepping this
person up to closed loop may require another round of
simulation, expectation setting, and new problem-
solving techniques. The investment of upfront and
staggered support will show a return on investment of
sustained use and should contribute to optimized
glycemic outcomes.

As an example, we have recently completed a series
of studies with adolescents and adults using the Bionic
Pancreas, which does not require carbohydrate
counting, and the patient cannot give correction doses.
Our adolescent population was immediately grateful

Study Outcomes: Closed Loop vs Open Loop

% CGM Time 70-180 mg/dL

System n (mmol/L)] (3.9-10.0 mmol/L)
Steil 2006 (131) 10 133 * 52 (74 * 29) 75% Vs 63%

133 + 63 (74 *+ 35)
Medtronic 2008 (132) 17 HCL: 135 £ 45 (7.5 £ 25) 85%

FCL: 141 =% 55 (7.8 % 3.1)

MD-Logic 2010 (133) Not reported

73% vs 58%

Fuzzy logic controller 2013 (134) 3 Not reported 56.10%
DiAs 2012 (135) 38 sCTR: 1501 = 5.1 (83 % 03) SCTR: 74.4%

eCTR: 1202 *+ 51 (67 * 03) eCTR: 90.1%
MMPC 2013 (136) 39 132 + 47 (73 % 26) 80-180 mg/dL (44-10 mmol/L)

68%
Maseuth 2013 (45) 7 165 (9.2) (SD not reported) 65.00%
MMPC 2014 (137) 4 167 (9.3) cohort 1 (SD not reported) 62% cohort 1 (initial cohort)
6 142 (7.9) cohort 2 (SD not reported) 78% cohort 2 (revised algorithm)

We use italics when our accepted standards for time in range were not used.
Abbreviations: eCTR, enhanced control to range; FCL, full closed loop; HCL, hybrid closed loop; MMPC, modular model predictive control; sCTR, standard control to range.

doi: 10.1210/er.2018-00174

https://academic.oup.com/edrv

% CGM Time <70 mg/dL

(3.9 mmol/L)

Not reported

3%

0% vs 9%

1.40%

Not reported

2%

0.10%

0.1% cohort 1

2.1% cohort 2
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Figure 5. Timeline. Selected references of automated insulin delivery are noted across the timeline, with selected commercial
milestones highlighted across the top. CL, closed loop; JDRF, Juvenile Diabetes Research Foundation; SQ, subcutaneous.

Timeline of selected closed-loop advances

Pickup, First commercial JDRF artificial Commercial Commercial Commercial Dexcom G6 Commercial
first SQ insulin ~ SQ glucose sensor  pancreas project  threshold suspend predictive suspend  hybrid CL system SQ sensor predictive suspend
infusion pump Medtronic Medtronic 530G~ Medtronic 640G Medtronic 670G no calibration Tandem

1978 1999 2006 2013 2015 2017 2018 2018
Albisser, 1974 Steil, 2006 El-Khatib, 2010  Bergenstal, 2013 Thabit, 2015 Bergenstal, 2016 El-Khatib, 2017  Tauschmann, 2018
Diabetes Diabetes Care Sci Transl Med NEIM NEIM JAMA Lancet Lancet
IVinsulin, venous SQ sensor Vgnoug glucose, Threshold suspend Closed-loop Closed-loop Bihormonal Closed-loop
glucose and pump SQinsulin/glucagon
“Biostater” on laptop on laptop on pump on Android on pump on iPhone on Android
1 day 30 hours 27 hours 3 months 3 months 3 months 11 days 3 months
N=3 N=10 N =11 N = 247 N =58 N=124 N =43 N =86
2008 2013 2014 2017 2018
V) 2. 1 yy 1 1 1 1 )
I (4 T T e 1 1 1
1974 2000 2006 2010 2015 2016 2019
Shichiri, 1984 Weinzimer, 2008 Phillip, 2013 Russell, 2014 Kovatchev, 2017 Buckingham, 2018 Forlenza, 2018
Diabetes Diabetes Care NEIM NEIM DTT DTT Diabetes Care
SQ sensor IV insulin Hybrid vs . Bihormonal . . Patch pump -
and glucagon full closed-loop Closed-loop closed-loop Dl el lodig closed-loop Pt s
on laptop on laptop on iPhone on Android on tablet on pump
6 days 34 hours 1 night 5 days 6 months 8 days 6 weeks
N=5 N=17 N =56 N =52 N=14 N =58 N =100

