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BACKGROUND
Closed-loop systems that automate insulin delivery may improve glycemic outcomes in 
patients with type 1 diabetes.

METHODS
In this 6-month randomized, multicenter trial, patients with type 1 diabetes were as-
signed in a 2:1 ratio to receive treatment with a closed-loop system (closed-loop group) 
or a sensor-augmented pump (control group). The primary outcome was the percentage 
of time that the blood glucose level was within the target range of 70 to 180 mg per 
deciliter (3.9 to 10.0 mmol per liter), as measured by continuous glucose monitoring.

RESULTS
A total of 168 patients underwent randomization; 112 were assigned to the closed-loop 
group, and 56 were assigned to the control group. The age range of the patients was 
14 to 71 years, and the glycated hemoglobin level ranged from 5.4 to 10.6%. All 168 
patients completed the trial. The mean (±SD) percentage of time that the glucose level 
was within the target range increased in the closed-loop group from 61±17% at base-
line to 71±12% during the 6 months and remained unchanged at 59±14% in the con-
trol group (mean adjusted difference, 11 percentage points; 95% confidence interval 
[CI], 9 to 14; P<0.001). The results with regard to the main secondary outcomes (per-
centage of time that the glucose level was >180 mg per deciliter, mean glucose level, 
glycated hemoglobin level, and percentage of time that the glucose level was <70 mg 
per deciliter or <54 mg per deciliter [3.0 mmol per liter]) all met the prespecified hi-
erarchical criterion for significance, favoring the closed-loop system. The mean differ-
ence (closed loop minus control) in the percentage of time that the blood glucose 
level was lower than 70 mg per deciliter was −0.88 percentage points (95% CI, −1.19 
to −0.57; P<0.001). The mean adjusted difference in glycated hemoglobin level after 6 
months was −0.33 percentage points (95% CI, −0.53 to −0.13; P = 0.001). In the closed-
loop group, the median percentage of time that the system was in closed-loop mode 
was 90% over 6 months. No serious hypoglycemic events occurred in either group; one 
episode of diabetic ketoacidosis occurred in the closed-loop group.

CONCLUSIONS
In this 6-month trial involving patients with type 1 diabetes, the use of a closed-loop 
system was associated with a greater percentage of time spent in a target glycemic range 
than the use of a sensor-augmented insulin pump. (Funded by the National Institute of 
Diabetes and Digestive and Kidney Diseases; iDCL ClinicalTrials.gov number, NCT03563313.)

a bs tr ac t

Six-Month Randomized, Multicenter Trial of Closed-Loop 
Control in Type 1 Diabetes

S.A. Brown, B.P. Kovatchev, D. Raghinaru, J.W. Lum, B.A. Buckingham, Y.C. Kudva, L.M. Laffel, C.J. Levy, 
J.E. Pinsker, R.P. Wadwa, E. Dassau, F.J. Doyle III, S.M. Anderson, M.M. Church, V. Dadlani, L. Ekhlaspour, 

G.P. Forlenza, E. Isganaitis, D.W. Lam, C. Kollman, and R.W. Beck, for the iDCL Trial Research Group*​​

The New England Journal of Medicine 
Downloaded from nejm.org at SAITAMA MEDICAL SCHOOL LIBRARY on November 6, 2019. For personal use only. No other uses without permission. 

 Copyright © 2019 Massachusetts Medical Society. All rights reserved. 



n engl j med 381;18  nejm.org  October 31, 20191708

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

Despite advances in care, attaining 
good glycemic outcomes in patients with 
type 1 diabetes remains challenging; the 

targets set by the American Diabetes Association 
are met in only a minority of patients.1,2 The use 
of a closed-loop system (also referred to as an 
“artificial pancreas”) that automates aspects of 
insulin delivery offers the potential to attain the 
desired glycemic outcomes.3,4 Meta-analyses have 
suggested that closed-loop systems are effective.5-7

Currently, one closed-loop system, the Med
tronic MiniMed 670G, is in commercial use in 
the United States, but randomized trials are 
needed to assess its efficacy and safety.8 Such a 
system, which modulates basal insulin delivery 
but does not administer automated boluses, is 
referred to as a “hybrid” closed-loop system.

