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Abstract

Background: The safety and effectiveness of the in-home use of a hybrid closed-loop (HCL) system that
automatically increases, decreases, and suspends insulin delivery in response to continuous glucose monitoring
were investigated.
Methods: Adolescents (n = 30, ages 14–21 years) and adults (n = 94, ages 22–75 years) with type 1 diabetes partic-
ipated in a multicenter (nine sites in the United States, one site in Israel) pivotal trial. The Medtronic MiniMed� 670G
system was used during a 2-week run-in phase without HCL control, or Auto Mode, enabled (Manual Mode) and,
thereafter, with Auto Mode enabled during a 3-month study phase. A supervised hotel stay (6 days/5 nights) that
included a 24-h frequent blood sample testing with a reference measurement (i-STAT) occurred during the study phase.
Results: Adolescents (mean – standard deviation [SD] 16.5 – 2.29 years of age and 7.7 – 4.15 years of diabetes)
used the system for a median 75.8% (interquartile range [IQR] 68.0%–88.4%) of the time (2977 patient-days).
Adults (mean – SD 44.6 – 12.79 years of age and 26.4 – 12.43 years of diabetes) used the system for a median
88.0% (IQR 77.6%–92.7%) of the time (9412 patient-days). From baseline run-in to the end of study phase,
adolescent and adult HbA1c levels decreased from 7.7% – 0.8% to 7.1% – 0.6% (P < 0.001) and from 7.3% –
0.9% to 6.8% – 0.6% (P < 0.001, Wilcoxon signed-rank test), respectively. The proportion of overall in-target
(71–180 mg/dL) sensor glucose (SG) values increased from 60.4% – 10.9% to 67.2% – 8.2% (P < 0.001) in
adolescents and from 68.8% – 11.9% to 73.8% – 8.4% (P < 0.001) in adults. During the hotel stay, the proportion
of in-target i-STAT� blood glucose values was 67.4% – 27.7% compared to SG values of 72.0% – 11.6% for
adolescents and 74.2% – 17.5% compared to 76.9% – 8.3% for adults. There were no severe hypoglycemic or
diabetic ketoacidosis events in either cohort.
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Conclusions: HCL therapy was safe during in-home use by adolescents and adults and the study phase demon-
strated increased time in target, and reductions in HbA1c, hyperglycemia and hypoglycemia, compared to baseline.
Trial Registration: Clinicaltrials.gov identifier: NCT02463097.

Keywords: Hybrid closed loop, Insulin pump, Continuous glucose monitoring, Type 1 diabetes, Hypergly-
cemia, Hypoglycemia, Sensor.

Introduction

Despite many advances in type 1 diabetes therapies,
most patients are unable to achieve near-normal glyce-

mia,1 and remain at risk for severe hypoglycemia, diabetic ke-
toacidosis, and long-term vascular complications. Closed-loop
automated insulin delivery technology uses a control algorithm
to automatically increase, decrease, and suspend insulin deliv-
ery using subcutaneous glucose sensor data, to improve glucose
control and lessen the burden of diabetes management. Due to
the absorption profile of rapid-acting insulin analogues, most
closed-loop systems under development are hybrid systems,
meaning that the user is still required to estimate meal carbo-
hydrate content and confirm the recommended bolus insulin
dose calculated from the carbohydrate-to-insulin ratio, before
initiating bolus insulin delivery.2

Hybrid closed-loop (HCL) systems use various combi-
nations of control algorithms, glucose sensors, and insulin
pumps.3 Early studies of automated insulin delivery systems,
many of which were overnight devices, were conducted in
silico4 or under controlled inpatient conditions.5–10 Later
studies, in supervised outpatient settings such as hotels11 and
camps with subjects as young as 10 years,12,13 showed that
automated insulin delivery systems increased the time in
which sensor glucose (SG) values were in the target range,
variously defined as >70 to 145 or 180 mg/dL. Closed-loop
systems have also been evaluated in the unmonitored in-
home setting in a limited number of studies.14–18 Medtronic
systems have been under development for several years.19

Feasibility or preliminary studies in clinical settings,20 at
camp,21 in hotel,22 and in supervised outpatient settings23

have been carried out to evaluate the robustness of the
Medtronic control algorithm, including the system’s response
to unannounced meals and exercise, and disrupted sensor/
pump communications. The safety of constraining the max-
imal insulin delivery rate that the system can give automat-
ically has also been assessed.24 As a result of the positive
outcomes in these feasibility studies, the HCL system was
studied in a pivotal trial of sufficient size (124 adolescents
and adults) and duration (3 months) to demonstrate its safety.
While a brief summary of safety endpoints has been previ-
ously reported,25 a more complete description of the study’s
secondary and exploratory outcomes is presented herein.

