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Abstract
Background: Most patients with type 1 diabetes do not achieve their glycemic targets.
We aimed to assess the efficacy of glucoseresponsive insulin and glucagon closed-loop
delivery for controlling glucose levels in adults
with type 1 diabetes.
Methods: We conducted a randomized
crossover trial involving 15 adults with type 1
diabetes, comparing standard insulin-pump
therapy with dual-hormone, closed-loop delivery. Patients were admitted twice to a clinical
research facility and received, in random
order, both treatments. Each 15-hour visit
(from 1600 to 0700) included an evening exercise session, followed by a medium-sized meal,
a bedtime snack and an overnight stay. During
visits that involved closed-loop delivery, basal
insulin and glucagon miniboluses were delivered according to recommendations based on
glucose sensor readings and a predictive dosing algorithm at 10-minute intervals. During
visits involving standard insulin-pump therapy
(control visits), patients used conventional
treatment.

T

he Diabetes Control and Complications
Trial has shown that intensive insulin
therapy in type 1 diabetes with the aim
of good glycemic control substantially reduces
microvascular and macrovascular complications.1,2 However, despite advances in insulin
analogs, insulin pumps and continuous glucosemonitoring systems, glucose control remains
problematic, and most patients with type 1 diabetes do not achieve their glycemic targets.3
Hypoglycemia remains the major barrier to
the intensification of insulin therapy.4 Intensive
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Results: Dual-hormone closed-loop delivery
increased the percentage of time for which
patients’ plasma glucose levels were in the target
range (median 70.7% [interquartile range (IQR)
46.1%–88.4%] for closed-loop delivery v. 57.3%
[IQR 25.2%–71.8%]for control, p = 0.003) and
decreased the percentage of time for which
plasma glucose levels were in the low range
(bottom of target range [< 4.0 mmol/L], 0.0%
[IQR 0.0%–3.0%] for closed-loop delivery v.
10.2% [IQR 0.0%–13.0%] for control, p = 0.01;
hypoglycemia threshold [< 3.3 mmol/L], 0.0%
[IQR 0.0%–0.0%] for closed-loop delivery v. 2.8%
[IQR 0.0%–5.9%] for control, p = 0.006). Eight
participants (53%) had at least 1 hypoglycemic
event (plasma glucose < 3.0 mmol/L) during standard treatment, compared with just 1 participant
(7%) during closed-loop treatment (p = 0.02).
Interpretation: Dual-hormone, closed-loop
delivery guided by advanced algorithms
improved short-term glucose control and
reduced the risk of hypoglycemia in a group
of 15 adults with type 1 diabetes. Trial registration: ClinicalTrials.gov, no. NCT01297946.

insulin therapy and lower levels of glycated
hemoglobin are unfortunately associated with an
increased risk of hypoglycemia.5 The frequency
of patient-reported nonsevere hypoglycemia
(blood glucose ≤ 3.5 mmol/L, with or without
symptoms) is about 2.7 episodes/patient per
week,6 with episodes commonly occuring during
the night. In a recent continuous glucose monitoring trial conducted by the Juvenile Diabetes Research Foundation,7 hypoglycemia (glucose sensor reading < 3.3 mmol/L) occurred
during 8.5% of the nights included in the study
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period, with 47% of those nights involving at
least 1 hour of hypoglycemia, 23% involving at
least 2 hours, and 11% involving at least 3 hours.
Advances in insulin infusion pumps and continuous glucose-monitoring systems could
improve glycemic control;8 however, we still
lack the ability to combine these devices in an
automated manner. Closed-loop insulin delivery
systems (i.e., the artificial pancreas) combine the
2 devices using a mathematical algorithm. 9
These systems might improve glycemic control
and reduce the risk of hypoglycemia compared
with conventional insulin-pump therapy (i.e.,
continuous subcutaneous insulin infusion).10,11
However, a clinically significant number of
hypoglycemic events (blood glucose <
3.0 mmol/L) were still reported during tests of
closed-loop delivery systems.10,11
Dual-hormone closed-loop delivery systems
have also been proposed to regulate glucose
levels. These systems combine insulin delivery
with subcutaneous glucagon delivery to further
reduce the risk of hypoglycemia.12–14 However,
their potential benefits to improve glycemic
control are currently unknown. We sought to
determine whether dual-hormone closed-loop
delivery, compared with conventional insulin
pump therapy, can improve glycemic control
and reduce the risk of hypoglycemia in adults
with type 1 diabetes.

