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Abstract

Objective: To assess the efficacy and safety of closed-loop control (CLC) insulin delivery system in adolescents
and young adults with type 1 diabetes.
Research Design and Methods: Prespecified subanalysis of outcomes in adolescents and young adults aged 14–24
years old with type 1 diabetes in a previously published 6-month multicenter randomized trial. Participants were
randomly assigned 2:1 to CLC (Tandem Control-IQ) or sensor augmented pump (SAP, various pumps+Dexcom
G6 CGM) and followed for 6 months.
Results: Mean age of the 63 participants was 17 years, median type 1 diabetes duration was 7 years, and mean
baseline HbA1c was 8.1%. All 63 completed the trial. Time in range (TIR) increased by 13% with CLC versus
decreasing by 1% with SAP (adjusted treatment group difference = +13% [+3.1 h/day]; 95% confidence interval
[CI] 9–16, P < 0.001), which largely reflected a reduction in time >180 mg/dL (adjusted difference -12%
[-2.9 h/day], P < 0.001). Time <70 mg/dL decreased by 1.6% with CLC versus 0.3% with SAP (adjusted
difference -0.7% [-10 min/day], 95% CI -1.0% to -0.2%, P = 0.002). CLC use averaged 89% of the time for 6
months. The mean adjusted difference in HbA1c after 6 months was 0.30% in CLC versus SAP (95% CI -0.67
to +0.08, P = 0.13). There was one diabetic ketoacidosis episode in the CLC group.
Conclusions: CLC use for 6 months was substantial and associated with improved TIR and reduced hypo-
glycemia in adolescents and young adults with type 1 diabetes. Thus, CLC has the potential to improve
glycemic outcomes in this challenging age group.
The clinical trial was registered with ClinicalTrials.gov (NCT03563313).
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Introduction

Despite improvements in care, a majority of youth with
type 1 diabetes still fail to meet glycemic control targets.

In 2018, the prevailing American Diabetes Association goal
HbA1c of <7.5% (<58 mmol/mol) was reached by only 17% of
adolescents1; current guidelines have lowered the goal to <7%
(<53 mmol/mol) for many in this age group.2 Based on regis-
tries in the United States and northern Europe, average HbA1c
increases at adolescence and remains elevated into young
adulthood.3 Youth with suboptimal glycemic control are at
increased risk of diabetic ketoacidosis (DKA), microvascular
and macrovascular complications, and premature mortality.4–6

Closed-loop insulin delivery is a promising approach for
improving glycemic control, but outcomes data are scarce in
pediatric and young adult populations. Based on short-term
studies in monitored clinical settings and at diabetes camps,
closed-loop insulin delivery systems can increase time in range
(TIR) and reduce both hyper- and hypoglycemia.7–11 However,
there are few randomized trials in free-living settings, and we are
unaware of any published reports of trials longer than 3 months.

A retrospective study of a clinically available closed-loop
control (CLC) system (Medtronic 670G) suggests that suc-

cessful use of the automated system was associated with in-
creased TIR and reduced HbA1c in youth.12 However, many
youth discontinued use of the hybrid closed-loop system within
the first 6 months of use. Difficulty with calibrations, alarms,
expense, and the workload required to ensure correct function
of the system were reported as the most challenging aspects of
using the hybrid closed-loop system.13,14 Thus, there is an
unmet need for a robust, safe, and user-friendly system that
automates insulin delivery for youth with type 1 diabetes.

We recently reported on a new CLC insulin delivery sys-
tem (Tandem Control-IQ) that was successful at improving
continuous glucose monitor (CGM)-derived glycemic met-
rics and HbA1c in a 6-month randomized trial comparing
CLC versus sensor-augmented pump in 168 individuals with
type 1 diabetes aged 14–70 years old.15 This closed-loop
system provides automated insulin correction boluses ad-
ministered using CGM data, without the need for fingerstick
glucose calibrations. The system also incorporates a hypo-
glycemia safety system that attenuates or discontinues insulin
delivery using CGM and insulin-on-board information. Users
are expected to enter carbohydrate intake for meal boluses.

