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Day and night glycaemic control with a bionic pancreas
versus conventional insulin pump therapy in preadolescent
children with type 1 diabetes: a randomised crossover trial
Steven J Russell, Mallory A Hillard, Courtney Balliro, Kendra L Magyar, Rajendranath Selagamsetty, Manasi Sinha, Kerry Grennan,
Debbie Mondesir, Laya Ehklaspour, Hui Zheng, Edward R Damiano, Firas H El-Khatib

Summary
Background The safety and eﬃcacy of continuous, multiday, automated glycaemic management has not been tested
in outpatient studies of preadolescent children with type 1 diabetes. We aimed to compare the safety and eﬃcacy of a
bihormonal bionic pancreas versus conventional insulin pump therapy in this population of patients in an outpatient
setting.
Methods In this randomised, open-label, crossover study, we enrolled preadolescent children (aged 6–11 years) with
type 1 diabetes (diagnosed for ≥1 year) who were on insulin pump therapy, from two diabetes camps in the USA. With
the use of sealed envelopes, participants were randomly assigned in blocks of two to either 5 days with the bionic
pancreas or conventional insulin pump therapy (control) as the ﬁrst intervention, followed by a 3 day washout period
and then 5 days with the other intervention. Study allocation was not masked. The autonomously adaptive algorithm
of the bionic pancreas received data from a continuous glucose monitoring (CGM) device to control subcutaneous
delivery of insulin and glucagon. Conventional insulin pump therapy was administered by the camp physicians and
other clinical staﬀ in accordance with their established protocols; participants also wore a CGM device during the
control period. The coprimary outcomes, analysed by intention to treat, were mean CGM-measured glucose
concentration and the proportion of time with a CGM-measured glucose concentration below 3·3 mmol/L, on
days 2–5. This study is registered with ClinicalTrials.gov, number NCT02105324.
Findings Between July 20, and Aug 19, 2014, 19 children with a mean age of 9·8 years (SD 1·6) participated in and
completed the study. The bionic pancreas period was associated with a lower mean CGM-measured glucose
concentration on days 2–5 than was the control period (7·6 mmol/L [SD 0·6] vs 9·3 mmol/L [1·7]; p=0·00037) and a
lower proportion of time with a CGM-measured glucose concentration below 3·3 mmol/L on days 2–5 (1·2% [SD 1·1]
vs 2·8% [1·2]; p<0·0001). The median number of carbohydrate interventions given per participant for hypoglycaemia
on days 1–5 (ie, glucose <3·9 mmol/L) was lower during the bionic pancreas period than during the control period
(three [range 0–8] vs ﬁve [0–14]; p=0·037). No episodes of severe hypoglycaemia were recorded. Medium-to-large
concentrations of ketones (range 0·6–3·6 mmol/dL) were reported on seven occasions in ﬁve participants during the
control period and on no occasion during the bionic pancreas period (p=0·063).
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Interpretation The improved mean glycaemia and reduced hypoglycaemia with the bionic pancreas relative to insulin
pump therapy in preadolescent children with type 1 diabetes in a diabetes camp setting is a promising ﬁnding.
Studies of a longer duration during which children use the bionic pancreas during their normal routines at home and
school should be done to investigate the potential for use of the bionic pancreas in real-world settings.
Funding The Leona M and Harry B Helmsley Charitable Trust and the US National Institute of Diabetes and Digestive
and Kidney Diseases.

Introduction
Maintaining glycaemia near the normal range is eﬀective
in preventing long-term complications in individuals
with type 1 diabetes,1–3 but is challenging to achieve4–6 and
is associated with frequent hypoglycaemia, which can be
life threatening.7–11 Safe glycaemic control is especially
challenging in children who cannot take responsibility
for their own care and might not communicate symptoms
associated with hyperglycaemia and hypoglycaemia.
Additionally, the eﬀect of insulin dosing errors can be
more serious in children than in adults because of their
lower body mass. Parents are challenged by the

management of their children’s diabetes and can have
substantial anxiety, especially overnight and when their
children are not under their care. Only 14% of children
meet the glycaemic target set by the American Diabetes
Association (HbA1c <7·5%), compared with 30% of adults
(HbA1c <7·0%).5,6 Better methods are therefore needed to
manage glycaemia in children with diabetes. One
promising strategy is to automate glycaemic management
with a bihormonal bionic pancreas that uses continuous
glucose monitoring (CGM) and mathematical algorithms
to measure blood glucose concentrations and administer
required doses of insulin and glucagon.12,13
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Research in context
Evidence before this study
We searched Ovid Medline for articles published in English up to
July 10, 2015, using the search terms [“artiﬁcial pancreas” OR
“bionic pancreas” OR “closed-loop”] AND [“diabetes mellitus” OR
“diabetes”] AND “children” OR “pediatric/s” OR “pre-adolescent”]
AND [“randomized” OR “randomized controlled trial”], and
identiﬁed two randomised trials in which automated glucose
control was tested in outpatient settings during the day and
night. One of these was our crossover study comparing the
bihormonal bionic pancreas in 36 adolescent children (aged
12–20 years) at a diabetes camp for 5 days with camp-managed
insulin pump therapy for 5 days, in random order. The other was a
study by Ly and colleagues comparing an insulin-only artiﬁcial
pancreas system in 21 adolescents and adults (aged 15–31 years)
for 6 days with sensor-augmented pump therapy for 6 days. Our
previous study showed a reduction in mean glucose
concentration, increased time in target range (3·9–10 mmol/L
[70–180 mg/dL]), and a reduced need for carbohydrate
interventions for hypoglycaemia during the bionic pancreas
period. Results of Ly and colleagues’ study showed no diﬀerence
in time in target range (3·9–10 mmol/L [70–180 mg/dL])
between the two groups or any other improvement in glucose
control with their insulin-only artiﬁcial pancreas.