We now report the results of the Interna-
tional Diabetes Closed Loop (iDCL) trial, a ran-
domized trial assessing the efficacy and safety 
of a closed-loop system (Control-IQ, Tandem 
Diabetes Care) as compared with a sensor-aug-
mented pump. This closed-loop system uses an 
algorithm with a dedicated hypoglycemia safety 
module, automated correction boluses, and over-
night intensification of basal insulin delivery de-
signed to consistently target near-normal glyce-
mia each morning.

Me thods

Trial Conduct and Oversight

We conducted a parallel-group, unblinded, ran-
domized trial at seven university centers in the 
United States. The protocol, available with the full 
text of this article at NEJM.org, was approved by 
a central institutional review board, and written 
informed consent (or parental consent and as-
sent from patients who were 14 to <18 years of 
age) was obtained as required. An investigational 
device exemption was approved by the Food and 
Drug Administration. An independent data and 
safety monitoring board provided trial oversight. 
The first, second, and last authors vouch for the 
completeness and accuracy of the data and for 
the fidelity of the trial to the protocol. Funding 
was provided by the National Institute of Diabe-
tes and Digestive and Kidney Diseases. Tandem 
Diabetes Care provided the experimental closed-
loop systems, supplies, and technical expertise 
with device issues. Tandem Diabetes Care re-

viewed the manuscript but was not otherwise 
involved in the trial design, conduct, data analy-
sis, or manuscript preparation.

Trial Design and Patients

To be included in the trial, patients had to be at 
least 14 years old and have a clinical diagnosis 
of type 1 diabetes; they also had to have been 
treated with insulin for at least 1 year by means 
of a pump or multiple daily injections, without 
a restriction on the glycated hemoglobin level 
(complete eligibility criteria are described in Ta-
ble S1 in the Supplementary Appendix, available at 
NEJM.org). The trial consisted of a 2-to-8-week 
run-in phase (with the duration dependent on 
whether the patient had used a pump or con-
tinuous glucose monitor previously) to collect 
baseline data and to train patients in the use of 
the devices, after which patients were randomly 
assigned in a 2:1 ratio to use a closed-loop sys-
tem (closed-loop group) or a sensor-augmented 
pump (control group) for a 26-week period. The 
run-in phase could be skipped by patients who 
were already using a Dexcom continuous glucose 
monitor and an insulin pump (Fig. S1). Random-
ization was performed on the trial website with 
a computer-generated sequence and a permuted 
block design and was stratified according to site.

After randomization, each patient in the 
closed-loop group was trained in the use of the 
closed-loop system, which consisted of a pump 
(t:slim X2 insulin pump with Control-IQ Technol-
ogy, Tandem Diabetes Care) and a continuous 
glucose monitor (Dexcom G6, Dexcom). This 
system is a third-generation descendant of DiAs 
— a mobile closed-loop system developed at the 
University of Virginia and subsequently imple-
mented as inControl by TypeZero Technologies.9,10

Patients in the control group received a con-
tinuous glucose monitor; patients who had used 
a pump before participating in the trial used 
their personal pumps. For patients who received 
insulin by means of multiple daily injections, 
use of the pump was initiated during the run-in 
phase (without a low-glucose suspension feature). 
Patients in both treatment groups received blood 
glucose meters (Roche Accu-Chek Guide, Roche 
Diabetes Care) and ketone meters (Abbott Preci-
sion Xtra, Abbott Diabetes Care).

Patients in both groups attended follow-up 
visits at 2, 6, 13, and 26 weeks and were con-
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tacted by telephone at 1, 4, 9, 17, and 21 weeks. 
Data from the devices were downloaded and 
reviewed at each visit and during telephone con-
tacts. Glycated hemoglobin was measured at each 
trial site (either with the use of a point-of-care 
device or by a local laboratory) at screening, 
randomization, and after 13 and 26 weeks. Gly-
cated hemoglobin also was measured at random-
ization and after 13 and 26 weeks at a central 
laboratory at the University of Minnesota Ad-
vanced Research and Diagnostic Laboratory.

Reporting of adverse events was solicited 
throughout the trial. Reportable adverse events 
included serious adverse events, adverse events 
occurring in association with a trial device or 
procedure, severe hypoglycemia (defined as hypo-
glycemia leading to the need for assistance be-
cause of altered consciousness), diabetic keto-
acidosis as defined by the Diabetes Control and 
Complications Trial,11 or hyperglycemia with keto-
nemia for which a health care provider was 
contacted.

