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Insulin delivery and nocturnal glucose control in children and adolescents with type
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ABSTRACT
Introduction: Nocturnal glucose control remains challenging in children and adolescents with type 1
diabetes due to highly variable overnight insulin requirements. The issue may be addressed by glucose
responsive insulin delivery based on real-time continuous glucose measurements.
Areas covered: This review outlines recent developments of glucose responsive insulin delivery
systems from a paediatric perspective. We cover threshold-based suspend application, predictive low
glucose suspend, and more advanced single hormone and dual-hormone closed-loop systems.
Approaches are evaluated in relation to nocturnal glucose control particularly during outpatient
randomised controlled trials.
Expert opinion: Significant progress translating research from controlled clinical centre settings to free-
living unsupervised home studies have been achieved over the past decade. Nocturnal glycaemic
control can be improved whilst reducing the risk of hypoglycaemia with closed-loop systems.
Following the US regulatory approval of the first hybrid closed-loop system in non-paediatric popula-
tion, large multinational closed-loop clinical trials and pivotal studies including paediatric populations
are underway or in preparation to facilitate the use of closed-loop systems in clinical practice.
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1. Introduction

Tight glycemic control through intensive insulin therapy and
frequent monitoring of blood glucose is the therapy goal in
the management of type 1 diabetes to avoid short- and long-
term disease-related complications [1,2].

The night period, in particular, remains challenging with
over 50% of severe hypoglycemic episodes occurring during
sleep in children and adolescents [3]. An assembly of aggra-
vating factors including reduced frequency of blood glucose
self-monitoring, blunted sympathoadrenal response to falling
blood glucose concentration, reduced hypoglycemia aware-
ness, and reduced warning symptoms and arousal from
sleep explain the propensity to nocturnal hypoglycemia [4].
Children and adolescents may be more likely to experience
hypoglycemic seizures at nighttime [3]. Fear of hypoglycemia
is the major barrier to therapy intensification [3], being also a
major source of stress and anxiety for families and caregivers
[5], affecting quality of life and psychological well-being of the
young and families, and leading to suboptimal glucose con-
trol [6].

Typically, nighttime is the longest interprandial interval and
therefore basal insulin rather than prandial insulin plays a
significant role in overnight maintenance of normoglycemia.
Though considerable advances have been made over the past
two decades regarding new basal insulin analog formulations
which show a flatter and more reproducible action compared
to previously used NPH insulins [7,8], pharmacokinetics of

currently available basal insulin formulations administered at
supper or at bedtime still fall short of desired outcomes.
Nocturnal hypoglycemia and hyperglycemia continue to be
an issue mainly due to a considerable within-night and
between-night variability of insulin requirements [9] of unclear
ethology and not accounted for by the diurnal variations and
other factors [10,11].

More flexible ways of insulin delivery such as a continuous
subcutaneous infusion of fast acting insulin analogs into the
subcutaneous tissue at variably adjustable half-hourly to hourly
rates via an insulin pump are increasingly popular particularly in
the pediatric population [12]. Minimally invasive real-time con-
tinuous glucose monitoring complements advances in insulin
delivery and is progressing toward accurate, insulin-dosing
approved, factory calibrated systems [13]. However, data from
systematic reviews and meta-analysis on effectiveness of insulin
pump therapy and continuous glucose monitoring have been
mixed, particularly in the pediatric population [14–16]. Clinical
benefits of continuous glucose monitoring including combined
use of insulin pump are conditioned on high regular use
[16,17]. Although insulin pump therapy and continuous glucose
monitoring may be beneficial in terms of glycemic control,
quality of life, and hypoglycemia [12], the majority of young
people with type 1 diabetes still do not meet treatment targets
especially among adolescents [18,19]. The complexity of self-
managing insulin therapy and the inherent unpredictability and
variability of glucose levels remain a significant barrier.
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A concerted effort is underway to develop autonomous
automated glucose responsive insulin delivery systems,
broadly referred to as artificial pancreas or closed-loop sys-
tems. Threshold-based suspend and predictive low glucose
management insulin pump therapy are the first commercial
predecessors of closed-loop technology [20,21] followed by
the first hybrid closed-loop system approved for the non-
pediatric population [22].

2. Aims and methods

We assess glucose responsive insulin delivery systems from
the viewpoint of nocturnal glucose control in children and
adolescents with type 1 diabetes. We discuss clinical and
psychosocial outcomes summarizing current closed-loop stu-
dies in the pediatric and adolescent populations.

We reviewed published literature on the effectiveness of
threshold-based and predictive low glucose insulin suspend as
well as on the topic of closed-loop technology with respect to
overnight glycemic control. We focused on randomized con-
trolled trials (RCT) in outpatient settings including pediatric
and adolescent populations (Table 1).

3. Glucose responsive suspension of insulin delivery

Automated suspension of insulin delivery at low sensor glu-
cose levels or when low glucose levels are predicted represent
the simplest embodiments of glucose responsive modulation
of insulin delivery (Table 2). Both applications, the threshold-
based insulin suspend and the predictive low glucose suspend
constitute enhancements of sensor-augmented pump ther-
apy, and are precursors of closed-loop systems. The suspend
technologies address the issue of hypoglycemia but are
unable to counteract rising glucose levels and hyperglycemia.

3.1. Threshold-based insulin suspend

Threshold-based suspend allows insulin delivery to be auto-
matically suspended for up to 2 h when sensor glucose falls
below a preset sensor glucose threshold. Children may benefit
most, in particular overnight, given a higher risk of nocturnal
asymptomatic hypoglycemia [44].

The Medtronic Paradigm Veo (Medtronic Diabetes,
Northridge, CA, USA) was the first commercial pump imple-
menting threshold-based insulin suspend and was released in
2009. A revised version was approved in the USA in 2013
(MiniMed 530G; Medtronic Diabetes, Northridge, CA, USA).

