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Abstract

Aims/hypothesis The aim of this study was to assess whether
the dual-hormone (insulin and glucagon) artificial pancreas
reduces hypoglycaemia compared with the single-hormone
(insulin alone) artificial pancreas during two types of exercise.
Methods An open-label randomised crossover study compar-
ing both systems in 17 adults with type 1 diabetes (age,
37.2+13.6 years; HbA., 8.0+£1.0% [63.9+10.2 mmol/mol])
during two exercise types on an ergocycle and matched for
energy expenditure: continuous (60% VOzpeak for 60 min)
and interval (2 min alternating periods at 85% and 50%
VOzpeak for 40 min, with two 10 min periods at 45% VOzpeak
at the start and end of the session). Blocked randomisation (size
of four) with a 1:1:1:1 allocation ratio was computer generated.
The artificial pancreas was applied from 15:30 hours until
19:30 hours; exercise was started at 18:00 hours and announced
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20 min earlier to the systems. The study was conducted at the
Institut de recherches cliniques de Montréal.

Results During single-hormone control compared with dual-
hormone control, exercise-induced hypoglycaemia (plasma
glucose <3.3 mmol/l with symptoms or <3.0 mmol/l regard-
less of symptoms) was observed in four (23.5%) vs two
(11.8%) interventions (p=0.5) for continuous exercise and
in six (40%) vs one (6.25%) intervention (p =0.07) for interval
exercise. For the pooled analysis (single vs dual hormone), the
median (interquartile range) percentage time spent at glucose
levels below 4.0 mmol/l was 11% (0.0-46.7%) vs 0% (0-0%;
p=0.0001) and at glucose levels between 4.0 and 10.0 mmol/l
was 71.4% (53.2-100%) vs 100% (100-100%; p=0.003).
Higher doses of glucagon were needed during continuous
(0.126 £0.057 mg) than during interval exercise (0.093
+0.068 mg) (p=0.03), with no reported side-effects in all
interventions.
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Conclusions/interpretation The dual-hormone artificial pan-
creas outperformed the single-hormone artificial pancreas in
regulating glucose levels during announced exercise in adults
with type 1 diabetes.

Trial registration: ClinicalTrials.gov NCT01930110
Funding: Société Francophone du Diabéte and Diabete
Québec

Keywords Artificial pancreas - Exercise - Glucagon -
Hypoglycaemia - Type 1 diabetes
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IQR Interquartile range
MARD Mean absolute relative difference

Introduction

In addition to insulin replacement therapy, patients with type 1
diabetes should maintain a healthy lifestyle that includes regular
physical activity [1]. Exercise is associated with several health
benefits for patients with type 1 diabetes such as improved
physical fitness, reduced cardiovascular risk factors and re-
duced insulin requirements [2, 3]. Nevertheless, the majority
of patients with type 1 diabetes do not meet the recommended
physical activity levels mostly because of fear of exercise-
induced hypoglycaemia [4, 5]. The inability to decrease plasma
insulin levels when the glucose utilisation rate and insulin sen-
sitivity are increased by exercise is the main factor that sets the
stage for hypoglycaemia [6]. Another contributory factor in this
setting is the deficiency of counter-regulatory hormones, main-
ly glucagon, cortisol and catecholamines [6, 7].

A reduction or complete suspension of basal insulin [8],
reduction of prandial insulin [9], increase in carbohydrate con-
sumption [10] or combinations of these strategies [11] are
recommended to prevent exercise-induced hypoglycaemia.
Any adjustments must be guided by factors such as the type
of exercise (e.g. aerobic, resistance or interval), its intensity,
duration and time relative to meals; all of which modulate
glucose variation. Despite these recommendations, exercise-
induced hypoglycaemia remains common [12]. The develop-
ment of novel strategies to control glucose excursions during
exercise remains a major unmet need.

Recently, interest in the external artificial pancreas as a
promising treatment option for patients with type 1 diabetes
has gained momentum [13]. In this system, subcutaneous glu-
cose sensor readings are continuously transmitted to a mathe-
matical dosing algorithm which dynamically controls the de-
livery rates of hormonal infusion pumps [13]. Two configura-
tions of the artificial pancreas, single hormone (insulin only)
and dual hormone (insulin and glucagon), have been shown to
offer tighter glucose control compared with conventional
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pump therapy [14—17]. However, although the addition of
glucagon has the potential to further lower hypoglycaemia,
this comes at the expense of increased cost and device com-
plexity [18-20].