See Online for appendix

The results of our previous day-and-night studies13
showed that automated glycaemic regulation can
signiﬁcantly improve glycaemic control in real-world
outpatient settings where no restrictions were placed
on diet or exercise.13 In these studies, the bihormonal
bionic pancreas signiﬁcantly reduced mean blood
glucose concentrations and hypoglycaemia or the need
to treat hypoglycaemia in adults and adolescents older
than 12 years.13 Subsequently, reports have been
published of outpatient day-and-night studies assessing
four other glucose control systems (three insulin-only
and one bihormonal) in adults or adolescent children.14–17
No outpatient day-and-night studies in preadolescent
children have previously been reported.
In this study, we aimed to compare the eﬃcacy and
safety of a bihormonal bionic pancreas with that of
conventional insulin pump therapy in preadolescent
children aged 6–11 years with type 1 diabetes in an
outpatient diabetes camp setting where no limitations
were placed on diet or exercise.

Methods
Study design and participants
In this randomised, open-label, outpatient crossover
trial, we recruited participants aged 6–11 years who were
attending two diabetes camps (Camp Joslin or the Clara
Barton Camp) operated by the Barton Center for Diabetes
Education in North Oxford, MA, USA. Children stayed
overnight at the camps, and all participants had to be
attending for at least two contiguous weeks. Eligible
2

Added value of this study
To our knowledge, this is the ﬁrst outpatient study of
automated glycaemic control in preadolescent children. We
show that the bionic pancreas reduced mean glucose
concentration, increased the time in the target glucose range
(3·9–10 mmol/L [70–180 mg/dL]), reduced the time spent with
hypoglycaemia, and reduced the need for carbohydrate
interventions for hypoglycaemia versus insulin pump therapy
managed by the camp medical staﬀ. This is the ﬁrst time, to our
knowledge, that an automated glucose control system has
been shown to be eﬀective in young children, who are often
unable to take care of themselves without the assistance of
adult caregivers and are therefore likely to particularly beneﬁt
from automated glycaemic control.
Implications of all the available evidence
A bihormonal bionic pancreas can improve glycaemic
regulation in children compared with standard insulin pump
therapy in a highly supervised diabetes camp environment that
is designed to provide optimum management of diabetes.
Longer outpatient trials in the less supervised home and school
environments of preadolescent children are warranted.

participants were those who had been diagnosed with
type 1 diabetes for 1 year or longer and were on insulin
pump therapy.
Key exclusion criteria were cystic ﬁbrosis, seizure
disorder, eating disorder or omission of insulin to
manipulate weight, history of intentional inappropriate
administration of insulin, heart disease, and end-stage
renal or liver failure. A full list of exclusion criteria are
included in the protocol (appendix). Participants received
ﬁnancial compensation for their participation.
The protocol (appendix) was approved by the
Massachusetts General Hospital and Boston University
Human Research Committees, and the trial was
monitored by a data safety and monitoring board who
were not masked to treatment allocation. All participants
provided written assent, with informed consent also
provided by a parent or guardian.

Randomisation
Participants were randomly assigned (1:1) to use the
bihormonal bionic pancreas ﬁrst, followed by conventional
insulin pump therapy, or to use conventional insulin
pump therapy ﬁrst, followed by the bihormonal bionic
pancreas. Randomisation was done in blocks of two using
sealed envelopes produced by MAH that were shuﬄed (in
pairs, by one person, then again by another) and opened
in the same order by KLM once participants were found to
be eligible. KLM and MAH were also involved in collating,
and analysing the data. Participants, investigators, and
camp staﬀ were not masked to allocation assignment.
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Procedures
All participants received insulin via the bionic pancreas for
5 days (bionic pancreas period) and via their own insulin
pump under supervision of camp staﬀ for 5 days (control
period), in the order assigned at randomisation, with a
3 day washout period in between.
The processes by which insulin and glucagon were
administered by the fully automated bihormonal bionic
pancreas have been described previously.13 The device
consisted of an iPhone 4S (Apple, Cupertino, CA, USA)
that ran the control algorithm in an app, and was
connected to a G4 Platinum CGM system (DexCom,
San Diego, CA, USA) via a custom hardware interface.
The control algorithm received CGM data and calculated
the required doses of insulin and glucagon that were then
automatically delivered subcutaneously through insulin
infusion sets every 5 min by t:slim infusion pumps
(Tandem Diabetes Care, San Diego, CA, USA). The user
interface allowed the user to tell the device when a certain
meal type, such as breakfast, lunch, or dinner, was about
to be consumed, and what the meal size was going to be,
such as typical, more than usual, less than typical, or a
small bite. Parents speciﬁed what range of carbohydrate
content constituted a typical amount of carbohydrates for
their child for each meal type and size (eg, 50–80 g of
carbohydrate might be typical for breakfast for a particular
child). For all meal types other than snacks, camp staﬀ
selected the meal type and size category on the bionic
pancreas user interface 5–15 min before each meal, which
was the same time as when meal boluses were
administered to participants during the control period.
The ﬁrst time the bionic pancreas was used in each
participant, a partial meal-priming bolus based on the
participant’s body mass (0·05 units/kg) was delivered.
After the ﬁrst use, the size of the meal-priming bolus was
adapted by the bionic pancreas to 75% of the 4 h prandial
insulin used for that meal type and size.
The system was initialised using only the participant’s
body mass; no information about the participant’s usual
insulin regimen was provided to the algorithm. During
operation of the device, the only external inputs were
meal type, meal size, and CGM calibration, which was
done twice daily before breakfast and dinner and as
requested by the CGM system. The bionic pancreas
automatically adapted insulin dosing to each individual’s
needs. When CGM data were not available (because of
sensor failure or during the warm-up time after sensor
replacement), the bionic pancreas automatically delivered
a dose of basal insulin based on the mean basal dosing it
had calculated at that time on previous days. Automatic
correction doses of insulin or glucagon were delivered in
response to manually entered ﬁngerstick plasma glucose
concentrations, which were required once per h when
sensor data were not available. If the CGM system went
oﬄine, the control algorithm would then respond to
these plasma glucose values as if they were CGM values,
calculating the required doses of insulin or glucagon as it