The evidence from multicenter randomized controlled
[20,23], (Table 1, and nonrandomized studies [45] including
children and adolescents in real-life settings is that automated
insulin suspension is safe and reduces the frequency and
duration of overall and nocturnal hypoglycemic episodes com-
pared to insulin pump therapy [23] or sensor augmented
pump therapy [20,45]. The threshold-based suspend feature
was shown to reduce the percentage of time spent with blood
glucose levels in the hypoglycemic range overnight [20,23],
and to reduce the overall risk of severe and moderate hypo-
glycemia in those with highest risk, including those with
impaired hypoglycemia awareness and the highest frequency
of severe hypoglycemia [23].

Periodic insulin suspension over up to 2 h did not result in
elevated glucose concentration as indicated by similar average
glucose levels and HbA1c levels over a period of 3-6 months
compared to insulin pump therapy and sensor augmented
pump therapy [20,23].

3.2. Predictive low glucose insulin suspend

Insulin delivery systems with predictive low glucose suspend
utilize algorithms to discontinue insulin delivery when hypo-
glycemia is predicted. The predictive low glucose suspend
feature was first introduced into clinical practice in Australia
and Europe early 2015 (MiniMed 640G pump; Medtronic
Diabetes, Northridge, CA, USA).

We identified two randomized controlled trials assessing
the effectiveness and safety of overnight use of predictive
low glucose suspend in outpatient home settings in children
aged 1-14years [24] and adolescents and adults aged
15-45years [25]. An algorithm different from that used by
640G pump was used. One randomized trial assessed the
incidence of hypoglycemia in children and adolescents aged
8-18 years using day-and-night predictive low glucose sus-
pend using 640G pump [46].

The two overnight studies adopted a parallel design using
conventional sensor augmented pump therapy as comparator
over 42 nights. Predictive low glucose suspend reduced the
frequency of nocturnal hypoglycemia by 25 and 36%, respec-
tively. Median time with glucose levels less than 3.9 mmol/l
was reduced in excess of 50%, and prolonged nocturnal hypo-
glycemia, defined by glucose readings below 3.3 mmol/l for
more than 2 h, was reduced more than threefold. Mean over-
night glucose and morning blood glucose results levels were
higher with predictive low glucose suspend without increasing
morning ketosis.

Article highlights

● Despite the use of insulin analogues and advancements in insulin
pump therapy and continuous glucose monitoring, nocturnal glucose
control continue to be an issue in children and adolescents with type
1 diabetes.

● Automated insulin delivery systems offer means for further improve-
ments of glycaemic control particularly overnight.

● Threshold suspend and predictive low glucose suspend systems dis-
continue insulin delivery at low or predicted low glucose levels to
reduce severity, frequency and duration of nocturnal hypoglycaemic
episodes.

● Hybrid single hormone closed-loop systems modulate, in graduated
fashion, insulin delivery according to sensor glucoe levels to reduce
nocturnal hypoglycaemia whilst also increasing time glucose is within
the normoglycaemia range.

● Dual-hormone systems with glucagon co-administration may further
reduce the risk of hypoglycaemia but have greater complexity and
developmental challenges.

● Adoption of hybrid single hormone closed-loop systems in clinical
practice is underway given its approval in the US in late 2016.
Multinational closed-loop clinical trials and pivotal studies are
ongoing to assess long term safety and efficacy.

This box summarizes key points contained in the article.
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In a pooled analysis of the two above-mentioned trials,
Calhoun et al. reported that predictive low glucose suspend
appears to be beneficial with regard to reduction of nocturnal
hypoglycemia irrespective of patient level factors such as age,
gender, HbA1c, diabetes duration, total daily insulin dose, and
night-level factors such as bedtime blood glucose, bedtime
snack, insulin on board, exercise intensity, and hypoglycemia
frequency during preceding day [47].

Results from a 2-week day-and-night home trial suggest
that the use of predictive low glucose suspend feature is
associated with a significantly reduced number hypoglycemic
events including significant reductions during the day and
overnight [46]. Mean morning glucose levels were not statis-
tically different between the groups. However, overall percen-
tage of time spent with sensor readings greater than
7.8 mmol/l was significantly increased [46].

3.3. Closed-loop insulin delivery

Closed-loop approaches are more elaborate than insulin sus-
pension and expand on the concept of glucose responsive
insulin delivery by using a control algorithm that automatically
increases and decreases insulin delivery, and in some
instances other hormones including glucagon, below and
above the preset pump regimen (Table 2).

Two main categories of control algorithms have been
employed, the proportional-integral-derivative (PID) controller
[48,49], and the model predictive controller (MPC) [50]. Other
approaches include controllers based on fuzzy logic (‘MD
logic’) [51] or a combination of MPC and PID for insulin and
glucagon codelivery [52]. Bi-hormonal or dual-hormone sys-
tems have emerged which deliver both insulin and glucagon,
or another hormone [53].

Studies of closed-loop insulin delivery have evolved from
small pilots undertaken in laboratory settings over single
night, to larger trials in outpatient settings such as diabetes
camps and hotels for over up to 6 days, to medium-term
multicenter unsupervised studies in home settings of up to
6-month duration.

Most prototypes of closed-loop systems follow a hybrid
approach characterized by manual delivery of prandial insulin.
Figure 1 depicts a hybrid closed-loop prototype applied in
home unsupervised studies. In September 2016, the FDA
approved the first hybrid closed-loop system (MiniMed 670G
pump, Medtronic, Northridge, CA) based on safety outcomes
of a nonrandomized pivotal trial including 124 adolescents
and adults [22,55].

Henceforth, we discuss randomized controlled closed-loop
trials in outpatient settings including children and adoles-
cents. The focus is on overnight glycemic control (Table 1)
adopting single- and dual-hormone closed-loop delivery.

Table 2. Glucose responsive insulin delivery approaches and current status.