In March 2019, use of the Control-IQ soft-
ware by the closed-loop group was temporarily 
suspended as a precaution after a software error 
was found (no serious adverse events occurred); 
in certain instances, this error led to erroneous 
discontinuation of insulin delivery for up to sev-
eral hours or to an erroneous bolus being given 
when insulin delivery restarted. Patients contin-
ued to use the system in open-loop mode until 
a software update was deployed to patients at 
home with the use of a Web-based software up-
dater. This suspension affected 33 patients in the 
closed-loop group for up to 4 weeks (median, 14 
days). The analyses included all data recorded 
during this period, even if the closed-loop mode 
was not in use.

Outcomes

The primary outcome was the percentage of time 
that the glucose level, as measured by the con-
tinuous glucose monitor, was in the target range 
of 70 to 180 mg per deciliter (3.9 to 10.0 mmol 
per liter). The main secondary outcomes, which 
were tested in a hierarchical fashion to maintain 
a type I error rate of 5%, were the percentage of 
time that the glucose level was greater than 180 mg 
per deciliter, the mean glucose concentration, 
the glycated hemoglobin level at 26 weeks, the 
percentage of time that the glucose level was 

less than 70 mg per deciliter, and the percentage 
of time that the glucose level was less than 54 mg 
per deciliter (3.0 mmol per liter). Continuous 
glucose-monitoring data, from randomization 
through the 26-week follow-up visit, were includ-
ed in the calculation of each metric, regardless 
of whether the closed-loop system was active. 
Additional secondary outcomes, for which the 
type I error was controlled with the use of the 
false discovery rate, are listed in the statistical 
analysis plan. Safety outcomes included the fre-
quency of severe hypoglycemia, diabetic keto-
acidosis, and other serious adverse events.

Statistical Analysis

We calculated that a sample size of 123 pa-
tients and randomization in a 2:1 ratio (closed-
loop:control) would provide 90% power with a 
type I error rate (two-sided) of 5% to reject the 
null hypothesis of no between-group difference in 
the percentage of time with the glucose level in 
the target range, under the assumption that the 
percentage of time in the target range in the 
closed-loop group would be 7.5 percentage 
points higher than that in the control group, 
with a standard deviation of 12%. The sample 
size was increased to 168 for an enhanced regula-
tory safety assessment of the closed-loop system.

Statistical analyses were performed on an 
intention-to-treat basis, and all patients were in-
cluded in the primary analysis and all secondary 
analyses unless otherwise noted. For the pri-
mary analysis, the percentage of time that the 
glucose level was in the target range was com-
pared between the two groups with a linear 
mixed-effects regression model. Analyses of the 
secondary outcomes that were measured with 
the continuous glucose monitor, glycated hemo-
globin level, insulin measures, body weight, and 
body-mass index paralleled the primary analysis. 
Modification of the treatment effect according 
to baseline variables was assessed by including 
an interaction term in the models described 
above. The analyses of the data at 13 weeks par-
alleled those of the data at 26 weeks. All models 
and reported treatment-group differences includ-
ed adjustment for the baseline level of the de-
pendent variable, age, previous use of a continu-
ous glucose monitor and pump, and clinical 
center (random effect).

Descriptive statistics include means with stan-
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dard deviations and medians with interquartile 
ranges, depending on the distribution of data. 
All P values are two-tailed. Analyses were per-
formed with SAS software, version 9.4 (SAS In-
stitute).

R esult s

Patients and Follow-up

Between July 12, 2018, and October 9, 2018, a 
total of 168 patients (50% of whom were female) 
were randomly assigned to either the closed-
loop group (112 patients) or the control group 
(56 patients) (Table 1). The patients’ ages ranged 
from 14 to 71 years, the duration of diabetes 
from 1 to 62 years, and the baseline glycated 
hemoglobin level from 5.4 to 10.6%. Insulin 
pumps were used by 133 patients (79%), and 
multiple daily insulin injections were used by 35 
(21%); 118 (70%) were using continuous glucose 
monitoring, and 102 (86%) of these were using 
pumps. The closed-loop and control groups ap-
peared balanced with regard to baseline charac-
teristics. All 168 patients completed the trial 
(Fig. S2).