would if the same CGM value had been received
(appendix). The system automatically regulated any
glycaemic excursion that resulted from failed sensors
and infusion sets after their replacement. No insulin was
given other than by the bionic pancreas. Patients were
not allowed to take paracetamol because of the possible
interference with CGM.18 Participants and study staﬀ
were not masked to CGM data while the bionic pancreas
was in use, but a password was required to access the
user interface and the CGM data. To prevent any
inappropriate meal types being inputted, participants
were not given the password to the device.
During the control period, participants used a CGM or
device connected to an iPhone to allow remote
monitoring of device functioning and severe biochemical
hypoglycaemia by the study staﬀ, and their own insulin
pump. Participants who used CGM as part of their usual
care were encouraged to use their personal CGM device
during the control period in addition to the CGM device
provided by the study for the control period. During the
control period, the insulin regimens of participants were
adjusted daily by a camp physician in accordance with
standard camp guidelines and the judgment of the
physician, without any interaction with study staﬀ. The
camp guidelines are included in the study protocol
(appendix), but were not modiﬁed in any way during the
study period.
Participants stayed in the same cabins, engaged in the
same activities, and ate the same meals as non-participant
campers. During both study periods, telemetric
monitoring staﬀ located on the camp grounds alerted
clinical study staﬀ by telephone when CGM-measured
glucose concentrations dropped below 3·3 mmol/L for
more than 15 min. By contrast with our previous camp
study,13 staﬀ responsible for remote monitoring were
masked to speciﬁc CGM glucose concentrations (they
could not see the CGM trace or values, only a ﬂag
indicating that CGM glucose was <3·3 mmol/L) and
were masked to insulin and glucagon dosing by the
bionic pancreas. Telemetric monitors also alerted study
staﬀ to when the CGM system or the insulin or glucagon
pumps were disconnected for 15 min during bionic
pancreas use.
During both the bionic pancreas and control periods,
all CGM alarms were silenced, apart from a low-threshold
alarm at a glucose concentration of 2·8 mmol/L
(50 mg/dL) that could not be silenced. Fingerstick plasma
glucose measurements were obtained (StatStrip Xpress,
Nova Biomedical, Waltham, MA, USA) before meals, at
bedtime, at midnight, and at about 0345 h (six scheduled
measurements), before swimming or showering, and if a
participant had symptoms of hypoglycaemia. In
accordance with camp policy, participants were given
15 g of simple carbohydrates if their plasma glucose
concentration dropped below 4·4 mmol/L. These simple
carbohydrates were counted as interventions for study
outcomes if the plasma glucose concentration was less
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than 3·9 mmol/L. A second intervention of 15 g of
carbohydrate was given if a repeat measurement in
15–20 min was less than 3·9 mmol/L. Once the plasma
glucose concentration was greater than 3·9 mmol/L, the
participant was given a snack of 15 g of complex
carbohydrates unless a meal was scheduled within 1 h.
Real-time CGM traces were not monitored, and
participants did not have access to CGM data on their
devices, because they were locked with a password.
Therefore, CGM data could not be used to predict
hypoglycaemic events or to treat any events pre-emptively.
Camp staﬀ did not use study CGM data from participants
using the bionic pancreas to make any treatment
decisions, although they could use data from a
participant’s personal CGM system to do so (during the
control period) if the participant happened to be wearing
their personal CGM system.
To assess safety, data for episodes of ketonaemia were
collected from the camp medical charts of the
participants. Data for infusion set changes during the
control period were collected from the camp medical
chart, and during the bionic pancreas period they were
collected from the camp medical chart and documentation
by study staﬀ. Participants completed a questionnaire
each evening that asked whether they had had any nausea
that day, and if so, to report its intensity on a 10 cm visual
analogue scale (appendix).

Outcomes
The coprimary outcomes were mean glucose concentration as measured by the CGM system on days 2–5 of
each period, and the mean proportion of time that the
CGM-measured glucose concentration was less than
3·3 mmol/L on days 2–5 of each period. Initial adaptation
by the bionic pancreas to the insulin needs of the
individual is typically completed by the end of day 1.19
Although the same process continues as part of normal
operation, days 2–5 are expected to be more representative
of long-term system performance than day 1.
Prespeciﬁed secondary outcomes included the
proportion of time that CGM-measured glucose
concentrations were in clinically relevant ranges, the
mean of scheduled plasma glucose concentration
measurements, the proportion of scheduled plasma
glucose concentration measurements that were below
3·3 mmol/L, the number of carbohydrate interventions
for hypoglycaemia per day (irrespective of carbohydrate
amount given), and the amount (in grams) of
carbohydrate given for hypoglycaemia. For the purposes
of this analysis, carbohydrates consumed when an
individual had a plasma glucose concentration of
3·9–4·4 mmol/L were counted as unscheduled snacks.
Additional prespeciﬁed secondary outcomes included
the proportion of participants with a mean CGMmeasured glucose concentration of 8·6 mmol/L or
lower, 9·4 mmol/l or lower, and 10·2 mmol/L or lower
(which correspond to HbA1c of about 7%, 7·5%, and 8%,
4

respectively20–22). Outcome measures associated with
mean CGM-measured glucose concentrations, the
proportion of time in the aforementioned CGMmeasured glucose ranges (≤8·6 mmol/L, ≤9·4 mmol/l,
and ≤10·2 mmol/L), and the number of carbohydrate
interventions were calculated for both the night-time
period (2300 h to 0700 h) and the full 24 h day. To
quantify adaptation by the bionic pancreas, we compared
results from day 1 with days 2–5. The mean of daily
diﬀerences was calculated as described in previously
published studies.23,24 Two prespeciﬁed outcomes that
we calculated on the basis of scheduled plasma glucose
measurements—the number of hypoglycaemic events
captured by plasma glucose measurements and the
number of participants with mean plasma glucose
concentrations below the estimated average glucoseconcentration thresholds—are not reported here
because we thought that the CGM-measured data for
these outcomes were more reliable in view of the low
frequency of scheduled plasma glucose measurements
(maximum of 20 possible measurements over 5 days). A
full list of all secondary and other prespeciﬁed endpoints
are listed in the protocol (appendix).