that they no longer had to perform these tasks and
readily gave control over to the Bionic Pancreas
control algorithm. A number of adults with long-
standing diabetes who were very active in their di-
abetes management initially had difficulty relin-
quishing control to the Bionic Pancreas, that is, they
wanted to give correction doses, and they wanted to
have control of how much insulin was given at meals
based on their carbohydrate counts. After 4 to 5 days,
however, the adults who were initially hesitant to
relinquish control of their diabetes to the closed-loop
system were no longer apprehensive and were happy
to let the system take over a significant portion of their
diabetes tasks. All subjects in our closed-loop studies
have been very happy and grateful for the overnight
glucose control these systems have provided.
Although most of our work has focused on people
with type 1 diabetes, Tanenbaum et al. (166) surveyed
209 diabetes care clinicians about their perspectives on
patient barriers to diabetes device use. It was note-
worthy that clinicians perceived similar barriers for
their patients, as did the patients themselves in some

1538 Lal et al  Closed-Loop System in Treatment of Type 1 Diabetes

cases. For example, both reported common barriers of
not liking diabetes devices on the body as well as how
they look. What was more interesting was that there
was a significant mismatch between clinicians and
people with type 1 diabetes on whether they knew
what to do with information from devices; clinicians
saw it as a major barrier whereas few patients did. The
implication of this finding is that clinicians perceive an
information gap and likely recommend or offer more
education; however, that is unlikely to be what the
patient needs or wants. Although clinicians are often
the gatekeepers to diabetes devices and education is
necessary, it is unlikely that education is sufficient for
successful onboarding and sustained use.

There are notable systematic reviews of studies in
type 1 diabetes about diabetes device and app use
(167). In general, they support findings of satisfaction
with use vs nonuse of CGM and pumps and note
similar barriers of body image and wearing devices all
the time. However, this review noted additional
concerns on the social side with devices negatively
drawing attention from others. This review along with
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one in Lancet (168) noted ongoing struggles to both
understand sustained use of digital technologies (e.g.,
smartphone apps) and explore how to optimize en-
gagement with them. There are notable benefits,
however, on social connectedness and quality of life.
Thus, leveraging apps and support programs for di-
abetes devices may optimize uptake and sustained use.

Lived experience of closed loop

The Stanford group under the direction of Dr. Hood
has also been integrally involved in efforts to better
understand the lived experience of closed loop. This has
cut across large-scale qualitative work to understand
preferences and expectations of potential closed-loop
users and integration of human factor assessments into
closed-loop trials. For example, they report on focus
groups and interviews with 289 potential end users and
stakeholders of closed-loop systems (169). Results show
that people with type 1 diabetes (8 to 80 years of age)
and stakeholders (such as parents and partners) revealed
12 main themes about closed-loop systems (Fig. 6).

What is noteworthy is the breadth of the themes as
well as the three bolded themes, which were the most
cited of the respondents. Concerns about the closed-
loop systems, what features they will have, and how to
trust the systems were primary concerns for people
considering whether they would use closed loop
themselves or in their families. Additionally, it was
noteworthy that patient age and stakeholder type
(parent vs partner) reported different primary con-
cerns. For example, teenagers noted wearability and
comfort as main factors, whereas adults were primarily
focused on reliability and safety. This further supports
using a developmental lens to an approach to starting
and maintaining use of closed loop. Data on parents
and partners are lacking in this area (170, 171);
however, multiple studies with parents of youth with
type 1 diabetes suggest benefits on quality of life from
pumps (172) and mixed, yet mostly positive, results
from using CGM (173, 174). Results in these areas
suggest that for closed loop, taking a broader family
approach by including parents and caregivers and
teaching all involved in closed loop use the same
problem-solving skills taught to the person with type 1
diabetes will prove beneficial to closed-loop uptake
and sustained use.