Materials and Methods

The study was conducted at 10 sites (9 in the United States
and 1 in Israel) and enrolled 129 subjects (32 adolescents 14–
21 years, and 97 adults 22–75 years) with type 1 diabetes for
‡2 years, HbA1c value <10%, and who had used insulin-
pump therapy for >6 months with or without continuous
glucose monitoring (CGM) experience. The primary end-
point of the study was safety of HCL system use. All inclu-
sion and exclusion criteria are listed in the Supplementary

Data (Supplementary Data are available online at www
.liebertpub.com/dia). The study obtained institutional review
board approvals and written informed consent from adults
and the parents or guardians of minors. Written assent was
obtained from all minors.

Enrolled subjects were trained on the HCL system (Med-
tronic, Northridge, CA) that included the Guardian� Sensor 3
glucose sensor with Guardian Link 3 transmitter, the Mini-
Med 670G insulin pump with HCL algorithm, and the
CONTOUR�NEXT LINK blood glucose meter (Ascensia
Diabetes Care, Parsippany, NJ). Subjects were instructed to
upload system data via CareLink� Clinical software (Med-
tronic) every day during the first 2 weeks that Auto Mode was
enabled, then weekly thereafter. The data were reviewed by
the research team to verify that subjects were using the sys-
tem appropriately (i.e., enabling Auto Mode, applying setting
adjustments, and changing consumables). Site personnel
set active insulin time, carbohydrate-to-insulin ratio(s), basal
rates, glucose targets, and sensitivity factors for Manual
Mode. Active insulin time and carbohydrate-to-insulin ra-
tio(s) were carried over when Auto Mode was enabled. Au-
tomatic changes to the variable basal rate delivered by
microboluses, as well as correction doses, were adjusted
by the HCL system algorithm. During HCL control, insu-
lin boluses could only be delivered by a carbohydrate an-
nouncement or by a finger stick blood glucose value if doing a
correction bolus.

The recommended initial high alert setting was 300 mg/
dL and low alert setting was 70 mg/dL for Manual Mode and
Auto Mode control. In addition, a fixed alarm provided
alerts when SG values reached 50 mg/dL, after 1 h of
>300 mg/dL and after 3 h of >250 mg/dL. The algorithm’s
glucose target was fixed at 120 mg/dL, with an optional
temporary target of 150 mg/dL for exercise that could be set
by the user.

There was a 2-week in-home period (run-in phase), in
which subjects used the system in Manual Mode followed by
a 3-month in-home study phase in which Auto Mode was
enabled. Manual Mode data collected during the first 6 days
of the study phase provided the basis for initial personalized
HCL control parameters. During the study phase, each
subject had a 6-day/5-night hotel stay that included 4 h of
exercise each day, and frequent sample testing (FST) of
venous blood glucose with a reference instrument (i-STAT�

system, Abbott Laboratories, Abbott Park, IL) every 30–
60 min over a 24-h period. The activities during the 4-h
exercise session varied at each site and for each subject. The
hotel stay was scheduled during each of the 3 months of the
study phase. The hotel stay served to verify the accuracy of
SG readings with respect to venous blood glucose mea-
surements under near real-world conditions. HbA1c was
measured at a National Glycohemoglobin Standardization
Program-certified central laboratory.
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HCL system

The HCL algorithm has been previously described.23,26

Subjects were requested to calibrate the sensor a recommended
3–4 times per day, enter carbohydrate estimates for meal
boluses, and perform finger stick blood glucose values for
correction insulin boluses. The HCL algorithm automatically
adjusted multiple parameters based on recent data regarding
insulin delivery and glucose levels every midnight. Users
could stop HCL control-enabled insulin delivery at any time,
or the system could exit from Auto Mode for several reasons
that included sensor issues (e.g., a lost sensor signal or a
sensor at the end of its functional life), the glucose level (e.g.,
persistent readings above or below prespecified limits), or
insulin delivery (e.g., pump occlusions or persistent delivery
rates above or below prespecified limits).