Approach Nature of glucose-responsive modulation of insulin delivery Status

Threshold-based insulin suspend Suspension of preset insulin delivery at low glucose threshold Post-marketing studies
Predictive low glucose suspend Suspension of preset insulin delivery when hypoglycemia is predicted Post-marketing studies
Single-hormone closed loop Graduated and continuous modulation of insulin delivery to reduce hypo- and

hyperglycemic excursions
Clinical trials in home settings
Pivotal studies
Post-marketing studies (planned)

Dual-hormone closed loop Graduated and continuous modulation of insulin to reduce hypo and
hyperglycemic excursions; coadministration of glucagon or other hormone

Clinical trials in monitored home
settings

Pivotal trials (planned)

(a) (b)

Figure 1. Closed-loop system prototype [54]. (a) FlorenceM closed-loop system comprises a continuous glucose monitoring transmitter with Enlite 3 sensor, an
insulin pump (modified 640G pump) integrated with the continuous glucose monitoring receiver and a mobile phone running the control algorithm. (b) A photo of
a participant (obtained with consent) using the closed-loop system.
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3.3.1. Single-hormone closed-loop insulin delivery
3.3.1.1. Transitional outpatient settings. Many transitional
outpatient studies have been performed in camp settings
among children and adolescents (Table 1). Whilst participants
are studied in a ‘real-world’ surroundings, monitoring by med-
ical and research personnel allows interventions to take place
in case of safety concerns or system malfunctions to underpin
safety aspects. Hypoglycemia is a well-recognized complica-
tion at diabetes camps often attributed to increased exercise
and dietary alterations [56]. Thus, camp settings provide a
challenge testbed for closed-loop systems. Given the higher
hypoglycemia burden, studies in camp environments are more
likely to show benefits with respect to hypoglycemia
reduction.

In one of the first outpatient studies adopting a multicenter
randomized design, an MD-logic control algorithm was eval-
uated over a single night in 56 children and adolescents in a
diabetes camp and compared to sensor augmented pump
therapy [39]. The number of hypoglycemia events with sensor
glucose values below 3.5 mmol/l was significantly reduced
during closed-loop use with comparable median glucose
levels during the two interventions.

The use of a closed-loop system with an MPC control
algorithm in a diabetes camp in children and adolescents
over 5–6 nights significantly reduced the time spent in hypo-
glycemia overnight (<2.8, <3.3, and <3.9 mmol/l) but did not
improve time spent in the target range from 3.9 to 8.3 mmol/l
nor mean glucose levels compared to sensor augmented
pump therapy as per intention-to-treat analysis [37]. Using a
similar system day-and-night in a diabetes camp over 5–6 days
in adolescents with type 1 diabetes, the percentage of time
spent with sensor readings below 3.9 mmol/l overnight was
significantly reduced with the closed-loop system compared
to sensor augmented pump therapy, as were mean overnight
glucose and time spent in hyperglycemic glucose ranges,
while overnight time in target between 3.9 and 10.0 mmol/l
was increased [30].

Comparing the use of a closed-loop system utilizing a
modified PID controller [57] with sensor augmented pump
therapy at a diabetes camp in 21 children and adolescents
for up to six nights, nocturnal hypoglycemia was reduced
and overnight time spent in the target range 3.9-8.3mmol/l
was greater with closed-loop [32]. Using the same algorithm
in a fully integrated hybrid day-and-night closed-loop sys-
tem in 21 adolescents and young adults in a diabetes camp
over up to 6 days, there was no additional benefit with
regard to nocturnal hypoglycemia, time in target range
and mean overnight glucose when compared with sensor
augmented pump therapy combined with low glucose sus-
pension [35].

Focusing on younger children, Del Favero et al. conducted
a camp trial in children aged 5–9 years [33]. A hybrid closed-
loop system was compared against sensor augmented pump
therapy over 3 days. Closed-loop use resulted in a significant
reduction of nocturnal time spent with sensor glucose read-
ings below 3.9 mmol/l. Time in range overnight was similar
between interventions, but mean overnight glucose was
higher with closed-loop.

3.3.1.2. Home studies of closed-loop insulin delivery.
Home studies accurately mimic anticipated use of closed-
loop systems in clinical practice. Evaluations without super-
vision or close remote monitoring represent the ultimate
challenge in providing unequivocal assessment of closed-
loop performance under free-living conditions.

Overnight closed-loop insulin delivery with remote moni-
toring was tested in 24 participants including adolescents for
6 weeks using the MD-logic algorithm applying sensor aug-
mented pump therapy as comparator [36]. The use of over-
night closed-loop resulted in a significant reduction of time
spent hypoglycemia by nearly twofold and increased time
spent within target range by 14 percentage points. Similar
results were observed in a multicenter, multinational study
using the MD-logic system in 75 patients aged 10–54 years
over four consecutive nights with sensor augmented pump
therapy as a comparator [27].

Unsupervised free-living overnight use of a MPC algorithm
driven closed-loop in adolescents over a period of 3 weeks
showed significant improvements in time spent within target
range by a median 15 percentage points, reduced mean glu-
cose by a mean 0.8 mmol/l, and reduced the number of nights
with glucose readings below 3.5 mmol/l compared to sensor
augmented pump therapy [38]. A slightly revised version of
this closed-loop system was tested in the longest randomized
home study in children and adolescents to date. Over a period
of 3 months, the overnight closed-loop application was com-
pared to sensor augmented pump therapy during free-living
conditions in 6-18-year youth [34]. Closed-loop improved the
overnight time in target range between 3.9 and 8.0 mmol/l by
25 percentage points and reduced overnight mean glucose by
1.6 mmol/l. Extended benefits of overnight closed-loop use
were seen over the full 24-h period including greater percen-
tage of time in target range, lower mean glucose, and signifi-
cantly reduced burden of hypoglycemia. Two recent day-and-
night trials by the same group conducted in adolescents over
one [31] and 3-week duration [29] demonstrated improved
overnight time spent within target range compared to sensor
augmented pump therapy and reduced mean overnight sen-
sor glucose without increasing the risk of hypoglycemia.

The overnight application of a hybrid closed-loop system
using a modified PID algorithm was compared to sensor aug-
mented pump therapy with low-glucose suspend function
over 4 consecutive nights in a study including 12 adolescents
[28]. Closed-loop resulted in a reduced time spent with sensor
readings below 3.9%; no difference in the percentage of time
in the target range between 4.0 and 8.0 mmol/l was observed,
but mean overnight glucose was slightly elevated during
closed-loop use.

