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A bs tr ac t

Background

Recent studies have shown that an artificial-pancreas system can improve glucose 
control and reduce nocturnal hypoglycemia. However, it is not known whether such 
results can be replicated in settings outside the hospital.

Methods

In this multicenter, multinational, randomized, crossover trial, we assessed the short-
term safety and efficacy of an artificial pancreas system for control of nocturnal 
glucose levels in patients (10 to 18 years of age) with type 1 diabetes at a diabetes 
camp. In two consecutive overnight sessions, we randomly assigned 56 patients to re-
ceive treatment with an artificial pancreas on the first night and a sensor-augmented 
insulin pump (control) on the second night or to the reverse order of therapies on the 
first and second nights. Thus, all the patients received each treatment in a random
ly assigned order. The primary end points were the number of hypoglycemic events 
(defined as a sensor glucose value of <63 mg per deciliter [3.5 mmol per liter] for 
at least 10 consecutive minutes), the time spent with glucose levels below 60 mg 
per deciliter (3.3 mmol per liter), and the mean overnight glucose level for individ-
ual patients.

Results

On nights when the artificial pancreas was used, versus nights when the sensor-
augmented insulin pump was used, there were significantly fewer episodes of 
nighttime glucose levels below 63 mg per deciliter (7 vs. 22) and significantly 
shorter periods when glucose levels were below 60 mg per deciliter (P = 0.003 and 
P = 0.02, respectively, after adjustment for multiplicity). Median values for the indi-
vidual mean overnight glucose levels were 126.4 mg per deciliter (interquartile 
range, 115.7 to 139.1 [7.0 mmol per liter; interquartile range, 6.4 to 7.7]) with the 
artificial pancreas and 140.4 mg per deciliter (interquartile range, 105.7 to 167.4 
[7.8 mmol per liter; interquartile range, 5.9 to 9.3]) with the sensor-augmented 
pump. No serious adverse events were reported.

Conclusions

Patients at a diabetes camp who were treated with an artificial-pancreas system 
had less nocturnal hypoglycemia and tighter glucose control than when they 
were treated with a sensor-augmented insulin pump. (Funded by Sanofi and others; 
ClinicalTrials.gov number, NCT01238406.)
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Intensive insulin therapy is consid-
ered to be the standard treatment for tight 
blood glucose control in patients with type 1 

diabetes, since it prevents long-term complica-
tions. Several studies have promoted the use of 
insulin pumps, glucose sensors, or a combination 
of the two devices (sensor-augmented pump)1-3 
to improve glucose control. However, the risk of 
hypoglycemia is still present with the use of all 
currently available therapies.4-6

Maintenance of nocturnal euglycemia is ex-
tremely important and is challenging, since most 
cases of severe hypoglycemia occur at night.7,8 
Such episodes account for 75% of total hypogly-
cemic seizures in children9 and may be associ-
ated with 6% of deaths in patients under the age 
of 40 years who have type 1 diabetes.10

Fully automated artificial-pancreas systems 
have been suggested as a means to control noc-
turnal glucose levels. Such systems link glucose 
sensors with insulin pumps through computer-
ized control algorithms, which dictate insulin de-
livery in response to real-time sensor data. Recent 
studies that have been carried out in hospitals have 
shown that such systems can improve glucose 
control and reduce the risk of nocturnal hypo-
glycemia in children, adolescents, and adults.11-14 
Although such studies are encouraging, the major 
challenge ahead is a successful implementation of 
such systems outside the hospital.

To address this challenge, the Diabetes Wire-
less Artificial Pancreas Consortium (DREAM) was 
established to test the MD-Logic Artificial Pancre-
as system15,16 for nocturnal blood glucose control 
in patients with type 1 diabetes, in settings out-
side the hospital under real-life conditions. After 
successful feasibility17 and inpatient multicenter 
studies, we performed a multinational, prospec-
tive, randomized, crossover study at three youth 
camps, one each in Israel, Slovenia, and Germany. 
Each of the camp periods lasted for 3 days. The 
objective of the study was to evaluate the safety 
and efficacy of the artificial-pancreas system in 
young persons with type 1 diabetes, with an aim 
of achieving a substantial reduction in nocturnal 
hypoglycemia with near-normal overnight glucose 
control in a youth-camp setting.

Me thods

Study Participants

Eligible patients were 10 to 18 years of age and 
had at least a 1-year history of type 1 diabetes. 

Additional eligibility criteria were receipt of insulin-
pump therapy for at least 3 months, a glycated 
hemoglobin level of 7 to 10%, a body-mass index 
(BMI) below the 97th percentile for the patient’s 
age, and an ability to adhere to the trial instruc-
tions. The main exclusion criteria were a con-
comitant disease, participation in another study, 
pregnancy, a history of diabetic ketoacidosis or 
severe hypoglycemia within the past month, and 
the use of medications or the presence of other 
conditions that might influence metabolic control, 
compromise safety, or prevent participants from 
completing the study. Parents and patients pro-
vided written informed consent and assent, re-
spectively, according to national regulations. The 
study protocol and amendments are available with 
the full text of this article at NEJM.org.