Statistical analyses

As the primary endpoint for the study was safety, sample
size was not determined. All statistical analyses were based
on subjects who entered the study phase (n = 124). Study
phase data were collected throughout the in-home and hotel
intervals. Data regarding insulin delivery were consistently
available for analysis; data from glucose sensors were oc-
casionally unavailable for reasons including routine sensor
initializations and removals. All analyses were considered
exploratory and the P-values were presented without mul-
tiplicity adjustment. Tests were performed with either a
Wilcoxon signed-rank test and indicated by a Wilcoxon
signed-rank test, or a paired t-test, as needed. Statistical
analyses were performed using SAS� 9.4 (SAS Institute,
Cary, NC).

The time period between 10:00 p.m. and 7:00 a.m. was
defined as the nighttime interval. Endpoints were averaged
per subject and compared between the run-in phase and study
phase. These included the percent of SG values in various
glucose ranges (i.e., £50 mg/dL, £70 mg/dL, 71 to 180 mg/dL
[in-target range], >180 mg/dL, and >300 mg/dL); within-day
variability of SG values (i.e., within-day standard deviation
[SD] and coefficient of variation [CV]); HbA1c; insulin de-
livered (i.e., total daily dose [TDD] and basal insulin [basal
and microbolus] as a percent of TDD); body weight; night-
time percent of SG values in various glucose ranges (i.e.,
£50 mg/dL, £70 mg/dL, 71 to 180 mg/dL, >180 mg/dL, and
>300 mg/dL); and percent of fasting in-target (71–180 mg/
dL) SG values. Hotel i-STAT blood glucose, SG, and mean
absolute relative difference (MARD) were also reported.

Results

Subjects and system use

Of the 129 subjects enrolled, there were two screen failures
and four withdrawals (a withdrawal rate of less than 5%). One
withdrawal occurred during screening, two during the run-in
phase, and one during the study phase. The characteristics of
the 124 subjects who entered the study phase are shown in
Table 1.

The HCL system was used for 12,389 patient-days (2977
patient-days for adolescents and 9412 patient-days for
adults), calculated from the start of system use to the end of
the study. Auto Mode was enabled a median 75.8% (inter-
quartile range [IQR] 68.0%–88.4%) of the time or 18.2 h/day

(IQR 16.3–21.2 h/day) by adolescents; and a median 88.0%
(IQR 77.6%–92.7%) of the time or 21.1 h/day (IQR 18.6–
22.2 h/day) by adults. Compared to adolescents, adults dem-
onstrated greater time in Auto Mode. Sensors were used for a
median 88.6% (IQR 81.7%–93.4%) of the time or 21.3 h/day
(IQR 19.6–22.4 h/day) by adolescents; and a median 93.1%
(IQR 89.2%–95.9%) of the time or 22.3 h/day (IQR 21.4–
23.0 h/day) by adults.

Glucose control, SG variability, HbA1c, insulin
delivered, and weight

SG profiles of adolescents and adults across the day and
night, during the run-in and study phases, are shown in Fig-
ure 1. The pattern of SG values during the night, for both
groups, was similar and revealed less variability during the
study phase. The reduced variability was most evident in the
adolescent cohort (Fig. 1A). During the day, the HCL system
appeared to mitigate hyperglycemia more in the adolescent
cohort and hypoglycemia more in the adult cohort (Fig. 1B).

