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Abstract

The development of accurate and easy-to-use continuous glucose monitoring (CGM) improved diabetes treatment
by providing additional temporal information on glycemia and glucose trends to patient and physician. Although
CGM enables users to lower their average glucose level without an increased incidence of hypoglycemia, this
comes at the price of additional patient effort. Automation of insulin administration, also known as closed-loop
(CL) or artificial pancreas treatment, has the promise to reduce patient effort and improve glycemic control. CGM
data serve as the conditional input for insulin automation devices. The first commercial product for partial
automation of insulin administration used insulin delivery shutoff at a predefined glucose level. These systems
showed a reduction in hypoglycemia. Insulin-only CL devices show increased time spent in euglycemia and a
reduction of hypo- and hyperglycemia. Improved glycemic control, coinciding with a minor decrease in hemo-
globin A1c level, was confirmed in recent long-term home studies investigating these devices, paving the way for
pivotal studies for commercialization of the artificial pancreas. Although the first results from dual-hormone CL
systems are promising, because of increased cost of consumables of these systems, long-term head-to-head studies
will have to prove superiority over insulin-only approaches. Now CL glucose control for daily use might finally
become reality. Improved continuous glucose sensing technology, miniaturization of electrical devices, and
development of algorithms were key in making this possible. Clinical adoption challenges, including device
usability and reimbursement, need to be addressed. Time will tell for which patient groups CL systems will be
reimbursed and whether these devices can deliver the promise that they hold.

Introduction

Striving toward near-normal glycemia leads to an
increase in episodes of severe hypoglycemia and is diffi-

cult to achieve without substantial patient and healthcare pro-
vider effort.1 Continuous glucose monitoring (CGM) technology
can aid in this quest, especially in combination with contin-
uous subcutaneous insulin infusion (CSII). CGM allows for
safe therapy intensification with hemoglobin A1c (HbA1c)
reduction and can partially relieve the psychological burden
of diabetes.2,3 Nonetheless, patients still need to self-monitor
glucose and take carbohydrate content of food and physical
activity into account when making treatment decisions.

As shown already in 1977, advanced diabetes technology,
at that time the Biostator (Ames Division, Miles Laboratories,
Elkhart, IN), holds the promise to further alleviate this burden
by automation of insulin administration.4,5 At the time in-
vestigators showed that with closed-loop (CL) technology
using intravenous glucose sampling and insulin and glucose
administration, it was possible to achieve near-normal glu-

cose control in patients with type 1 diabetes mellitus (T1DM).
But, due to the complexity, bulkiness, and invasiveness of
the procedure, the technology could not be used outside the
clinical research center. The development of subcutaneous
continuous glucose sensing technology allowed for less in-
vasive glucose sensing, making at-home application of CGM
technology a reality. This evolved into combined use of CSII
and CGM, also known as the sensor-augmented pump (SAP),
and enabled research into automation of insulin administra-
tion (artificial pancreas/CL).

Methods and Aims

We aim to provide an overview of the development of
CGM technology and its effect on diabetes treatment. We
will discuss the impact of CGM on clinical outcomes and
innovative approaches and will give an overview of current
and ongoing artificial pancreas studies.

We performed a review of published literature on the ef-
fectiveness of CGM and CGM use in conjunction with CSII
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technology in T1DM, using the search terms ‘‘CGM,’’
‘‘CGMS,’’ and ‘‘continuous glucose monitor*.’’ Studies on
diabetes and pregnancy were excluded. Because of the ma-
turity of the field we limited the search results to meta-
analyses and systematic reviews. We performed a systematic
review of published literature on the topic of CL technology,
using the search terms ‘‘artificial pancreas,’’ ‘‘closed-loop,’’
‘‘closed loop,’’ and ‘‘diabetes,’’ published in the last 5 years.
Only outpatient studies with a CL intervention period of at
least 4 days performed in patients with T1DM were included.
Two hundred seventy-four abstracts were screened; of these,
11 met the inclusion criteria and were included in this review.
We asked major CGM manufacturers to provide information
about upcoming CGM products and CL technology and
performed a review of clinical trial databases, financial re-
ports, and press releases.