Recently, Spaic et al. compared predictive hyperglycemia
and hypoglycemia minimization system with predictive low
glucose suspend in the home setting in adolescents and
adults over 42 nights [26]. The addition of the predictive
hyperglycemia minimization component increased the time
spent in the target range between 3.9 and 10.0 mmol/l, sig-
nificantly reduced mean overnight and morning blood glu-
cose levels, and performed equally well with respect to
hypoglycemia outcomes.
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3.3.2. Dual-hormone closed-loop insulin delivery
Dual-hormone closed-loop systems deliver subcutaneous glu-
cagon or, infrequently, other hormone in addition to insulin
when hypoglycemia is impending or predicted. The dual-hor-
mone approach may alleviate the risk of hypoglycemia per se,
or may be exploited to increase aggressiveness insulin delivery
with anticipation that certain degree of insulin over-delivery
may be counteracted by glucagon [53,58].

A dual-hormone closed-loop system was studied over
5 day-and-nights in adolescents in a diabetes camp using
conventional insulin pump therapy as comparator [43]. Mean
overnight sensor glucose was significantly reduced during the
closed-loop use, the percentage of time spent with low sensor
glucose readings was similar during the two interventions, and
the percentage of time in target range was greater with closed
loop. The dual-hormone system delivered on average 0.7 mg
of subcutaneous glucagon per day. In another outpatient
diabetes camp study, dual-hormone closed-loop was applied
in preadolescent children aged 6–11 years over 5 day-and-
nights [41]. Compared to conventional insulin pump therapy,
mean overnight sensor glucose on days 2–5 was significantly
reduced as was the time spent with sensor readings below
3.3 mmol/l during nights, and overnight time in range was
greater during closed-loop application.

A different dual-hormone system applying insulin delivery
in a fashion similar to that of a single-hormone closed-loop
system and adding glucagon as a safety mitigation to reduce
the risk of hypoglycemia was evaluated in children and ado-
lescents in a diabetes camp over three consecutive nights [42].
Insulin-alone closed-loop and conventional pump therapy
were comparators. The nocturnal time spent in hypoglycemia
with the dual-hormone system was significantly reduced com-
pared to insulin-alone closed-loop and insulin pump therapy.
The number of hypoglycemia events overnight was reduced
from 15 during nights with conventional pump therapy com-
pared with four events with insulin-alone closed loop and
none with the dual-hormone closed-loop. Mean glucagon
delivery during dual-hormone closed-loop nights was
0·04 mg per night. A similar dual-hormone system was tested
at home in adolescents and adults and compared to single-
hormone closed-loop and conventional pump therapy over
two consecutive nights [40]. Interventions were applied after
a high carbohydrate/high fat meal and after exercise. The
findings suggest that single- and dual-hormone closed-loop
systems provide superior overnight glucose control compared
to conventional pump therapy. However, the dual-hormone
configuration did not lead to significant incremental benefit to
single-hormone closed-loop with respect to overnight time in
target glucose levels and time in hypoglycemia.

3.4. Quality of life and psychosocial aspects

The assessment of user feedback and experience is essential to
inform the development of closed-loop prototypes and pro-
ducts, and clinical practice adoption [59].

In quantitative and qualitative psychosocial analyses of
experiences of home trial participants, pediatric and adoles-
cent users of overnight closed-loop and their parents reported

benefits including reassurance/peace of mind, having ‘time-
off’ from managing their diabetes, improved overnight control
leading to improved daily functioning and diabetes control,
and improved sleep [60,61]. The key negative themes related
mainly to technical issues such as device connectivity and
sensor calibration, intrusiveness of alarms, and size of the
devices. Overall, children and adolescents reported a positive
experience of the closed-loop technology with perceived ben-
efits of a closed-loop system outweighing practical challenges
[60,61].

These findings are in line with experiences from a study
evaluating overnight predictive low glucose management sys-
tems at home settings where participants reported break from
the daily burden of diabetes care [62]. In another overnight
home trial, closed-loop application had a positive impact on
hypoglycemia fear and other indices of health-related quality-
of-life outcomes [63].

4. Conclusions

Nocturnal glucose control is a major concern for children and
adolescents as well as parents and caregivers. Innovative tech-
nologies including automated glucose responsive insulin
delivery has driven improvements in overnight glucose control
over the past decade though further progress remains
desirable.

Threshold-based suspend and predictive low glucose sus-
pend applications are safe and effective in children and ado-
lescents alleviating overnight hypoglycemia in hypoglycemia-
prone individuals. These benefits might be achieved at the
expense of mildly elevated overnight and morning mean glu-
cose levels [24,25] and a slightly increased time in mild hyper-
glycemia depending on the algorithmic approach [24].

Single-hormone closed-loop systems may reduce nocturnal
hypoglycemia whilst also increasing time glucose is within the
normoglycemia range. Depending on control algorithm and
the population, mean overnight glucose is lower
[29,31,34,36,38], similar [27,32,35,37] or slightly elevated
[28,33] than during control therapy.

Current findings support the use of a single-hormone
closed-loop strategy for overnight glycemic control in the
pediatric and adolescent populations [40]. The incremental
benefit of glucagon for overnight glucose control in situations
such as hypoglycemia unawareness, following overdosing of
prandial insulin at dinner/bedtime, and prolonged exercise as
observed, for example, in diabetes camp settings is to be
observed but further developments need to take place and
cost–benefit analyses to be carried out.

Participants of trials evaluating glucose responsive insulin
delivery systems consistently express trust in the technology
and reduced disease burden embracing the potential of these
technologies to positively impact on quality of life.

