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Performance of a dual-hormone
closed-loop system versus
insulin-only closed-loop system
In adolescents with type 1
diabetes. A single-blind,
randomized, controlled,
crossover trial
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Copenhagen, Denmark, *Department of Applied Mathematics and Computer Science, Technical
University of Denmark, Kgs. Lyngby, Denmark, “Department of Pediatrics, Herlev and Gentofte
University Hospital, Herlev, Denmark, *Danish Diabetes Academy, Odense, Denmark

Objective: To assess the efficacy and safety of a dual-hormone (DH [insulin and
glucagon]) closed-loop system compared to a single-hormone (SH [insulin only])
closed-loop system in adolescents with type 1 diabetes.

Methods: This was a 26-hour, two-period, randomized, crossover, inpatient study
involving 11 adolescents with type 1 diabetes (nine males [82%], mean + SD age
14.8 + 1.4 years, diabetes duration 5.7 + 2.3 years). Except for the treatment
configuration of the DiaCon Artificial Pancreas: DH or SH, experimental visits were
identical consisting of: an overnight stay (10:00 pm until 7:30 am), several meals/
snacks, and a 45-minute bout of moderate intensity continuous exercise. The
primary endpoint was percentage of time spent with sensor glucose values below
range (TBR [<3.9 mmol/L]) during closed-loop control over the 26-h period (5:00
pm, day 1 to 7:00 pm, day 2).

Results: Overall, there were no differences between DH and SH for the following
glycemic outcomes (median [IQR]): TBR 1.6 [0.0, 2.4] vs. 1.28 [0.16, 3.19]%, p=1.00;
time in range (TIR [3.9-10.0 mmol/L]) 68.4 [48.7, 76.8] vs. 75.7 [69.8, 87.1]%,
p=0.08; and time above range (TAR [>10.0 mmol/L]) 28.1 [18.1, 49.8] vs. 23.3
[12.3, 27.2]%, p=0.10. Mean ( + SD) glucose was higher during DH than SH (8.7 ( +
3.2) vs. 8.1 (+ 3.0) mmol/L, p<0.001) but coefficient of variation was similar (34.8 ( +
6.8) vs. 37.3 ( + 8.6)%, p=0.20). The average amount of rescue carbohydrates was
similar between DH and SH (6.8 ( + 12.3) vs. 9.5 ( + 15.4) grams/participant/visit,
p=0.78). Overnight, TIR was higher, TAR was lower during the SH visit compared to
DH. During and after exercise (4:30 pm until 7 pm) the SH configuration produced
higher TIR, but similar TAR and TBR compared to the DH configuration.
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Conclusions: DH and SH performed similarly in adolescents with type 1 diabetes
during a 26-hour inpatient monitoring period involving several metabolic
challenges including feeding and exercise. However, during the night and
around exercise, the SH configuration outperformed DH.

KEYWORDS

type 1 diabetes mellitus, adolescents, dual-hormone, advanced hybrid closed-loop,
artificial pancreas, non-linear model predictive control, moderate intensity

continuous exercise

1 Introduction

People with type 1 diabetes (T1D) are advised to aim for near-
normal blood glucose levels to reduce the risk of diabetes late
complications (1, 2). However, achieving optimal metabolic control
is challenging and many fail to meet recommended guidelines -
especially adolescents (3).

The most advanced commercially available technology is a single-
hormone (SH) closed-loop system, also known as an artificial
pancreas (AP). These systems automatically adjust insulin pump
delivery based on real-time values from a continuous glucose
monitor (CGM). Relative to insulin pump and CGM systems
without automated insulin dosing, APs have been shown to
improve glucose control (4-6). Despite these technological
improvements, adolescents with T1D still frequently experience
non-severe hypoglycemia (<3.9 mmol/L) (5, 7). Furthermore,
around exercise the risk of hypoglycemia is higher due to increased
insulin sensitivity, insulin absorption, glucose uptake in combination
with an impaired glucagon secretion (8).

A potential means of reducing the risk of hypoglycemia using
closed-loop systems is to add the glucose-elevating hormone
glucagon. Such dual-hormone (DH) hybrid closed-loop systems are
not currently commercially available but have generated interest in
research trials investigating their performance relative to SH systems.
A meta-analysis found that both SH and DH closed-loop systems
resulted in more time spent in the target glucose range (TIR [3.9-10.0
mmol/L]) compared to non-automated delivery systems.
Furthermore, DH was superior to SH in increasing TIR and
decreasing time below range (TBR [< 3.9 mmol/L]) (9). Limited
data exist comparing DH and SH closed-loop treatments during and
after exercise, however, some studies have found DH to minimize
TBR in such circumstances (10-13).

Our group has developed the DiaCon AP (14) which can run in
two configurations; SH and DH. A previous version of the system was
tested among adults with T1D showing improvements in TIR during
exercise and a lesser need for hypoglycemic-CHO treatments when
using the DH configuration (15). However, the updated system is yet
to be tested in an adolescent T1D cohort.

Abbreviations: AP, Artificial Pancreas; CGM, Continuous Glucose Monitoring;
CHO, Carbohydrate intake; DH, Dual-Hormone; PG, Plasma Glucose; SG, Sensor
Glucose; SH, Single-Hormone; T1D, Type 1 diabetes; TAR, Time above range; TBR,

Time below range; TIR, Time in range.
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The aim of this study was therefore to test our hypothesis, that the
updated DiaCon AP DH configuration would be safe and effective to
use in individuals with T1D between 13-17 years old and that it would
be superior in managing glycemia compared to the DiaCon AP
SH configuration.

2 Materials and methods

2.1 Methods

This was a randomized, single-blind, two-period, crossover study in
adolescents with T1D recruited from Herlev and Gentofte Hospital
Pediatric Department Outpatient Clinics and the Steno Diabetes
Center Copenhagen. Enrollment was conducted from September 1%,
2021 until March 7, 2022. All study participants’ parents or legal
guardians provided written informed consent and participants >15-
years provided written, informed assent before participation. The study
was approved by the Regional Committee in Health Research Ethics (H-
21000207), the Danish Data Protection Agency (P-2021-326), and the
Danish Medicines Agency (2020-005836-31). The trial was registered
with ClinicalTrials.gov (NCT04949867).

Participants were included if they were: 13-17 years old; diagnosed
with T1D for >two years; used an insulin pump for one year; used a
real-time or intermittently scanned CGM, had an HbAlc <75 mmol/
mol; and used carbohydrate counting as well as the pump bolus
calculator for all meals. Main exclusion criteria were known allergy to
glucagon or lactose, use of diabetes medication other than insulin, and
hypoglycemia unawareness.