Methods
Study design
We used an open-label, randomized, crossover
design to compare dual-hormone closed-loop
delivery with continuous subcutaneous insulin
infusion (the control) in adults with type 1 diabetes. Each study visit included an evening exercise session, followed by a meal, a bedtime
snack and an overnight stay. The 2 interventions
were separated by 7 (interquartile range
[IQR] 3–14) days.
Participants
From February 2011 to January 2012, we
enrolled participants from the diabetes clinic at
the Institut de Recherches Cliniques de Montréal
(Montréal, Quebec). Participants were required
to be more than 18 years of age and to have been
using an insulin pump for at least 3 months.
Patients whose diabetes was poorly controlled
(glycated hemoglobin > 10%) were excluded.
Other exclusion criteria were applied as detailed
in Appendix 1 (available at www.cmaj.ca/lookup
/suppl/doi:10.1503/cmaj.121265/-/DC1). All participants provided their written informed consent. The study was approved by the research
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ethics committee at the Institut de Recherches
Cliniques de Montréal.
Sample size and randomization
We anticipated that dual-hormone closed-loop
delivery would increase the percentage of time
for which plasma glucose concentrations are in
the target range by 22% (standard deviation
[SD] = 22%). We calculated that 10 participants
would provide 80% power at the 5% level of significance to detect such a difference between the
2 interventions. The study included, by its
design, an interim assessment to evaluate the
appropriateness of the sample size after 6 participants had completed both arms (i.e., a total of 12
completed visits). Subsequently, we adjusted the
number needed to enrol to 16 participants, one of
whom did not complete the study (Figure 1).
We used blocked randomization with an equal
allocation ratio to generate allocation sequences.
Patients were not blinded to the allocation. Blinding was practically challenging, because patients
had to control their glucose levels during control
visits, but not during dual-hormone closed-loop
delivery.
Study protocol
Participants arrived at the research facility at
about 1500 and received treatment from 1600
until 0700 the next day.
The exercise session consisted of a 30-minute
workout on a stationary bicycle at 60% VO2max
(each patient’s VO2max had been determined before
randomization). At 1730, participants’ capillary
glucose levels were checked using a glucose meter.
The exercise session began at 1750 if the glucose
level was above 6.0 mmol/L. If the glucose level
was below 6.0 mmol/L, 15 g carbohydrate was
given orally, and the exercise session began once
the glucose level was above 6.0 mmol/L.
Each participant received a standardized
meal (60 g carbohydrate for females, 80 g carbohydrate for males) at 1920 and a bedtime
snack (15 g carbohydrate) at 2200 (for a
description of the meal and snack, see Appendix
2, available at www.cmaj.ca/lookup/suppl/doi:
10.1503/cmaj.121265/-/DC1). Participants were
blinded to their plasma and sensor glucose data
during both visits and to the hormonal infusions
during closed-loop visits.
We drew venous blood samples every 10–
30 minutes to determine plasma glucose and
insulin levels, and every 10–60 minutes to determine plasma glucagon levels. Plasma glucose levels were measured using a YSI2300 STAT Plus
Analyzer (Yellow Springs, Ohio). Plasma insulin
and glucagon were measured using an immunoassay (Millipore, Billerica, Massachusetts).