Overall, 100% of follow-up visits and 99.9% 
of telephone contacts were completed. There were 
68 unscheduled visits in the closed-loop group 
(37 to obtain supplies related to the trial, 28 
related to a trial device issue, and 3 for other 
reasons) and 13 in the control group (Table S2).

Efficacy Outcomes

In the primary analysis, the mean percentage of 
time with glucose levels within the target range 
increased from 61±17% at baseline to 71±12% 
during the 6 months in the closed-loop group 
and remained unchanged at 59±14% in the con-
trol group (mean difference [closed loop minus 
control], 11 percentage points; 95% confidence 
interval [CI], 9 to 14; P<0.001) (Table  2). This 
mean difference amounted to 2.6 more hours 
per day spent in the target range in the closed-
loop group. The treatment effect was evident 
in  the first month and was consistent over the 
6 months (Fig. 1A). All five secondary outcomes 
included in the hierarchical analysis plan (per-
centage of time that the glucose level was >180 mg 
per deciliter, mean glucose level, glycated hemo-
globin level, percentage of time that the glucose 

level was <70 mg per deciliter, and percentage of 
time that the glucose level was <54 mg per deci-
liter) met the prespecified criterion for signifi-
cance in favor of the closed-loop system (Table 2). 
The mean difference in the glycated hemoglobin 
level at 26 weeks was −0.33 percentage points 
(95% CI, −0.53 to −0.13; P = 0.001) (Fig. 2A); the 
mean difference in the percentage of time that 
the glucose level was greater than 180 mg per 
deciliter was −10 percentage points (95% CI, −13 
to −8; P<0.001), a difference that amounted to 
2.4 hours per day; and the mean difference in 
the percentage of time that the glucose level was 
less than 70 mg per deciliter was −0.88 percent-
age points (95% CI, −1.19 to −0.57; P<0.001), a 
difference that amounted to 13 minutes per day 
(Fig. 2B and Table 2). (Additional details of the 
results of these analyses are provided in Fig. S3.)

Similar results favoring the closed-loop sys-
tem were seen for the other secondary outcomes 
that were based on continuous glucose-moni-
toring data (hyperglycemia, hypoglycemia, and 
glucose-level variability), as well as for secondary 
outcomes derived from the glycated hemoglobin 
level; in addition, the results at 13 weeks were 
similar to those at 26 weeks (Tables S3 through 
S5). The mean percentage of time that the glu-
cose level was in the target range was 70% in the 
closed-loop group and 59% in the control group 
during the daytime (6 a.m. to midnight) and was 
76% and 59%, respectively, during the nighttime 
(midnight to 6 a.m.). The greatest difference in 
the median percentage of time in the target 
range occurred at 5 a.m. (89% in the closed-loop 
group vs. 62% in the control group), and the 
greatest differences in the mean glucose level 
occurred at 5 a.m. and 6 a.m. (139 mg per deci-
liter [7.7 mmol per liter] in the closed-loop 
group vs. 166 mg per deciliter [9.2 mmol per 
liter] in the control group at both time points). 
This diurnal pattern, shown in Figure 1B, is a 
result of the increased aggressiveness of the algo-
rithm to meet a lower glucose target during the 
second half of the night. For the percentage of 
time that the glucose level was less than 70 mg 
per deciliter, the daytime percentages were 1.6% 
in the closed-loop group and 2.2% the control 
group, and the nighttime percentages were 1.4% 
and 2.4%, respectively (Table S6).

The percentage of time that the blood glucose 
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Characteristic
Closed Loop 

(N = 112)
Control 
(N = 56)

Age — yr 33±16 33±17

Age group — no. (%)

≥18 Yr 81 (72) 39 (70)

<18 Yr 31 (28) 17 (30)

Median duration of diabetes (IQR) — yr 17 (8–28) 15 (7–23)

Means of insulin administration — no. (%)

Insulin pump 90 (80) 43 (77)†

Multiple daily injections 22 (20) 13 (23)

Use of continuous glucose monitor at enrollment — no. (%) 78 (70) 40 (71)

Median body-mass index (IQR)‡ 25 (23–29) 25 (22–28)

Female sex — no. (%) 54 (48) 30 (54)

White race — no./total no. (%)§ 94/109 (86) 53/56 (95)

Hispanic or Latino ethnic group — no. (%)§ 13 (12) 5 (9)

Annual household income — no./total no. (%)

<$50,000 10/89 (11) 2/50 (4)