Several approaches have been investigated for the manage-
ment of exercise during the operation of the single-hormone
artificial pancreas [18-22]. A fully reactive system that is
driven by glucose sensor data alone fails to prevent exercise-
induced hypoglycaemia, particularly because the delay in in-
sulin absorption reduces the effectiveness of its suspension
after the start of exercise [21]. The addition of a heart rate or
activity sensor to the single-hormone artificial pancreas might
reduce the risk of hypoglycaemia, although at the expense of
an increased burden for the patient (via wearing multiple sen-
sors) [22]. The use of glucagon in the dual-hormone artificial
pancreas might be particularly beneficial during exercise, but
limited data exist to quantify the additional benefits compared
with the single-hormone artificial pancreas. One study com-
pared the two systems over 24 h that included physical activ-
ity, but was not sufficiently powered to detect differences re-
lated to exercise [18]. Moreover, the exercise session in this
study was performed 2.5 h after a meal, was preceded by a
snack and was not announced to the artificial pancreas.

In this study, we conducted the first randomised crossover
trial to compare the efficacy of single- and dual-hormone artifi-
cial pancreases in preventing exercise-induced hypoglycaemia
in adults with type 1 diabetes. Two types of exercise sessions
were included: continuous and interval. These sessions were not
preceded by carbohydrate ingestion but were announced to the
algorithm 20 min prior to their commencement.

Methods

Study design and participants An open-label, randomised,
crossover study was performed to compare the efficacy of the
single-hormone vs the dual-hormone artificial pancreas during
continuous exercise and interval exercise in adults with type 1
diabetes. Each participant underwent four interventions.
Adults aged 18 years or older who had a clinical diagnosis
oftype 1 diabetes for at least 1 year, had been on insulin pump
therapy for at least 3 months and whose HbA . levels were
<12% (<107.7 mmol/mol) were invited to participate.
Exclusion criteria included clinically significant microvascu-
lar complications, any acute macrovascular event in the past
3 months, abnormal blood panel findings and/or anaemia, and
pregnancy. Participants with a severe hypoglycaemic episode
within 2 weeks of screening or another serious medical illness
likely to interfere with their ability to complete the exercise
sessions were also excluded. Recruitment was carried out at
the diabetes clinic of the Institut de recherches cliniques de
Montréal (IRCM), QC, Canada. The study was approved by
the IRCM Ethics Committee and conducted according to the
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declaration of Helsinki. All participants provided written in-
formed consent.

Participants were first randomised to the type of exercise
and then to the type of artificial pancreas (single or dual hor-
mone). Blocked randomisation (size of four) with a 1:1:1:1
ratio was used to generate allocation sequences for the inter-
ventions. One of the study coordinators carried out the
randomisation and placed the results in a sealed envelope that
was open at the end of the admission visit. Participants were
blinded to the sensor glucose readings and to the hormone
infusion rates throughout the intervention visits.

Procedures During the admission visit, medical data, HbA
level and anthropometric measures were obtained. Records of
insulin therapy over the past 3 days were collected, including
the total daily insulin dose, basal rates and carbohydrate/
insulin ratios. Physical fitness was assessed using a protocol
adapted from Storer et al [23]: participants underwent a graded
exercise test on an ergocycle (Ergoline 900, Bitz, Germany)
and the highest 30 s average oxygen uptake value obtained
represented the VOzpeak.

Continuous exercise consisted of a 60 min session at 60%
VOzpeak, and the interval exercise consisted of 2 min alternat-
ing periods of 85% and 50% VOzpeak for 40 min, with two
10 min periods at 45% VOZpeak at the beginning and at the end
of the exercise session. Both exercises were matched for en-
ergy expenditure. Participants were told to avoid moderate to
high intensity exercise during the day preceding and the day of
the intervention.

A glucose sensor (Dexcom G4 Platinum, Dexcom, San
Diego, CA, USA) was inserted at least 24 h before each inter-
vention and calibrated according to the manufacturer’s recom-
mendation by patients using their own glucose meters. The use
of paracetamol was prohibited during the study to avoid poten-
tial enzymatic interference with the sensor measurements [24].