Table 2 shows the run-in phase and study phase mean – SD
and median (IQR) SG values, percent of SG values in various
ranges, and the within-day SD and CV of SG levels. For the
adolescent cohort, the percent of mean in-target SG values
increased from 60.4% – 10.9% during the run-in phase to
67.2% – 8.2% during the study phase (P < 0.001), while the
values >180 mg/dL decreased from 35.3% – 11.4% to
30.0% – 8.0% (P < 0.001, Wilcoxon signed-rank test) and
£70 mg/dL decreased from 4.3% – 2.9% to 2.8% – 1.3%
(P = 0.00928) (Table 2). A reduction in mean within-day
variability in SG from the run-in phase to the study phase was
also observed (SD, P < 0.001 and CV, P = 0.00118). For the
adult cohort, the percent of in-target SG values increased
from 68.8% – 11.9% during the run-in phase to 73.8% – 8.4%
during the study phase (P < 0.001), while the values >180
mg/dL decreased from 24.9% – 13.5% to 22.8% – 8.9%
(P = 0.01045) and £70 mg/dL decreased from 6.4% – 4.3%
to 3.4% – 2.1% (P < 0.001, Wilcoxon signed-rank test)
(Table 2). The reduced within-day variability in SG for adults,
from the run-in phase to the study phase, was comparable to
that observed in adolescents (P < 0.001, for both SD and CV).

Table 2 also shows that HbA1c levels fell from a mean of
7.7% – 0.8% at baseline to 7.1% – 0.6% at the end of the

Table 1. Characteristics of the Study Population

Characteristic
Adolescents

(N = 30)
Adults

(N = 94)

Female, N (%) 16 (53.3) 53 (56.4)
Male, N (%) 14 (46.7) 41 (43.6)
Age, mean – SD, years 16.5 – 2.29 44.6 – 12.79
Weight, mean – SD, kg 67.4 – 12.98 79.9 – 18.20
BMI, mean – SD, kg/m2 23.7 – 3.80 27.1 – 5.42
Duration of diabetes,

mean – SD, years
7.7 – 4.15 26.4 – 12.43

TDD, mean – SD,
U/kg/day

0.8 – 0.24 0.6 – 0.20

HbA1C, mean – SD,
% (IQR)

7.7 – 0.84
(7.1–8.4)

7.3 – 0.91
(6.7–7.8)

BMI, body mass index; IQR, interquartile range; SD, standard
deviation; TDD, total daily dose of insulin.
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FIG. 1. Sensor glucose profiles during the run-in and study phase. Median and interquartile range of sensor glucose values
throughout the day and night, beginning at midnight (00, on x-axis), in (A) adolescents and (B) adults. The gray band and
dotted line represent data from the run-in phase; the pink band and solid line represent data from the study phase.
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study phase, for adolescents (P < 0.001) and from 7.3% –
0.9% to 6.8% – 0.6%, for adults (P < 0.001, Wilcoxon signed-
rank test). There was a mean change in HbA1c of -0.7% –
0.7% and -0.5% – 0.6%, in adolescents and adults, respec-
tively. Adolescent subjects with run-in HbA1c levels of
<7.0%, 7.0%–7.5%, and >7.5% experienced mean changes in
HbA1c of -0.04%, 0%, and -0.98%, respectively. Adult sub-
jects with run-in HbA1c levels of <7.0%, 7.0%–7.5%, and
>7.5% experienced mean changes in HbA1c of -0.06%,
-0.39%, and -1.04%, respectively. The percentage of ado-
lescent subjects with HbA1c levels <7.0% increased from
16.7% to 43.3%, and the percentage with levels >7.5% de-
creased from 66.7% to 20.0%. The percentage of adult subjects
with HbA1c levels <7.0% increased from 38.3% to 59.1%, and
the percentage with levels >7.5% fell from 34.0% to 10.8%.

Table 2 shows increased TDD from the run-in phase to the
study phase for adolescents (from 55.6 – 17.1 to 60.2 – 19.8 U,
P = 0.00146) and adults (from 44.9 – 23.7 to 47.9 – 28.0 U,
P < 0.001, Wilcoxon signed-rank test). The amount of basal in-
sulin delivered as a percent of TDD, from the run-in phase to the
study phase, was reduced in both adolescents (from
49.7% – 12.1% to 46.4% – 8.5%, P = 0.02271) and adults (from
54.1% – 10.9% to 46.8% – 9.4%, P < 0.001). Mean overall body
weight of adolescents increased from 67.4 – 13.0 to 68.4 –
12.5 kg (P = 0.06516) and that of adults increased from 79.9–
18.2 to 81.3 – 16.0 kg (P < 0.001, Wilcoxon signed-rank test).