$50,000 to <$100,000 24/89 (27) 18/50 (36)

≥$100,000 55/89 (62) 30/50 (60)

Highest education level — no./total no. (%)¶

Less than bachelor’s degree 16/111 (14) 13/56 (23)

Bachelor’s degree 51/111 (46) 21/56 (38)

Advanced degree 44/111 (40) 22/56 (39)

Private medical insurance — no./total no. (%) 102/109 (94) 50/55 (91)

Glycated hemoglobin level — %

Screening 7.6±1.1 7.6±1.0

Baseline 7.4±1.0 7.4±0.8

Glycated hemoglobin level at baseline — no. (%)

<7.0% 38 (34) 19 (34)

7.0 to <7.5% 23 (21) 10 (18)

7.5 to <8.0% 22 (20) 12 (21)

8.0 to <9.0% 23 (21) 14 (25)

≥9.0% 6 (5) 1 (2)

Median blood glucose meter tests per day (IQR) — no. 3 (2–5) 3 (2–4)

Diabetic ketoacidosis in past 12 mo — no. (%) 4 (4) 1 (2)

Severe hypoglycemia in past 12 mo — no. (%) 6 (5) 1 (2)

*	�Plus–minus values are means ±SD. IQR denotes interquartile range.
†	�Among the 43 patients in the control group who were using a personal pump, the companies supplying the pumps were 

Medtronic (17 patients), Tandem (16), Insulet (6), and Animas (4).
‡	�Body-mass index is the weight in kilograms divided by the square of the height in meters.
§	� Race and ethnic group were reported by the patients.
¶	�Data are for the highest level of education completed by patient or, if patient was younger than 18 years of age, by the 

primary caregiver.

Table 1. Characteristics of the Patients.*
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level was within the target range of 70 to 180 mg 
per deciliter or below 70 mg per deciliter consis-
tently favored the closed-loop system across a 
broad range of baseline characteristics, including 
age, sex, body-mass index, income, educational 
level, insulin pump or injection use, previous use 
of a continuous glucose monitor, and glycated 
hemoglobin level, and the results were consis-
tent across the seven clinical centers (Table S7).

Patients performed a median of 0.21 (inter-
quartile range, 0.08 to 0.48) blood glucose mea-
surements per day in the closed-loop group and 
0.37 (interquartile range, 0.14 to 0.73) in the 
control group. There was no significant differ-
ence between the groups in the daily insulin 
amount (P = 0.83) or in weight change (P = 0.83) 
(Table S8).

 System Use

The median percentage use of continuous glu-
cose monitoring over the 6 months of the trial 
was 97% (interquartile range, 96 to 98) in the 
closed-loop group and 96% (interquartile range, 
90 to 97) in the control group. In the closed-loop 
group, the median percentage of time the sys-
tem was in closed-loop mode was 90% (inter-
quartile range, 86 to 94) and was consistent 
throughout the 6 months (92% when the 4 weeks 
of suspended use were excluded). There were 137 
reported device problems, most commonly due 
to a connectivity problem during 20,286 days of 
system use (median number of device problems 
per patient, 1; interquartile range, 0 to 2). (Addi-
tional details of the system-use results are pro-
vided in Tables S9 and S10 and Figs. S4 and S5.)

 Adverse Events

A total of 17 adverse events were reported 
among 16 patients in the closed-loop group, and 
2 adverse events were reported among 2 patients 
in the control group (P = 0.05) (Table 3). Severe 
hypoglycemia did not occur in either group. Dia-
betic ketoacidosis occurred in 1 participant in 
the closed-loop group as a result of a pump infu-
sion set failure; 13 hyperglycemia or ketosis 
events meeting the protocol reporting criteria 
but not meeting criteria for diabetic ketoacidosis 
occurred in 12 patients in the closed-loop group, 
and 2 events among 2 patients occurred in the 
control group; almost all these events were adju-
dicated by the investigators as having been caused 
by infusion set failures. There were 3 other serious 

adverse events in the closed-loop group (hospi-
talizations for concussion, otitis, and cardiac 
bypass surgery) and none in the control group. 
Blood ketone levels of greater than 1.0 mmol per 
liter were recorded in 11 patients (9.8%, on 14 
days) in the closed-loop group and in 8 patients 
(14.3%, on 15 days) in the control group. Other 
safety-related events are listed in Table 3.