Research
During visits involving dual-hormone closedloop delivery, glucose levels were regulated using
variable subcutaneous insulin delivery combined
with subcutaneous miniboluses of glucagon.
Insulin aspart and recombinant glucagon were
delivered by 2 infusion pumps (MiniMed Paradigm Veo, Medtronic, Northridge, California),
according to recommendations, at 10-minute
intervals and as determined by our dosing algorithm (Appendix 2). At the time of the evening
meal, we entered the meal’s carbohydrate content
into the algorithm to calculate the prandial bolus.
Insulin and glucagon delivery was otherwise

based only on readings from a continuous glucose sensor measuring interstitial glucose (Sofsensor, Medtronic).
Every 10 minutes, we manually entered the
real-time readings from the continuous glucose
sensor into a computer that calculated insulin
and glucagon delivery. We then manually gave
the insulin and glucagon through the infusion
pumps. We used a single sensor that we calibrated using finger-stick capillary glucose measurements. We did not recalibrate or replace the
sensor in the event of suboptimal accuracy, and
we always adhered to the dosing algorithm.

Approached and assessed for
eligibility
n = 19
Excluded
• Refused to participate n = 2

VO2max assessment
n = 17

Excluded

7 (IQR 6–8) d

Unable to complete
assessment n = 1

•

R

Visit 1
Continuous subcutaneous
insulin infusion n = 8

Visit 1
Dual-hormone, closed-loop
delivery n = 8

7 (IQR 3–14) d

7 (IQR 3–14) d

Visit 2
Dual-hormone, closed-loop
delivery n = 8

Visit 2
Continuous subcutaneous
insulin infusion n = 8

Excluded
•

Cannulation problem n = 1

Participants who completed study n = 15

Figure 1: Flow of participants through the crossover study, showing the crossover in therapies between visits 1 and 2. The crossed-over streams are shown in parallel on each side of the flow chart. IQR = interquartile range, VO2max = maximum oxygen uptake.
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Figure 2: Profiles (medians and interquartile ranges) of (A) plasma glucose concentration and (B) basal
insulin infusion with dual-hormone closed-loop delivery and continuous subcutaneous insulin infusion.
(C) The histogram of glucagon delivery during closed-loop delivery.
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During control visits, participants received
continuous subcutaneous insulin infusion. Participants had access to their finger-stick glucose
measurements, knew the carbohydrate content
of their meal and snack, and consequently
adjusted their insulin delivery (including temporary basal and correction boluses) as per their
standard practice.
Outcomes measures
Our primary outcome was the percentage of time
for which plasma glucose concentrations were in
the target range during each 15-hour visit (4.00–
10.00 mmol/L between the hours of 1600 and
2300, and 4.00–8.00 mmol/L between the hours
of 2300 and 0700).
Our secondary outcomes were the percentage
of time spent below the target range, the percentage of time spent above the target range, the total

amount of insulin delivered, the standard deviation of plasma glucose concentrations and the
number of parti cipants with hypoglycemic
events (blood glucose < 3.0 mmol/L).
Statistical analysis
For each continuous outcome, we used a
repeated-measures regression model based on
the ranked normal transformation (with the
exception of mean glucose, which was not transformed) to compare the 2 treatments, adjusting
for the starting glucose level and the period
effect. We used the McNemar test to compare
rates of hypoglycemia.

Results
Fifteen participants completed the study and
were included in our analysis (Figure 1). The

Table 1: Comparison of outcomes among 15 adults with type 1 diabetes receiving both interventions
Intervention, median (IQR)*

Dual-hormone
closed-loop delivery

Continuous
subcutaenous
insulin infusion

p value†

7.7 (7.4–10.6)

7.0 (5.2–8.7)

0.28

70.7 (46.1–88.4)

57.3 (25.2–71.8)

0.003

< 4.0 mmol/L

0.0 (0.0–3.0)

10.2 (0.0–13.0)

0.01

< 3.3 mmol/L

0.0 (0.0–0.0)

2.8 (0.0–5.9)

0.006

29.3 (9.4–49.2)

25.6 (18.0–63.4)

0.17

Outcome
Overall (duration of visit, from 1600 to
0700)
Plasma glucose level at start of visit, mmol/L
Time spent at specific glucose level, %
Target range‡

Above target range
Plasma glucose level, mmol/L, mean ± SD

7.8 ± 1.1

7.9 ± 1.9

0.74

2.0 (1.3–2.8)