In summary, results of up to several months closed-loop
use in outpatient and home settings are promising and
demonstrate the distinctive ability of such systems to improve
overall nocturnal glucose control and reduce the risk of hypo-
glycemia, a feat unachievable with many other therapeutic
modalities.
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5. Expert opinion

Over the past decade, significant progress has been made
translating research into glucose responsive insulin delivery
from controlled clinical research center settings to free-living
unsupervised home use. The approval of the first hybrid
closed-loop system by the FDA marks a new era in the adop-
tion of such systems in clinical practice. Multinational closed-
loop clinical trials and pivotal studies are underway or in
preparation including in adults and pediatric populations to
support reimbursement and to delineate clinical effectiveness.

The first generation of commercial closed-loop systems will
enable extensive data collection to take place to underpin
further tuning and refinements. Overnight use, not burdened
by meals and exercise, is of primary relevance given the
documented benefits of closed-loop use compared to wake-
time. Optimizing glucose control during rapid prandial and
exercise-related glycemic fluctuations remains challenge.
Ultra-rapid insulin analogs such as faster insulin aspart with
an earlier onset of appearance and action [64] are likely to be
beneficial. Adjunctive therapies including pramlintide and glu-
cagon-like peptide-1 [65,66], inhaled insulin [67], or ancillary
technologies such as site-warming [68] continue to be
explored.

Dual-hormone systems with glucagon coadministration
may further reduce the risk of hypoglycemia and/or provide
additional improvements in glucose control. Technological
and pharmacological challenges, currently being addressed,
include unavailability of dual chamber pumps and instability
of current glucagon preparation [69]. Safety and tolerability of
chronic subcutaneous glucagon use is to be established.
Practical challenges include increased complexity and cost.

Advances in continuous glucose monitoring are taking
place. Factory-calibrated flash glucose monitoring can be
applied for up to 2 weeks [70]. A long term up to 3-months
implantable glucose sensors is available for use in clinical
practice [71]. Single-port technologies combining glucose sen-
sing at the site of insulin delivery are being tested [72,73].

Smaller and more user friendly devices will be particularly
important for children [74]. At present, a multi-device archi-
tecture is often used. This complexity increases device burden,
and the risk of communication and connectivity-related issues.
As closed-loop devices may be vulnerable to cybersecurity
threats, e.g. interference with wireless protocols and unauthor-
ized data retrieval [75], implementation of secure communica-
tions protocols is of paramount importance. Fully integrated
systems might overcome these issues.

So far, study participation has been limited to established
pump users. This selection bias may diminish generalizability of
study findings. Future studies are needed to investigate the appli-
cation of closed-loop systems in pump naïve users. Other sub-
groups including very young children are to be enrolled so that
safety, efficacy, and utility analysis can be assessed. Future
research may include identifying sub-populations which may
benefit most.

Cost-effectiveness of closed-loop is to be determined to
support access and inform reimbursement decision-making.
In addition to conventional endpoints such as glycated hemo-
globin, quality of life is to be included to assess burden of

disease management and hypoglycemia. A concert effort is
underway to develop measures that more adequately capture
the role of human and psychological factors play in the uptake
and efficient use of closed-loop systems [76,77].

Funding

EC Horizon 2020 [H2020-SC1-731560], JDRF [2-SRA-2014-256-M-R],
National Institute of Diabetes and Digestive and Kidney Diseases
[1UC4DK108520-01], National Institute for Health Research Cambridge
Biomedical Research Centre, Wellcome Trust Strategic Award [100574/Z/
12/Z], Efficacy and Mechanism Evaluation National Institute for Health
Research [14/23/09]

Declaration of interest

M Tauschmann reports having received speaker honoraria from Novo
Nordisk and Medtronic. R Hovoka reports having received speaker honoraria
from Eli Lilly, Novo Nordisk and Astra Zeneca, serving on an advisory panel
for Eli Lilly and Novo Nordisk, receiving license fees from BBraun and
Medtronic; and having served as a consultant to BBraun. The authors have
no other relevant affiliations or financial involvement with any organization
or entity with a financial interest in or financial conflict with the subject
matter or materials discussed in the manuscript apart from those disclosed.

ORCID

Martin Tauschmann http://orcid.org/0000-0002-2305-2490
Roman Hovorka http://orcid.org/0000-0003-2901-461X

References

Papers of special note have been highlighted as either of interest (•) or of
considerable interest (••) to readers.

1. Diabetes Control and Complications Trial Research Group. The
effect of intensive treatment of diabetes on the development and
progression of long-term complications in insulin-dependent dia-
betes mellitus. The diabetes control and complications trial
research group. N Engl J Med. 1993 Sep 30;329(14):977–986.

2. White NH, Cleary PA, Dahms W, et al. Beneficial effects of intensive
therapy of diabetes during adolescence: outcomes after the con-
clusion of the Diabetes Control and Complications Trial (DCCT). J
Pediatr. 2001 Dec;139(6):804–812.

3. Davis EA, Keating B, Byrne GC, et al. Hypoglycemia: incidence and
clinical predictors in a large population-based sample of children
and adolescents with IDDM. Diabetes Care. 1997 Jan;20(1):22–25.

4. Matyka KA, Crowne EC, Havel PJ, et al. Counterregulation during
spontaneous nocturnal hypoglycemia in prepubertal children with
type 1 diabetes. Diabetes Care. 1999 Jul;22(7):1144–1150.

5. Monaghan MC, Hilliard ME, Cogen FR, et al. Nighttime caregiving
behaviors among parents of young children with Type 1 diabetes:
associations with illness characteristics and parent functioning.
Fam Syst Health. 2009 Mar;27(1):28–38.

6. Johnson SR, Cooper MN, Davis EA, et al. Hypoglycaemia, fear of
hypoglycaemia and quality of life in children with Type 1 diabetes
and their parents. Diabet Med. 2013 Sep;30(9):1126–1131.

7. Hirsch IB. Insulin analogues. N Engl J Med. 2005 Jan;352(2):174–
183.

8. Rossetti P, Ampudia-Blasco FJ, Ascaso JF. Old and new basal insulin
formulations: understanding pharmacodynamics is still relevant in
clinical practice. Diabetes Obes Metab. 2014 Aug;16(8):695–706.