 Discussion

In our multicenter, randomized trial involving 
patients with type 1 diabetes, the percentage of 
time that glucose was in the target range of 70 
to 180 mg per deciliter over the 6-month period, 
as measured by continuous glucose monitoring, 

Figure 1. Percentage of Time with Glucose Level in Target Range.

Panel A shows a box plot of the percentage of time that the glucose level was 
within the range of 70 to 180 mg per deciliter (3.9 to 10.0 mmol per liter), 
as measured by continuous glucose monitoring, during 4-week periods over 
6 months among patients who were assigned to receive treatment with either 
a closed-loop system (closed loop) or a sensor-augmented pump (control). 
Black dots indicate the mean values, horizontal bars in the boxes indicate 
the medians, and the bottom and top of each box represent the 25th and 
75th percentiles, respectively. Panel B shows an envelope plot of the same 
outcome according to the time of day. Symbols denote the hourly median 
values, and the shaded regions are defined by the 25th and 75th percentiles.
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was 11 percentage points higher among patients 
with the closed-loop system than among those 
with a sensor-augmented pump, an advantage 
that amounted to 2.6 hours per day (10 percent-
age points [2.4 hours per day] less time in hyper-
glycemia and 0.88 percentage points [13 minutes 
per day] less time in hypoglycemia). Over the 
course of the trial, the glycated hemoglobin 
level improved among patients who used the 
closed-loop system and remained unchanged 
among those who used an insulin pump and a 
continuous glucose monitor alone. Beneficial 
glycemic effects associated with the closed-loop 
system were seen during both daytime and 

nighttime and were particularly prominent in 
the second half of the night. The glycemic bene-
fits associated with closed-loop control were seen 
in the first month of the trial and were sustained 
over the entire 6 months. The trial population 
included both insulin-pump users and injection 
insulin users across a wide age range (14 to 71 
years) and baseline range of glycated hemoglo-
bin levels (5.4 to 10.6%), with consistent results 
across these and other baseline characteristics of 
the participants.

More adverse events were reported in the 
closed-loop group than in the control group, 
primarily as a result of hyperglycemia with keto-
sis from pump infusion set failure. We speculate 
that this may reflect differential requirements 
for adverse-event reporting between the groups, 
since the insulin pump used by the closed-loop 
group was part of an investigational device; this 
would be consistent with the fact that a com-
parison of the number of days in which patients 
had elevated blood ketone levels did not suggest 
that ketosis events occurred more often among 
patients receiving closed-loop treatment. No se-
vere hypoglycemic events occurred in either group.

Few randomized trials have assessed a closed-
loop system for 3 or more months. We previ-
ously reported the results of a 3-month trial of a 
closed-loop system using the same algorithm we 
used in the current trial. In that trial, the algo-
rithm was implemented on a mobile phone, which 
resulted in a 4.8-percentage-point higher per-
centage of time that blood glucose was within 
the range of 70 to 180 mg per deciliter and a 
1.7-percentage-point higher percentage of time 
that blood glucose was less than 70 mg per deci-
liter than with a sensor-augmented pump.12 
Other trials in which closed-loop systems that 
use a different algorithm have been compared 
with sensor-augmented pumps include a 12-week 
trial13 that showed a percentage of time with the 
glucose level in the range of 70 to 180 mg per 
deciliter that was 10.8 percentage points higher 
with the closed-loop system, as well as a per-
centage of time with the glucose level lower than 
70 mg per deciliter that was 0.8 percentage 
points lower with the closed-loop system. In an-
other 12-week trial,14 these measures were re-
ported to be 9.2 percentage points higher and 
2.4 percentage points lower, respectively, with 
the closed-loop system than with a sensor-aug-

Figure 2. Glycated Hemoglobin Level and Percentage of Time with Glucose 
Level Less Than 70 mg per Deciliter.