Participants consumed a standardised lunch (50 g carbohy-
drate for women, 70 g carbohydrate for men) around noon on
the intervention day. An accelerometer (SenseWear Armband
MF-SW, Bodymedia, Pittsburgh, PA, USA) was used to as-
sess energy expenditure. Artificial pancreas control started at
15:30 hours, a carbohydrate-free snack was given at
15:45 hours, and exercise was announced to the algorithm at
17:40 hours, started at 18:00 hours and followed by a 30 min
recovery period, ending at 19:30 hours. The artificial pancreas
was then disconnected, a standardised dinner (60 g carbohy-
drate for women, 80 g carbohydrate for men) was served to
participants and they were then discharged. Participants were
asked to keep their glucose sensor on until the next morning to
monitor post-exercise overnight glucose control.

Insulin aspart (B28Asp human insulin; Novorapid, Novo
Nordisk Mississauga, ON, Canada) and glucagon (Eli Lilly
Canada, Toronto, ON, Canada) were administered

subcutaneously via infusion pumps (MiniMed Paradigm
Veo, Medtronic, Northridge, CA, USA). Glucagon was
reconstituted at the start of the dual-hormone artificial
pancreas Vvisit and was given as microboluses. The staff man-
ually entered real-time sensor readings every 10 min into the
dosing algorithm that was running on a laptop computer.
Recommendations of hormonal delivery (insulin and gluca-
gon) were then generated by the algorithm and applied man-
ually by staff through the infusion pumps. Recommendations
of the dosing algorithm were adhered to irrespective of the
performance of the glucose sensor. The glucose sensors were
neither recalibrated nor replaced in the event of inaccuracy.

Venous blood samples were withdrawn every 30 min from
15:30 to 18:00 hours, every 10 min from 18:00 to 19:00 hours
(during exercise) and every 15 min from 19:00 to 19:30 hours
(recovery period). Blood was directly processed to measure
plasma glucose levels using a YSI2300 STAT Plus analyser
(Yellow Springs, OH, USA) and samples were stored for sub-
sequent measurement (in duplicate) of insulin and glucagon
levels using an immunoassay (Millipore, Billerica, MA,
USA). For hypoglycaemia treatment, if plasma glucose was
<3.3 mmol/l with symptoms or <3.0 mmol/l irrespective of
symptoms, 20% dextrose (7.5 g carbohydrate) was i.v. in-
fused. Repeated dextrose infusions were administered until
glucose level rose above 4.0 mmol/l. The i.v. glucose route
was used because expired gas samples were analysed through-
out the test using a facial mask.

The algorithm for the artificial pancreas was initiated using
the participant’s weight, the time and carbohydrate amount of
the last meal, and the basal and total insulin daily doses [18-20].
Insulin delivery was based on a proprietary dosing algorithm
using a model predictive control. Glucagon delivery followed
logical rules that considered glucose concentration estimates and
their trends. Insulin delivery algorithms were identical in both
the single- and dual-hormone artificial pancreas systems, except
that the insulin delivery algorithm took account of the glucagon
taken onboard via the dual-hormone artificial pancreas [18-20].
The target glucose level was set at 5.3 mmol/l. Upon the an-
nouncement of exercise, the target glucose level was re-set to
8.3 mmol/l. The original target level of 5.3 mmol/l was resumed
directly at completion of the 60 min exercise session.

Outcomes Outcomes were recorded and analysed over a
90 min period (60 min of exercise and 30 min of recovery).
The primary outcome was the number of participants
experiencing exercise-induced hypoglycaemia requiring treat-
ment. Secondary outcomes included the number of partici-
pants with plasma glucose below 3.9 mmol/l, a decrease in
glucose levels, a decremental AUC from the start of exercise,
the AUC for plasma glucose levels below 4.0 mmol/l, the
percentage of time spent with plasma glucose levels below
4.0 mmol/l and the percentage of time in which plasma glu-
cose levels were within the target range (4.0-10.0 mmol/l).
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Statistical analysis We anticipated that 70% of participants
would experience hypoglycaemia with the single-hormone
but not with the dual-hormone artificial pancreas, that 5%
would have hypoglycaemia with the dual-hormone but not
with the single-hormone artificial pancreas, while the remain-
ing 25% of patients would have hypoglycaemia with both or
neither. After correcting for multiple comparisons («=0.05/2),
14 participants were needed to achieve 80% statistical power
(using power calculations for the McNemar test). To account
for dropout, 20 participants were recruited for the study.