Study Treatment

In two consecutive overnight sessions, we random-
ly assigned 56 patients to receive treatment with 
an artificial pancreas on the first night and a 
sensor-augmented insulin pump (control) on the 
second night (group A) or the reverse order of 
therapies on the first and second nights (group B). 
Thus, all the patients received each treatment in a 
randomly assigned order.

All participants attended a precamp evaluation 
session ranging from 5 to 10 days in which they 
used an insulin pump (Paradigm Veo, Medtronic) 
with the same insulin preparation that they used 
at home, a sensor (Enlite Sensor, Medtronic), and 
a glucose meter (Contour Link, Bayer). Sensor 
alarms for high glucose readings (>350 mg per 
deciliter [>19.4 mmol per liter]) and low glucose 
readings (<75 mg per deciliter [<4.2 mmol per 
liter]) were set with a 20-minute prediction time, 
and the patients were allowed to modify or shut 
off these alarms according to their usual routine. 
The patients were asked to record all meals and 
relevant events (e.g., hypoglycemic episodes and 
exercise) either in a diary or in the internal pump 
memory. The documented data were used to 
derive personalized settings for the artificial-
pancreas device. These data were also available 
to the camp physicians so that they could mod-
ify each child’s pump settings for camp days and 
control nights.

Standard treatment procedures and guidelines 
for diabetes camp were followed.18-21 The study 
team was allowed to modify insulin treatment 
according to these guidelines at any time during 
the day and on nights when the sensor-augmented 



T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 368;9  nejm.org  february 28, 2013826

insulin pump was used. All the patients partici-
pated in social and physical activities (including 
45 to 60 minutes of swimming in the morning). A 
buffet dinner was served between 6:30 and 7 p.m., 
and patients calculated the amount of insulin 
required to cover the meal. A snack was offered 
at around 9 p.m. At 10:30 to 11 p.m., the patients 
were encouraged to go to bed. Capillary blood 
glucose levels were checked at meals, 2 hours 
after a meal, and at bedtime and then at 3-hour 
intervals throughout the night. The sensor-cali-
bration protocol was identical in the two study 
treatments (for details, see the Supplementary 
Appendix, available at NEJM.org).

The study team manually documented all 
events (e.g., sensor calibration and hypoglycemia 
treatments). For the nights when the artificial-
pancreas system was used, it was connected at 4 to 
5 p.m. and activated at mealtime (6:30 to 7 p.m.) 
until wakeup time (7 a.m.) for fully automated 
control of basal and bolus doses of insulin. For 
the nights when the sensor-augmented insulin 
pump was used, the patients followed their stan-
dard glycemia-management regimen.

Patients who had a capillary glucose measure-
ment in the hypoglycemic range (<60 mg per 
deciliter [<3.3 mmol per liter]) or symptomatic 
hypoglycemia were treated with carbohydrates. 
Predictive alarms for hypoglycemia were provided 
by the system’s safety module during nights when 
the artificial-pancreas system was used and were 
provided by the sensor during nights when the 
sensor-augmented pump was used. Hypoglycemic 
episodes that triggered alarms were treated with 
carbohydrates at the discretion of the physician. 
At the end of the camp, data from all the de-
vices were downloaded with the use of CareLink 
Pro software, version 2.3b (Medtronic).

Artificial Pancreas and Remote Monitoring 
System

The MD-Logic is a wireless, fully automated, 
closed-loop system15 that uses an algorithm based 
on fuzzy-logic theory (a form of probabilistic 
logic), a learning algorithm,16 and an alerts mod-
ule and personalized system setting. The alerts 
module includes real-time alarms such as im-
pending hypoglycemia and long-standing hyper-
glycemia (see the Methods section in the Supple-
mentary Appendix). The algorithms for alerts 
integrate information derived from past glucose 
levels, insulin delivery (time and dose), and models 

of insulin pharmacodynamics. The hypoglycemia 
alarms are designed to operate in instances in 
which impending hypoglycemia cannot be avoid-
ed by only withholding the dose of insulin. By 
introducing the alerts module, we updated the 
patient’s settings with new controller glucose-
target settings for post-hypoglycemia.

A remote monitoring system was set up for 
real-time wireless transmission of all data from 
all patients to a remote-control center located 
within the camp. This allowed for continuous, 
simultaneous follow-up of all patients and im-
mediate interventions by attending physicians 
when required. Having confirmed the safety of 
nighttime monitoring with the use of the sensor-
augmented insulin pump in the first camp, we 
connected the remote monitoring system only 
when the artificial-pancreas system was in use 
during subsequent evaluations.

End Points

The primary end points were the number of hypo-
glycemic events (defined according to the Euro-
pean guidelines for hypoglycemia as a sensor 
value of <63 mg per deciliter [3.5 mmol per liter] 
for at least 10 consecutive minutes), the time dur-
ing which glucose levels were below 60 mg per 
deciliter (according to the latest Food and Drug 
Administration draft guidelines22 for hypoglycemia 
evaluation), and mean overnight glucose levels 
for individual patients. Secondary end points in-
cluded overnight measures of glycemic control and 
glucose variability, including the standard devia-
tion of glucose variability and control-variability 
grid analysis.23 The latter is used to measure the 
glucose-control quality of the artificial-pancreas 
system by assessing the minimum and maximum 
glucose values during the overnight period (for 
details, see the Supplementary Appendix). We also 
used Clarke error grid analysis24 to measure the 
clinical accuracy of blood glucose estimates. All 
end points were evaluated on the basis of the 
sensor data accumulated during the night (from 
11 p.m. to 7 a.m.).