Panel A shows a box plot of the glycated hemoglobin level at baseline, 
week 13, and week 26 among patients who were assigned to receive treat-
ment with either a closed-loop system (closed loop) or a sensor-augment-
ed pump (control). One patient in the control group and one patient in the 
closed-loop group completed the 26-week follow-up visit outside the pre-
specified window, and the corresponding values were excluded. Panel B 
shows a box plot of the percentage of time that the glucose level was less 
than 70 mg per deciliter, as measured by continuous glucose monitoring, 
during 4-week periods over 6 months in each treatment group. In both 
panels, black dots indicate the mean values, horizontal bars in the boxes 
indicate the medians, and the bottom and top of each box represent the 
25th and 75th percentiles.
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mented pump, but with five severe hypoglycemic 
episodes occurring in the group that received 
closed-loop treatment.14

Interpretation of the present results must be 
viewed in the context of the characteristics of 
the participants and the setting of university-
based diabetes centers. In our trial, 70% of the 
patients were using a continuous glucose moni-
tor and 79% were using an insulin pump at the 
time of enrollment, percentages that are sub-
stantially higher than the reported usage in the 
general population of patients with type 1 dia-
betes.2 These data may reflect an interest in and 
willingness to use a closed-loop system among 
patients who were already using devices as part 
of diabetes management. However, our results 

appeared to be similar in patients who were not 
using a pump or a continuous glucose monitor 
before the trial.

Strengths of the present trial include the in-
clusion of patients across a wide range of base-
line characteristics, 100% patient retention, and 
a high level of adherence to the use of the as-
signed devices in both treatment groups. Con-
tinuous glucose monitoring was used by both 
groups, with minimal reliance on blood glucose 
measurements. The trial was conducted without 
remote monitoring, to reflect real-world use.

Our trial also had certain limitations. There 
were more unscheduled contacts in the closed-
loop group, which was attributed to the use of 
an investigational device, and the insulin pumps 

Event
Closed Loop 

(N = 112)
Control 
(N = 56) P Value†

Any adverse event

No. of events 17 2

No. of patients (%) 16 (14) 2 (4) 0.05

No. of events per 100 person-yr 30.2 7.1

Specific events — no. of patients (%) [no. of events]

Severe hypoglycemia 0 0

Diabetic ketoacidosis 1 (1) [1]‡ 0

Serious adverse events related to trial device 1 (1) [1]‡ 0

Other serious adverse events 3 (3) [3]§ 0

Hyperglycemia or ketosis without diabetic ketoacidosis 12 (11) [13] 2 (4) [2]

Glycated hemoglobin level worsening by >0.5% — no. of patients (%)¶ 8 (7) 5 (9) 0.60

Median hypoglycemic events per wk (IQR)‖ 0.4 (0.1–0.9) 0.5 (0.2–0.9) 0.06

Median hyperglycemic events per wk (IQR)** 1.2 (0.4–2.6) 2.7 (1.1–4.6) <0.001

Days with at least one blood glucose measurement <54 mg/dl — no./total 
person-days of follow-up (%)

129/20,571 (0.63) 72/10,285 (0.70)

Days with at least one blood glucose measurement >350 mg/dl — no./total 
person-days of follow-up (%)

243/20,571 (1.18) 181/10,285 (1.76)

Days with ≥1 ketone measurement >1.0 mmol/liter — no./total person-days 
of follow-up (%)

14/20,571 (0.07) 15/10,285 (0.15)

*	� To convert the values for glucose to millimoles per liter, multiply by 0.05551.
†	� P values were calculated only for the outcomes that had been prespecified in the statistical analysis plan.
‡	� The event was diabetic ketoacidosis due to a pump infusion set failure.
§	� The 3 serious adverse events were hospitalizations for concussion, otitis, and cardiac bypass surgery.
¶	� One patient in each treatment group completed the 26-week visit outside the prespecified window, and these 26-week values were excluded 

from the analyses.
‖	� A hypoglycemic event was defined as a period of at least 15 consecutive minutes during which the glucose level was less than 54 mg per 

deciliter (<3.0 mmol per liter).
**	� A hyperglycemic event was defined as a period of at least 15 consecutive minutes during which the glucose level was higher than 300 mg 

per deciliter (>16.6 mmol per liter).

Table 3. Adverse Events.*
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used by the control group did not have a feature 
to suspend insulin for predicted hypoglycemia, 
which is now available for some pumps and has 
been shown to reduce the amount of continuous 
glucose monitor–measured hypoglycemia.15-17

In conclusion, over a 6-month period, the 
closed-loop system used in our trial led to a 
greater percentage of time that the glucose level 
was in a target range, less hyperglycemia and 
hypoglycemia, and better glycated hemoglobin 
levels than a sensor-augmented pump.
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