Statistical analysis
In our previous camp study in adolescents,13 the diﬀerence
between the mean CGM-measured glucose concentrations
during the bionic pancreas and control periods was
0·9 mmol/L (7·9 mmol/L [SD 0·7] with bionic pancreas vs
8·8 mmol/L [1·5] with control). Our power analysis
predicted that, assuming the same variance in mean CGMmeasured glucose concentration among participants, a
sample size of 24 participants would be required to detect a
0·9 mmol/L diﬀerence in mean glycaemia between
periods, with a power of 80% and a p value of 0·05, using
a one-sided t test (superiority analysis). Therefore, we
aimed to enrol 12 boys and 12 girls.
We included all data from each participant in the
eﬃcacy and safety analyses, according to the intentionto-treat principle. We calculated mean CGM-measured
glucose concentrations as the mean of all CGM-measured
concentrations (measured every 5 min) over the study
period. We assessed the normality of the paired diﬀerence
for each outcome with the Shapiro–Wilk test. The
prespeciﬁed analysis plan was to use the paired-sample
Student’s t test to compare study groups for outcomes
with normally distributed data, and the Wilcoxon signed
rank test to compare study groups for outcomes with
non-normally distributed data. For normally distributed
outcomes, we have reported means and SDs, and for
non-normally distributed outcomes we have reported
medians and ranges.
For the two coprimary outcomes, we additionally used a
repeated-measurements model to analyse the period
eﬀects (ie, diﬀerences between the ﬁrst 5 days of study
treatment compared with the second 5 days of treatment)
and treatment eﬀects (ie, diﬀerences between the bionic
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pancreas and control periods), and used the interaction
between them to test for a carryover eﬀect. We also used
multivariable models to analyse the eﬀect of baseline
HbA1c on the coprimary outcomes. We analysed
prespeciﬁed secondary outcomes with univariate analysis
only. We used the exact McNemar’s test to assess the
signiﬁcance of the diﬀerence in the incidence of ketosis
between the two study groups. We report nominal p values
for all outcomes, and we did not do adjustment for
multiple comparisons. We analysed data using Microsoft
Excel for Mac 2011, version 14.6.0, and SAS, version 9.4.
This study is registered with ClinicalTrials.gov, number
NCT02105324.

Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report. FHE-K, ERD, and SJR had full
access to all the data in the study and had ﬁnal
responsibility for the decision to submit for publication.

pancreas period versus the control period of 2·6%
(SD 0·35; 95% CI 1·9–3·3; p<0·0001).
During the bionic pancreas period, participants spent
more time within the 3·9–10 mmol/L glucose range on
days 2–5 than during the control period, and less time
with a glucose concentration of greater than 10 mmol/L
or less than 3·3 mmol/L (table 2, ﬁgure 2B). During the
night, the diﬀerences between the bionic pancreas and
control periods were nominally larger than during the
24 h period for CGM-measured glucose concentrations,
and proportions of time spent with a glucose
concentration of less than 3·3 mmol/L or within the
3·9–10 mmol/L glucose range (table 2; ﬁgure 2C). The
aggregate mean and SD of CGM-measured glucose
concentrations had nominally lower variability during
the bionic pancreas period than during the control
period for both the full day and at night (table 2;
ﬁgure 3).
The bionic pancreas period was associated with a mean
CGM-measured glucose concentration on days 2–5

Results
Between July 20, 2014, and Aug 19, 2014, we enrolled and
assessed 19 children who were planning to attend the
Joslin (boys) or Clara Barton (girls) diabetes camps, all of
whom completed the study protocol (ﬁgure 1).
Fewer than the target number of boys were enrolled in
the study as a result the low enrolment of boys aged
6–11 years in the camp session during which the study
took place (table 1).
During the bionic pancreas period, participants had a
lower mean CGM-measured glucose concentration on
days 2–5 than during the control period (7·6 mmol/L
[SD 0·6] vs 9·3 mmol/L [1·7]; p=0·00037) in the
prespeciﬁed univariate analysis (table 2; ﬁgure 2A). After
adjustment for period eﬀect in a multivariable model,
mean CGM-measured glucose concentrations were
1·7 mmol/L (SD 0·3; 95% CI 1·1–2·4) lower during the
bionic pancreas period than during the control period
(p<0·0001). We noted a signiﬁcant period eﬀect, with the
mean CGM-measured glucose concentration higher, by
0·9 mmol/L (95% CI 0·2–1·5; p=0·018), in the second
period relative to the ﬁrst period, with no interaction
between period and treatment eﬀect (pinteraction=0·44).
Baseline HbA1c had no eﬀect (pinteraction=0·18). During the
bionic pancreas period, participants spent a lower mean
proportion of time with a glucose concentration below
3·3 mmol/L on days 2–5 than did the control group, in
the prespeciﬁed univariate analysis (1·2% [SD 1·1] vs
2·8% [1·2]; p<0·0001; table 2, ﬁgure 2A). Analysis of the
mean proportion of time that glucose concentrations
were less than 3·3 mmol/L (ie, hypoglycaemia) with a
multivariable model revealed a carryover eﬀect (p=0·016).
Therefore, we did a comparison of hypoglycaemia in the
ﬁrst period only and identiﬁed a mean reduction in the
mean proportion of time spent with glucose
concentrations less than 3·3 mmol/L in the bionic

19 participants enrolled and screened for eligibility

19 eligible and randomly assigned

9 assigned to bionic pancreas
then to control
9 completed study

10 assigned to control then
to bionic pancreas
10 completed study

9 included in analysis

10 included in analysis

Figure 1: Trial proﬁle

N (%) or mean
(SD)

Range

Sex
Boys

6 (32%)

NA

Girls

13 (68%)

NA

Age, years

9·8 (1·6)

6·5 to 11·9

Body mass, kg

35 (7·6)