2.2 Study device and drugs

We used our DiaCon system consisting of two Dana Diabecare RS
insulin pumps (one for insulin and one for glucagon/saline), a
Dexcom G6 sensor (Dexcom, San Diego, CA) and a smartphone
(Samsung Galaxy A5 2017 Android phone) containing the DiaCon
algorithm (14) to adjust the pump deliveries based on the CGM
values. One pump was filled with insulin aspart (Fiasp®, Novo
Nordisk, Bagsveerd, Denmark) and the other with either glucagon
(GlucaGen®, Novo Nordisk, Bagsveerd, Denmark) or isotonic saline
(sodium chloride 9 mg/dL). The glucagon pump was refilled with
fresh glucagon every 22 hours after the first pump filling. The
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individual parameter estimates for the insulin algorithm were set up
using insulin pump, CGM and carbohydrate intake (CHO) data from
each participant. The algorithm computed the insulin and glucagon
administration based on predictions obtained with a mathematical
model of the blood glucose response to CHO, insulin, and glucagon,
i.e., based on nonlinear model predictive control (NMPC). Safety
constraints on bolus and basal insulin were based on participants’
insulin pump settings and the glucagon algorithm was constrained to
deliver maximally 300 pg glucagon over a two hour period (14). Meals
and exercise were announced to the DiaCon AP. The NMPC utilized
insulin-carbohydrate-ratio and the announced meal carbohydrates
when dosing meal boluses. Exercise mode increased target glucose
from 6 to 7 mmol/L and the limit for when glucagon could be
administered was increased from 4.5 to 7.0 mmol/L. If SG was <7.0
mmol/L at exercise announcement 100 pg glucagon was
administered (14).

2.3 Study design

Participants went through a screening visit and two 26-h in-clinic
visits with a wash-out period of at least three days. During each in-
clinic visit, participants wore the DiaCon system set-up to run in
either the DH or SH configuration depending on the randomization
order. Except for the DH and SH configurations, the study visits were
identical (Figure 1).

At the screening visit, participants’ medical history (i.e., allergies,
medications, other illnesses, diabetes complications) as well as results
of blood and urine analyses were reviewed. A clinical examination was
performed to assess height, weight, and blood pressure. Finally, 14
days of insulin pump and CGM data were downloaded to register the
mean values for basal rate delivery, insulin sensitivity factor, insulin-
carbohydrate-ratio, CHO, TBR, TIR, time above range (TAR [>10.0
mmol/L]) and mean glucose.

Two days prior to each in-clinic visit, participants inserted the
Dexcom G6 sensor which linked to the Dexcom receiver. On visit
days, participants arrived at the research facility at 4 pm following a
three hour fast. Upon arrival, the Dexcom sensor was linked to the
study equipment, an intravenous canula was inserted for blood
sampling, and participants were fitted with an activity tracker
(ActiGraph GT9X Link, Pensacola, FL). Intervention with one of
the two closed-loop configurations was initiated at 5:00 pm and
continued for the following 26-h (Figure 2). Meals (7:00 pm, 8:00 am
and 12:00 noon) and snacks (3:00 pm) were served throughout the
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inpatient period and their CHO contents were based on the
participants’ average daily CHO intake entered in their own pumps
evaluated over a seven-day period. Participants eating <100 g daily
received 30 g CHO per meal, 100-150 g daily received 50 g CHO per
meal, 150-200 g daily received 60 g CHO per meal, and >200 g per day
received 70 g CHO per meal. The snack consisted of 1/3 of the CHO
given per meal, and the dinner consisted of 1.5 times the CHO
content of the other regular meals. The dinner was from McDonalds
and the CHO content was determined using their nutrition calculator
by the study personnel (16), who also prepared the remaining meals
incl. snack. The CHO contents of all meals were blinded from
participants, who made estimations which were used as the value
entered into the DiaCon AP at the start of each meal. Though meals
were kept identical between visits, participants’ estimations
could differ.

Participants were instructed to be in bed, and sleep, if possible,
from 10:00 pm to 7:30 am.

After resting during the day, at 4:30 pm on day two, participants
performed a 45-minute bout of moderate intensity continuous
exercise at an intensity equivalent to ~ 50% of their heart rate (HR)
reserve (17). Participants were fitted with a chest strap telemetry
monitor that linked to the ActiGraph and the stationary bike. Exercise
duration was announced to the DiaCon AP upon initiation of
exercise. During the entirety of the study period, participants were
asked to stay around the research facility, not to exercise and eat, and
to only be away from the research room within the 30-minute window
between plasma samples.

Venous blood samples were drawn every 30 minutes during the
day, every 60 minutes during sleep (10:00 pm until 7:30 am) and every
five to ten minutes during and immediately after exercise (4:30 pm
until 5:30 pm). Plasma glucose (PG) was measured via the YSI 2300
STAT Plus Analyzer (YSI Life Sciences, Yellow Springs, OH).

If PG dropped <3.0 mmol/L at any time during the intervention, 15
grams of oral rescue carbohydrate (dextrose) tablets were provided to the
participants, and plasma sampling was performed every five minutes.
The treatment was repeated every 15 minutes until PG was >3.9 mmol/L.
If PG was >12 mmol/L for more than two hours or >14 mmol/L (not in
relation to a meal), blood ketones were measured in 15 minutely intervals
and the study devices were checked for issues. After an hour, if blood
ketones were >0.6 mmol/L and PG remained >14 mmol/L, insulin
was administered with an injection pen based on the participants’
insulin-sensitivity factor aiming for PG of 7.0 mmol/L.

During each visit, participants scored side effects using a visual
analog scale (VAS; 0-100) at seven specified timepoints (day 1: 5:00

) End of
study

o0

50% of HRR

Arrival  CL start Lunch Snack m
-2days mam ll 1 1
Spm 7 pm 10 pm 8am 12 noon 3pm 4:30pm 5:15pm  7pm

FIGURE 1
Schematic overview of the study days.
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| 16 assessed for eligibility |

44 2 did not meet eligibility criteria

| 14 enrolled to the study |

|

| 14 randomized |

3 withdrew due to scheduling
issues

6 starting dual-hormone
treatment

5 starting single-
hormone treatment

6 ending single-
hormone treatment

5 ending dual-hormone
treatment

l

I 11 completed the study visits I

}

| 11 included in theanalysis |

FIGURE 2
Flowchart of study.

pm and 7:00 pm and day 2: 8:00 am, 12:00 noon, 3:00 pm, 4:30 pm
and 7:00 pm). Clinically significant side effects were defined as a VAS
score > 15 (18-20).