CGM Technology and Directions
for Future Development

Although different techniques for subcutaneous glucose
measurement were introduced, currently only electro-
chemical transcutaneous CGM systems are available to
patients.6,7 Also, different approaches to access the glucose-
containing interstitial fluid, like microdialysis and fully
implantable sensors, were tested with varying success.6,7

Innovative approaches have brought interesting new
products, like flash glucose monitoring and implantable CGM
systems, to, or close to, market. Flash glucose monitoring
(Abbott Diabetes Care, Alameda, CA) represents a new ‘‘on-
demand’’ application of subcutaneous glucose sensing tech-
nology, effectively using CGM technology for replacement
of self-monitoring of blood glucose.8 Flash glucose moni-
toring could be seen as CGM on-demand, but the lack of
(false-positive) alarms might actually be experienced as a
benefit by some. Because of its 2-week longevity, cost per day
was reduced, bringing the system within reach for out-of-
pocket patient payment and within the reimbursement system
in some countries such as Norway and Sweden. Also, factory
calibration eliminated the need for frequent recalibration,
increasing ease of use.

After failed efforts at the beginning of the century, in the
coming year a CGM system using a long-term fully implant-
able sensor will be brought to the market, first in Europe
(Eversense�; Senseonics Inc., Germantown, MD).9,10 Im-
plantable CGM systems can provide the patient additional ease
of use because no sensor is inserted through the skin, and
consequently the transmitter can be removed easily and more
frequently without the need for sensor replacement. Further-
more, the hassle of weekly sensor replacement with warm-up
time and the risk of damage to the inserted sensor is reduced.
However, the need for implantation and removal through
minor surgery imposes some discomfort on the patient and
requires additional effort by the clinician. First conference
presentations point toward an accuracy of around that of cur-
rently available transcutaneous CGM systems.9 A new CGM
system in development by Roche Diagnostics (Mannheim,
Germany), which would be their debut in CGM manufacturing,
was reported in 2013 to show an overall mean absolute relative
difference of <10% but has not yet reached the market.11

Improvement in CGM signal filtering levels and calibra-
tion algorithms to account for random signal noise and cali-

bration errors resulted in significant improvement of sensor
performance.12 Furthermore, reduction of biofouling and
enzyme degradation might reduce signal error and improve
reliability and longevity of current CGM devices.13,14

Variability in initial sensor insertion trauma might account
for between sensor variability in CGM performance.13

Nonetheless, through innovation in sensor technology, the
overall accuracy and point precision of CGM systems have
improved toward the proposed mark required for making in-
sulin dosing decisions based on CGM data (mean absolute
relative difference of <10%).15 As of September 2015, Dex-
com (San Diego, CA) has received approval for nonadjunct
use of CGM in the European Union (G5� Mobile CGM) and
appears to be well underway making the same claim with the
Food and Drug Administration, providing a statement of
confidence in CGM reliability and accuracy by these author-
ities. This brings legalities in line with daily practice because
patients already often use continuous glucose data as a basis
for treatment decisions without confirmation of glucose values
by self-monitoring of blood glucose (nonadjunct use of CGM).

Currently all CGM devices require initial calibration before
displaying CGM data and (re)calibration generally at a 12-h
rate during the sensor’s lifetime. A further reduction of in vivo
sensor-to-sensor differences in sensitivity and sensitivity
degradation over the sensor lifetime of current CGM would
allow for factory calibration.16 Factory calibration of CGM
eliminates an importance source of user-introduced error and
increases the system’s ease of use. The ability to use factory-
calibrated sensors in CGM-based flash glucose monitoring
might indicate that manufacturers are already capable of
producing factory-calibrated CGM devices but might prefer
to first focus on further improvement of accuracy while
maintaining in vivo calibration.16

Most companies have converted their offline CGM
downloads to the ‘‘cloud,’’ allowing for efficient data access
by patients and clinicians. Diabetes data management plat-
forms like Glooko� (Glooko, Palo Alto, CA) make data from
devices of different manufacturers available to the patient
and clinician through a universal portal or smartphone ap-
plication.17 Automated CGM data analysis and treatment
advice would be a next step for CGM data platforms. Cur-
rently no universal CGM training program is available, al-
though the ability to interpret CGM data is important to make
effective use of the technology. With what we have learned
so far from our patient users, it should be possible to develop
such programs.18

Integrating CGM data in smartphone applications instead
of dedicated devices, like with the Dexcom G5 Mobile, might
further improve user-friendliness of CGM. Innovation in
CGM technology and application of CGM data of main
manufacturers are given in Table 1.