This CLC algorithm has previously been shown to partially
compensate for missed meal boluses in adolescents due, in

Table 1. Baseline Characteristics

CLC (N = 40) SAP (N = 23) Total (N = 63)

Mean age, years 17 (3) 17 (3) 17 (3)
No. of adolescents and young adults, n (%)

Age <18 years 31 (78) 17 (74) 48 (76)
Age ‡18 years 9 (22) 6 (26) 15 (24)

Gender, female 17 (43) 10 (43) 27 (43)
Racea, n (%)

White 31 (82) 21 (91) 52 (85)
Nonwhite 7 (18) 2 (9) 9 (15)

Ethnicity, Hispanic, or Latino 5 (13) 2 (9) 7 (11)
Household incomeb, n (%)

<$50,000 3 (10) 1 (5) 4 (8)
$50,000–$100,000 7 (23) 6 (30) 13 (25)
>$100,000 21 (68) 13 (65) 34 (67)

Private health insurancec, n (%) 37 (93) 19 (86) 56 (90)
Mean HbA1c at screening (%) [mmol/mol] 8.2 (1.1) [66 (12.0)] 8.0 (1.2) [64 (13.1)] 8.1 (1.1) [65 (12.0)]
Insulin modality, n (%)

Pumpd 33 (82) 18 (78) 51 (81)
MDI 7 (18) 5 (22) 12 (19)

CGM use, n (%)
Never 1 (3) 2 (9) 3 (5)
In past, but not current 10 (25) 3 (13) 13 (21)
Current 29 (73) 18 (78) 47 (75)

Median type 1 diabetes duration (years) 7 (4, 9) 7 (5, 12) 7 (4, 12)
C-peptide at randomization, n (%)

<0.02 nmol/L 29 (72) 15 (65) 44 (70)
‡0.02 nmol/L 11 (28) 8 (35) 19 (30)

BMI percentiles, age <18 years 78% (55%, 88%) 68% (45%, 86%) 77% (55%, 88%)
BMI (kg/m2), age ‡18 years 29 (23, 35) 26 (24, 26) 26 (23, 31)

Mean (SD), median (IQR), or n (%).
aTwo participants in the treatment group did not provide race information.
bNine participants in the treatment group and three in the control group did not provide income information.
cOne participant in the control group did not provide insurance information.
dSAP group personal pumps included Animas (2), Insulet OmniPod (3), Medtronic 530G (3), Medtronic 670G (3), Medtronic Paradigm

(1), and Tandem t:slim or t:slim X2 (6).
CLC, closed-loop control; IQR, interquartile range; SAP, sensor augmented pump; SD, standard deviation.
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part, to automated correction boluses.16 To assess the efficacy
of this CLC system in adolescents and young adults, we con-
ducted an a priori-defined subgroup analysis of outcomes in the
14–24-year-old participants in the study (n = 63).

Research Design and Methods

Details of the study protocol have been reported elsewhere15

and are summarized hereunder. The protocol was approved by a
central institutional review board and written informed consent
(or parental consent and assent for youth <18 years old) obtained
from all participants. An investigational device exemption was
approved by the Food and Drug Administration. An indepen-
dent data and safety monitoring board provided trial oversight.

This secondary analysis included the data collected on
participants aged 14 to <25 years. Study participants had a
clinical diagnosis of type 1 diabetes treated with insulin for at
least 1 year, with a minimum total daily insulin dose >10 U.
Use of any noninsulin glucose-lowering agents other than
metformin was an exclusion. There was no restriction on the
HbA1c level at study entry. Outcomes included CGM-
derived glycemic metrics, such as TIR 70–180 mg/dL (TIR),
mean glucose, hyperglycemia (>180 mg/dL), hypoglycemia
(<70 and <54 mg/dL), HbA1c, and adverse events.