9. Ruan Y, Thabit H, Leelarathna L, et al. Variability of insulin require-
ments over 12 weeks of closed-loop insulin delivery in adults with
type 1 diabetes. Diabetes Care. 2016 May;39(5):830–832.

EXPERT OPINION ON DRUG DELIVERY 1375



10. Bolli GB, Perriello G, Fanelli CG, et al. Nocturnal blood glucose
control in type I diabetes mellitus. Diabetes Care. 1993 Dec;16
(Suppl 3):71–89.

11. Bouchonville MF, Jaghab JJ, Duran-Valdez E, et al. The effectiveness
and risks of programming an insulin pump to counteract the dawn
phenomenon in type 1 diabetes. Endocr Pract. 2014 Dec;20
(12):1290–1296.

12. Sherr JL, Hermann JM, Campbell F, et al. Use of insulin pump
therapy in children and adolescents with type 1 diabetes and its
impact on metabolic control: comparison of results from three
large, transatlantic paediatric registries. Diabetologia. 2016 Jan;59
(1):87–91.

• Associations between insulin pump therapy and metabolic
control demonstrating considerable differences among three
large pediatric diabetes registries.

13. Rodbard D. Continuous glucose monitoring: a review of successes,
challenges, and opportunities. Diabetes Technol Ther. 2016 Feb;18
(Suppl 2):S23–S213.

14. Cummins E, Royle P, Snaith A, et al. Clinical effectiveness and cost-
effectiveness of continuous subcutaneous insulin infusion for dia-
betes: systematic review and economic evaluation. Health Technol
Assess. 2010 Feb;14(11):iii-iv, xi-xvi, 1-181.

15. Pańkowska E, Błazik M, Dziechciarz P, et al. Continuous subcuta-
neous insulin infusion vs. multiple daily injections in children with
type 1 diabetes: a systematic review and meta-analysis of rando-
mized control trials. Pediatr Diabetes. 2009 Feb;10(1):52–58.

16. Yeh HC, Brown TT, Maruthur N, et al. Comparative effectiveness
and safety of methods of insulin delivery and glucose monitoring
for diabetes mellitus: a systematic review and meta-analysis. Ann
Intern Med. 2012 Sep 4;157(5):336–347.

17. Langendam M, Luijf YM, Hooft L, et al. Continuous glucose mon-
itoring systems for type 1 diabetes mellitus. Cochrane Database
Syst Rev. 2012;1:Cd008101.

18. Wood JR, Miller KM, Maahs DM, et al. Most youth with type 1
diabetes in the T1D exchange clinic registry do not meet american
diabetes association or international society for pediatric and ado-
lescent diabetes clinical guidelines. Diabetes Care. 2013 Jul;36
(7):2035–2037.

19. Miller KM, Foster NC, Beck RW, et al. Current state of type 1
diabetes treatment in the U.S.: updated data from the T1D
Exchange clinic registry. Diabetes Care. 2015 Jun;38(6):971–978.

20. Bergenstal RM, Klonoff DC, Garg SK, et al. Threshold-based insulin-
pump interruption for reduction of hypoglycemia. N Engl J Med.
2013 Jul;369(3):224–232.

•• A large multicenter RCT demonstrating benefits of a low glu-
cose suspend system in hypoglycemia-prone subjects aged
16 years and older.

21. Buckingham BA, Cameron F, Calhoun P, et al. Outpatient safety
assessment of an in-home predictive low-glucose suspend system
with type 1 diabetes subjects at elevated risk of nocturnal hypo-
glycemia. Diabetes Technol Ther. 2013 Aug;15(8):622–627.

22. Bergenstal RM, Garg S, Weinzimer SA, et al. Safety of a hybrid
closed-loop insulin delivery system in patients with type 1 dia-
betes. JAMA. 2016 Oct;316(13):1407–1408.

•• A study in subjects aged 14 years and older evaluating a
hybrid single-hormone closed-loop system leading to approval
of the system in the USA in 2016.

23. Ly TT, Nicholas JA, Retterath A, et al. Effect of sensor-augmented
insulin pump therapy and automated insulin suspension vs stan-
dard insulin pump therapy on hypoglycemia in patients with type
1 diabetes: a randomized clinical trial. JAMA. 2013 Sep;310
(12):1240–1247.

24. Buckingham BA, Raghinaru D, Cameron F, et al. Predictive low-
glucose insulin suspension reduces duration of nocturnal hypogly-
cemia in children without increasing ketosis. Diabetes Care. 2015
Jul;38(7):1197–1204.

25. Maahs DM, Calhoun P, Buckingham BA, et al. A randomized trial of
a home system to reduce nocturnal hypoglycemia in type 1 dia-
betes. Diabetes Care. 2014 Jul;37(7):1885–1891.

26. Spaic T, Driscoll M, Raghinaru D, et al. Predictive hyperglycemia
and hypoglycemia minimization: in-home evaluation of safety, fea-
sibility, and efficacy in overnight glucose control in type 1 diabetes.
Diabetes Care. 2017 Mar;40(3):359–366.

27. Nimri R, Bratina N, Kordonouri O, et al. MD-Logic overnight type 1
diabetes control in home settings: a multicentre, multinational,
single blind randomized trial. Diabetes Obes Metab.2017 Apr;19
(4):553-561.

28. Sharifi A, De Bock MI, Jayawardene D, et al. Glycemia, treatment
satisfaction, cognition, and sleep quality in adults and adolescents
with type 1 diabetes when using a closed-loop system overnight
versus sensor-augmented pump with low-glucose suspend func-
tion: a randomized crossover study. Diabetes Technol Ther. 2016
Dec;18(12):772–783.

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

• An RCT evaluating home use of hybrid closed-loop insulin
delivery in suboptimally controlled children and adolescents
aged 10–18 years.

30. Ly TT, Buckingham BA, DeSalvo DJ, et al. Day-and-night closed-
loop control using the unified safety system in adolescents with
type 1 diabetes at camp. Diabetes Care. 2016 Aug;39(8):e106–e107.