Nighttime use of the HCL system

Table 3 shows the run-in phase and study phase mean – SD
and median (IQR) SG values, percent of SG values in various
ranges, and the within-day SD and CV of SG levels during the
night (i.e., period between 10:00 p.m. and 7:00 a.m.). The
mean percent of in-target SG values, for adolescents, in-
creased from 64.2% – 14.1% to 71.5% – 10.3% (P < 0.001).
A decreased percent of nighttime SG values >180 mg/dL
(from 30.0% – 15.6% to 25.6% – 9.8%, P = 0.03199), £70
mg/dL (from 5.8% – 5.3% to 2.9% – 1.6%, P = 0.00210,
Wilcoxon signed-rank test), and £50 mg/dL (from 1.0% –
1.3% to 0.6% – 0.6%, P = 0.11219, Wilcoxon signed-rank
test) was also observed. For adults, the percent of nighttime
in-target SG values increased from 67.6% – 13.9% to 76.5% –
9.3% (P < 0.001), while a reduction in values >180 mg/dL
(from 25.8% – 15.1% to 20.4% – 9.6%, P < 0.001, Wilcoxon
signed-rank test), £70 mg/dL (from 6.6% – 5.3% to 3.2% –
2.4%, P < 0.001, Wilcoxon signed-rank test), and £50 mg/dL
(from 1.1% – 1.5% to 0.7% – 0.8%, P < 0.001, Wilcoxon
signed-rank test) was observed, from the run-in phase to the
study phase. These findings indicate reduced exposure to both
nighttime hyperglycemia and hypoglycemia during the study
phase, when compared to the run-in phase, for both cohorts.
Adult nighttime SD (P = 0.00471, Wilcoxon signed-rank test)
and CV (P < 0.001) of SG levels during the study phase were
reduced. Adolescent CV of SG levels during the night was
reduced (P = 0.03646).

Fasting SG

The ability of the HCL system to attenuate hyperglycemic
exposure was also evidenced by its effect on in-target fasting
SG values obtained between 5:00 a.m. and 9:00 a.m. that
were not preceded by a bolus of insulin. For adolescents, the
proportion of mean fasting in-target (71–180 mg/dL) SG
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values was 67.9% – 20.7% during the run-in phase and
78.8% –17.2% during the study phase, an increase of 12.5% –
14.9% (P < 0.001). The proportion of fasting in-target SG
values also increased in adults; from 70.0% – 21.2% to
84.4% – 12.1%, a difference of 14.4% – 17.8% (P < 0.001,
Wilcoxon signed-rank test).

i-STAT, SG, and sensor accuracy during FST

For adolescents, the proportion of in-target glucose values
during the hotel stay was 67.4% – 27.7% when assessed by i-
STAT venous samples and 72.0% – 11.6% for SG measure-
ments. The proportion of adolescent in-target SG values
during the entire in-home study was 67.2% – 8.2%. For
adults, the proportion of in-target glucose values during
the hotel stay was 74.2% – 17.5% for i-STAT venous sam-
ples and 76.9% – 8.3% for SG measurements, both of
which were relatively comparable to the proportion of adult
in-target SG values during the entire in-home study
(73.8% – 8.4%). The lower percent of in-target values ob-
served in adolescents relative to adults, during the hotel FST
period, is not unexpected and likely due to higher activity
levels and eating.

Overall sensor accuracy, as measured by the MARD – SD
between SG and i-STAT venous blood glucose values, during
the hotel FST, was 11.2% – 9.7% (902 paired points) for
adolescents and 10.0% – 8.7% (2808 paired points) for adults
(Table 4). Sensor accuracy within the target range (71–
180 mg/dL) was 10.5% – 9.7% (645 paired points) for ado-
lescents and 9.6% – 8.3% (2118 paired points) for adults.
Sensor accuracy >180 mg/dL was 12.8% – 9.1% (245 paired
points) for adolescents and 10.3% – 7.8% (625 paired points)
for adults. Sensor accuracy £70 mg/dL, as determined by
mean absolute difference, was 12.3 – 9.2 mg/dL (12 paired
points) for adolescents, and 12.2 – 10.6 mg/dL (65 paired
points) for adults.