Participants were randomly assigned in a 2:1 ratio to a closed-
loop system (intervention group, CLC) or a sensor-augmented
pump (control group, SAP) for 26 weeks. The closed-loop sys-
tem consisted of a pump (t:slim X2 insulin pump with Control-
IQ, Tandem Diabetes Care) and a CGM (Dexcom G6, Dexcom).
Participants in the SAP group received the study CGM and either
used their personal pump or, if not using a pump, were provided
with a t:slim X2 insulin pump, without any automated insulin
delivery features (including no use of low glucose suspend or
predictive low glucose suspend features).

Both groups attended follow-up visits at 2, 6, 13, and 26
weeks and were contacted by telephone at 1, 4, 9, 17, and 21
weeks. In both groups, data-driven optimization of pump
settings could be made at the 2-, 13-, and 26-week visits.
HbA1c at randomization, 13, and 26 weeks was measured at a
central laboratory at the University of Minnesota Advanced
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 active assistance because of
altered consciousness), DKA, and hyperglycemia with keto-
nemia for which a health care provider was contacted. Parti-
cipant satisfaction with the CLC system was assessed with the
System Usability Scale, a 10-item technology agnostic ques-
tionnaire that measures the perceived usability of a system,
with excellent usability associated with a mean score of*85.17

During the trial, use of the Control-IQ software was sus-
pended temporarily for *4 weeks after the discovery of a
software error that under certain circumstances could lead to
erroneous insulin delivery; no adverse events occurred as a re-
sult of this error. Participants continued to use the study pump
and CGM with the CLC feature turned off until a software
update was deployed to participants. The analyses included all
data recorded during the suspension period, even if the closed-
loop mode was not in use, except for the reporting of the per-
centage of time CLC was used that excluded this time period.

Statistical analyses

All analyses were based on intent to treat, and all participants
were included in the efficacy and safety analyses. Continuous
outcome variables were compared between the two groups us-
ing a linear mixed-effects regression model that adjusted for the
baseline level of the dependent variable, age, previous use of a
CGM and pump, and clinical center (random effect). Binary
outcomes were compared between the two groups using a
similar logistic model. Descriptive statistics include means with
standard deviations and medians with interquartile ranges
(IQRs), depending on the distribution of data. All P values and
confidence intervals were adjusted for multiplicity using the
false discovery rate. All P values are two tailed. Analyses were
performed with SAS software, version 9.4 (SAS Institute).

Results

Demographic and baseline clinical characteristics

The 63 adolescent and young adult participants included in
this analysis ranged in age from 14 to 24 years with a mean age
of 17 years (76% were <18 years old); 43% were female, 83%
identified as white, and 11% reported Hispanic or Latino

FIG. 1. TIR by time of day and by treatment group. Blue triangles represent the SAP group, N = 23 participants. Red circles
represent the CLC group, N = 40 participants. Lines with symbols denote hourly median values and the shaded regions are defined
by the 25th and 75th percentiles. CLC, closed-loop control; SAP, sensor augmented pump; TIR, time in range.
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ethnicity. Mean type 1 diabetes duration was 7 years and
screening HbA1c was 8.1% (65 mmol/mol); 19% were pump
naive and 5% were CGM naive at entry (Table 1). Forty par-
ticipants were randomly assigned to the CLC group and 23 to
the SAP group. All 63 participants completed the 26-week
study; there were no drop outs. Participant flow is shown in a
Consort Diagram (Supplementary Fig. S1).

Glucose monitoring and system use

Median (IQR) percentage of CGM use for the 26 weeks of
the trial was 96% (93%–97%) in the treatment group and 91%
(83%–96%) in the control group. In the treatment group, the

median percentage of time the system was in closed-loop mode
was 89% (86%–92%) across all 26 weeks and consistent from
month to month. On the System Usability Questionnaire, scores
were high at 26 weeks (mean composite score 85.5 out of 100),
indicating excellent usability. Participants performed finger-
stick blood glucose checks a median of 0.15 times per day in the
CLC group and 0.34 times per day in the SAP group.