2.1 (1.8–2.9)

0.06

Insulin delivery, U

19 (15–23)

19 (15–25)

0.19

Insulin concentration, mU/L

25 (23–42)

30 (18–43)

0.87

Glucagon concentration, pg/mL

66 (61–72)

56 (43–65)

0.01

Target range

72.0 (32.5–84.2)

45.8 (29.2–64.6)

0.07

< 4.0 mmol/L

0.0 (0.0–0.0)

0.0 (0.0–22.5)

0.02

< 3.3 mmol/L

0.0 (0.0–0.0)

0.0 (0.0–7.7)

0.01

28.0 (15.8–64.8)

49.8 (12.5–70.8)

0.99

7.8 ± 1.3

7.6 ± 2.3

0.63

1.5 (1.1–2.6)

1.6 (1.1–2.1)

0.67

Plasma glucose level, mmol/L, SD

Overnight (from 2300 to 0700)
Time spent at specific glucose level, %

Above target range
Plasma glucose level, mmol/L, mean ± SD
Plasma glucose level, mmol/L, SD
Insulin delivery, U

14 (10–16)

14 (9–17)

0.77

Insulin concentration, mU/L

24 (19–31)

25 (15–33)

0.68

Glucagon concentration, pg/mL

57 (45–70)

50 (37–61)

0.02

Note: IQR = interquartile range, SD = standard deviation.
*Unless stated otherwise.
†Repeated measures analysis.
‡Primary study outcome.
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characteristics of the participants are listed in
Appendix 3 (available at www.cmaj.ca/lookup
/suppl/doi:10.1503/cmaj.121265/-/DC1).
Dual-hormone closed-loop delivery generally
reduced interpatient variability in plasma glucose
concentrations (Figure 2). The median and IQRs
of participants’ glucose levels during control visits suggest that, during the night, 25% of the participants had glucose levels below 4.0 mmol/L at
about 0100, and 25% of the participants had glucose levels above 10.0 mmol/L at about 0530
(Figure 2).
During visits involving closed-loop delivery,
participants’ plasma glucose levels were in the
target range a median of 70.7% of the time (IQR
46.4%–88.4%), compared with 57.3% of the
time (IQR 25.2%–71.8%) during control visits
(p = 0.003; Table 1). Compared with conventional treatment, closed-loop delivery significantly decreased the percentage of time spent in
hypoglycemia (0.0% v. 10.2% for plasma glucose levels < 4.0 mmol/L, and 0.0% v. 2.8% for
plasma glucose levels < 3.3 mmol/L; Table 1).
The percentage of time spent in the target
range for plasma glucose levels during the night
was higher for closed-loop delivery than for conventional treatment (72.0% v. 45.8%, repeated
measures analysis p = 0.07, Table 1). Closedloop delivery also reduced nocturnal hypoglycemia. When samples collected during the
Table 2: Rates of hypoglycemia and nocturnal plasma glucose
concentrations among 15 patients with type 1 diabetes during each
intervention
Intervention, no. (%)

Outcome

Dual-hormone
closed-loop
delivery
n = 15

Continuous
subcutaneous
insulin infusion
n = 15

p value*

Patients with at least 1
hypoglycemic event†

1 (7)

8 (53)

0.02

Patients with at least 1
nocturnal hypoglycemic
event†‡

0 (0)

5 (33)

0.07

Patients with at least 1
exercise-induced
hypoglycemic event†§

1 (7)

2 (13)

1.0

Nocturnal‡ plasma glucose
measurements¶

n = 363

n = 367

< 4.0 mmol/L

2 (0.5)

45 (12.3)

—

< 3.3 mmol/L

0 (0.0)

13 (3.5)

—

< 3.0 mmol/L

0 (0.0)

9 (2.5)