2.4 Outcomes

The primary outcome was percentage of TBRgg during the 26-h
intervention period. Secondary outcomes were: percentage of TBRpg,
percentage of TIRsgspg and TARsgapg, mean SG and PG, coefficient
of variation (CV) and number of rescue CHO interventions. Study
outcomes were also reviewed separately overnight (10:00 pm to 7:30
am) as well as during and after exercise (4:30 pm to 7:00 pm).

2.5 Statistical analysis

To be able to detect a difference in percentage of time with SG
<3.9 mmol/L of 2.3%-points (approximately 30 minutes) with 90%
power, a 5% significance level, and a presumed 3.0%-points
standard deviation (10), it was established that 20 participants
were to be included in the study (2-sided test). Categorical
variables were reported as frequencies (percentage), whereas
continuous variables were reported as mean (SD) or median
(interquartile range [IQR]). Continuous data was assessed for
normality using Shapiro-Wilk test. For normally distributed
variables, paired student’s t-test was used to conduct pairwise
comparisons between the two groups. For skewedly distributed
variables despite log-transformation, the non-parametric
Wilcoxon signed-rank test was used. Missing glucose data were
estimated using linear interpolation. We used McNemar’s test to
assess the significance of the difference in the incidence of level 2
hypoglycemia between the two study arms. Analyses were
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performed on an intention-to-treat basis. Statistical analyses were
performed using RStudio version 1.4.

3 Results

As per protocol, we performed an interim analysis to assess
efficiency of the DiaCon algorithm, where we found DH to be
inferior to SH for TIR and TAR and to be non-superior for TBR,
therefore the inclusion was truncated. At that time, 16 had been
screened and 14 were included and enrolled in the study. Two
adolescents were not eligible due to hypoglycemia unawareness.
Before initiation of the first study visit, three participants withdrew
due to scheduling issues [e.g., school absence and lack of time
(Figure 2)]. Thus, 11 participants completed both visits (Table 1),
and no differences were observed between completers and non-
completers on age, sex, BMI, HbAlc, diabetes duration or daily
insulin dose.

3.1 Entire study period

3.1.1 Glycemic metrics

For the 26-h study period we found no differences in TBRsg,
TIRsG, or TARsg between the two study arms (Table 2). The mean ( +
SD) SG was higher during the DH compared to the SH study arm (8.7
(£ 3.0) mmol/L vs. 8.1 ( + 3.0) mmol/L, p<0.001), with no difference
in CV. Similarly, no differences were found in PG-derived measures
(Table 2), except for TARpg (33.2 [16.1, 40.7] vs. 11.5 [3.83, 23.0]%,
p=0.02) and meanpg (8.84 (£ 2.83) vs. 7.51 ( + 2.98), p=0.03) both of
which were higher during DH.

During DH, six events of SG-derived level 2 hypoglycemia (<3.0
mmol/L) were registered in three participants compared to two events
in two participants during SH (p=0.65). In contrast, four episodes of
PG-derived level 2 hypoglycemia were registered in three participants
during DH compared to five episodes in four participants during SH

TABLE 1 Baseline characteristics of the 11 participants who completed
both study visits.

+
Baseline characteristics A | 3£ D)

median [IQR]
Sex (males [%]) 9 (82%)
Age (years) 14.8 ( + 1.47)
HbAlc (mmol/mol) 54.6 ( +£9.20)
BMI (kg/m?) 214 (+2.42)
Diabetes duration (years) 5.73 ( + 2.45)
Total daily insulin (U/kg) 0.94 ( £ 0.26)
Time below range (%) 3.0 [1.5, 6.5]
Time in range (%) 54.0 [46.0, 73.0]
Time above range (%) 43,0 [22.5, 52.0]

Age, HbAlc, BMI, diabetes duration and total daily insulin are expressed as mean ( + SD). Time
below (<3.9 mmol/L), in (3.9-10.0 mmol/L) and above range (>10.0 mmol/L) are expressed as
median [interquartile range].

Sex is presented as absolute number and percentage.
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TABLE 2 Sensor and plasma glucose values during entire study, overnight and exercise and post-exercise period.

Sensor Glucose Measures

Dual-Hormone

Single-Hormone

Plasma Glucose Measures

Dual-Hormone Single-Hormone

(n=11) (h=11) P-value (h=11) (n=11) P-value
Entire study period (5:00 pm, day 1 - 7:00 pm, day 2)
Starting glucose for period (mmol/L) 7.33 (+ 1.90) 9.35 (£ 6.61) 0.64" 6.61 (+ 1.71) 9.14 ( + 4.90) 0.21
Time below range (%) 1.60 [0, 2.4] 1.28 [0.16, 3.19] 1.00% 0.958 [0, 3.83] 2.56 [0.479, 8.47) 0.26"
Time in range (%) 68.4 [48.7, 76.8] 75.7 [69.8, 87.1] 0.09 66.8 [56.9, 78.9] 79.6 [75.2, 87.4] 0.06
Time above range (%) 28.1 [18.1, 49.8] 23.3 [12.3, 27.2] 0.10 33.2 [16.1, 40.7] 11.5 [3.83, 23.0] 0.02
Mean glucose (mmol/L) 8.7 (+3.02) 8.1 (+3.0) <0.001 8.84 (+2.83) 7.51 (+2.98) 0.03
Coefficient of variation (%) 34.8 (+6.8) 37.3 (+8.6) 0.20 33.59 (+8.17) 39.63 ( +8.72) 0.17
Overnight period (10:00 pm - 7:30 am)
Starting glucose for period (mmol/L) 10.3 ( + 3.55) 9.34 ( + 3.66) 0.54 9.66 (+ 3.53) 822 (+3.71) 0.24
Time below range (%) 0 [0, 0] 0 [0, 3.48] 0.10" 0 [0, 0] 0 [0, 5.22] 0.36%
Time in range (%) 73.0 [53.9, 87.4] 96.5 [84.3, 100] 0.02% 67.8 [60.4, 89.6] 89.6 [82.6, 100] 0.07"
Time above range (%) 27.0 [12.6, 42.6] 0 [0, 10.0] 0.02" 32.2 [5.22, 37.8] 0 [0, 5.22] 0.02"
Mean glucose (mmol/L) 8.49 (+2.97) 7.25 ( +2.25) 0.04 8.34 (+2.70) 6.88 (+2.38) 0.01
Coefficient of variation (%) 35.0 (+10.8) 31.0 ( +8.9) 0.39 32.34 (+11.62) 34.66 (+9.78) 0.69
Exercise and post-exercise period (4:30 pm - 7:00 pm)
Starting glucose for period (mmol/L) 10.1 ( + 3.15) 9.31 ( +2.30) 0.35 9.40 ( +2.92) 7.71 (+2.25) 0.14
Time below range (%) 0 [0, 0] 0 [0, 0] 0.42" 0 [0, 4.84] 0 [0, 14.5] 0.78"
Time in range (%) 64.5 [50.0, 91.9] 83.9 [80.6, 100] 0.02" 67.7 [32.3, 99.4] 93.5 [82.3, 100] 0.10¥
Time above range (%) 22.6 [0, 37.1] 12.9 [0, 17.7] 0.06" 1.18 [0, 58.1] 0 [0, 3.23] 0.09
Mean glucose (mmol/L) 7.92 (+2.92) 6.81 (+1.91) 0.13 7.91 ( +2.70) 6.06 ( + 1.76) 0.05
Coefficient of variation (%) 37.0 (+9.6) 282 (+7.7) 0.65 34,16 (£ 11.51) 29.10 ( +7.49) 0.49
Changeuring exercise (MmOl/L) 2.5 (£ 1.6) 232 (£ 1.0) 0.14 25 (+1.8) 2.7 (+1.7) 0.73
Heart Rate Telemetry during exercise (4:30 pm - 5:15 pm)
HR targetyuring exercise (BPM) 133 ( +4.6) 132 (+4.8) 0.33
HR target accuracyquring-esercise (%) 94.6 (+5.7) 94.2 ( +4.6) 0.52