Data collected separately for each type of exercise and
pooled data for both exercise types were analysed. A
McNemar test was used to compare the number of participants
with at least one hypoglycaemic event requiring treatment
during an intervention (i.e. hypoglycaemia frequency) and to
compare participants who experienced glucose levels lower
than 3.9 mmol/l. For all continuous outcomes, a multivariate
linear mixed effect model with the treatment sequence (fixed
effect), individual nested within sequence (random effect),
period (fixed effect) and treatment (fixed effect) entered as
covariates was applied. For analysis of overnight data, the same
model was used to compare the percentage of time spent in
hypoglycaemia, at the target glucose level and in hyperglycaemia
according to glucose sensor readings, with hypoglycaemia treat-
ment during exercise added as a covariate. One-way ANOVA
was used to compare energy expenditure among the four types of
interventions. A threshold of 5% was used to set statistical sig-
nificance. As pre-planned, modified intention-to-treat analyses
were performed: patients who completed at least two visits were
included in the analysis. R software version 3.1.2 (https:/cran.r-
project.org/bin/windows/base/old/3.1.2/) was used for the
analysis and data are presented as numbers, percentages,
means+SD and/or medians (interquartile range [IQR]).

Results

Between June 2014 and April 2015, 17 participants (eight
women) were enrolled in the study, with a mean age of
37.2+13.6 years, type 1 diabetes duration of 23.1+11.7 years,
HbA. level of 8.0£1.0% [63.9410.2 mmol/mol]), insulin
dose of 46.2+15.8 U/day and BMI of 25+4.0 kg/m>.
Participants had different levels of physical fitness: mean
Vngeak 34.2+5.4 (minimum 19.9, maximum 42.6) ml kgf1
min "' (electronic supplementary material [ESM] Table 1).
Twenty participants were initially enrolled, of whom two
dropped out after the admission visit, one dropped out after
completing only one intervention and two dropped out after
completing two to three interventions (reasons for dropping
out are detailed in Fig. 1).

Figures 2 and 3 show plasma glucose and glucagon levels,
insulin and glucagon delivery rates, and hypoglycaemic
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events at all intervention visits. Mean glucose levels at the
start of exercise were between 6.3 and 7.1 mmol/1 for all study
conditions, with no significant difference between glucose
levels (Table 1). The mean+ SD estimated energy expenditure
was similar at all four visits: single-hormone system during
continuous exercise, 1585.7+489.1 kJ; dual-hormone system
during continuous exercise, 1651.4+401.7 kJ; single-
hormone system during interval exercise, 1640.1+380.7 kJ;
dual-hormone during interval exercise, 1627,6+493.7 kJ
(p=0.98).

During continuous exercise, four participants (23.5%) ex-
perienced at least one hypoglycaemic event requiring treat-
ment (plasma glucose <3.3 mmol/l with symptoms or
<3.0 mmol/l irrespective of symptoms) with the single-
hormone artificial pancreas, compared with two participants
(11.8%) with the dual-hormone artificial pancreas (p=0.5).
During interval exercise, six participants (40.0%) experienced
at least one hypoglycaemic event requiring treatment with the
single-hormone artificial pancreas compared with one partic-
ipant (6.25%) with the dual-hormone artificial pancreas
(p=0.07; Table 1). In total, there were 15 events with the
single-hormone artificial pancreas (seven during continuous
and eight during interval exercise). With the dual-hormone
artificial pancreas, the number of events was reduced to three
(two during continuous and one during interval exercise;
Table 1). The glucose sensor over-read by a mean+SD of
1.1+0.8 mmol/l for the 15 hypoglycaemic events under
single-hormone control compared with 3.142.1 mmol/l under
dual-hormone control (5.5, 2.2 and 1.6 mmol/l for the three
individual events). At the 3.9 mmol/l threshold during contin-
uous exercise, nine participants (52.9%) had hypoglycaemia
with the single-hormone artificial pancreas compared with
three (17.6%) with the dual-hormone artificial pancreas
(p=0.07). Similarly, during interval exercise, seven partici-
pants (46.7%) had hypoglycaemia with the single-hormone
artificial pancreas compared with one (6.25%) with the dual-
hormone artificial pancreas (p=0.04).

