Diabetes Care Volume 44, February 2021

473

O

Extended Use of the Control-1Q
Closed-Loop Control System in
Children With Type 1 Diabetes

Diabetes Care 2021;44:473-478 | https://doi.org/10.2337/dc20-1729

OBJECTIVE

To further evaluate the safety and efficacy of the Control-IQ closed-loop control
(CLC) system in children with type 1 diabetes.

RESEARCH DESIGN AND METHODS

After a 16-week randomized clinical trial (RCT) comparing CLC with sensor-
augmented pump (SAP) therapy in 101 children 6-13 years old with type 1
diabetes, 22 participantsin the SAP group initiated use of the CLC system (referred to
as SAP-CLC cohort), and 78 participants in the CLC group continued use of CLC (CLC-
CLC cohort) for 12 weeks.

RESULTS

In the SAP-CLC cohort, mean percentage of time in range 70-180 mg/dL (TIR)
increased from 55 + 13% using SAP during the RCT to 65 + 10% using CLC (P <0.001),
with 36% of the cohort achieving TIR >70% plus time <54 mg/dL <1% compared with
14% when using SAP (P = 0.03). Substantial improvement in TIR was seen after the
1st day of CLC. Time <70 mg/dL decreased from 1.80% to 1.34% (P < 0.001). In the
CLC-CLC cohort, mean TIR increased from 53 = 17% prerandomization to 67 = 10%
during the RCT and remained reasonably stable at 66 = 10% through the 12 weeks
post-RCT. No episodes of diabetic ketoacidosis or severe hypoglycemia occurred in
either cohort.

CONCLUSIONS

This further evaluation of the Control-1Q CLC system supports the findings of the
preceding RCT that use of a closed-loop system can safely improve glycemic control
in children 6-13 years old with type 1 diabetes from the 1st day of use and
demonstrates that these improvements can be sustained through 28 weeks of use.

The Control-IQ closed-loop control (CLC) system, consisting of an insulin pump
(t:slim X2 insulin pump with Control-IQ Technology; Tandem Diabetes Care, San
Diego, CA) and a continuous glucose monitor (CGM) (Dexcom G6; Dexcom, San Diego,
CA), has been approved by the U.S. Food and Drug Administration for clinical use in
patients with type 1 diabetes =14 years old. Approval was based on the results of a
26-week randomized clinical trial (RCT) that demonstrated efficacy and safety, with an
improvement of 11% in time in time in range 70-180 mg/dL (TIR) with CLC compared
with sensor-augmented pump (SAP) therapy, and significant reductions in CGM-
measured hyperglycemia, hypoglycemia, and glycemic variability, and in HbA,. (1).

We conducted a second RCT in 101 6- to 13-year-olds and similarly found this CLC
system to be safe and effective, with animprovement in TIR of 11% over 16 weeks with
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CLC compared with SAP (2). No episodes
of diabetic ketoacidosis or severe hypo-
glycemia occurred in either group. To
further assess the safety and efficacy of
the system in this age range, the study
was designed with a 12-week extension
phase in which the SAP group in the RCT
initiated the CLC system and the CLC
group continued to use the system with
reduced study contact, the results of
which are reported herein.

RESEARCH DESIGN AND METHODS

This study was conducted at four pe-
diatric diabetes centers in the U.S. The
protocol was approved by a central
Institutional Review Board (Tampa, FL),
written informed consent was obtained
from the parent or guardian of each
participant, and assent was obtained
from each participant when applicable.
An Investigational Device Exemption was
approved by the U.S. Food and Drug
Administration. An independent Data
and Safety Monitoring Board provided
study oversight. The protocol is available
at nejm.org, and details are provided on
clinicaltrials.gov (NCT03844789). Key as-
pects of the protocol are described herein.

The randomized trial included 101 par-
ticipants age 6-13 years old with type 1
diabetes for at least 1 year. Before en-
tering the RCT, 20% used multiple daily
injections and 80% a pump for insulin
delivery, and 92% were using a CGM.
HbA,. ranged from 5.7 to 10.1% (mean
7.7 = 1.0%; 40% with HbA;. =8.0%).
Participants were randomly assigned 3:1
to use the CLC system (consisting of a
Tandem t:slim X2 insulin pump with
Control-IQTechnology and a Dexcom G6
CGM) or SAP for 16 weeks. The RCT was
completed by 100 of the 101 participants.

After the 16-week randomized trial,
the 100 participants completing the RCT
entered an extension phase and were
monitored for an additional 12 weeks
for atotal of 28 weeks of follow-up. In this
phase, 22 participants in the RCT SAP
group initiated use of the CLC system
(referred to as SAP-CLC cohort), and
78 participants in the RCT CLC group
continued use of CLC (CLC-CLC cohort).

During the extension phase, the SAP-
CLC cohort had a study contact schedule
similar to the CLC-CLC cohort in the RCT
phase with phone contacts after 1, 3, 5,
and 9 weeks and visits after 7 and
12 weeks. For the CLC-CLC cohort, study

contacts were reduced in the extension
phase to phone contacts after 4 and
8 weeks and a single visit at 12 weeks
(28 weeks from randomization). Pump,
CGM, blood glucose meter, and ketone
meter data were downloaded and re-
viewed at each visit. HbA; . was measured
at the beginning and end of the RCT
(which served as the extension phase
baseline) and at the end of the extension
phase by a central laboratory at the
University of Minnesota Advanced Re-
search and Diagnostic Laboratory. Patient-
reported outcomes questionnaires were
completed at the beginning and end of
the RCT and at the end of the extension
phase and will be reported separately.
The 10-item System Usability Scale was
completed at the end of the extension
phase by parents and by participants
10 years and older.