Evidence for Clinical Relevance of CGM in T1DM

The JDRF landmark trial, performed in 2008, and its
follow-up studies evaluated the benefit of CGM compared
with standard glucose monitoring (self-monitoring of blood
glucose) for T1DM management in two studies.19 The study
showed that in patients with HbA1c of ‡53 mmol/L (‡7.0%)
and above 25 years of age, a reduction of 5.5 mmol/mol
(0.5%) in HbA1c was achieved without an increase in hy-
poglycemia and that wear time was important in reaching this
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reduction. The relation among wear time of CGM, baseline
HbA1c, and HbA1c lowering was later confirmed by a meta-
analyses of Pickup et al.20 A Cochrane meta-analysis21

showed that CGM technology, mostly studied in conjunction
with CSII (SAP), can improve glucose control by means of a
reduction in HbA1c level without increase of hypoglycemia.
Whether this is true for all patient groups and whether CGM
is able to reduce hypoglycemia are still debated. Only 20% of
children in the JDRF landmark trial were able to maintain a
high wear time, possibly explaining why so far no convincing
results have been presented on effectiveness of CGM use in
this group.

Although CGM can improve glycemic control and par-
tially relieve the psychological burden of diabetes,3 patients
still need to self-monitor glucose and take carbohydrate
content of food and physical activity into account when
making treatment decisions. Automation of insulin admin-
istration might be able to further alleviate this burden and
improve time in the target glucose range.22

First Steps in Automation of Insulin Administration

The first steps in automation of insulin administration were
taken with systems that automate insulin delivery shutoff at

very low glucose levels based on CGM data. If the patient is
unresponsive to the CGM hypoglycemia alarm, insulin de-
livery will remain shut off for 2 h or until the patient restarts
insulin delivery. Although stopping insulin delivery might be
considered only the first form of automation of insulin ad-
ministration, these systems effectively represented the first
approved nonadjunct use of CGM data for insulin adminis-
tration decisions. From a regulatory perspective, approval of
these devices was therefore also important for more advanced
forms of automation of insulin administration.

Two randomized controlled trials were performed inves-
tigating low glucose suspend (LGS) (Medtronic, Northridge,
CA), Bergenstal et al.23 showed reduced incidence and du-
ration of nonsevere hypoglycemia, whereas Ly et al.24

showed reduced incidence and duration of nonsevere and
severe hypoglycemia compared with the control arm. How-
ever, a recent report by the German Institute for Quality and
Efficiency in Health Care criticized the results, concluding
that presented data were not reliable because of use of events
rates and a large baseline difference in prevalence of hypo-
glycemia in spite of randomization.25

Recently this ‘‘very low glucose, insulin pump off’’ feature
was upgraded with basic predictive technology (predictive
LGS [PLGS]) to suspend insulin infusion when the glucose

Table 1. Innovation in Continuous Glucose Monitoring (CGM) and Application

of CGM Data of the Main Manufacturers

Innovation or
application Manufacturer, device

Innovations in
CGM technology

Dexcom: G6 sensors with improved wear time (1–14 days) and interferent blocker to
eliminate the impact of acetaminophen on sensor accuracy. Clinical studies are ongoing.

Dexcom: Development of next-generation smaller and less expensive CGM technology
with Google/Alphabet. No timeline is available.

Medtronic: Fourth-generation sensor capable of glucose sensing over a wider area of the
implanted part of the sensor with embedded diagnostics to differentiate between
measurements of reliable versus nonreliable sensor data. Pivotal trials for clinical
evaluation are ongoing.