Time below (<3.9 mmol/L), in (3.9-10.0 mmol/L) and above range (>10.0 mmol/L) are reported as median [interquartile range], starting glucose, mean glucose and coefficient of variation are reported
as mean ( + SD) and level 2 hypoglycemia is presented as events/participant. Time in range 3.9-10.0 mmol/L, time below range <3.9 mmol/L and time above range >10.0 mmol/L.
“non-parametric test. For level 2 hypoglycemic events McNemars test was performed. HR, Heart Rate; BPM, Beats per minute. Measures notated with guring.exercise depicts the 45-minutes bout of

exercise time period.

P-values marked with w have been analysed using non-parametric test. Otherwise, paired t-tests have been applied. P-values < 0.05 were considered statistically significant (marked bold).

(p=0.71). Of those, two of the events were prolonged (>20 minutes)
during DH compared to one during SH.

Figure 3 shows the SG profile during the total study period,
overnight and the period during and after exercise. Individual SG
profiles are provided in the Supplemental Material, Figure 1S.

3.1.2 Insulin and glucagon

There were no differences in insulin delivery, either total insulin
delivery or average basal rate, between the DH and SH study arms
(Table 3, Supplemental Material Figures 2-5S). For the entire study
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period, all received glucagon with a median [IQR] administration of
549 [229, 1034] pg (Figures 6-7S).

3.1.3 Carbohydrates (rescue interventions
and meals)

The mean amount of rescue CHO provided was similar between
the two arms (DH: 6.8 ( + 12.3) grams/participant/visit vs. SH: 9.5 ( +
15.4) grams/participant/visit, p=0.78).

The median [IQR] amount of CHO provided for each meal was 72
[70, 94] g for dinner, 60 [55, 70] g for breakfast, 60 [55, 70]g for lunch and
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FIGURE 3

10.0 mmol/L, respectively.

Median (interquartile range) sensor glucose values for Dual-hormone (blue) and Single-Hormone (pink) configuration. (A) Entire period. (B) Overnight
period (10:00 pm-7:30 am). (C) Exercise and post-exercise period. Black dotted lines mark lower and upper boundary of target glycemic range of 3.9 to

21 [19, 24]g for snacks, and we found no difference in the accuracy (%) of
the participants’ CHO estimations between the two study arms.

3.2 Overnight period

During the overnight period, the SH configuration outperformed
the DH with more TIRgg (96.5 [84.3, 100] vs. 73.0 [53.9, 87.4]%,
p=0.02), less TARgg (0 [0.0, 10.0] vs. 27.0 [12.6, 42.6]%, p=0.02) and

lower mean SG (Table 2). There were no differences in TBRgg or CV.
TARpg was higher during DH than during SH, with no differences in
TIRpg or TBRpg (Table 2). The overnight amount of total insulin
delivered was lower during SH than during DH (Table 3). Seven
participants received glucagon overnight by the DH system (549 [409,
599] pg). Data for the entire study population is depicted in Table 3.

Overnight we found one and zero SG-derived hypoglycemic
episodes, respectively, in the DH and SH arm. We did, however,

TABLE 3 Study medication administration. Insulin measures are reported as mean (SD) and glucagon as median [IQR].

Dual-Hormone

Single-Hormone

Insulin and glucagon delivery (N=11) (N=11) P-value
Entire study period (5:00 pm, day 1 - 7:00 pm, day 2)

Total insulin delivery (U/24h) 54.8 (19.0) 54.6 (15.4) 0.95
Basal insulin delivery (U/h) 1.03 (0.36) 1.01 (0.30) 0.77%
Bolus insulin delivery (U/24h) 29.9 (12.4) 30.3 (9.6) 0.92
Glucagon delivery (pug/26-h) 549 [229, 1034] - -
Overnight period (10:00 pm - 7:30 am)

Total insulin delivery (U/night) 12.94 (4.14) 10.51 (3.08) 0.01
Basal insulin delivery (U/h) 1.09 (0.37) 1.05 (0.34) 0.15"
Bolus insulin delivery (U/night) 2.55 (2.50) 0.5 (1.13) 0.04"
Glucagon delivery (pg/night) 298 [0, 462] - -
Exercise and post-exercise period (4:30 pm - 7:00 pm)

Total insulin delivery (U/exercise) 2.24 (1.07) 2.19 (0.98) 0.88
Basal insulin delivery (U/h) 0.80 (0.38) 0.87 (0.40) 0.51
Bolus insulin delivery (U/exercise) 0.25 (0.47) 0.01 (0.03) 0.14"
Glucagon delivery (ug/period) 1[0, 275] - -

P-values marked with w have been analysed using non-parametric test. Otherwise, paired t-tests have been applied. P-values < 0.05 were considered statistically significant (marked bold).
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not provide any rescue glucose interventions as PG was never <3.0
mmol/L in either arm.