Glycemic outcomes

TIR in the CLC group was 51% – 16% at baseline and
increased to 64% – 8% over 26 weeks of follow-up, and TIR
in the SAP group was 53% – 13% at baseline and 52% – 14%

FIG. 2. (A) TIR over 26 weeks. Blue represents SAP group, N = 23 participants. Red represents CLC group, N = 40 participants.
Black dots denote mean values, horizontal lines in the boxes denote medians, and the bottom and top of the boxes represent the
25th and 75th percentiles. (B) TIR during first 28 days in the CLC group. Red represents CLC group, N = 40 participants. Black
dots denote mean values, horizontal lines in the boxes are medians, and bottom and top of the boxes represent the 25th and 75th
percentiles. The range of the data are narrower after day 8 because it was averaged at a participant level over 7 days instead of 1
day, and consequently there would tend to be less variability in the point estimate for each participant.
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over 26 weeks of follow-up (Table 2). The risk-adjusted
treatment group difference in TIR was +13% or 3.1 h/day,
favoring the CLC group (95% confidence interval [CI] 9–16,
P < 0.0001; Table 2).

Improvements in TIR in the CLC group compared with the
SAP group were especially substantial between 1 AM and 8
AM (Fig. 1). The risk-adjusted treatment group difference in
TIR was +19% (95% CI 13–24, P < 0.0001) at night, and
+11% (95% CI 7–14, P < 0.0001; Supplementary Table S1)
during the day. From a longitudinal perspective, improve-
ment in TIR in the CLC group was apparent after the first day
of system use and was largely sustained over the remainder of
the 26 weeks of follow-up (Fig. 2).

Analysis of other CGM metrics for hyperglycemia, mean
glucose, hypoglycemia, and glycemic variability all favored
the CLC group compared with the SAP group, with the
treatment group differences being greater during the night
(12 AM–6 AM) than during the day (6 AM–12 PM) (Table 2;
Supplementary Table S1 and Supplementary Figs. S2–S5).
HbA1c was 7.97% (0.93) (63 [10.2 mmol/mol]) at baseline
and 7.51% (0.74) (58 [8.1 mmol/mol]) at 26 weeks in the
CLC group and was 7.66% (0.86) (60 [9.4 mmol/mol]) at
baseline and 7.66% (0.74) (60 [8.1 mmol/mol]) at 26 weeks,
in the SAP group (risk-adjusted treatment group differ-
ence = -0.30, 95% CI -0.67 to 0.08, P = 0.13) (Table 2).

A treatment effect on TIR was apparent in age groups 14 to
<18 years old and 18 to <25 years old (Supplementary
Table S2). In both groups, there did not appear to be mean-
ingful differences comparing glycemic metrics on the week-
days versus the weekend (Supplementary Table S3). In jointly
assessing TIR and hypoglycemia, 25 (63%) of the CLC group
compared with 5 (22%) of the SAP group had an increase in
TIR combined with a decrease in time <70 mg/dL (Supple-
mentary Fig. S6).

Safety outcomes

No severe hypoglycemia episodes were reported in either
group. One episode of DKA occurred in the CLC group due
to infusion set failure (Supplementary Table S4). There were
six additional episodes of hyperglycemia with ketosis re-
ported in the CLC group versus one in the SAP group.

Conclusions

Adolescents and young adults with type 1 diabetes repre-
sent a challenging population who have generally been less
successful with the use of diabetes devices and, as a result,
have not gained the same benefits as either young children
(8–14 years) or adults (>25 years) using such devices.18 As a
result, we specifically targeted the age group of 14–24 years
old for a preplanned secondary analysis of a 6-month ran-
domized control trial to assess the efficacy and safety of CLC
compared with SAP. Notably, we found that this sample of
adolescents and young adults successfully used the CGM
>90% of the time during the 6-month trial and the closed-loop
system was active 89% of the time.

Glycemic outcomes in the adolescents and young adults
were as positive as those observed in the adults in the study,
with the younger participants increasing their glucose TIR over
3 h/day. Moreover, use of the CLC insulin delivery system was
associated with lower mean glucose, and reduced time spent in
both hyperglycemia and hypoglycemia. This effect was seen

within 24 h of starting closed loop and was sustained for 6
months. This immediate improvement was the result of auto-
mated insulin delivery overnight, automated correction doses
given during the day, and automated modulation of insulin
delivery to decrease hypoglycemia, as it occurred before a
change in human behavior, such as bolusing habits, seems
possible. Of note, although trending in the same direction,
changes in HbA1c were not significantly different between
treatment groups, in contrast to the CGM metrics’ results.