—

*McNemar test.
†Defined as at least 1 measurement of plasma glucose concentration < 3.0 mmol/L, which
was treated by oral carbohydrate.
‡Between the hours of 2300 and 0700.
§From start of exercise to 1920.
¶Measurements were taken at 20-min intervals.
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night were combined (Table 2), 45 (12.3%) of
the measurements of plasma glucose concentration were below 4.0 mmol/L during control visits, compared with only 2 measurements (0.5%)
during closed-loop delivery, a more than 20-fold
reduction.
The total amounts of insulin delivered did
not differ between the 2 interventions (Table 1).
Prandial boluses, as determined using our algorithm, were lower by 0.9 (IQR 0.6–2.2) units
during visits involving closed-loop delivery,
compared with patient-determined boluses during control visits (repeated measures analysis
p = 0.004). Prandial boluses were given at the
start of meal ingestion on both visits.
Hypoglycemic events
We saw no adverse events other than hypoglycemia. Eight participants (53%) had at least 1
hypoglycemic event (plasma glucose concentration < 3.0 mmol/L) during a control visit,
whereas only 1 participant (7%) had at least 1
hypoglycemic event during dual -hormone
closed-loop delivery (McNemar test p = 0.02),
an 8-fold difference. For 7 participants (47%),
hypoglycemic events occurred only during the
control visit; no participants had hypoglycemic
events only during closed-loop delivery, 1 participant (7%) had hypoglycemic events during
both visits, and 7 participants (47%) had no
hyperglycemic events during either visit (data
not shown). For the participant with hypoglycemia during both visits, 3 episodes occurred
during the control visit and 2 episodes occurred
during closed-loop delivery (data not shown).
We saw a total of 12 hypoglycemic events during
control visits and 2 events during closed-loop
delivery (data not shown). We treated each event
with 15 g oral carbohydrate. A second treatment
was necessary for 4 events (all during control
visits), 1 of which required a third treatment.
Characteristics of glucagon delivery
Total glucagon delivery during closed-loop
delivery was 0.076 (IQR 0.016–0.170) mg per
visit (Appendix 3), resulting in a modest increase
in mean plasma glucagon level (66 v. 56 pg/mL,
repeated measures analysis p = 0.01; Table 1).
Glucagon was delivered intermittently (average
of 1 minibolus every 3.6 h) and in small amounts
(0.014 [IQR 0.013–0.036] mg/bolus). Insulin
delivery was suspended for 40 (± 35) minutes
before delivering glucagon but was not enough
to prevent falling glucose levels (Figure 3).
Glucagon delivery was used to prevent impending hypoglycemia rather than to treat it. The
median plasma glucose level was 4.9 mmol/L
and descending at a rate of 0.8 mmol/L per hour

Research
reading in the nonhyperglycemic range (0.18
[IQR –0.70 to 0.85] mmol/L [plasma glucose ≤
8.0 mmol/L]; n = 828). Improvements in sensor
performance will likely further improve closedloop delivery.

at the time of glucagon delivery, and 5.3 mmol/L
and ascending at a rate of 1.5 mmol/L per hour
20 minutes after glucagon delivery (Figure 3).
None of the participants reported any gastrointestinal symptoms after receiving glucagon
boluses. Of the 61 glucagon miniboluses delivered, 24 (40%) were given nocturnally. Insulin
delivery before a glucagon minibolus was suspended for a longer time during the night compared with during the overall study period (57
min v. 40 min). This was because, in case of
impending hypoglycemia, glucose levels fell less
rapidly during the night than during exercise or
the late postprandial period.

Interpretation
Dual-hormone closed-loop delivery improved
glucose control and reduced the risk of hypoglycemia in our 15 participants, as compared
with continuous subcutaneous insulin infusion.
Rates of hypoglycemia (plasma glucose concentration < 3.0 mmol/L) were reduced, with no
increased risk of hyperglycemia.
Hypoglycemia is common in type 1 diabetes,
and its management is difficult because patients
might not show symptoms. Hypoglycemia
remains underestimated, with up to 60% of
events going unrecognized.15 Recurrent hypoglycemia leading to hypoglycemia unawareness
emphasizes the need for improved prevention
and mitigation strategies.4 Hypoglycemia alarms
are now an essential part of continuous glucose
sensors, but they are of limited benefit during the
night.16 Hypoglycemia is feared by most patients
and remains the most common adverse effect of
insulin therapy. Dual-hormone closed-loop delivery appears to have the potential to reduce the
risk of hypoglycemia. Patients with hypoglycemia unawareness might benefit the most
from this technology. However, this potential
should be confirmed with larger and longer studies in an outpatient setting.
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Insulin delivery
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Insulin (U/h) and glucagon delivery (U)