Human factor assessments have also been in-
tegrated into a number of closed-loop trials and have
produced important results about the lived experience
of these systems to go along with the glycemic results.
For example, focus groups and surveys have been
embedded into several studies (65, 103, 175-178).
Results confirm that topics such as mental burden,
diabetes distress, trust, and hypoglycemia worries are
at the forefront of the minds of closed-loop users in
these trials. In most studies, there are improvements in
these areas with closed-loop system use when com-
pared with baseline (e.g., run-in levels of distress), yet

doi: 10.1210/er.2018-00174

controlled studies show similar improvement in
closed-loop and comparison groups (177, 178). More
controlled studies are needed, but preliminary findings
suggest satisfaction with closed-loop use and that it is
important to understand expectations of potential
closed-loop users along with the development of trust
in automation.

Summary and Future Directions

The field of automated insulin delivery systems has
shown rapid progress in the last several years with
significant improvements in CGM and the FDA fast-
tracking testing and approval of these systems. Mul-
tiple systems will be on the market within the next
several years that will offer unique configurations,
giving consumers many choices, assuming their health
care plans will provide coverage. All systems will begin
to offer adaptability to the individual and to changes in
insulin sensitivity during the day and overnight, and
with cloud computing there can be adaptability to
weekly or monthly patterns of insulin sensitivity. There
will be a shift from having systems with multiple alarms
(used as safety measures) to systems that have fewer
alarms, more personalization, and individualization of
tuning parameters, and the focus will be on decreasing
the overall burden of diabetes. Glucose set points or
algorithm aggressiveness will be adjustable to the in-
dividual and incorporate diurnal targets.

The FDA has developed standards for the indi-
vidual components of an integrated insulin delivery
system so that a sensor and/or pump could be con-
figured to work in multiple systems, the ACE infusion
pump and iCGM. This could mean the approval by
the FDA of systems developed by the do-it-yourself
community, which has a growing user base.

A full closed-loop system without the need for meal
announcement may occur using multiple configura-
tions, including the use of more rapid-acting insulins,
perhaps incorporating inhaled insulins, as well as the
use of additional hormones such as glucagon, pram-
lintide (especially if it could be coformulated with
insulin), GLP-1 agonists, and perhaps sodium-glucose
cotransporter inhibitors. Delivery of insulin at the
onset of eating could be triggered through recognition
of the hand motions associated with eating to deliver
an early, small bolus before CGM values begin to rise
(using a watch worn on the dominant hand to detect
eating). Full closed loop may not be able to achieve
mean glucose levels as low as 138 mg/dL (7.7 mmol/L),
which can be achieved with premeal announcement
and use of glucagon, but it may be able to achieve
mean glucose levels of 154 mg/dL (8.6 mmol/L), which
would be equivalent to an estimated Aic of 7%
(8.6 mmol/L), which would be an improvement for
70% of the type 1 community without the burden of
meal announcement and carbohydrate counting,

https://academic.oup.com/edrv
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Figure 6. Closed-loop
themes.
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Quality of life aspects of automated insulin delivery systems

Burden associated with automated insulin delivery system use

Concerns about automated insulin delivery systems

Features of automated insulin delivery systems

Financial aspects of automated insulin delivery systems

Trust and control of using automated insulin delivery
systems

Sensors

CGM will continue to improve, factory calibration will
be the standard, and sensors will become smaller with
longer duration of wear. Implanted sensors lasting at
least a year, and perhaps multiple years, will be a
reality. Smaller, less expensive sensors will be de-
veloped for the type 2 diabetes community. It may
even be conceivable that a commercial electronics
company could develop a noninvasive glucose sensor
incorporated into a watch-like device. The connec-
tivity between sensors and other components of a
closed-loop system should be robust, with minimal
dropout of sensor values.