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

32. Ly TT, Keenan DB, Roy A, et al. Automated overnight closed-loop
control using a proportional-integral-derivative algorithm with
insulin feedback in children and adolescents with type 1 diabetes
at diabetes camp. Diabetes Technol Ther. 2016 Jun;18(6):377–384.

33. Del Favero S, Boscari F, Messori M, et al. Randomized summer
camp crossover trial in 5- to 9-year-old children: outpatient wear-
able artificial pancreas is feasible and safe. Diabetes Care. 2016
May;39:1180–1185.

• An RCT demonstrating the feasibility of outpatient hybrid
closed-loop insulin delivery in children aged 5–9 years.

34. Thabit H, Tauschmann M, Allen JM, et al. Home use of an artificial
beta cell in type 1 diabetes. N Engl J Med. 2015 Nov;373(22):2129–
2140.

•• A multicenter RCT demonstrating benefit of overnight hybrid
closed-loop insulin delivery in children and adolescents in
unsupervised home settings over 3-month use.

35. Ly TT, Roy A, Grosman B, et al. Day and night closed-loop control
using the integrated medtronic hybrid closed-loop system in type 1
diabetes at diabetes camp. Diabetes Care. 2015 Jul;38(7):1205–1211.

36. Nimri R, Muller I, Atlas E, et al. MD-Logic overnight control for 6
weeks of home use in patients with type 1 diabetes: randomized
crossover trial. Diabetes Care. 2014 Nov;37(11):3025–3032.

37. Ly TT, Breton MD, Keith-Hynes P, et al. Overnight glucose control
with an automated, unified safety system in children and adoles-
cents with type 1 diabetes at diabetes camp. Diabetes Care. 2014
Aug;37(8):2310–2316.

38. Hovorka R, Elleri D, Thabit H, et al. Overnight closed loop insulin
delivery in young people with type 1 diabetes: a free-living rando-
mised clinical trial. Diabetes Care. 2014;37(5):1204–1211.

39. Phillip M, Battelino T, Atlas E, et al. Nocturnal glucose control with
an artificial pancreas at a diabetes camp. N Engl J Med. 2013 Feb
28;368(9):824–833.

40. Haidar A, Rabasa-Lhoret R, Legault L, et al. Single- and dual-hor-
mone artificial pancreas for overnight glucose control in type 1
diabetes. J Clin Endocrinol Metab. 2016 Jan;101(1):214–223.

• An RCT comparing single- and dual-hormone closed-loop sys-
tems in outpatient settings in children and adolescents aged
9–17 years.

41. Russell SJ, Hillard MA, Balliro C, et al. Day and night glycaemic
control with a bionic pancreas versus conventional insulin pump
therapy in preadolescent children with type 1 diabetes: a

1376 M. TAUSCHMANN AND R. HOVORKA



randomised crossover trial. Lancet Diabetes Endocrinol. 2016 Mar;4
(3):233–243.

42. Haidar A, Legault L, Matteau-Pelletier L, et al. Outpatient overnight
glucose control with dual-hormone artificial pancreas, single-hor-
mone artificial pancreas, or conventional insulin pump therapy in
children and adolescents with type 1 diabetes: an open-label,
randomised controlled trial. Lancet Diabetes Endocrinol. 2015
Aug;3(8):595–604.

43. Russell SJ, El-Khatib FH, Sinha M, et al. Outpatient glycemic control
with a bionic pancreas in type 1 diabetes. N Engl J Med. 2014
Jul;371(4):313–325.

•• An RCT describing first outpatient use of dual-hormone closed-
loop system in adults.

44. Matyka KA. Sweet dreams?–nocturnal hypoglycemia in children
with type 1 diabetes. Pediatr Diabetes. 2002 Jun;3(2):74–81.

45. Danne T, Kordonouri O, Holder M, et al. Prevention of hypoglyce-
mia by using low glucose suspend function in sensor-augmented
pump therapy. Diabetes Technol Ther. 2011 Nov;13(11):1129–1134.

46. Battelino T, Nimri R, Dovc K, et al. Prevention of hypoglycemia with
predictive low glucose insulin suspension in children with type 1
diabetes: a randomized controlled trial. Diabetes Care. 2017
Mar;40:764–770.

•• A multicenter RCT demonstrating benefits of predictive low glu-
cose suspend insulin pump therapy in children aged 8–18 years.

47. Calhoun PM, Buckingham BA, Maahs DM, et al. Efficacy of an
overnight predictive low-glucose suspend system in relation to
hypoglycemia risk factors in youth and adults with type 1 diabetes.
J Diabetes Sci Technol. 2016 Nov;10(6):1216–1221.

48. Steil GM, Rebrin K, Darwin C, et al. Feasibility of automating insulin
delivery for the treatment of type 1 diabetes. Diabetes. 2006
Dec;55(12):3344–3350.

49. Weinzimer SA, Steil GM, Swan KL, et al. Fully automated closed-
loop insulin delivery versus semiautomated hybrid control in
pediatric patients with type 1 diabetes using an artificial pancreas.
Diabetes Care. 2008 May;31(5):934–939.

50. Hovorka R, Allen JM, Elleri D, et al. Manual closed-loop insulin delivery
in children and adolescents with type 1 diabetes: a phase 2 rando-
mised crossover trial. Lancet. 2010 Feb;375(9716):743–751.

51. Atlas E, Nimri R, Miller S, et al. MD-logic artificial pancreas system: a
pilot study in adults with type 1 diabetes. Diabetes Care. 2010
May;33(5):1072–1076.

52. El-Khatib FH, Russell SJ, Nathan DM, et al. A bihormonal closed-
loop artificial pancreas for type 1 diabetes. Sci Transl Med. 2010
Apr 14;2(27):27ra27.

53. Bakhtiani PA, Zhao LM, El Youssef J, et al. A review of artificial
pancreas technologies with an emphasis on bi-hormonal therapy.
Diabetes Obes Metab. 2013 Dec;15(12):1065–1070.

54. ClinicalTrials.gov. Identifier: NCT02523131, Home testing of day
and night closed loop with pump suspend feature (apcam11).
2015 Aug 09 ed. Bethesda (MD): National Library of Medicine
(US); 2000 Feb 29.