3.3 Exercise period

For the exercise and post-exercise phases, the SH system
performed superiorly to DH with more TIRsg (83.9 [80.6, 100.0]
vs. 64.5 [50.0, 91.9]%, p=0.02). There were no differences in TARgg,
TBRsg, mean SG, CV or in PG (Table 2). For this period, there was no
difference in amount of insulin delivered. A total of five participants
received glucagon during and after exercise (300 [250, 300]
ug) (Table 3).

One participant received rescue CHO following exercise in the
DH arm, and two participants received one and two rescue CHO
interventions, respectively, in the SH arm. The participant needing
two rescue interventions around exercise experienced level 2
hypoglycemia during exercise, and the exercise bout was therefore
cut short. None of the DH exercise sessions were interrupted.

The exercise starting SG and drop in SG during exercise (4:30 to
5:15 pm) were comparable between the two study visits (Table 2).
Furthermore, we found no difference in the estimated HR target
during exercise or in the accuracy (%) of which participants reached
their target between the two visits (Table 2).

3.4 Side effects

No severe adverse events were observed. Three participants (27%)
reported a clinically significant measure of nausea during the DH arm
compared with none in the SH arm. Headache was reported by four
(36%) in both the SH and the DH arm. Stomach-ache was reported by
two (18%) in the DH arm and one (9%) in the SH arm. None
experienced vomiting. All reported side effects were mild in severity
and, besides from hypoglycemic- and hyperglycemic episodes,
required no intervention.

3.5 Technological issues

During the study, there were a few technological issues. One
participant (during the DH visit) experienced prolonged pressure
induced sensor attenuation causing the sensor to register level 2
hypoglycemia, while PG was well within range. This caused wrongful
glucagon administration and subsequent hyperglycemia. During two
DH study visits, glucagon occluded the pump which required a
change of infusion set. During both study arms, the phone lost
connection to the sensor. However, all connection issues were
automatically reestablished without intervention from the study
personnel. These phone-sensor connection issues only triggered an
alarm if they lasted more than 15 minutes, thus shorter connection
loses may have been present, without the study personnel being
aware. Once during a DH study visit, there was a disconnection
between the phone and the insulin pumps which was resolved by
restarting the entire system.
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4 Discussion

In this 26-h inpatient study, we compared the performance of the
DiaCon DH and SH configurations in adolescents with type 1 diabetes.
For the entire study period, we found no differences in TBRsg/p, TIRsg/
pe> TARsgpG, or in the amount of rescue glucose needed. However,
despite equivalency in TBRgg during the overnight period and around
exercise, SH achieved more TIRgg and less TARg; compared to DH.

The DiaCon AP has previously been tested in adults with type 1
diabetes (15), showing that DH was superior to SH in handling
hypoglycemia. These findings were in line with two systematic reviews
and meta-analyses performed in 2018, finding that DH was superior to
SH for TBR and TIR (4, 9). Still, only two studies have performed head-
to-head comparison of DH and SH in adolescents with type 1 diabetes
(21, 22). In line with our findings, the first study showed no significant
differences in TIR, TAR or TBR between SH and DH for the adolescents
during a 24-h observation period (21). Further, they found a tendency for
SH to achieve higher TIR than DH during the overnight period (11:00
pm to 8:00 am), but it did not reach statistical significance. The other
study was an overnight study showing that the addition of glucagon
significantly improved TIR and reduced the time in level 1 hypoglycemia,
but had similar time in level 2 hypoglycemia when compared with SH
(22). Both studies included a third study arm with usual care, and
generally both SH and DH achieved better glycemic control compared to
this arm. Recently, a pooled analysis was performed for nocturnal control
in children and adolescents using SH and DH. They found superiority in
favor of the DH configuration for TIR, level 1 hypoglycemia and level 2
hyperglycemia (23).

Even though our SH configuration managed to ensure good glycemic
control comparable to that of the commercially available APs with a
TIRgG of 75% for the whole study period, 83% during exercise and 95%
overnight, hypoglycemia still posed a challenge (4, 5). Indeed, seven
(64%) participants had at least one hypoglycemic event, whilst six
experienced recurrent events. This issue was not resolved by addition
of glucagon in our DH configuration. The reason may be attributed to the
different conditions for parameter estimations in the DiaCon AP rather
than glucagon per se. While the insulin algorithm was individualized and
parameter estimates were based on individual insulin pump and CGM
data, the parameter estimates for the glucagon algorithm were generic
and similar for all participants. The uncertainty of the individual glucose
response to glucagon (median[IQR] glucagon administration 549 [229,
1034] pg), therefore, produced equally uncertain glucose predictions for
the system, resulting in less correct insulin dosing in the DH
configuration. In this study, the glucagon sensitivity was not adaptive,
and we did not have the data to estimate individual glucagon parameters.
Whether addition of these features would have improved the DH study
results remain uncertain. The DiaCon AP was further challenged by
known technical issues, ie., glucagon pump occlusions and pressure
induced sensor attenuation, both of which unfortunately affected the
DiaCon AP predictions and hence, it’s performance during the DH study
days. Glucagon occlusions happen quite commonly when using native
glucagon due to rapid fibrillation after reconstitution (12, 24-26), and
although we tried to avoid them by changing glucagon every 22 hours,
they still occurred. Future algorithms would therefore benefit immensely
from being able to detect occlusions and pressure induced sensor
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attenuations to avoid miscommunication between the systems’
predictions and the actual CGM data and hormonal delivery. Still,
even with improved occlusion detection in the algorithms, a stable
formulation of glucagon is required before it is feasible to be used in a
real-world setting. New, soluble formulations have been developed
(Dasiglucagon®, BaqsimiTM and Gvoke®/XeriSol®), but are still only
approved for treatment of severe hypoglycemia. Recently published and
ongoing clinical trials have shown promising results in using soluble
glucagon for treatment of non-severe hypoglycemia, regardless of
whether glucagon has been delivered through automated pumps or via
pen-injections (13, 27, 28).