Medtronic: Development of an integrated sensor and insulin infusion set aiming to reduce
device burden of current SAP therapy. No timeline is available.

Regulatory/
reimbursement

Dexcom: Availability of CGM devices through pharmacies and a possible price cut with
two major U.S. healthcare organizations now processing CGM as a pharmacy benefit.
This allows patients to pick up Dexcom CGM devices at retail outlets just like picking
up a drug prescription. With major parties like CVS and Walgreens involved, a new
ground for price negotiations could be opened. This might also influence prices
in markets outside the United States.

Dexcom: Approval of the G5 smart transmitter by the FDA and approved European
CE mark. This will allow CGM data to be sent directly from the transmitter to a receiver,
smartphone, or closed-loop system. iOS support is available, and support for Android
devices is expected in the second half of 2016.

Dexcom: Insulin-dosing claim for CGM, an important step for Medicare coverage.
Claim has been accepted for Europe and is expected sometime in 2016 through
the FDA for the United States.

Data availability/
integration

Medtronic: Medtronic received FDA clearance of the MiniMed Connect for more
convenient access to personal diabetes data. This keychain-sized device sends pump
and CGM data to Internet-enabled devices. Expected launch is in Fall 2015.

Dexcom: Share of glucose data to up to five followers by mobile phone application,
allowing glucose data to be shared with up to five iOS or Android followers (recently
on the market).

Dexcom: A new ‘‘robust’’ in the cloud data platform is planned to be launched by the
end of the year aiming to ‘‘set a new standard’’ for visualization of CGM data.

Major CGM manufacturers were contacted. We thank Dexcom and Medtronic Diabetes Care for providing these data.

FDA, Food and Drug Administration; SAP, sensor-augmented pump.
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level is expected to fall below 80 mg/dL within 30 min, for a
maximum of 2 h or until the glucose level returns to above
70 mg/dL.26,27 PLGS was also able to reduce the incidence
and duration of hypoglycemic episodes (<70/<60 mg/dL), but
with an increase in mean overnight glucose level.26,27 Al-
though an increase in mean glucose level does not necessarily
mean worse glycemic control, in the study by Buckingham
et al.26 patients also spent a larger percentage of time in
hyperglycemia, indicating that a reduction of hypoglycemia
came at the price of hyperglycemia. Maahs et al.27 showed no
increase in hyperglycemia, indicating that the increase in
mean glucose level observed in their study is due to a re-
duction of hypoglycemia only. Currently insulin pump
manufacturers other than Medtronic are preparing LGS-like
functionalities to be included into their pumps.

Further Automation of insulin administration,
the artificial pancreas

CL systems, also known as the ‘‘artificial pancreas,’’ are
designed to automate glucose control. A CL system consist of
an insulin pump (CSII), a system for real-time glucose sensing
(CGM), and algorithms for safety and glucose control. Sys-
tems either communicate via wired or wireless connections or
are integrated all-in-one devices.28,29 Insulin-only and dual-
hormone approaches using insulin and glucagon or amylin
have been investigated.28,30–34

Complex algorithms are required to overcome the re-
maining shortcomings of CGM technology and delay in in-
sulin action, due to both physiology and slow absorption of
current ‘‘fast-acting’’ insulin. The most common algorithms
are based on model predictive control, proportional integral
derivative, or fuzzy logic.35 Algorithms can be integrated or
consist of separate module(s) for safety and glucose regula-
tion.36 Algorithm self-learning capabilities and integration of
auxiliary sensors for detection of exercise might allow for
individualized treatment and treatment adaption over time.37

Various modes of CL operation can be discriminated,
ranging from fully automated insulin administration systems
(full-CL) requiring virtually no user input to hybrid-CL
systems requiring frequent user input, for example, for meal
intake or exercise announcement.30,38 CL systems can be
used either day and night or only during a specified period of
time like in nighttime-only systems. These systems use a
hybrid approach, with automated insulin administration (CL)
during one period (e.g., nighttime) and without automated
insulin administration for the remainder of the time (e.g.,
daytime or for meals). After introduction of LGS and PLGS,
the hypoglycemia hyperglycemic minimizer could be con-
sidered the first-generation artificial pancreas systems.39