55. Garg SK, Weinzimer SA, Tamborlane WV, et al. Glucose outcomes
with the in-home use of a hybrid closed-loop insulin delivery
system in adolescents and adults with type 1 diabetes. Diabetes
Technol Ther. 2017;19:155–163.

56. Hasan KS, Kabbani M. Mini-dose glucagon is effective at diabetes
camp. J Pediatr. 2004 Jun;144(6):834.

57. Steil GM, Panteleon AE, Rebrin K. Closed-loop insulin delivery-the
path to physiological glucose control. Adv Drug Deliv Rev. 2004
Feb 10;56(2):125–144.

58. Haidar A, Smaoui MR, Legault L, et al. The role of glucagon in the
artificial pancreas. Lancet Diabetes Endocrinol. 2016 Jun;4(6):476–479.

59. Oliver NS, Evans ML, Hovorka R, et al. Comment on Doyle et al.
Closed-loop artificial pancreas systems: engineering the algorithms.
Diabetes Care. 2014;37:1191–1197.

60. Barnard KD, Wysocki T, Allen JM, et al. Closing the loop overnight
at home setting: psychosocial impact for adolescents with type 1
diabetes and their parents. BMJ Open Diabetes Res Care. 2014;2(1):
e000025.

61. Barnard KD, Wysocki T, Ully V, et al. Closing the loop in adults,
children and adolescents with suboptimally controlled type 1 dia-
betes under free living conditions: A psychosocial substudy. J
Diabetes Sci Technol. 2017 Apr:1932296817702656.

62. Messer LH, Calhoun P, Buckingham B, et al. In-home nighttime
predictive low glucose suspend experience in children and
adults with type 1 diabetes. Pediatr Diabetes. 2017 Aug;18
(5):332-339.

63. Ziegler C, Liberman A, Nimri R, et al. Reduced worries of hypogly-
caemia, high satisfaction, and increased perceived ease of use after
experiencing four nights of MD-logic artificial pancreas at home
(DREAM4). J Diabetes Res. 2015;2015:590308.

64. Heise T, Hövelmann U, Brøndsted L, et al. Faster-acting insulin
aspart: earlier onset of appearance and greater early pharmacoki-
netic and pharmacodynamic effects than insulin aspart. Diabetes
Obes Metab. 2015 Jul;17(7):682–688.

65. Weinzimer SA, Sherr JL, Cengiz E, et al. Effect of pramlintide on
prandial glycemic excursions during closed-loop control in adoles-
cents and young adults with type 1 diabetes. Diabetes Care. 2012
Oct;35(10):1994–1999.

66. Sherr JL, Patel NS, Michaud CI, et al. Mitigating meal-related gly-
cemic excursions in an insulin-sparing manner during closed-loop
insulin delivery: the beneficial effects of adjunctive pramlintide and
liraglutide. Diabetes Care. 2016;39:1127–1134.

67. Setji TL, Hong BD, Feinglos MN. Technosphere insulin: inhaled
prandial insulin. Expert Opin Biol Ther. 2016;16(1):111–117.

68. Cengiz E, Weinzimer SA, Sherr JL, et al. Acceleration of insulin
pharmacodynamic profile by a novel insulin infusion site warming
device. Pediatr Diabetes. 2013 May;14(3):168–173.

69. Jackson MA, Caputo N, Castle JR, et al. Stable liquid glucagon
formulations for rescue treatment and bi-hormonal closed-loop
pancreas. Curr Diab Rep. 2012 Dec;12(6):705–710.

70. Bailey T, Bode BW, Christiansen MP, et al. The performance and
usability of a factory-calibrated flash glucose monitoring system.
Diabetes Technol Ther. 2015 Jul;17(11):787–794.

71. Wang X, Ioacara S, DeHennis A. Long-term home study on noctur-
nal hypoglycemic alarms using a new fully implantable continuous
glucose monitoring system in type 1 diabetes. Diabetes Technol
Ther. 2015 Nov;17(11):780–786.

72. Regittnig W, Lindpointner S, Korsatko S, et al. Periodic extraction of
interstitial fluid from the site of subcutaneous insulin infusion for
the measurement of glucose: a novel single-port technique for the
treatment of type 1 diabetes patients. Diabetes Technol Ther. 2013
Jan;15(1):50–59.

73. Hajnsek M, Nacht B, Sax S, et al. The single-port concept: combin-
ing optical glucose measurement with insulin infusion. Acta
Diabetol. 2014 Oct;51(5):883–886.

74. Elleri D, Acerini CL, Allen JM, et al. Parental attitudes towards
overnight closed-loop glucose control in children with type 1
diabetes. Diabetes Technol Ther. 2010 Jan;12(1):35–39.

75. O’Keeffe DT, Maraka S, Basu A, et al. Cybersecurity in artificial
pancreas experiments. Diabetes Technol Ther. 2015 Sep;17
(9):664–666.

76. Barnard KD, Venkat MV, Close K, et al. PsychDT working group:
report psychosocial aspects of artificial pancreas systems. J
Diabetes Sci Technol. 2015 Jul;9(4):925–928.

77. Barnard KD, Hood KK, Weissberg-Benchell J, et al. Psychosocial
assessment of artificial pancreas (AP): commentary and review of
existing measures and their applicability in AP research. Diabetes
Technol Ther. 2015 Apr;17(4):295–300.

EXPERT OPINION ON DRUG DELIVERY 1377


	Abstract
	1.  Introduction
	2.  Aims and methods
	3.  Glucose responsive suspension of insulin delivery
	3.1.  Threshold-based insulin suspend
	3.2.  Predictive low glucose insulin suspend
	3.3.  Closed-loop insulin delivery
	3.3.1.  Single-hormone closed-loop insulin delivery
	3.3.2.  Dual-hormone closed-loop insulin delivery

	3.4.  Quality of life and psychosocial aspects

	4.  Conclusions
	5.  Expert opinion
	Funding
	Declaration of interest
	References