21·0 to 53·0

BMI (kg/m²)

17·8 (2·1)

14·2 to 24·0

BMI Z score

0·4 (0·6)

–0·5 to 1·6

Diabetes duration, years

5·0 (2·2)

1·8 to 9·1

Daily insulin dose, units/kg

0·74 (0·15)

0·50 to 1·02

HbA1c, %

7·8 (0·8)

6·5 to 9·2

Estimated average glucose
concentration*, mmol/L

9·8 (1·3)

7·8 to 12·1

Intention-to-treat population (n=19). Data are n (%) or mean (SD) and range.
NA=not applicable. *Estimated average glucose concentration is based on HbA1c
at screening, calculated with methods described by Nathan and colleagues21 and
O’Riordan and colleagues.22

Table 1: Baseline characteristics
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below the American Diabetes Association’s threshold
for glycaemic control in children (HbA1c ≤7·5%,20
corresponding to a mean glucose concentration of
≤9·4 mmol/L21,22) in all 19 participants, compared with
12 of 19 participants during the control period (ﬁgures 2A,
4A). Although the lower HbA1c target of 7·0% or lower
(corresponding to a mean glucose concentration of
≤8·6 mmol/L21,22) is only recommended for adults,20 the
bionic pancreas was associated with a mean CGMmeasured glucose concentration below this threshold on
days 2–5 in 18 of 19 participants, compared with eight of
19 during the control period. A higher target of HbA1c of
8·0% or lower (corresponding to a mean glucose
concentration of ≤10·2 mmol/L) is sometimes used
when hypoglycaemia is of particular concern. The bionic
pancreas was associated with a mean CGM-measured
glucose concentration below this threshold during
days 2–5 in 19 of 19 participants, compared with 14 of
19 participants during the control period.
Bionic pancreas
(n=19)

Control (n=19)

Unadjusted
p value

Day and night
Glucose concentration measured by CGM device on days 2–5
Mean, mmol/L*

7·6 (0·6)

9·3 (1·7)

<3·3 mmol/L, % of time

1·2% (1·1)

2·8% (1·2)

0·00037
<0·0001

3·9–10 mmol/L, % of time

80·6% (7·4)

57·6% (14·0)

<0·0001

>10 mmol/L, % of time

16·5% (6·4)

36·3% (15·7)

<0·0001

SD, mmol/L†
Coeﬃcient of variation, %
Mean of daily diﬀerences, mmol/L/day

2·8 (0·9)
37% (9)

4·2 (1·0)
45% (8)

0·8 (0·5)

2·1 (1·3)

<0·0001
0·0017
0·00083

Plasma glucose concentration measured by ﬁngerstick testing on days 1–5
Mean, mmol/L

7·6 (0·4)

9·8 (1·4)

<3·3 mmol/L, % of time

0% (0–6·7)

3·3% (0–6·7)

0·065‡

3 (0–8)

5 (0–14)

0·037‡

Number of carbohydrate interventions per
participant on days 1–5§

<0·0001

Night only
Glucose concentration measured by CGM device on nights 2–5
Median, mmol/L¶

6·8 (5·7–7·6)

9·4 (6·6–14·6)

<3·3 mmol/L , % of time

0·6% (0·8)

2·8% (2·7)

0·0027

91·9% (7·3)

58·8% (17·4)

<0·0001

>10 mmol/L, % of time

6·4% (6·4)

36·5% (18·3)

SD, mmol/L†

1·7 (0·5)

3·9–10 mmol/L, % of time

Coeﬃcient of variation, %

25% (6)

3·5 (1·3)
35% (9)

<0·0001‡

<0·0001
<0·0001
0·00024

Plasma glucose concentration measured by ﬁngerstick testing on days 1–5
Mean, mmol/L

7·6 (0·7)

9·8 (1·8)

<3·3 mmol/L, % of time

0% (0–0)

0% (0–10·0)

0·031‡

0 (0–1)

1 (0–4)

0·0020‡

Number of carbohydrate interventions per
participant on days 1–5§

<0·0001

Data are mean (SD) for normally distributed date and median (range) for non-normally distributed data, unless
otherwise speciﬁed. CGM=continuous glucose monitoring. *Mean (SD) of each participant’s mean of all their 5 min
CGM-measured concentrations during the study period. †Mean (SD) of each participant’s SD of all their 5 min CGMmeasured concentrations during the study period. ‡Non-normally distributed data; p value from Wilcoxon signed rank
test. §Given when glucose concentrations were below 3·9 mmol/L. ¶Median (range) of each participant’s mean of all
their 5 min CGM-measured concentrations during the study period.