In the overnight period participants were administered higher
doses of bolus insulin during DH compared to SH (2.55 [ + 2.50] vs.
0.5 [ + 1.13] IE). This was most likely due to a couple of different
factors. During the DH arm some participants were administered
glucagon right before dinner announcement, resulting in inadequate
meal bolus insulin, and subsequent hyperglycemia. Due to restrictions
in the DiaCon AP around meals this led to insulin corrections being
administered in the night hours (14). Another possible explanation
could be the occurrence of pressure induced sensor augmentations.
These caused wrongful glucagon administration and hyperglycemia,
which was followed by increased insulin supply when the
augmentation was resolved. Furthermore, a few participants
experienced oscillating sensor glucose levels, as they were
overcorrected and entered a glucagon-insulin oscillating cycle. With
the result from the SH arm in mind (TIR 96.5%) it is fair to speculate
whether a specific night setting should be developed, making the
glucagon algorithm during the night less aggressive, but as our study
was rather small and the glucagon algorithm was faced with several
challenges, we still think it is too unsafe to conclude (10).

Initially, we hypothesized that the addition of glucagon could
have counteracted the increased risk for hypoglycemia during
physical activity (8). However, we found that SH was superior to
DH with more TIRgg, and no difference in TARgg or TBRgg/pg
during and after exercise. We speculate whether the higher starting
glucose level before exercise for DH (10.1 [ + 3.15] vs. 9.31 [ + 2.30],
p=0.35), though not statistically significant, may have reduced the
need for glucagon around exercise - causing a systematic error when
interpreting the glucose data that are in favor for SH. In fact, only five
participants received glucagon in relation to exercise. Among four
adult head-to-head studies, DH was found to be superior to SH in
avoiding hypoglycemia during exercise, whereas only one of the
studies also included adolescents (11-13, 15). In the combined
adult and adolescent study, no differences were found between the
two hormonal configurations (21). Unfortunately, no subgroup
analysis — adult versus adolescents - for the exercise period was
reported. Our study period ended 1 hour and 45 minutes after the
exercise bout, and we were therefore only able to investigate a small
window of the post-exercise period. Previous studies, however, have
shown that SH systems could sufficiently keep glucose in range during
the post-exercise period (21, 29). This could indicate that glucagon
may be especially beneficial during aerobic exercise, where blood
glucose changes rapidly and insulin reduction or suspension is
inadequate, but requirement may waiver in the post-exercise period
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when the pronounced acute glycemic declines induced by exercise
have passed (10).

The side effects experienced in this study were mild and self-
limiting, but the adolescents reported more clinically significant
events of nausea during DH than during SH (27% vs. 0%). The
other side effects were equally distributed across both study visits, as
reported by other study groups (26). A new outpatient study
investigating dasiglucagon pen treatment for non-severe
hypoglycemia found a higher occurrence of mild nausea with
glucagon treatment, but the participants would still incorporate it
into their regular diabetes treatment if possible (30). Taken
collectively nausea remains a limitation of DH use and finding ways
to resolve such should be a major consideration in
future developments.

The current study had some limitations. Firstly, a small sample
size makes the generalizability of the study results difficult.
Furthermore, the current DiaCon AP set-up was too
comprehensive for commercial pump use. Simpler set-up versions
of the DiaCon AP, should be developed. The use of native glucagon
limited the possibility to be used in real-world settings, but the current
data show that soluble glucagon has a similar response. Furthermore,
we conducted our study on adolescents of 13-17-years-old. This age
group is different from all other due to the considerable hormonal and
physiological changes over time. Therefore, it is important that
studies with DH and SH APs also include adolescents before
concluding whether it is beneficial in this age group. We chose a
McDonalds meal as dinner, which is not typically classified as a
balanced and healthy meal, however, we decided to do so in order to
test our configurations maximally during the limited study time.
Meals with a high carbohydrate and fat content are usually more
difficultly handled for people with type 1 diabetes and testing our
system in such a situation was therefore important. Furthermore,
McDonalds is known worldwide making the approach universally
applicable. Our participants were overall better regulated during the
study days than in their everyday lives, though, we did not have a
usual care control arm to test whether the superior glycemic control
achieved by the DiaCon AP would persist an inpatient setting. This
was the first 26-h inpatient study, during which the DH configuration
was tested during multiple metabolic challenges.

5 Conclusion

To conclude, the two configurations performed equally well; but
during night and exercise, SH achieved better glucose control than
DH with equal amount of rescue glucose needed.

Whether it is justifiable to add glucagon to the AP systems
remains unanswered. Our SH configuration managed to yield good
glycemic control, but hypoglycemia still posed a challenge which
neither of our configurations managed to overcome. However, as we
become more familiar with the use of glucagon and with more stable
glucagon formulations readily available, improved DH algorithms can
potentially be a key player in resolving this.

frontiersin.org


https://doi.org/10.3389/fendo.2023.1073388
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Lindkvist et al.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be directed
to the corresponding authors.

Ethics statement

The study was approved by the Regional Committee in Health
Research Ethics (H-21000207), the Danish Data Protection Agency
(P-2021-326), and the Danish Medicines Agency (2020-005836-31).
Written informed consent to participate in this study was provided by
the participants’ legal guardian/next of kin.

Author contributions

KN, JS, CL, ATR, JJ, and AGR contributed to conceive and design
the study. EL, ATR, CL, AGR, and TR conducted the clinical trial. EL
performed data analysis and wrote the manuscript. AGR, KN, JS, and
CL supervised. All authors read and approved the final manuscript.
All authors contributed to the article and approved the
submitted version.

Funding

The project was investigator initiated. Investigator salaries,
equipment, medications, and consumables are covered by the
research unit at Steno Diabetes Center Copenhagen and Technical
University of Denmark. None of the investigators have personal
financial interest in the conduct or the outcome of the project. The
study received a grant by Danish Diabetes Academy, and AGR was
partly funded by the Danish Diabetes Academy (Grant ID
PD002-19).

Acknowledgments

The authors would like to thank all participants and their parents
for engaging with the study. Furthermore, a special thank you should
be paid to biomedical scientist, Sandra Tawfik, for contributing to the
conduction of the study and to Olivia McCarthy for proof reading and
providing feedback on the final manuscript.

References

1. Gubitosi-Klug RA, Lachin JM, Backlund JYC, Lorenzi GM, Brillon DJ, Orchard TJ.
Intensive diabetes treatment and cardiovascular outcomes in type 1 diabetes: The DCCT/
EDIC study 30-year follow-up. Diabetes Care (2016) 39:686-93. doi: 10.2337/dc15-1990

2. Nathan DM, Cleary PA, Backlund J-YC, Genuth SM, Lachin JM, Orchard T7J, et al.
Intensive diabetes treatment and cardiovascular disease in patients with type 1 diabetes. N
Engl ] Med (2005) 353:2643-53. doi: 10.1056/NEJM0a052187

Frontiers in Endocrinology

10.3389/fendo.2023.1073388

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1073388/
full#supplementary-material

FIGURE 1S:

Individual SG measures for participant during the entire study period for dual-
hormone (blue) and single-hormone (pink). Black dotted lines mark the lower
and upper boundary of target glycemic range of 3.9 mmol/L to 10.0 mmol/
L, respectively.