Trial Oversight

The study was approved by the institutional or 
national ethics committee at each site. The study 
protocol was conducted in compliance with the 
provisions of the Declaration of Helsinki and 
Good Clinical Practice guidelines. 

The MD-Logic system is owned and was 
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designed and programmed by four of the au-
thors who are affiliated with the Schneider 
Children’s Medical Center of Israel. The authors 
designed the study, generated and analyzed the 
data, collectively wrote the manuscript, made the 
decision to submit it for publication, and vouch 
for the completeness and accuracy of the data 
and the fidelity of the study to the protocol. All 
study sensors, glucose test strips, and insulin-
pump disposables were purchased from local 
distributers. Neither Sanofi, which solely provided 
funds to support the study, nor the device manu-
facturers and other funders were involved in the 
study design, data collection and analysis, or 
manuscript preparation.

Statistical Analysis

To estimate the power of the nonparametric tests 
for all three primary end points, we performed 
power simulations (MATLAB 2011b, MathWorks) 
before the trial, using sensor data from standard 
treatment at home for 146 patients who met the 
eligibility criteria (see the Supplementary Appen-
dix). On the basis of previous inpatient studies 
with this artificial pancreas,17 we estimated a re-
duction of 50% in the average number of epi-
sodes in which the sensor glucose level was less 
than 63 mg per deciliter, a reduction of 60% in 
the number of episodes in which the glucose 
level was less than 60 mg per deciliter, and a re-
duction of 13 mg per deciliter (0.7 mmol per li-
ter) in the mean overnight glucose level. We cal-
culated that enrollment of 56 participants would 
provide a power of 90% to detect such differences 
on the basis of a two-sided significance level of 
0.05, assuming the withdrawal of 8 participants.

Analyses were performed on the basis of the 
intention-to-treat principle. We used the paired 
nonparametric Wilcoxon signed-rank test to eval-
uate the differences in end points between the two 
study treatments. We used a paired McNemar’s 
test for categorical nonparametric comparisons 
and multiple regression analysis for comparisons 
of between-treatment differences in personalized 
sensor values over time.

We evaluated possible associations between 
baseline characteristics and the three primary end 
points, using general linear models or ordinal 
regression. We used an analysis of variance to 
evaluate possible effects of the sequence of the 
sessions (independent variable) on the primary 
end points (dependent variable). All analyses were 

Table 1. Characteristics of the Patients at Baseline.*

Characteristic Value

Age (yr) 13.8±1.8

Weight (kg) 56.0±13

Height (cm) 162.9±11.5

Body-mass index†

Value 20.8±2.9

SD score 0.4±0.8

Glycated hemoglobin

Measured as a percentage 8.0±0.7

Measured in mmol/mol‡ 63.6±7.6

Diabetes duration (yr) 7.0±3.5

Pump-therapy duration (yr) 4.8±2.8

Daily insulin dose

Total units 46.4±17.7

Units/kg 0.8±0.3

*	Plus–minus values are means ±SD.
†	The body-mass index is the weight in kilograms divided 

by the square of the height in meters.
‡	This measurement meets the recommendations set out 

by the International Federation of Clinical Chemistry and 
Laboratory Medicine.

Table 2. Primary End Points in the 54 Patients.*

Variable
Artificial 
Pancreas Control

Total number of episodes  
of glucose levels  
<63 mg/dl†

7 22

Time that glucose level was 
<60 mg/dl (min)‡

Median 0 0

Interquartile range 0–27.5

Overnight glucose level 
(mg/dl)

Median 126.4 140.4

Interquartile range 115.7–139.1 105.7–167.4

*	To convert the values for glucose to millimoles per liter, 
multiply by 0.05551.

†	The numbers of patients who had at least one episode of 
hypoglycemia (glucose level, <63 mg per deciliter) were  
7 with the artificial pancreas and 20 with the sensor-aug-
mented pump. P = 0.003 for the between-treatment com-
parison after adjustment for multiple testing with the use 
of Hochberg’s method.25

‡	P = 0.02 for the between-treatment comparison after ad-
justment for multiple testing with the use of Hochberg’s 
method.25
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conducted with the use of SPSS software, version 
19 (IBM), and SAS software, version 9.1 (SAS 
Institute). We applied Hochberg’s method for 
adjustment for multiple testing separately for the 
primary end points and secondary end points.25 
A P value of less than 0.05, after adjustment for 
multiple testing, was considered to indicate sta-
tistical significance. All reported P values are 
two-sided.