Table 2: Glucose concentrations measured by CGM and ﬁngerstick testing during 24 h day and night only
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During the bionic pancreas period, mean
CGM-measured glucose concentrations were lower on
days 2–5 (7·6 mmol/L [SD 0·6]) than on day 1
(8·5 mmol/L [1·1]; p=0·00012); no such diﬀerence in
mean CGM-measured glucose concentrations was noted
during the control period (9·3 mmol/L [SD 1·7] on
days 2–5 vs 10·0 mmol/L [2·1] on day 1; p=0·20).
Outcomes based on scheduled plasma glucose
measurements were similar to those based on
CGM-measured glucose concentrations. The mean of all
scheduled plasma glucose measurements on days 1–5
(we used data from all days because plasma glucose
sampling was less frequent than CGM) was lower during
the bionic pancreas period than during the control period
(table 2). The median proportion of scheduled plasma
glucose concentrations below 3·3 mmol/L on days 2–5
did not diﬀer signiﬁcantly between the bionic pancreas
and control periods (table 2).
During 95 participant-days (days 1–5 of each
intervention), 54 carbohydrate interventions were given
for hypoglycaemia to participants during the bionic
pancreas period compared with 92 during the control
period (table 2; appendix). At night, fewer median
carbohydrate interventions occurred during the bionic
pancreas period than during the control period (table 2).
Fewer median grams of carbohydrate were given per day
per participant to treat hypoglycaemia during the bionic
pancreas period (7·3 g [range 0–19·2]) than during the
control period (12·7 g [0–40]; p=0·026).
The mean number of scheduled plasma glucose checks
per participant (out of 20 possible checks over 5 days)
was 19·9 (SD 0·3) with the bionic pancreas and 19·9
(0·3) during the control period. The mean total number
of plasma glucose checks (scheduled and unscheduled)
per participant was 50·7 (SD 12·3) with the bionic
pancreas and 52·5 (8·7) during the control period.
The mean total daily dose of insulin delivered by the
bionic pancreas varied widely between participants
(range 0·43–1·08 units/kg of bodyweight per day), but
the mean total daily dose did not diﬀer during the bionic
pancreas and control periods (0·68 units/kg of
bodyweight per day [SD 0·15] vs 0·68 units/kg of
bodyweight per day [0·13], respectively; p=0·90;
ﬁgure 4B). The mean proportion of insulin given on
days 2–5 as adaptive meal-priming boluses by the bionic
pancreas in response to meal information being inputted
before eating was 26% [SD 7·9] of the total dose and 43%
[12·4] of non-basal insulin (separate subalgorithms
automatically determined basal delivery and boluses that
were delivered in response to glucose excursions). The
total daily dose of insulin during the bionic pancreas
period did not signiﬁcantly diﬀer between day 1 and
days 2–5 (0·66 units/kg of bodyweight per day [SD 0·15]
vs 0·68 units/kg of bodyweight per day [0·15], respectively;
p=0·42). The mean total daily dose of glucagon on
days 2–5 during the bionic pancreas period was
0·36 mg/day (SD 0·12; range 0·16–0·58), or 10·9 μg/kg
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The overall mean absolute relative diﬀerence,
expressed as a percentage, between plasma glucose
concentrations and the closest CGM-measured glucose
concentration within 2·5 min of each plasma glucose
concentration (n=1479) was 19·2% (SD 16·5), with a
mean negative bias (ie, proportion of CGM-measured
glucose concentrations lower than plasma glucose
concentrations) of 5·3% (ie, CGM underestimated
A

Mean CGM-measured glucose, days 2–5
Proportion of time
1% <3·3 mmol/L
5% <3·3 mmol/L

13·3

10% >10 mmol/L
50% >10 mmol/L

Mean glucose (mmol/L)

11·7

10·0
9·4
8·3

6·7

5·0
Control

B

Bionic pancreas

Cumulative CGM-measured glucose (n=19)

100
90

Proportion of time (%)

80
70
60
50
40
30
Bionic pancreas, days 2–5
Bionic pancreas, day 1
Control, days 1–5

20
10
0

C

Cumulative night-time CGM-measured glucose (n=19)

100
90
80
Proportion of time (%)

of bodyweight per day (SD 4·0). The total daily dose of
glucagon during the bionic pancreas period did not
signiﬁcantly diﬀer between day 1 and days 2–5 (6·8 μg/kg
of bodyweight per day [SD 2·4] vs 7·8 μg/kg of bodyweight
per day [3·8], respectively; p=0·096).
Participants chose their own meals without inﬂuence by
study staﬀ. The mean daily meal and snack carbohydrate
consumption, not including rescue carbohydrates for
hypoglycaemia, was higher during the control period than
with the bionic pancreas (6·7 g/kg of bodyweight per day
during control period [SD 1·7] vs 6·1 g/kg of bodyweight
per day [1·5] with the bionic pancreas; p=0·016). When
analysed by meal, the diﬀerence between the control and
bionic pancreas periods was statistically signiﬁcant only
for breakfast (1·8 g/kg of bodyweight per day [SD 0·7] vs
1·5 g/kg of bodyweight per day [0·6], respectively;
p=0·0049; appendix). Breakfast follows the night-time,
which is when the largest diﬀerence was noted between
the control and the bionic pancreas periods in terms of the
proportions of time that the CGM-measured glucose
concentration was above 10 mmol/L (table 2) and above
13·9 mmol/L (median 9·1% [range 0–56] vs 0% [0–1·3],
respectively; p<0·0001). The median body mass change
from day 1 to day 5 did not diﬀer signiﬁcantly between the
control and bionic pancreas periods (0 kg [range –1·9 to
1·1] vs 0·2 kg [–1·3 to 2·7], respectively; p=0·12; appendix).
No episodes of severe hypoglycaemia were recorded
during the study. Medium-to-large concentrations of
ketones (range 0·6–3·6 mmol/dL) were reported on
seven occasions in ﬁve participants during the control
period, and on no occasion during the bionic pancreas
period (p=0·063). The ketone concentrations returned to
normal ranges after the infusion set was changed or
insulin was given, in accordance with camp policy
(appendix). We noted no diﬀerence in self-reported
nausea between the bionic pancreas and the control
periods. Participants reported some nausea a mean of
22·8% (SD 24·9) of the days during the bionic pancreas
period versus 24·6% (26·8) of the days during the
control period (p=0·77; appendix), and the mean daily
visual analogue score for nausea (scale of 0–10) was 1·3
points (SD 2·0) with the bionic pancreas versus 1·4
points (1·8) during the control period (p=0·81). Two
episodes of vomiting occurred, one with the bionic
pancreas and one with control. Headache and stomach
discomfort without nausea were each reported once
during the bionic pancreas period and were not reported
during the control period. Eight unscheduled insulin
infusion site changes occurred during the bionic
pancreas period (two for suspected failure, two for pain,
and four because they fell out) and six unscheduled
changes occurred during the control period (ﬁve for
suspected failure, none for pain, and one because it fell
out). There were four unscheduled glucagon infusion
site changes during the bionic pancreas period (none for
suspected failure, one for pain, and three because they
fell out; appendix).