Plasma glucose concentration, mmol/L

Sensor performance
Sensor performance was adequate for closedloop delivery (relative absolute error 12.9%
[IQR 6.5%–21.6%]). However, sensor readings
often showed concentrations in the target range
when plasma glucose was actually in the hyperglycemic range (sensor under-read by 1.07 [IQR
0.25–1.88] mmol/L in the hyperglycemic range
[plasma glucose > 8.0 mmol/L]; n = 555). This
may explain why the percentage of time spent
above the target range was not reduced with
closed-loop delivery. During closed-loop delivery, sensing errors possibly increased time spent
above the target range by 10%–15% (the
median percentage of time spent above the target range was 16% [data not shown] when calculated using sensor data, compared with 29%
when calculated using plasma glucose measurements [Table 1]). We did not see sensor under-

0.0
200

Time (min)
Figure 3: Profiles (medians and interquartile ranges) of plasma glucose concentration and basal insulin infusion before and after receipt of glucagon bolus (n = 61 boluses).
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Mean plasma glucose levels did not differ
between the 2 treatments. However, betweenpatient variability in mean plasma glucose level
was 50% higher during control visits than during
closed-loop delivery, suggesting higher dispersion of individual mean plasma glucose levels.
Hypoglycemia was common during control visits and therefore reduced mean glucose levels,
whereas closed-loop delivery eliminated most
hypoglycemia without increasing mean glucose
levels. This trend is also seen in the glucose profiles shown in Figure 1.
Comparison with other studies
Recent randomized trials involving adults with
type 1 diabetes have shown that overnight closedloop insulin delivery increases the percentage of
time for which plasma glucose levels are in the
target range and decreases the time spent in the
hypoglycemic range compared with conventional
treatment.10,11 However, the reductions in time
spent in the hypoglycemic range and numbers of
patients with hypoglycemic events were not as
remarkable as those in our study.
Although there have been previous studies of
closed-loop insulin delivery17,18 and closed-loop
insulin and glucagon delivery13,14,19 involving adults
with type 1 diabetes, they did not have a randomized study design to make comparisons with conventional therapy. Furthermore, most of these
studies have assessed the performance of the dosing algorithm rather than the clinical application
of the whole system. Instead of a single glucose
sensor, infusions were based on venous glucose14
or multiple sensors,13 and were sometimes overridden by an attending physician.13,17 Moreover, the
glucose sensor was calibrated using referencequality venous plasma glucose10,17,19 instead of capillary finger-stick measurements, potentially overestimating the benefits of closed-loop delivery.
These issues may limit the application of the
results of such studies in clinical practice. Our
study avoided these shortcomings.
Limitations
Our study was powered using data from other
studies of closed-loop delivery;11,13 despite having
statistical significance in most outcomes, our
study was limited by its small sample size. An
additional limitation to our study was the
absence of allocation blinding, but blinding participants to the interventions was practically
challenging. Finally, current glucagon formulations are unlikely to be suitable for extended
pump use, because they are unstable at room
temperature after reconstitution. Research is
underway to develop more stable formulations of
the hormone.20,21
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Conclusion
Compared with conventional therapy, dual hormone closed-loop delivery improved shortterm glycemic control and reduced the risk of
hypoglycemia among 15 adults with type 1 diabetes. Closed-loop delivery systems have the
potential to substantially improve the management of diabetes and the safety of patients. These
systems will probably be introduced gradually to
clinical practice, with early generations focusing
on overnight glucose control and using insulin
alone. Their limitations and benefits will be elucidated, and their performance will be perfected
over time.
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