The median time spent with plasma glucose levels below
4.0 mmol/l was significantly higher with the single-hormone
artificial pancreas than with the dual-hormone artificial pan-
creas: 22.5% (IQR 0-48.3) vs 0% (0—0%; p=0.006) during
continuous exercise and 0% (0-30.4%) vs 0% (0-0%;
p=0.03) during interval exercise. Similarly, the median
AUC for hypoglycaemia (<4.0 mmol/l) was higher for the
single-hormone system compared with the dual-hormone sys-
tem: 63.3 (0-154.6) vs 0 (0—0) mmol/l X min (p=0.008) for
continuous and 0 (0-89.9) vs 0 (0—0) mmol/l x min (p=0.02)
for interval exercise (Table 1). With the single-hormone sys-
tem, participants also spent a lower median percentage of time
at target glucose levels (4.0-10.0 mmol/l): 68.1% (51.6—
100%) vs 100% (100—-100%; p=0.004) during continuous
exercise and 72.5% (60.4-100%) vs 100% (100-100%:;
p=0.11) during interval exercise (Table 1).
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Fig. 1 Trial flow chart. SAP,
single-hormone artificial
pancreas; DAP, dual-hormone

Approached and assessed
for eligibility (n=44)

artificial pancreas

[ Enrolment }

+ Refused to participate (n=18)

» ¢ Excluded (did not meet inclusion/exclusion criteria) (n=6)

Randomised to 4 interventions (n=20)

[ Dropout ]

_| * Dropout (n=2) — Lack of time, difficulty in

glucose sensor insertion

1st intervention completed (n=18)

[

I

v

+ Dropout (n=1) — Difficulty with venous access

2nd intervention completed (n=17)

A 4

+ Dropout (n=1) — Lack of time

3rd intervention

completed (n=16)

» ¢ Dropout (n=1) — Interval exercise not
tolerated

4th intervention

completed (n=15)

+ Participants who completed SAP and DAP

[ Analysis }

visits for any exercise are included in the
analysis

65 interventions (n=17 participants)
¢ 4 interventions completed (n=15)

+ at least 2 interventions completed (n=2)

From the time exercise was announced until the end of the
recovery period, the insulin infusion rate did not significantly
differ between the single-hormone and dual-hormone sys-
tems: the means were 0.30+£0.33 U/h and 0.40+0.36 U/h
(»p=0.7), respectively, during continuous exercise and
0.32+0.35 U/h and 0.44+0.3 U/h (p=0.2), respectively, dur-
ing interval exercise. The plasma insulin concentrations did not
significantly differ between the two systems during both exercise
types (Table 1). With the dual-hormone artificial pancreas, more
glucagon was needed during continuous (0.126 +0.057 mg) than
during interval (0.093 +0.068 mg) exercise (p=0.03). However,
the mean plasma glucagon concentrations did not significantly
differ between the two types of exercise: continuous exercise,
210.6+71.4 ng/l, interval exercise, 210.8 £96.0 ng/l (p=0.97).
These correspond to an increase by a factor of 2.6 and 2.7,
respectively, compared with single-hormone artificial pancreas
visits. No participant reported side-effects related to glucagon
administration.

The pooled data comparing the two systems regardless of
exercise type followed the same trends seen with the separate
analyses. Glucagon use in dual-hormone artificial pancreas
further prevented exercise-induced hypoglycaemia compared
with the single-hormone artificial pancreas; the percentages of

participants with hypoglycaemia requiring treatment and plas-
ma glucose <3.9 mmol/l were reduced by 22% (p=0.02) and
38% (p=0.003), respectively, with the dual-hormone system
(ESM Table 2). Similarly, the median time spent in
hypoglycaemia (plasma glucose <4.0 mmol/l) was decreased
by 11% (p=0.0001) while that spent at target levels
(plasma glucose 4.0-10.0 mmol/l) was increased by
28.6% (p=0.003) as an added benefit of glucagon use.
Details about the pooled analysis are provided in Fig. 4
and ESM Table 2.