70
60
50
40
30
20

Bionic pancreas, nights 2–5
Bionic pancreas, night 1
Control, nights 1–5

10
0
2·8 3·9

6·7

10·0

13·9

Glucose (mmol/L)
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16·7

19·4

22·2

Figure 2: Mean and
cumulative CGM-measured
glucose concentrations
during the bionic pancreas
and control periods, and by
time of day
(A) Mean glucose
concentration in each
participant on days 2–5 of the
control period (red circles and
triangles), connected by a line
to the corresponding mean
glucose concentration during
the bionic pancreas period
(black circles and triangles);
the area of each circle and
triangle is proportional to the
proportion of time that the
participant spent with a low
glucose concentration
(<3·3 mmol/L; circle) and a high
glucose concentration
(>10 mmol/L; triangle),
respectively, on days 2–5.
The dashed red line is the mean
glucose threshold of
9·4 mmol/L, which corresponds
to a predicted HbA1c of 7·5%
(the upper limit of the
therapeutic goal for children as
outlined by the American
Diabetes Association); the solid
red line is the mean for all
patients in that study group
and connects red (control) and
black (bionic pancreas) circles
and triangles that correspond
to the mean proportion of time
the participants spent with a
glucose concentration of less
than 3·3 mmol/L and greater
than 10 mmol/L, respectively.
(B) Cumulative glucose
concentrations during the
bionic pancreas period (day 1
and days 2–5) and during the
5-day control period.
(C) Cumulative night-time
glucose concentrations. In (B)
and (C), the region shaded red
corresponds to glucose
concentrations of less than
2·8 mmol/L, green to
3·9–6·7 mmol/L, and blue to
6·7–10 mmol/L. The vertical
black line at 3·9 mmol/L is the
bottom of the normal glucose
range, by convention.
To convert the values for
glucose to mg/dL, multiply by
18. CGM=continuous glucose
monitoring.
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plasma glucose by a mean of 5·3%). The mean absolute
relative
diﬀerences
between
plasma
glucose
concentrations and the closest CGM-measured glucose
concentration within 2·5 min of each plasma glucose
concentration during the bionic pancreas period was
19·4% (SD 4·1), compared with 19·6% (3·2) during the
control period (p=0·85). During the control period, two
participants used their own CGM devices (appendix).
Although we did not exclude participants who used noninsulin injectable diabetes drugs, no participant used
any drug other than insulin for diabetes management.
The insulin and glucagon pumps lost wireless
connectivity to the bionic pancreas 4·9% (SD 2·5) and
6·1% (3·1) of the time on days 1–5, respectively.
Reconnection was usually spontaneous. No CGM signal
could be detected a mean of 4·2% (SD 1·9) of the time
on days 1–5 with the bionic pancreas and 5·1% (1·9) of

the time during the control period. Much of the CGM
downtime was due to the need to replace CGM sensors.
After replacement, a 2 h warm-up period was needed
before the CGM system came back online. The bionic
pancreas administered a dose of basal insulin during
these times that was based on the mean of previous
insulin doses at that time of the day, the CGM-measured
glucose concentration, and the trend in glucose
concentrations before the oﬄine period, and any
entered plasma glucose concentrations. The bionic
pancreas responded with bolus insulin on three
occasions and bolus glucagon on no occasions in
response to plasma glucose values that were entered on
14 occasions when the CGM signal was unavailable
(mean of 0·7 [SD 1·4] occasions per participant). No
malfunction of iPhones, algorithms, or pumps occurred,
other than the losses of wireless connectivity. Results

A

Proportion of time
1% <3·3 mmol/L

Mean glucose (mmol/L)
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5% <3·3 mmol/L

Bionic pancreas, 24 h (mmol/L)
Control, 24 h (mmol/L)
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Day 2

Day 3

Day 4

B

Proportion of time
1% <3·3 mmol/L
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Day 5

5% <3·3 mmol/L

Bionic pancreas, night (mmol/L)
Control, night (mmol/L)

9·4
6·7
3·9
Night 1

Night 2

Night 3

Night 4

Night 5

C
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Control, mmol/L
Night

Night

Night

Night

Night
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6·7
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Day 3
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0
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0
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00

0

00
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0
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0

21

0

15
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00

00

00

15

00
Day 2
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03
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00
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00
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09

00
03
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0

0

3·9

21
00

Mean glucose (mmol/L)

19·4

Day 5

Figure 3: Variation in the CGM-measured mean glucose concentration during the bionic pancreas and control periods over the course of the study
Mean daily (A) and night-time (B) CGM-measured glucose concentrations and proportion of time spent with a glucose concentration lower than 3·3 mmol/L on days
(or nights) 1–5 during the bionic pancreas period (blue) and the control period (red). (C) Superposition of tracings of mean glucose concentrations at all 5 min
intervals during the bionic pancreas (blue) and control (red) periods. Each tracing is surrounded by an area of shading of the same colour that spans 1 SD in both
directions from the mean. The horizontal region shaded in purple corresponds to glucose concentrations of less than 2·8 mmol/L, green to 3·9–6·7 mmol/L, and blue
to 6·7–10 mmol/L. To convert the values for glucose to mg/dL, multiply by 18. CGM=continuous glucose monitoring.
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for additional prespeciﬁed secondary outcomes are
reported in the appendix
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We tested the bihormonal bionic pancreas in
preadolescents (6–11 years old) with type 1 diabetes in the
same diabetes camps as our previous study in adolescents
(12–20 years old) were based.13 As in our previous
outpatient studies in adults and adolescents,13 and one
camp study in older children,17 no restrictions were
placed on diet or physical activity, by contrast with studies
done by other investigators.14–16 The bionic pancreas was
associated with reduced mean CGM-measured and
plasma glucose concentrations, reduced hypoglycaemia,
and a reduced frequency of carbohydrates given to treat
hypoglycaemia relative to the control period, despite
extremely close monitoring in the control period and
rapid intervention for hypoglycaemia in the camp setting.
Inputting of meal data into the bionic pancreas user
interface before eating required only a rough estimate of
meal carbohydrate content, a design feature of the bionic
pancreas that eliminates carbohydrate counting and
reduces patient burden.
The study had some limitations. We did not meet our
enrolment target of 24 participants, although all
19 participants that were screened were eligible and were
enrolled. However, robust diﬀerences in the primary
outcomes between the bionic pancreas and control
periods were nevertheless shown by both the prespeciﬁed
univariate analysis and by multivariable analysis done to
assess the eﬀect of baseline HbA1c, and possible period
and carryover eﬀects. Multivariable analysis detected a
period eﬀect for the diﬀerence in the mean CGMmeasured glucose concentration, with the average
concentration in the second period higher than the ﬁrst,
mainly driven by a higher mean glucose concentration in
the control group in the second period. A possible
explanation is that the aggressiveness of glycaemic
regulation by the camp physicians and staﬀ was reduced
in the second week of the 2 week camp session.
Multivariable analysis of the proportion of time spent
with a glucose concentration below 3·3 mmol/L showed
a carryover eﬀect, suggesting that the lower proportion of
time spent with hypoglycaemia during the bionic
pancreas period reduced the amount of hypoglycaemia
during the subsequent control period, and likewise that
the larger amount of hypoglycaemia during the control
period increased the amount of hypoglycaemia in the
subsequent bionic pancreas period, leading to a smaller
diﬀerence between the two types of treatment in the
second period despite the 3 day washout stage.25,26
Baseline glycaemic regulation, as represented by baseline
HbA1c, had no signiﬁcant eﬀect on either of the coprimary
outcomes.
Carbohydrate interventions for hypoglycaemia may
have been given more frequently or earlier in both the
bionic pancreas and control periods than they would