R esult s

Study Participants

From September 2011 through January 2012, a 
total of 56 patients (31 boys and 25 girls) were 
enrolled and underwent randomization. Only 

one participant had a standard-deviation score 
for BMI between the 95th and 97th percentiles. 
His daily insulin dose was 0.7 units per kilogram 
of body weight (with a glycated hemoglobin level 
of 7.3%), which was not significantly different 
from the mean (±SD) daily insulin dose for all 
the participants (0.8±0.3 units per kilogram per 
day) or from the mean glycated hemoglobin level 
(8.0±0.7%). One patient in group A was excluded 
from the intention-to-treat analyses because of a 
sensor crash, which disabled the assigned inter-
vention and the delivery of any personalized sen-
sor data. Another patient, in group B, withdrew 
from the study after the first night of camp. 
Thus, there were 54 patients (27 in each group) in 
the intention-to-treat analyses (Fig. S1 in the 

Table 3. Secondary End Points.*

Variable Artificial Pancreas Control Difference

Glucose control

Median time within range (interquartile range) — hr

70–140 mg/dl† 4.4 (2.8 to 6.7) 2.8 (1.5 to 4.4) 1.4 (−0.5 to 3.4)

63–140 mg/dl 5.5 (3.6 to 6.8) 3.8 (2.1 to 6.1) 1.2 (−0.5 to 3.0)

80–120 mg/dl† 3.9 (2.3 to 5.7) 2.2 (1.2 to 4.1) 0.9 (−0.5 to 3.1)

Median continuous glucose-monitoring reading  
(interquartile range) — mg/dl

Total 123.5 (115.0 to 136.2) 137.3 (100.0 to 164.4) −7.5 (−37.0 to 28.0)

At bedtime 117.5 (97.5 to 153.7) 108.5 (84.0 to 137.0) 5.0 (−17.0 to 40.0)

At wakeup† 122.0 (103.2 to 145.7) 147.5 (113.2 to 199.5) −25.5 (−85.0 to 14.0)

Median capillary glucose (interquartile range) — mg/dl

All patients 133.2 (108.7 to 163.8) 151.0 (111.1 to 191.2) −13.9 (−49.5 to 9.0)

At bedtime 125.0 (104.0 to 153.2) 114.0 (86.0 to 143.0) 15.5 (−22.0 to 46.0)

At wakeup† 132.0 (112.0 to 159.0) 168.5 (134.5 to 227.0) −30.5 (−110.0 to 10.0)

SD of glucose variability — mg/dl‡ 26.4 (19.2 to 33.6) 30.9 (17.2 to 54.9) −5.3 (−27.4 to 5.5)

Control-variability grid analysis zone A or lower B — %†§ 61 22 NA

Hypoglycemia

No. of events

<70 mg/dl† 12 36 NA

<60 mg/dl 6 18 NA

Median time at glucose level (interquartile range) — min

<70 mg/dl† 0 10.4 (0 to 79.7) 0 (−78.9 to 0)

<63 mg/dl 0 0 (0 to 42.5) 0 (−35.0 to 0)

Median area under the curve for glucose values  
(interquartile range) — mg/dl¶

<70 mg/dl† 0 0.1 (0 to 1.3) −0.03 (−1.2 to 0)

<63 mg/dl 0 0 (0 to 0.4) 0 (−0.3 to 0)

Median Kovatchev’s Low Blood Glucose Index  
(interquartile range)‖

0.3 (0.02 to 0.8) 0.4 (0.1 to 3.3) −0.2 (−2.4 to 0.3)
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Supplementary Appendix). No significant asso-
ciations were found between the baseline charac-
teristics of the participants (Table 1) and the pri-
mary and secondary end points of the trial.

Primary and Secondary End Points

On nights when the artificial pancreas was used, 
as compared with nights when the sensor-aug-
mented insulin pump was used, there were sig-
nificant decreases in the number of episodes in 
which the glucose level was below 63 mg per 
deciliter (7 vs. 22) and in the time during which 
the level was below 60 mg per deciliter (P = 0.003 
and P = 0.02, respectively). There were no signifi-
cant between-treatment differences in the median 
overnight glucose levels (calculated from the means 
of approximately 96 glucose values per night per 
patient), which were 126.4 mg per deciliter (inter-
quartile range, 115.7 to 139.1 [7.0 mmol per liter; 
interquartile range, 6.4 to 7.7]) with the artificial 
pancreas and 140.4 mg per deciliter (interquar-
tile range, 105.7 to 167.4 [7.8 mmol per liter; in-
terquartile range, 5.9 to 9.3]) with the sensor-
augmented pump (Table 2).

Analyses of prespecified secondary end points 
showed significant improvements in several 
measures of glycemic control and glucose vari-
ability with the artificial pancreas as compared 
with the sensor-augmented pump (Table 3).26,27 
In addition, total overnight insulin doses were 
significantly higher during nights when the ar-
tificial pancreas was used than during nights 
when the sensor-augmented pump was used 
(Table S1 in the Supplementary Appendix), al-
though basal insulin doses were not signifi-
cantly different.