The main results of available artificial pancreas studies are
given in Table 2. The first results from longer-term hybrid-
CL studies were recently presented.29,40,44,45 Two studies
with a duration of 2–3 months investigating evening and
night, as well as day and night, artificial pancreas use showed
a reduction in time in hypo- and hyperglycemia and improved
mean glucose level over investigated time periods compared
with SAP therapy. Both reported a modest reduction in
HbA1c level (2–3 mmol/mol, 0.2–0.3%) over SAP.40 Most of
the improvement in glycemia took place during the night
period.40 This seems due to the challenging daytime cir-
cumstances with glucose perturbations due to physical ac-

tivity and carbohydrate intake during meals and snacks.
Consequently, depending on the user-friendliness of the first
commercialized artificial pancreas systems, artificial pancreas-
when-at-home could be considered as a concept for first
commercial introduction of the artificial pancreas.29 Results
from these longer-term real-life studies seem to have paved the
way for pivotal studies required by the Food and Drug Ad-
ministration for commercial systems. Current artificial pan-
creas systems face clinical adoption challenges including
improved wearability, connectivity between devices, and user-
friendliness of interfaces. Table 3 provides an overview of
currently ongoing studies, investigating longer-duration arti-
ficial pancreas use and use in specific patient groups like
adolescents and children.

Fully automated CL systems incorporating glucagon ad-
ministration may provide additional benefits over insulin-
only systems and could be considered the third-generation
and final stage of CL development.39 However, there are now
convincing data that insulin only–based systems can improve
glycemic control, reduce hypo- and hypoglycemia, and im-
prove some aspects of diabetes management burden.

A bifurcation in the artificial pancreas roadmap is therefore
proposed in which both insulin-only and dual-hormone arti-
ficial pancreases are considered end-stage targets with their
own pros and cons.48 Pros of insulin-only systems might be a
slight reduction in HbA1c level compared with SAP, shown
so far with insulin-only CL systems (2–3 mmol/mol, 0.2–
0.3%). Development of soluble pumpable glucagon, dual-
chamber pumps, dual-lumen catheters, and finalization of
algorithms could be considered main challenges for the dual-
hormone approach, although not all might have to be solved
before market introduction. In an inpatient head-to-head
study, a dual-hormone artificial pancreas resulted in a sig-
nificant reduction in the number of hypoglycemic events.49 In
a more recent diabetes camp study a dual-hormone artificial
pancreas showed a significant reduction of time spent in
hypoglycemia and a trend toward further reduction of hy-
perglycemia and improved time in euglycemia compared
with an insulin-only approach.50 Longer-term head-to-head
studies comparing the best available insulin-only and dual-
hormone AP approaches are required for a careful consid-
eration of pros and cons of both systems. Amylin–insulin
coformulation could also be considered an option for dual-
hormone AP treatment but is not currently being investigated
in longer-term CL systems.34

The added benefit of CL systems over CSII-only might
increase patients’ willingness for out-of-pocket payment for
CGM sensors to upgrade their system with CL functionality,
or even for payment by reimbursement authorities. Insulin-
only systems could be seen as the natural evolution after SAP
and might become available via current CSII + CGM reim-
bursement programs soon after market introduction. Dual-
hormone approaches, because of expected increased cost for
device consumables, have to prove added value over SAP and
insulin-only systems to be considered for reimbursement.
Table 4 provides information on possible commercialization
of artificial pancreas technology in the coming years.

Summary and Outlook

The development of accurate and easy-to-use CGM de-
vices improved diabetes treatment by providing additional
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temporal information on glycemia and glucose trends to pa-
tient and physician. Although CGM enables users to lower
their average glucose level without an increased incidence of
hypoglycemia, this comes at a price—the price of additional
patient effort. Automation of insulin administration has the
promise to reduce the need for additional patient effort and
improve glycemic control.