Mean CGM-measured glucose concentrations, days 2–5

12

Insulin (units/kg of bodyweight per day)

Figure 4: Distributions of mean glucose concentrations and insulin doses
(A) Histogram distribution of mean CGM-measured glucose concentrations per participant on days 2–5 during the
bionic pancreas and control periods, with mean glucose concentrations divided into intervals of 0·39 mmol/L. The
dashed red line shows the mean glucose concentration of 9·4 mmol/L, which corresponds to a predicted HbA1c of
7·5%. (B) Histogram distribution of mean total daily doses of insulin on days 2–5, divided into intervals of
0·1 units/kg of bodyweight per day. To convert the values for glucose to mg/dL, multiply by 18. CGM=continuous
glucose monitoring.

have been without telemetric monitoring, but the
monitoring was identical between the two groups (ie,
similar CGM devices were used in both intervention
periods, data was transmitted in an identical way to the
remote monitoring station, and study staﬀ were informed
in the same way if glucose concentrations fell below a
speciﬁed threshold). Participants ate fewer carbohydrates
during the bionic pancreas period than during the
control period, mainly because participants had a lower
carbohydrate intake at breakfast during the bionic
pancreas period. This lower consumption of
carbohydrates at breakfast during the bionic pancreas
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period might have been related to spending less time
above the glycosuric threshold during the night-time
hours than during the control period. Another possibility
is that glucagon reduced the appetite of the children,
even though no diﬀerence in self-reported nausea was
noted between the study periods. In our previous
inpatient studies,19,27,28 frequent measurements showed
that mean plasma glucagon concentrations remained in
the normal fasted range most of the time. Frequent
measurement of glucagon concentrations was not
possible in the current study, but glucagon dosing was
higher than dosing in our previous inpatient studies.19,27,28
On the basis of the relation between dosing and mean
plasma glucagon concentrations in our previous
inpatient studies,19,27,28 we estimate that mean plasma
glucagon concentrations in this study would have been
about 73 pmol/L (256 pg/mL), which is above the normal
range of 14–43 pmol/L (50–150 pg/mL) in the fasted state
for healthy individuals without diabetes. What plasma
glucagon concentrations would be if glucagon were
secreted normally in the setting of exercise and
threatened and actual hypoglycaemia in patients with
diabetes is unknown. Future studies will be done to
investigate the long-term safety of chronic, intermittent,
microdose administration of glucagon.
The current version of the bionic pancreas device has
several limitations. Paracetamol has to be avoided
because it can lead to an overestimation of blood glucose
concentrations by the Dexcom G4 sensor.18 Future
generations of the sensor will be resistant to interfering
substances. Because the device requires wireless
communication between the iPhone and the pumps,
transient losses of communication with the pumps
caused doses of insulin and glucagon to be delayed.
Losses of pump communication and periods without a
CGM signal might have negatively aﬀected glycaemic
regulation. The next version of the bionic pancreas will
integrate both pumps with the control unit, eliminating
the need for wireless communication for dosing. The
limited stability of currently available glucagon
formulations necessitated daily glucagon reservoir
changes; a stable glucagon formation, which would not
require daily reservoir changes has been developed29 and
is in clinical testing.
The results of the present study, taken together with
the results of our previous outpatient studies in adults
and adolescents,13 collectively show that, with no
information about the participant other than body mass
and only qualitative estimates of meal carbohydrate
content, the bionic pancreas has consistently been
associated with better glycaemic regulation than
conventional insulin pump therapy in volunteers with
type 1 diabetes aged between 6 and 76 years, diagnosed
with diabetes for 1–45 years, with a body mass of
21–128 kg, and an average total daily dose of insulin
between 15 and 145 units per day. In the diabetes camp
setting, children are supervised by counsellors with
10

type 1 diabetes, are monitored by a nurse assigned to
each cabin, have their insulin regimens adjusted daily by
a health-care provider, are provided with carbohydrate
counts for all food items, and are supported by the staﬀ
so that they never miss a meal bolus. In this trial,
additional telemetric monitoring for hypoglycaemia was
also done, which supplemented the usual camp safety
monitoring regimen. Despite all this support for the
participants during the control period, the bihormonal
bionic pancreas still was associated with better glycaemic
regulation without the need for precise carbohydrate
counting or input from health-care providers or other
adults. The bionic pancreas thus provided better
glycaemic regulation with less eﬀort devoted to diabetes
decision making and management than is possible with
the current standard of care in diabetes management.
Such technology might be particularly useful in children
who are not able to manage their own diabetes treatment.
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