Glucose levels were significantly more stable 
over time with the artificial pancreas than with 
the sensor-augmented pump (Fig. 1). More bolus 
injections of insulin were delivered during the 
nights when the artificial pancreas was used 
than during the nights when the sensor-aug-
mented pump was used. In the latter case, bolus 
injections were provided by the study medical 
staff in response to episodes of high blood glu-
cose levels (Fig. 1).

No significant between-treatment differences 
were found in the number of hypoglycemia 

Table 3. (Continued.)

Variable Artificial Pancreas Control Difference

Hyperglycemia

Median time at glucose level (interquartile range) — min

>140 mg/dl 146.2 (58.4 to 231.1) 233.8 (13.4 to 327.5) −39.4 (−180.2 to 110.9)

>180 mg/dl† 0 (0 to 65.4) 28.4 (0 to 177) 0 (−149.1 to 21.3)

>250 mg/dl† 0 0 (0 to 66.2) 0 (−45.9 to 0)

Median area under the curve for glucose values  
(interquartile range) — mg/dl¶

>140 mg/dl 4.1 (0.8 to 15.5) 13.9 (0.3 to 38.5) −1.6 (−32.1 to 4.0)

>180 mg/dl 0 (0 to 2.4) 0.3 (0 to 17.4) 0 (−15.1 to 0)

>250 mg/dl† 0 0 (0 to 0.75) 0 (−0.8 to 0)

Median Kovatchev’s High Blood Glucose Index  
(interquartile range)**

1.3 (0.6 to 2.8) 3.2 (0.4 to 7.2) −0.6 (−5.5 to 0.9)

*		 To convert the values for glucose to millimoles per liter, multiply by 0.05551. NA denotes not applicable because the values are categorical 
variables rather than continuous variables.

†	 	P<0.05 for the comparison of the artificial pancreas and the control after adjustment for multiple testing with the use of Hochberg’s method.25

‡		 The standard deviation (SD) of glucose variability indicates the median of the glucose SD calculated per patient for each night, with values 
in parentheses indicating the interquartile range. 

§		 Control-variability grid analysis zone A or lower B indicates the proportion of nights for each treatment in which the minimum glucose  
level was above 70 mg per deciliter and the maximum glucose level was below 180 mg per deciliter.  

¶		 Values for the area under the curve were calculated with the use of the trapezoidal rule and then averaged over the nighttime duration of  
8 hours.

‖		 Kovatchev’s Low Blood Glucose Index theoretically ranges from 0 to 100, with values of less than 2.5 indicating a low risk of severe hypo-
glycemia and values of more than 5 indicating a high risk of severe hypoglycemia.26,27

**	 Kovatchev’s High Blood Glucose Index theoretically ranges from 0 to 100, with values of less than 4.5 indicating a low risk of hyperglyce-
mia and values of more than 9 indicating a high risk of hyperglycemia.26,27
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Figure 1. Glycemic Control in the Two Study Treatments.

The upper graphs show the sensor glucose profiles during the nights when the artificial pancreas was used (Panel A) 
and during the nights when the sensor-augmented insulin pump (control) was used (Panel B), and the middle and 
lower graphs show the respective profiles for basal and bolus insulin infusions. In the upper graphs, the solid black 
lines indicate the median glucose levels, and the two dashed lines indicate the interquartile range. The circles indicate 
the median capillary glucose measurements taken every 3 hours during the overnight sessions (11 p.m. to 7 a.m.), 
and the vertical lines indicate the interquartile ranges. The horizontal dashed lines indicate glucose measurements 
of 63 mg per deciliter, 140 mg per deciliter, and 180 mg per deciliter. In the middle graphs, the mean basal rates of 
insulin infusion are indicated by solid black lines, with dashed lines indicating the ranges. In the bottom panels,  
the total amounts of insulin delivered over time as bolus doses are indicated by the vertical black lines with circles. 
To convert the values for glucose to millimoles per liter, multiply by 0.05551.
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alarms or subsequent carbohydrate interventions 
(number of interventions and average amount of 
carbohydrates per treatment) (Table S2 in the 
Supplementary Appendix), findings that other-
wise could confound results for end points relat-
ing to hypoglycemia. The mean blood glucose 
level at the time of the intervention was higher 
during nights when the artificial pancreas was 
used than during nights when the sensor-aug-
mented pump was used (Table S3 in the Supple-
mentary Appendix). During nights when the 
sensor-augmented pump was used, 36 of the 54 
patients used the glucose sensor alarms. There 
were 13 false hypoglycemia alarms out of 39 
alarms during the nights when the artificial 
pancreas was used, as compared with 27 false 
alarms out of 41 alarms during the nights when 
the sensor-augmented pump was used.

No significant differences were found be-
tween group A and group B on the basis of the 
order of the administration of treatments (data 
not shown). At no time did the research team 
need to override the decisions of the artificial-
pancreas system.

Adverse Events

Adverse events included day and nighttime hypo-
glycemia, as well as headaches, dizziness, and 
reports of “feeling ill” (Table 4). More such events 
occurred during nights when the sensor-aug-
mented pump was used than during nights when 
the artificial pancreas was used. No serious ad-
verse events were reported during the study.