The analysis of time spent at target glucose, in
hypoglycaemic and in hyperglycaemic ranges according to
overnight glucose sensor readings (conventional pump therapy
was applied during the night) is detailed in ESM Table 3. After
single- and dual-hormone system artificial pancreas interven-
tions, the mean overnight time spent in the target range was
54.4+26.3% vs 70.5£21.6% (p=0.13) for continuous exer-
cise, and 52.2+31.7% vs 77.4+15.7% for interval exercise
(»p=0.03). There was no difference in the time spent in
hypoglycaemia after single- vs dual-hormone interventions.
Lower mean glucose levels were seen in the nights that follow-
ed dual-hormone interventions 8.1 +2.1 mmol/l for continuous
and 7.2+1.6 mmol/l for interval than the nights following
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Fig.2 Continuous exercise graphs for participants with (a—c) single-hormone artificial pancreases and (d—f) dual-hormone artificial pancreases. Shaded
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single-hormone interventions 9.1+2.0 mmol/l and 9.4
+2.8 mmol/l for continuous and interval exercise, respectively.

Discussion

The artificial pancreas has the potential to revolutionise diabetes
treatment [ 13]. The dual-hormone version in particular is expect-
ed to improve glucose control during situations with an in-
creased risk of hypoglycaemia, such as exercise [25]. We report
the first clinical trial designed to directly compare the single-
hormone and dual-hormone artificial pancreas systems during
two different types of exercise in adults with type 1 diabetes.
Our results suggest that adding glucagon to the artificial pancre-
as may reduce exercise-induced hypoglycaemia and improve
glucose control during both continuous and interval exercise.
Previous studies have compared conventional insulin pump
therapy to either a single-hormone or dual-hormone artificial
pancreas during exercise [15, 26]. Only one study directly report-
ed exercise-related outcomes when comparing the two artificial
pancreas systems (conventional vs single-hormone vs dual-
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hormone) [18]. This study included a continuous type of exercise
which was postprandial and preceded by a carbohydrate rich
snack. Hypoglycaemic events were rare with both systems (7%
and 14% with single- and dual-hormone systems, respectively)
compared with a conventional insulin pump (38%) [18]. In the
present study, in which exercise was performed prior to dinner
without carbohydrate-containing snack consumption, the addi-
tion of glucagon resulted in a reduction of hypoglycaemic events
and of time spent in the hypoglycaemic range. All three
hypoglycaemic events that happened under dual-hormone con-
trol were probably due to sensor over-reading rather than to
algorithm recommendations. This type of event is expected to
be decreased or eliminated in the future with the use of glucose
sensors with better performance. However, glucose sensor per-
formance is reduced during exercise, leading to an overall over-
estimation of glucose values compared with rest: in our study the
mean absolute relative difference (MARD) for Dexcom mea-
surements of plasma glucose was 13.8+£12.0% at rest, which
increased to 22.5+17.2% during exercise [27]. A similar
MARD difference between rest and exercise has been observed
with other sensors (e.g. Enlite Veo) [27].
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Following dual-hormone interventions, a more favourable
overnight glycaemic profile was also noted compared with
single-hormone interventions. This was reflected by a higher
percentage of time spent at target and at lower mean glucose
levels after the dual-hormone interventions. This may be due
to the more frequent carbohydrate consumption that was need-
ed during the single-hormone visits. However, interpretation
of this data is limited by the fact that this part of the protocol
was unsupervised, and there is therefore a lack of information
about pre-dinner insulin boluses, overnight hypoglycaemic
events and snack consumption.