Overall grouped-cohort sensor accuracy was 10.3% –
9.0% (3710 paired points) and was similar for data collected
during the predefined daytime and nighttime hours, where
overall daytime (from 7:00 a.m. to 10:00 p.m.) MARD was
10.4% – 9.7% (1787 paired values) and nighttime (i.e., period
between 10:00 p.m. and 7:00 a.m.) MARD was 10.2% – 8.3%
(1923 paired values).

Discussion

As previously reported,25 this pivotal study showed that
the HCL system could be used safely by adolescents and
adults with type 1 diabetes in an outpatient setting, with no
episodes of severe hypoglycemia or diabetic ketoacidosis
(DKA) in over 12,000 patient-days of use. In addition, these
analyses showed that use of the HCL system increased the
percent of in-target SG levels and was associated with clin-
ically important reductions in HbA1c values in both cohorts.
These findings and the ability of the system to increase the
time in-target range, while reducing the time below and
above target levels, support its function as a hyperglycemia
and hypoglycemia attenuator. Moreover, HCL control was,
for the most part, as effective in adolescents as it was in
adults, despite the fact that most adolescents who enrolled in
the study had baseline HbA1c levels in excess of the target
value (7.5%) for their age. Improved HbA1c with an HCL
system was also reported by Thabit et al.,18 who performed a
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study of long enough duration to obtain HbA1c levels, and by
Kovatchev et al.14 who performed a 6-month closed-loop
control study in a limited number of individuals with a low
baseline HbA1c of 7.2% that was 7.0% at study end. As re-
ported in two other closed-loop studies,6,17 we also showed
that HCL control reduced glycemic variability, which may
have important implications for oxidative stress27 and long-
term diabetes-related complications.28 Based on the data
presented, the HCL system could be a transformative thera-
peutic option for insulin-treated patients.

Ongoing research has allowed the rapid development
of automated insulin delivery systems with user interface,
safety, and performance attributes that make testing in un-
monitored settings possible. As reported in prior studies, the
HCL system was capable of safely delivering insulin despite
individualized, adapted constraints on maximal insulin de-
livery, disrupted sensor/pump signal transmission,20 exercise
challenges,20,29 or overcalibration of sensors.29 In addition,
the performance of the Guardian Sensor 3, as demonstrated
during a pivotal trial of sensor performance30 and the hotel
segment of this study, was improved from earlier genera-
tions31,32 of glucose sensors. These attributes allowed for the
positive safety profile of this pivotal trial.

It is not surprising that the HCL system was effective in
lowering the risk of biochemical hypoglycemia during the
night in both adolescents and adults, since similar results
have been reported with integrated sensor-augmented pump
systems that can suspend insulin delivery either at a preset SG
threshold33 or 30 min in advance of reaching a threshold34 to
mitigate hypoglycemia. However, in the ASPIRE In-Home
study,33 and one user evaluation study of the MiniMed 640G
pump,34 threshold suspend features reduced hypoglycemia,
particularly at night, but did not reduce hyperglycemia or,
when measured, HbA1c levels. While data on the treatment of
hypoglycemic events were not captured, overall, our study
showed that the HCL system that automatically increases,
decreases, and suspends insulin delivery rates can effectively
reduce hypoglycemic and hyperglycemic excursions during
the day and night. In-home use of the system also resulted in a
reduction in HbA1c, and without any episodes of severe hy-
poglycemia or DKA.

There are several previous studies that have evaluated up to
four different HCL or closed-loop systems (including two with
both insulin and glucagon)14,17,18,35–38; all with small sample
sizes between 12 and 52 subjects and only 4 with study du-
rations greater than 2 weeks. Even fewer studies have evalu-

ated the effects of systems used continuously (i.e., for the full
24-h day and night periods) across multiple weeks (i.e., 3–24
weeks) in the home setting.14,18,38 Comparing our results to
previous short-term studies is difficult. Nevertheless, our
previous report25 and findings herein with a large number of
HCL therapy patient-days support the translation of automated
insulin delivery technology into commercial products that
improve diabetes patient outcomes. The robust data from this
pivotal trial of HCL therapy led to the recent FDA approval of
the MiniMed 670G system39 in the United States.