Discussion

Our results show the efficacy of the MD-Logic 
Artificial Pancreas system, which was associated 
with a reduced risk of hypoglycemia, as compared 
with sensor-augmented pump treatment, in young 
persons at an overnight camp.

Hypoglycemia is currently the major concern 
with respect to methods for controlling nocturnal 
blood glucose,28 even when glucose sensors are 
used.28-30 Up to 90% of parents report that they 
would feel more confident applying a closed-
loop system during the night.31 In our study, the 
significant improvement in patients’ overnight 
glucose control and the reduction in the number 
of events and duration of hypoglycemia ap-

peared to be related to the combined effect of 
better control of the amount of insulin provided 
and better control of the timing of insulin deliv-
ery, together with the presence of an alarm 
module, in the artificial pancreas. However, no 
data were collected to differentiate among these 
possibilities. With the use of the artificial-pan-
creas system, we did not observe a reduction in 
the number of carbohydrate interventions that 
were needed. We did not assess either anxiety 
about hypoglycemic episodes on the part of the 
study participants and their parents or quality-
of-life measures because of the short duration of 
the intervention.

The early-alert system for the artificial pan-
creas is the result of algorithms that use insulin-
delivery data and expected glucose dynamics to 
provide preliminary alerts for impending hypo-
glycemia that cannot be averted only by with-
holding the insulin dose (Table S3 in the Supple-
mentary Appendix). Hughes et al.32 found that 
the use of data regarding glucose levels and in-
sulin delivery in their hypoglycemia alarm sys-
tem had a benefit over and above that provided 
by alarms that use glucose data only.

The setting of a diabetes camp was chosen for 
the study because it represents a transitional phase 
between a hospital clinical research center and the 

Table 4. Adverse Events and Serious Adverse Events.

Event
Artificial  
Pancreas Control

Adverse events

Hypoglycemia (<63 mg/dl)

Daytime* 19 28

Nighttime 6 19

Ketosis 0 0

Other† 2 8

Serious adverse events

Severe hypoglycemia‡ 0 0

Diabetic ketoacidosis 0 0

*	Daytime events were reported during the hours from 7 a.m. 
to 11 p.m. preceding the indicated overnight period.

†	Other adverse events included headache, dizziness, and 
generally “feeling ill.”

‡	Severe hypoglycemia was defined as an event that required 
assistance from another person to administer oral carbo-
hydrates or glucagon or to perform another resuscitative 
intervention.



T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 368;9  nejm.org  february 28, 2013832

child’s home. The camp provides the elements of 
a real-life setting, in a place where health care 
needs can still be met by the research team.

Our study has several limitations. Each treat-
ment was evaluated in a one-night session, and 
the challenges of a closed-loop system for glu-
cose and insulin control may be different in a 
multinight design. In daily life, patients with 
diabetes are confronted with recurring glycemic 
fluctuations, and it is important to distinguish 
between control of variations during a given night 
and control of variations on succeeding nights. 
Another issue is that crossover studies have an 
intrinsic limitation, since the order in which 
treatments are administered may affect the out-
come. In our study, such an effect was not de-
tected. A further limitation to the generalizabil-
ity of the results was our need to perform sensor 
recalibration during the two study nights (see the 
Supplementary Appendix).

Glucose-level data were based on sensor read-
ings, and therefore the performance of the arti-
ficial-pancreas system and the study end points 
were all based on subcutaneous interstitial sensor 
measurements, as in other clinical studies, which 
assessed the effect of pumps and sensors on glu-
cose control.6,33 To increase our confidence in 
the results, however, we used additional, parallel 
approaches. Every 3 hours, the assigned medical 
personnel evaluated capillary blood glucose levels. 
These capillary data supported the efficacy of 
the artificial-pancreas system and confirmed the 
reported results for the primary outcome (glucose 
level, <63 mg per deciliter) (see the Methods sec-
tion and Table S4 in the Supplementary Appendix).

Furthermore, we evaluated the sensor glucose 
data retrospectively, using stochastic sensor trans-
formation, as proposed by Hovorka et al.,34 and 

reassessed the time during which the glucose 
level was below 60 mg per deciliter in the two 
study treatments. This analysis also confirmed 
the reported results with respect to this measure-
ment (see the Methods section and Table S5 in 
the Supplementary Appendix). In addition, 98% of 
sensor–glucose meter pairs (two glucose values 
taken at the same time from the two devices) 
from the nights when the artificial pancreas was 
used and 97% of those from the nights when the 
sensor-augmented pump was used were within the 
A and B zones of the Clarke Error Grid analysis 
(values that are within 20% of the reference sen-
sor or that are outside that range but would not 
lead to inappropriate treatment),24 findings that 
are similar to previously reported data.35 More-
over, during the trial, sensor readings were col-
lected from the two treatments, and identical 
sensor-calibration protocols were used for both 
treatments to reduce the risk of bias (see the Sup-
plementary Appendix). Thus, any sensor-related 
inaccuracy would equally affect the two study 
treatments. 

In conclusion, in this short-term crossover study 
at a diabetes youth camp, the use of an artificial-
pancreas system resulted in less hypoglycemia 
and tighter control of nocturnal glucose levels 
than did a sensor-augmented pump system.