Pumps

Insulin infusion devices will continue to improve
with Bluetooth communication becoming standard,
automated insulin delivery algorithms will be in-
corporated into the pumps, and remote upload of
software updates (which Tandem is now doing) will
become standard. Pumps with dual hormone ca-
pability are being developed (iLet by Bionic Pan-
creas) that allow for lower glucose targets while
maintaining safety. Patch pumps (such as OmniPod)
will be entering the closed-loop space and could offer
multiple configurations in the future (algorithm on the
pump or on a phone or handheld device). IP insulin
delivery offers many pharmacokinetic advantages, and
with the improved insulin kinetics could be used in a
full closed-loop configuration. An implanted pump
could be combined with an implanted sensor to allow
for a full closed-loop system without the need for
inserting and wearing multiple devices on the body.
This configuration could be appealing to the 40% of
people with type 1 diabetes who use MDIs to avoid
wearing a pump.

Lal et al

Closed-Loop System in Treatment of Type 1 Diabetes

Human vs. system control of type 1 diabetes management
(includes the ability to transfer control to an automated insulin
delivery system)

Benefits of automated insulin delivery systems, including
benefit to glycemic control

Nighttime aspects of type 1 diabetes management and
relevance to automated insulin delivery systems

Social/family relationships and how automated insulin delivery
systems may impact them

Technological and technical aspects of automated insulin
delivery systems

Contextual, environmental and situational aspects related to
automated insulin delivery system use

Infusion sets

Failure of an insulin infusion set results in loss of
glucose control and a closed-loop system is no longer
functional. Infusion sets need to be developed that do
not kink on insertion, have a longer duration of wear,
and have fewer occlusions. Ideally, a sensor and infusion
set could be combined into a single insertion site with a
10- to 14-day duration of wear. Algorithms need to be
developed that are robust in detecting an infusion set
failure before metabolic decompensation (179-182).

Consumer electronics

Devices that incorporate an accelerometer and heart
rate can adjust for changes in insulin sensitivity as-
sociated with activity. It is even possible that a closed-
loop system could be developed by companies such as
Apple or Google where the user interface would be
well integrated into smartphones and watches.

Cost

Once they are approved, reimbursement for integrated
insulin delivery systems by the FDA could impose
limitations on who will have access to this care. The
Medtronic 670G hybrid closed-loop system was in-
troduced to the marketplace at the same price as the
standard Medtronic pump, and therefore there was
minimal resistance to insurance acceptance of the
closed-loop system. If additional hormones (such as
glucagon or pramlintide) are included in closed-loop
systems, the additional cost for these hormones could
limit who is able to receive insurance coverage. The
cost of real-time sensors has remained at ~$10 per
day. Because these systems all require real-time con-
tinuous monitoring, this could impose additional
consumable costs to the health care system beyond the
initial purchase of the pump (=$14,000 over 4 years
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for sensors, and infusion sets and reservoirs add an
additional ~$7000 over 4 years). These costs may
eventually lead to insurance companies applying re-
strictions on who will have access to these systems.
Fortunately, there is the potential for good data on the
reduction of health care costs by avoiding emergency
room visits for hypoglycemia and acute admissions for
diabetic ketoacidosis, as well as decreasing the long-term
costs of diabetes. These long-term data still need to be
published with postmarketing follow-up of approved
commercial devices. The combination of lowering both
the HbA1c and the risk of hypoglycemia should make
closed-loop systems cost-effective, depending on the
horizon used for projecting cost savings.

Human factors

To achieve a balance of enthusiasm and realistic ex-
pectations and experiences with closed loop, we suggest
that human and psychosocial variables should be
considered when starting and supporting closed loop
use. Furthermore, it appears important that attention be
paid equally to supporting the components of closed
loop as the overarching system is supported. Brief
surveys and qualitative interviews or focus groups are
effective tools for understanding the contribution of
these variables in the uptake and use of closed loop.

Conclusion

In a span of 5 years, automated insulin delivery has
advanced from closely monitored research studies to
become the standard of care for subcutaneous insulin
delivery. Currently the only pump sold in the United
States that does not have automated insulin delivery
is a “patch” pump, and the next generation of this
pump will have automated hybrid closed-loop control.
In the future, any new pump coming onto the market
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