Use of CLC was especially effective at increasing TIR
overnight, consistent with the design of the CLC algorithm,
which intensifies control overnight by sliding the target
range down to *110–120 mg/dL. This finding is especially
salient in the adolescent population, where nocturnal and
early morning glycemic control can be challenging due to
changes in growth hormone, which can lead to hyperglyce-
mia, as well as variation in exercise, which can trigger de-
layed hypoglycemia particularly overnight when exercise
has been in the afternoon.19

Effects of CLC in this adolescent and young adult sub-
group are consistent with the magnitude of improvements in
glycemic control reported among older participants 25–71
years old (N = 105) in the overall randomized trial, where TIR
improved from 66% to 76% with CLC compared with 63% to
64% with SAP.15 Thus, our results suggest that this CLC
system has comparable efficacy for 6 months among ado-
lescents and young adults as in older adults.

We are aware of only one other closed-loop randomized
trial of at least 3 months that has reported results in this age
group for comparison with our findings. In a 12-week ran-
domized trial, Tauschmann et al.20 reported among 13–21
years old an improvement from baseline in TIR of 14% using
CLC (N = 11) versus 4% using SAP (N = 8). In the 3-month
Medtronic 670G single-arm study, TIR improved from 60%
at baseline to 67% during follow-up among the 30 adoles-
cents aged 14–21 years.21

Maximizing the proportion of time in automated insulin
delivery mode is critical if closed-loop systems are to deliver
on their promise of improving glycemic outcomes and less-
ening patient burden. Indeed, higher time spent in CLC mode
is correlated with improvements in TIR, lower HbA1c, and
decreased glycemic variability.12,22 Our observed 89% time
in CLC mode, which was maintained over the 26 weeks of the
study, stands in contrast to lower auto mode use described
with the 670G system. In the 670G single-arm trial, median
time in auto mode over 3 months was only 76%.21 Messer
et al. reported an initial auto mode use of 87% declining to
72% by the end of 3 months of 670G use in patients of ages
14–26 years.23 A real-world single-center retrospective study
reported median auto mode time of 38% in pediatric clinic
patients of ages 10–21 years.12

From a safety perspective, there were no instances of se-
vere hypoglycemia in either the CLC or the SAP group.
However, we did note a trend for increased frequency of
hyperglycemia with ketosis in the CLC group due to infusion
set problems. This trend might reflect differences in adverse-
event reporting between the groups, since the insulin pump
used in the CLC group was an investigational device,
whereas many participants in the SAP group were using an
approved personal insulin pump.

An alternative explanation is that the participants in the
CLC group may have become less attentive to hyperglycemia
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symptoms that could have led to a delay in identifying an
infusion set failure. It is important to note that use of a closed-
loop system has the same potential for infusion set failure as
with using an insulin pump without automated insulin de-
livery, and CLC system users like all pump users should be
mindful of the potential for infusion set failure producing
hyperglycemia and ketosis.

Strengths of our study include the 6 months of follow-up
(which is to our knowledge longer than any previous rando-
mized clinical trial (RCT) of closed-loop insulin delivery in this
age group) and the 100% retention of participants. The major
limitation in interpretation of the results is that the study cohort
was not fully representative of the general population of ado-
lescents and young adults with type 1 diabetes. Despite broad
inclusion criteria, most of our study population had high so-
cioeconomic status, most were pump and CGM users before
the study, and baseline HbA1c level on average was better than
that in the general population for this age group. In addition,
study participants may have had more frequent visits and phone
contacts than might be expected outside of a study.

In conclusion, use of CLC for 6 months was substantial and
associated with improved TIR and reduced hypoglycemia in
adolescents and young adults with type 1 diabetes. Thus,
CLC has the potential to improve glycemic outcomes in this
challenging age group.
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