Supported in part by Sanofi. Medtronic Diabetes supplied 
software to interface with the Paradigm Veo system; and Intel 
Israel, Dell Israel, and Yael Software and Systems donated lap-
tops for the study. Drs. Battelino, Bratina, and Stefanija were 
supported in part by a grant (P3-0343) from the Slovenian Na-
tional Research Agency.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

We thank Prof. Satish Garg for reviewing an earlier draft of 
this manuscript, Ms. Tsipi Shoham for her assistance in the 
preparation of the manuscript, and Gil Harari and Naama Fund 
of Medistat and Prof. David Steinberg of Tel Aviv University for 
assistance in the statistical analysis.

References

1.	 Pickup JC. Insulin-pump therapy for 
type 1 diabetes mellitus. N Engl J Med 
2012;366:1616-24.
2.	 Phillip M, Battelino T, Rodriguez H, 
et al. Use of insulin pump therapy in the 
pediatric age-group: consensus statement 
from the European Society for Paediatric 
Endocrinology, the Lawson Wilkins Pedi-
atric Endocrine Society, and the Interna-
tional Society for Pediatric and Adoles-
cent Diabetes, endorsed by the American 
Diabetes Association and the European 
Association for the Study of Diabetes. Di-
abetes Care 2007;30:1653-62.
3.	 Phillip M, Danne T, Shalitin S, et al. 
Use of continuous glucose monitoring in 

children and adolescents. Pediatr Diabetes 
2012;13:215-28.
4.	 Deiss D, Hartmann R, Hoeffe J,  
Kordonouri O. Assessment of glycemic 
control by continuous glucose monitoring 
system in 50 children with type 1 diabetes 
starting on insulin pump therapy. Pediatr 
Diabetes 2004;5:117-21.
5.	 Battelino T, Phillip M, Bratina N, 
Nimri R, Oskarsson P, Bolinder J. Effect 
of continuous glucose monitoring on hy-
poglycemia in type 1 diabetes. Diabetes 
Care 2011;34:795-800.
6.	 Bergenstal RM, Tamborlane WV, Ah-
mann A, et al. Effectiveness of sensor-
augmented insulin-pump therapy in type 1 

diabetes. N Engl J Med 2010;363:311-20. 
[Erratum, N Engl J Med 2010;363:1092.]
7.	 The Diabetes Control and Complica-
tions Trial Research Group. The effect of 
intensive treatment of diabetes on the de-
velopment and progression of long-term 
complications in insulin-dependent dia-
betes mellitus. N Engl J Med 1993;329: 
977-86.
8.	 The Juvenile Diabetes Research Foun-
dation Continuous Glucose Monitoring 
Study Group. Prolonged nocturnal hypo-
glycemia is common during 12 months of 
continuous glucose monitoring in chil-
dren and adults with type 1 diabetes. Dia-
betes Care 2010;33:1004-8.



Artificial Pancreas for Nocturnal Glucose Control

n engl j med 368;9  nejm.org  february 28, 2013 833

9.	 Davis EA, Keating B, Byrne GC, Rus-
sell M, Jones TW. Hypoglycemia: inci-
dence and clinical predictors in a large 
population-based sample of children and 
adolescents with IDDM. Diabetes Care 
1997;20:22-5.
10.	 Sovik O, Thordarson H. Dead-in-bed 
syndrome in young diabetic patients.  
Diabetes Care 1999;22:Suppl 2:B40-B42. 
[Erratum, Diabetes Care 1999;22:1389.]
11.	 Hovorka R, Allen J, Elleri D, et al. 
Manual closed-loop insulin delivery in 
children and adolescents with type 1 dia-
betes: a phase 2 randomised crossover 
trial. Lancet 2010;375:743-51.
12.	 Elleri D, Allen JM, Nodale M, et al. 
Automated overnight closed-loop glucose 
control in young children with type 1 dia-
betes. Diabetes Technol Ther 2011;13: 
419-24.
13.	 Hovorka R, Kumareswaran K, Harris 
J, et al. Overnight closed loop insulin de-
livery (artificial pancreas) in adults with 
type 1 diabetes: crossover randomised 
controlled studies. BMJ 2011;342:d1855.
14.	 Kovatchev B, Cobelli C, Renard E, et 
al. Multinational study of subcutaneous 
model-predictive closed-loop control in 
type 1 diabetes mellitus: summary of the 
results. J Diabetes Sci Technol 2010;4: 
1374-81.
15.	 Atlas E, Nimri R, Miller S, Grunberg 
EA, Phillip M. MD-Logic Artificial Pan-
creas system: a pilot study in adults with 
type 1 diabetes. Diabetes Care 2010;33: 
1072-6.
16.	 Miller S, Nimri R, Atlas E, Grunberg 
EA, Phillip M. Automatic learning algo-
rithm for the MD-Logic Artificial Pancre-
as system. Diabetes Technol Ther 2011; 
13:983-90.
17.	 Nimri R, Atlas E, Ajzensztejn M, Miller 
S, Oron T, Phillip M. Feasibility study of 
automated overnight closed-loop glucose 
control under MD-Logic Artificial Pan-
creas in patients with type 1 diabetes: the 
DREAM Project. Diabetes Technol Ther 
2012;14:728-35.