In the coming years CGM systems will reach an accuracy
level at which further improvement translates into dimin-
ished additional clinical benefit, making other features like
ease of clinical data application and factory calibration, but
also use of CGM for automation of insulin administration,
more important. CGM data serve as the input for insulin
automation devices, and as such the development of reliable
CGM technology was important in the advancement of au-
tomated insulin administration. The first commercial product
using partial automation of insulin administration used in-
sulin delivery shutoff at a predefined LGS. These systems
showed a reduction in (severe) hypoglycemia compared with
the most advanced treatment (SAP). Systems using addi-
tional basic predictive technology (PLGS) also showed a
decrease in hypoglycemia but at the cost of a rise in mean
overnight glucose level. Hybrid insulin-only CL devices
were the first to show that an increased time spent in eu-
glycemia, and a reduction of hypo- and hyperglycemia can be

expected from CL technology. Improved glycemic control,
with minor decreases in HbA1c levels, was confirmed in
recent long-term home studies investigating these devices,
paving the way for pivotal studies for commercialization of
AP. Although the first results from dual-hormone CL systems
are promising, because of increased cost of consumables of
these systems, long-term head-to-head studies will have to
prove superiority over insulin-only approaches.

After a long wait since the first experiment with the
Biostator, CL glucose control for daily use seems to finally
become a reality. Improved continuous glucose sensing
technology, miniaturization of electrical devices, and devel-
opment of algorithms were key in making this possible.
University projects have provided the evidence needed for
regulatory organizations to allow pivotal trials of commercial
devices, while at the same time commercially driven initia-
tives in basic automation of insulin administration (LGS/
PLGS) helped to boost confidence in the technology. In-
tensive collaborations among funding bodies, commercial
entities, and not-for-profit organizations have been essential
for the development of CL systems.

Clinical adoption challenges, including device usability
and reimbursement, will need to be addressed. This includes
improved connectivity between devices and improvements in
algorithms and insulin to allow for a switch from hybrid-CL

Table 4. Commercialization of Advanced Automation of Insulin Administration Systems

Initiative,
responsible party Product

Expected timing of a commercially
available device

Commercially driven
Animas Predictive low glucose suspend or

hypoglycemia-hyperglycemia minimizer
with Dexcom CGM device

Unknown

Bigfoot
Biomedical

Hybrid-CL, insulin-only, fully integrated,
used for 24/7 operation. Proprietary
algorithm, Asante pump body, and
Dexcom CGM device

Clinical trials 2016, potential launch
in late 2018

Inreda Diabetic Full-CL, dual hormone, fully integrated, used
for 24/7 operation

First European CE mark study expected
beginning of 2016. Approximately 2016
launch (European Union)

Medtronic Hybrid-CL, insulin-only, fully integrated,
MiniMed 670G, used for 24/7 operatio

U.S. launch expected April 2017, European
launch April 2018

Tandem Predictive low glucose suspend or basal
CL system

Potential launch in late 2017

University-driven
Boston
University

Hybrid-CL, dual-hormone, fully integrated,
dual-chamber pump, Dexcom CGM
device, used for 24/7 operation

Approximately 2018 launch (United States)

University of
Virginia/
TypeZero
Technologies

Hybrid-CL, insulin-only, connectivity-based
approach (DiAs) using commercialized
products (Dexcom/Roche/Tandem).
Overnight and 24/7 operation

Intermediate-term studies published.29

Clinical trials with up to 6 months in
duration are planned for 2016.

University of
Cambridge

Hybrid-CL, insulin-only, connectivity-based
approach, using Abbott Navigator CGM
device, algorithm on portable computer,
and Abbott Florence pump. Overnight and
24/7 operation

Unknown

CGM, continuous glucose monitoring; DiAs, Diabetes Assistant; dual-hormone, closed-loop system that uses both insulin and glucagon; full-CL, mode of

closed-loop operation that requires no user input during operation of the system; hybrid-CL, mode of closed-loop operation that requires user announcement of

meals or other activities to the system; insulin-only, insulin-only closed-loop system.
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to full-CL products. Time will tell for which patient groups
CL systems will be reimbursed and to what extent these de-
vices can deliver the promise they hold.
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