FIGURE 2S:

Mean (+SD) basal insulin (IE) delivered during the entire study period for dual-
hormone (blue) and single-hormone (pink). Sleep and exercise periods marked
in the figure.

FIGURE 3S:

Mean (+SD) total insulin (IE) delivered during the entire study period for dual-
hormone (blue) and single-hormone (pink). Sleep and exercise periods marked
in the figure.

FIGURE 4S:

Mean (+SD) bolus insulin (IE) delivered during the entire study period for dual-
hormone (blue) and single-hormone (pink). Sleep and exercise periods marked
in the figure.

FIGURE 5S:
Individual insulin delivery for each participant during the entire study period for
dual-hormone (blue) and single-hormone (pink).

FIGURE 6S:
Mean glucagon delivery during the entire dual-hormone study period. Sleep
and exercise periods marked in the figure.

FIGURE 75:
Individual glucagon delivery for each participant during the entire dual-
hormone study period.

3. Miller KM, Foster NC, Beck RW, Bergenstal RM, DuBose SN, DiMeglio LA, et al.
Current state of type 1 diabetes treatment in the U.S.: Updated data from the T1D
exchange clinic registry. Diabetes Care (2015) 38:971-8. doi: 10.2337/dc15-0078

4. Weisman A, Bai J-W, Cardinez M, Kramer CK, Perkins BA. Effect of artificial
pancreas systems on glycaemic control in patients with type 1 diabetes: a systematic
review and meta-analysis of outpatient randomised controlled trials. Lancet Diabetes
Endocrinol (2017) 5:501-12. doi: 10.1016/S2213-8587(17)30167-5

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1073388/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1073388/full#supplementary-material
https://doi.org/10.2337/dc15-1990
https://doi.org/10.1056/NEJMoa052187
https://doi.org/10.2337/dc15-0078
https://doi.org/10.1016/S2213-8587(17)30167-5
https://doi.org/10.3389/fendo.2023.1073388
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Lindkvist et al.

5. Schiaffini R, Deodati A, Nicoletti MC, Carducci C, Ciampalini P, Lorubbio A, et al.
Comparison of two advanced hybrid closed loop in a pediatric population with type 1 diabetes: a
real-life observational study. Acta Diabetol (2022) 59:959-64. doi: 10.1007/s00592-022-01886-z

6. Phillip M, Nimri R, Barnard-Kelly K, Bergenstal R, Norgaard K. Consensus
recommendations for the use of automated insulin delivery (AID) technologies in
clinical practice 2022. Endocrine Rev (2022) 00:1-27. doi: 10.1210/endrev/bnac022

7. Boscari F, Ferretto S, Cavallin F, Bruttomesso D. Switching from predictive low
glucose suspend to advanced hybrid closed loop control: Effects on glucose control and
patient reported outcomes. Diabetes Res Clin Pract (2022) 185:109784. doi: 10.1016/
j.diabres.2022.109784

8. Sylow L, Kleinert M, Richter EA, Jensen TE. Exercise-stimulated glucose uptake —
regulation and implications for glycaemic control. Nat Rev Endocrinol (2017) 13:133-48.
doi: 10.1038/nrendo.2016.162

9. Bekiari E, Kitsios K, Thabit H, Tauschmann M, Athanasiadou E, Karagiannis T,
et al. Artificial pancreas treatment for outpatients with type 1 diabetes: systematic review
and meta-analysis. BM] (2018) 361:k1310. doi: 10.1136/bmj k1310

10. Peters TM, Haidar A. Dual-hormone artificial pancreas: benefits and limitations
compared with single-hormone systems. Diabetes Med (2018) 35:450-9. doi: 10.1111/dme.13581

11. Taleb N, Emami A, Suppere C, Messier V, Legault L, Ladouceur M, et al. Efficacy of
single-hormone and dual-hormone artificial pancreas during continuous and interval
exercise in adult patients with type 1 diabetes: randomised controlled crossover trial.
Diabetologia (2016) 59:2561-71. doi: 10.1007/s00125-016-4107-0

12. Castle JR, El Youssef ], Wilson LM, Reddy R, Resalat N, Branigan D, et al. Randomized
outpatient trial of single- and dual-hormone closed-loop systems that adapt to exercise using
wearable sensors. Diabetes Care (2018) 41:1471-7. doi: 10.2337/dc18-0228

13. Wilson LM, Jacobs PG, Ramsey KL, Resalat N, Reddy R, Branigan D, et al. Dual-
hormone closed-loop system using a liquid stable glucagon formulation versus insulin-
only closed-loop system compared with a predictive low glucose suspend system: An
open-label, outpatient, single-center, crossover, randomized controlled trial. Diabetes
Care (2020) 43:2721-9. doi: 10.2337/dc19-2267

14. Reenberg AT, Ritschel TKS, Lindkvist EB, Laugesen C, Svensson J, Ranjan AG,
et al. Nonlinear model predictive control and system identification for a dual-hormone
artificial pancreas. IFAC-Pap (2022) 55:915-21. doi: 10.1016/j.ifacol.2022.07.561

15. Ranjan AG, Boiroux D, Laugesen C, Schmidt S, Reenberg AT, Jorgensen JB, et al.
Performance of a dual hormone closed-loop system vs. an insulin-onlyclosed-loop system
during challenging inpatient conditions: A single-blinded randomized. Diabetes (2021) 70
(Supplement_1):215-OR. doi: https://doi.org/10.2337/db21-215-OR

16. McDonald’s nutrition calculator: Calories and more. Available at: https://www.
mcdonalds.com/us/en-us/about-our-food/nutrition-calculator.html.