Our study’s strengths include its multicenter design, the
large number of subjects and unmonitored, unrestricted
subject-days, the inclusion of adolescents and adults, and the
inclusion of a hotel stay in which sensor-derived time-in-
target results were confirmed by reference blood glucose
measurements. We showed improvements in glycemic con-
trol with reductions in hypoglycemia even in a cohort
with relatively low initial mean HbA1c levels. We studied a
commercial-ready system that integrates a control algorithm
within the pump. At the request of enrolled subjects and with
the approval of the FDA, this study was modified to include
an optional continued access program. Eighty percent of the
subjects requested to continue with the HCL system (formal
data were not collected as to why subjects did not enter the
continued access program), and 96 have been using the sys-
tem for 1 year or longer.

Limitations to this study included its single-arm, non-
randomized design and the 2-week duration of the run-in
phase that was shorter than the 3-month study phase, leading
to an imbalance in data quantity. While the absence of severe
hypoglycemia in the present study (0 events in 12,389
patient-days) compares favorably to recently published ob-
servations in patients established on pump therapy with or
without use of continuous glucose monitoring, interpretation
of this finding is limited by the relatively short duration of the
study. Nevertheless, the current study is the longest outpa-
tient 24-h HCL study in more than 100 adolescents and
adults. The mean baseline SG (150.2 mg/dL) may have been
better than expected from the mean baseline HbA1c level
(7.4%), due to patient engagement with the study team during
the run-in phase and the fact that a new pump and sensor were
being used. If subjects immediately improved glucose control
during the run-in phase, due to the use of sensor-augmented
pump therapy, it would have underestimated the difference
between the Manual Mode- and Auto Mode-enabled periods.
While efforts were made to include subjects across different

Table 4. Distribution of i-STAT and Sensor Glucose Values, During Hotel Frequent Sample Testing

Reference glucose
range, mg/dL

Percent of values in range

Adolescents Adults

N
i-STAT

(mean – SD) N
Sensor

(mean – SD) N
i-STAT

(mean – SD) N
Sensor

(mean – SD)

£70 12 1.2 – 2.2 887 1.9 – 1.5 69 2.8 – 5.4 4103 2.7 – 2.1
71–180 653 67.4 – 27.7 33862 72.0 – 11.6 2147 74.2 – 17.5 117585 76.9 – 8.3
>180 262 31.4 – 28.4 12086 26.1 – 12.1 638 23.0 – 18.0 31187 20.4 – 8.5

Shown are the averages of individual-subject percentage points for the i-STAT blood glucose reference and sensor glucose values, across
reference glucose ranges, during the hotel stay for adolescents and adults. One 24-h frequent sample testing occurred during the hotel stay.

N, number of i-STAT or sensor glucose values.
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HbA1c values, the generalizability of our results may be
limited, given the lower baseline HbA1c levels for both co-
horts relative to T1D exchange mean HbA1c levels1; the
frequent contact that study subjects had with site personnel;
the fact that approximately half of the adolescents and two-
thirds of the adults were using CGM at baseline; and the
exclusion of subjects with HbA1c levels >10%, ‡2 recent
episodes of severe hypoglycemia, and those with any recent
episodes of diabetic ketoacidosis.

Results of this pivotal trial support and extend those from
earlier studies of HCL systems (from Medtronic and other
investigators) that were conducted under closely supervised
conditions, or for shorter durations, and enrolled fewer sub-
jects. Data reported here suggest that the present system is
effective for adolescents and adults and that it may benefit
patients as they strive to improve overall glycemic control,
while minimizing hypoglycemia. The ability of this inte-
grated system to automatically and safely increase, decrease,
and suspend insulin delivery represents an important advance
in type 1 diabetes therapy for individuals with diabetes, their
families, and their healthcare teams.
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