18.	 Ciambra R, Locatelli C, Suprani T,  
Pocecco M. Management of diabetes at 
summer camps. Acta Biomed 2005;76: 
Suppl 3:81-4.
19.	 Gunasekera H, Ambler G. Safety and 
efficacy of blood glucose management 
practices at a diabetes camp. J Paediatr 
Child Health 2006;42:643-8.
20.	 Miller AR, Nebesio TD, DiMeglio LA. 
Insulin dose changes in children attend-
ing a residential diabetes camp. Diabet 
Med 2011;28:480-6.
21.	 Robertson K, Adolfsson P, Scheiner G, 
Hanas R, Riddell MC. Exercise in children 
and adolescents with diabetes. Pediatr 
Diabetes 2009;10:Suppl 12:154-68.
22.	 Guidance for industry and Food and 
Drug Administration staff: the content of 
investigational device exemption (IDE) 
and premarket approval (PMA) applica-
tions for artificial pancreas device sys-
tems. Rockville, MD: Food and Drug Ad-
ministration, 2011 (http://www.fda.gov/
downloads/MedicalDevices/ 
DeviceRegulationandGuidance/ 
GuidanceDocuments/UCM259305.pdf).
23.	 Magni L, Raimondo DM, Man CD, et 
al. Evaluating the efficacy of closed-loop 
glucose regulation via control-variability 
grid analysis. J Diabetes Sci Technol 2008; 
2:630-5.
24.	 Kovatchev BP, Gonder-Frederick LA, 
Cox DJ, Clarke WL. Evaluating the accu-
racy of continuous glucose monitoring 
systems: continuous glucose-error grid 
analysis illustrated by TheraSense Free-
style Navigator data. Diabetes Care 2004; 
27:1922-8.
25.	 Hochberg Y. A sharper Bonferroni 
procedure for multiple tests of signifi-
cance. Biometrika 1988;75:800-2.
26.	 Kovatchev BP, Otto E, Cox D, Gonder-
Frederick L, Clarke W. Evaluation of a new 
measure of blood glucose variability in 
diabetes. Diabetes Care 2006;29:2433-8.
27.	 McCall AL, Cox DJ, Crean J, Gloster M, 
Kovatchev BP. A novel analytical method 
for assessing glucose variability: using 

CGMS in type 1 diabetes mellitus. Diabe-
tes Technol Ther 2006;8:644-53.
28.	 Mauras N, Beck R, Xing D, et al. A 
randomized clinical trial to assess the ef-
ficacy and safety of real-time continuous 
glucose monitoring in the management of 
type 1 diabetes in young children aged 4 to 
<10 years. Diabetes Care 2012;35:204-10.
29.	 Barnard K, Thomas S, Royle P, Noyes 
K, Waugh N. Fear of hypoglycemia in par-
ents of young children with type 1 diabe-
tes: a systematic review. BMC Pediatr 
2010;10:50.
30.	 Monaghan MC, Hilliard ME, Cogen 
FR, Streisand R. Nighttime caregiving be-
haviors among parents of young children 
with Type 1 diabetes: associations with 
illness characteristics and parent func-
tioning. Fam Syst Health 2009;27:28-38.
31.	 Elleri D, Acerini CL, Allen JM, et al. 
Parental attitudes towards overnight 
closed-loop glucose control in children 
with type 1 diabetes. Diabetes Technol 
Ther 2010;12:35-9.
32.	 Hughes CS, Patek SD, Breton MD, Ko-
vatchev BP. Hypoglycemia prevention via 
pump attenuation and red-yellow-green 
“traffic” lights using continuous glucose 
monitoring and insulin pump data. J Dia-
betes Sci Technol 2010;4:1146-55.
33.	 The Juvenile Diabetes Research Foun-
dation Continuous Glucose Monitoring 
Study Group. Continuous glucose moni-
toring and intensive treatment of type 1 
diabetes. N Engl J Med 2008;359:1464-76.
34.	 Hovorka R, Nodale M, Haidar A,  
Wilinska ME. Assessing performance of 
closed-loop insulin delivery system by 
continuous glucose monitoring: draw-
backs and way forward. Diabetes Technol 
Ther 2012 October 9 (Epub ahead of 
print).
35.	 Keenan DB, Mastrototaro JJ, Zisser H, 
et al. Accuracy of the Enlite 6-day glucose 
sensor with guardian and Veo calibration 
algorithms. Diabetes Technol Ther 2012; 
14:225-31.
Copyright © 2013 Massachusetts Medical Society.

journal archive at nejm.org

Every article published by the Journal is now available at NEJM.org, beginning 
with the first article published in January 1812. The entire archive is fully searchable,  

and browsing of titles and tables of contents is easy and available to all.  
Individual subscribers are entitled to free 24-hour access to 50 archive articles per year. 

Access to content in the archive is available on a per-article basis and is also  
being provided through many institutional subscriptions.