17. Cicone ZS, Holmes CJ, Fedewa MV, MacDonald HV, Esco MR. Age-based
prediction of maximal heart rate in children and adolescents: A systematic review and
meta-analysis. Res Q Exerc Sport (2019) 90:417-28. doi: 10.1080/02701367.2019.1615605

18. Lundqvist C, Benth ], Grande R, Aaseth K, Russell M. A vertical VAS is a valid
instrument for monitoring headache pain intensity. Cephalalgia (2009) 29:1034-41.
doi: 10.1111/].1468-2982.2008.01833 x

Frontiers in Endocrinology

10

10.3389/fendo.2023.1073388

19. Hendey GW, Donner NF, Fuller K. Clinically significant changes in nausea as
measured on a visual analog scale. Ann Emerg Med (2005) 45:77-81. doi: 10.1016/
j.annemergmed.2004.07.446

20. Gallagher EJ, Bijur PE, Latimer C, Silver W. Reliability and validity of a visual
analog scale for acute abdominal pain in the ED. Am J Emerg Med (2002) 20:287-90.
doi: 10.1053/ajem.2002.33778

21. Haidar A, Legault L, Messier V, Mitre TM, Leroux C, Rabasa-Lhoret R.
Comparison of dual-hormone artificial pancreas, single-hormone artificial pancreas,
and conventional insulin pump therapy for glycaemic control in patients with type 1
diabetes: an open-label randomised controlled crossover trial. Lancet Diabetes Endocrinol
(2015) 3:17-26. doi: 10.1016/52213-8587(14)70226-8

22. Haidar A, Legault L, Matteau-Pelletier L, Messier V, Dallaire M, Ladouceur M,
et al. Outpatient overnight glucose control with dual-hormone artificial pancreas, single-
hormone 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) 3:595-604. doi: 10.1016/52213-8587(15)00141-2

23. Wu Z, Lebbar M, Taleb N, Legault L, Messier V, Rabasa-Lhoret R. Comparing
dual-hormone and single-hormone automated insulin delivery systems on nocturnal
glucose management among children and adolescents with type 1 diabetes: A pooled
analysis. Diabetes Obes Metab (2023). 25:310-3 doi: 10.1111/dom.14850. n/a.

24. Ranjan AG, Schmidt S, Norgaard K. Glucagon for hypoglycaemia treatment in
type 1 diabetes. Diabetes Metab Res Rev (2021) 37:€3409. doi: 10.1002/dmrr.3409

25. Russell §J, El-Khatib FH, Sinha M, Magyar KL, McKeon K, Goergen LG, et al.
Outpatient glycemic control with a bionic pancreas in type 1 diabetes. N Engl ] Med
(2014) 371:313-25. doi: 10.1056/NEJMoal314474

26. El-Khatib FH, Balliro C, Hillard MA, Magyar KL, Ekhlaspour L, Sinha M, et al.
Home use of a bihormonal bionic pancreas versus insulin pump therapy in adults with
type 1 diabetes: a multicentre randomised crossover trial. Lancet Lond Engl (2017)
389:369-80. doi: 10.1016/S0140-6736(16)32567-3

27. Laugesen C, Ranjan AG, Schmidt S, Neorgaard K. Low-dose dasiglucagon versus
oral glucose for prevention of insulin-induced hypoglycemia in people with type 1
diabetes: A phase 2, randomized, three-arm crossover study. Diabetes Care (2022)
45:1391-9. doi: 10.2337/dc21-2304

28. Castellanos LE, Balliro CA, Sherwood JS, Jafri R, Hillard MA, Greaux E, et al.
Performance of the insulin-only iLet bionic pancreas and the bihormonal iLet using
dasiglucagon in adults with type 1 diabetes in a home-use setting. Diabetes Care (2021) 44:
€118-20. doi: 10.2337/dc20-1086

29. Haidar A, Rabasa-Lhoret R, Legault L, Lovblom LE, Rakheja R, Messier V, et al.
Single- and dual-hormone artificial pancreas for overnight glucose control in type 1
diabetes. J Clin Endocrinol Metab (2016) 101:214-23. doi: 10.1210/jc.2015-3003

30. Laugesen C, Ranjan A, Schmidt S, Nergaard K. 257-OR: Pen-administered low-
dose dasiglucagon vs. usual care for prevention and treatment of nonsevere hypoglycemia
in people with type 1 diabetes during free-living conditions: A phase 2, randomized, two-
period, crossover outpatient study. Diabetes (2022) 71(Supplement_1):257-OR.
doi: 10.2337/db22-257-OR

frontiersin.org


https://doi.org/10.1007/s00592-022-01886-z
https://doi.org/10.1210/endrev/bnac022
https://doi.org/10.1016/j.diabres.2022.109784
https://doi.org/10.1016/j.diabres.2022.109784
https://doi.org/10.1038/nrendo.2016.162
https://doi.org/10.1136/bmj.k1310
https://doi.org/10.1111/dme.13581
https://doi.org/10.1007/s00125-016-4107-0
https://doi.org/10.2337/dc18-0228
https://doi.org/10.2337/dc19-2267
https://doi.org/10.1016/j.ifacol.2022.07.561
https://doi.org/https://doi.org/10.2337/db21-215-OR
https://www.mcdonalds.com/us/en-us/about-our-food/nutrition-calculator.html
https://www.mcdonalds.com/us/en-us/about-our-food/nutrition-calculator.html
https://doi.org/10.1080/02701367.2019.1615605
https://doi.org/10.1111/j.1468-2982.2008.01833.x
https://doi.org/10.1016/j.annemergmed.2004.07.446
https://doi.org/10.1016/j.annemergmed.2004.07.446
https://doi.org/10.1053/ajem.2002.33778
https://doi.org/10.1016/S2213-8587(14)70226-8
https://doi.org/10.1016/S2213-8587(15)00141-2
https://doi.org/10.1111/dom.14850
https://doi.org/10.1002/dmrr.3409
https://doi.org/10.1056/NEJMoa1314474
https://doi.org/10.1016/S0140-6736(16)32567-3
https://doi.org/10.2337/dc21-2304
https://doi.org/10.2337/dc20-1086
https://doi.org/10.1210/jc.2015-3003
https://doi.org/10.2337/db22-257-OR
https://doi.org/10.3389/fendo.2023.1073388
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Performance of a dual-hormone closed-loop system versus insulin-only closed-loop system in adolescents with type 1 diabetes. A single-blind, randomized, controlled, crossover trial
	1 Introduction
	2 Materials and methods
	2.1 Methods
	2.2 Study device and drugs
	2.3 Study design
	2.4 Outcomes
	2.5 Statistical analysis

	3 Results
	3.1 Entire study period
	3.1.1 Glycemic metrics
	3.1.2 Insulin and glucagon
	3.1.3 Carbohydrates (rescue interventions and meals)

	3.2 Overnight period
	3.3 Exercise period
	3.4 Side effects
	3.5 Technological issues

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