Management of glucose fluctuations during and following
physical activity is influenced by several factors such as the
timing, duration and intensity of exercise, as well as the
participant’s physical fitness and individual insulin treatment
regimen [6, 28]. The strategies proposed to avoid exercise-
induced hypoglycaemia, although helpful, are not sufficient
[8, 29]. Patients with type 1 diabetes are challenged by the
need to plan their physical activity well ahead to either adjust
their insulin injections or pump infusion rates and prandial
boluses. Despite early planning, they are often compelled to

consume additional carbohydrates, which can lead to excess
caloric intake and may increase the risk of subsequent
hyperglycaemia [29]. Patients with type 1 diabetes thus face
many barriers and rarely meet the recommended physical ac-
tivity levels, despite the proven health and cardiovascular ben-
efits of exercise [2, 3]. In this trial, exercise was not preceded
by carbohydrate consumption but was announced to the arti-
ficial pancreas algorithm 20 min ahead of the session, which is
a practical timing for patients. The addition of glucagon not
only decreased the risk of hypoglycaemia but also improved
the total time spent at target plasma glucose levels.
Accordingly, it would be essential to evaluate the impact of
the artificial pancreas (more specifically, the dual-hormone
version) on modulating the behaviour and attitude of patients
with type 1 diabetes towards exercise. Whether this would
translate into more active lifestyles, improved glycaemic con-
trol and cardiovascular metabolic profile is important to assess
in future long-term outpatient studies.

The amounts of insulin delivered were comparable
between the two artificial pancreas systems. Therefore, the
improvement in glucose control seen with the dual-hormonal
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Fig. 4 Main results of the pooled
analysis. (a) Percentage of
participants with hypoglycaemia
necessitating treatment, (b)
percentage of participants with
PG <3.9 mmol/l, (¢) percentage of
time spent at PG <4 mmol/l, (d)
Percentage of time spent in target
(PG 4-10 mmol/l). For (¢) and
(d), data are presented as means
+8D. 'p=0.02, Tp=0.003,

1 =0.0001. DAP, dual-
hormone artificial pancreas; PG,
plasma glucose; SAP, single- 60 1
hormone artificial pancreas
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artificial pancreas system is solely attributable to the addition
of glucagon. Figures 2 and 3 show that more carbohydrate
consumption was needed during glucose control by the
single-hormone artificial pancreas, whereas this was largely
replaced with glucagon during control by the dual-hormone
artificial pancreas. Of note, plasma glucagon levels were not
increased in response to exercise during the single-hormone
artificial pancreas visits (Figs 2 and 3), while glucagon admin-
istration by the dual-hormone system increased the plasma
glucagon concentration by a factor of 2.6 compared with use
of'the single-hormone artificial pancreas. Glucagon levels had
been reported to increase by around twofold in healthy individ-
uals performing continuous exercise at 50% VOzpeak for 75 min

and by 1.4 fold during continuous cycling at 40% VOzpeak for
60 min [30, 31]. Thus, the algorithm of the dual-hormone
artificial pancreas could prevent hypoglycaemia by raising glu-
cagon concentrations to the levels observed in healthy exercis-
ing individuals.

For this trial, continuous and interval types of exercise were
chosen because they confer different glycaemic variability and
hypoglycaemic risks in patients with diabetes [32, 33]. In our
study, 69% more glucagon was needed during continuous
exercise compared with the interval exercise sessions. This
is in accordance with the lower rates of glucose decline report-
ed during intermittent compared with continuous exercise in
type 1 diabetes [33] and has been attributed to enhanced en-
dogenous glucose production and attenuated utilisation of glu-
cose during intermittent exercise [34].

Our study had some limitations. It was conducted in a
controlled inpatient environment; therefore, future trials in
real-life settings will be needed to confirm our results.
Different scenarios such as pre-exercise carbohydrate inges-
tion, early postprandial, longer or higher intensity exercise, as
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well as unannounced exercise will need to be tested to further
evaluate the effects of glucagon addition to the artificial pan-
creas. For the overnight sensor readings analysis, detailed in-
formation about food intake and hypoglycaemia correction
after discharge was not collected, thus limiting the inter-
pretation of these results. A manually controlled artificial
pancreas system was used, necessitating future testing in
an automated system, but our approach bypasses poten-
tial problems related to connectivity. Blinding of patients
to the type of intervention was difficult in this study but is
unlikely to alter the results.

In this study, the dual-hormone artificial pancreas re-
duced the risk of exercise-induced hypoglycaemia com-
pared with the single-hormone artificial pancreas during
two types of exercise in adults with type 1 diabetes. This
is the first trial to quantify the added benefit of glucagon
use in the artificial pancreas during exercise. Larger stud-
ies in which exercise is performed in free-living condi-
tions are justified to confirm these results and identify
the situations or patients who would most benefit from
glucagon addition.
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