Reportable adverse events included
serious adverse events, adverse events
occurring in association with a study
device or procedure, severe hypoglyce-
mia (defined as hypoglycemia requiring
assistance due to altered consciousness),
diabetic ketoacidosis as defined by the
Diabetes Control and Complications Trial
(3), or hyperglycemia with ketonemia
for which a health care provider was
contacted.

Statistical Analysis

Outcomes included CGM metrics and
HbA;.. CGM-measured outcomes were
calculated by pooling data at RCT baseline
(14 days before randomization), weeks 1—
16 (RCT), and weeks 17-28 (extension
phase).

A paired t test, signed rank test, or the
McNemar test, as appropriate, was used
to evaluate the change in each outcome
between the RCT and the extension
phase separately in each cohort. P values
are two-sided and have been adjusted for
multiple comparisons to control the
false discovery rate using the adaptive
Benjamini-Hochberg procedure (4). All
analyses were conducted on available cases
only. Analyses were conducted with SAS
9.4 software (SAS Institute, Cary, NC).

RESULTS

The age range of the 100 participants at
the start of the extension phase was 6-14
years; characteristics of the two cohorts
are shown in Supplementary Table 1. The
extension phase was completed by all
22 of the SAP-CLC cohort (100%; used
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SAP during the RCT and initiated CLC in
the extension phase) and by 76 of 78 of
the CLC-CLC cohort (97%; used CLC in
both the RCT and extension phase)
(Supplementary Fig. 1). None of the
SAP-CLC cohort and 2 of the CLC-CLC
cohort had at least one unscheduled
visit, and 7 (32%) and 33 (42%), re-
spectively, had at least one unsched-
uled phone contact (Supplementary
Table 2).

SAP-CLC Cohort

Amongthe 22 participantsinthe SAP-CLC
cohort, mean TIR increased from 55 *+
13% during the 16-week RCT to 65 + 10%
during the extension phase (mean change
from baseline 9.7% *= 6.2%, P < 0.001)
(Table 1). The treatment effect was evi-
dent on the 1st day of CLC use and
remained consistent over the 12 weeks
of follow-up (Fig. 1). Daytime (6 Am-12
midnight) mean TIR was 56% = 14% during
the RCT vs. 61 = 11% during the extension
phase, and nighttime (12 midnight—6 am.)
was 54% * 16 vs. 75% *+ 13%, respectively
(Supplementary Table 3). Time <70 mg/dL
was low at baseline (median 1.80%) but
nevertheless significantly decreased to
1.34% during follow-up (median change
from baseline —0.62%, P < 0.001). Sig-
nificant reductions from baseline were
seen in all hyperglycemia metrics and
most hypoglycemia metrics (Table 1).
Over the 12-week extension, 8 partici-
pants (36%) had both TIR >70% plus
time <54 mg/dL <1% compared with
3 (14%) during the 16-week RCT (P =
0.03).

Mean HbA;. was 7.6 = 0.9% at the start
of the extension phase (i.e., the end of the
RCT) and 7.3 = 0.7% at the end of the
12-week extension phase. The percentage
of participants with an HbA. level <7.5%
was 45% at the start of the extension phase
and 62% at the end of the extension phase
(Supplementary Table 4).

CLC-CLC Cohort

Among the 78 participants in the CLC-CLC
cohort, mean TIR increased from 53 =
17% at RCT baseline (prerandomization)
to 67 £ 10% during the 16-week RCT and
remained reasonably stable at 66 = 10%
through the 12-week extension phase
(Table 2 and Fig. 1), although statistically
this represented a small decrease (change
in mean TIR from the RCT to the exten-
sion phase of —1.7% = 3.8%, P < 0.001).
Daytime (6 Am-12 midnight) mean TIR
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Table 1—Overall CGM-measured outcomes in the SAP-CLC cohort

Change from RCT P valuet extension

RCT baseline* RCT follow-up Extension phase follow-up to extension phase follow-up vs.
(n = 23) (n = 22) follow-up (n = 22) follow-up (n = 22) RCT follow-up
Hours of CGM data 311 *+ 23 2,609 + 128 1,981 = 86 = =
Glucose control
Percent TIR 70-180 mg/dL 51 = 16 55 = 13 65 = 10 9.7 £ 6.2 <0.001
Percent TIR 70-140 mg/dL 31 =+ 14 35 £ 11 42 = 8 75 =56 <0.001
Mean glucose (mg/dL) 189 * 34 179 * 26 167 = 18 —12.1 = 11.6 <0.001
Glucose coefficient of variation (%) 38 + 4 39 + 4 38 £ 4 —-1.1 * 32 0.12
Glucose SD (mg/dL) 71 £ 16 70 £ 13 64 + 12 —6.5 £ 6.0 <0.001
Hyperglycemia
Percent time >180 mg/dL 47 = 17 43 = 14 34 = 10 —9.0 £ 6.6 <0.001
Percent time >250 mg/dL 20.7 (12.4-32.6) 18.4 (9.4-24.6) 10.1 (6.3-15.8) —5.2 (—10.3 to —2.3) <0.001
Percent time >300 mg/dL 8.0 (2.5-15.0) 6.8 (2.9-11.2) 3.5 (1.8-6.6) —3.0 (—4.6 to —0.9) <0.001
High blood glucose index 125 £ 6.1 10.8 £ 4.5 8.3 £ 3.2 —25* 20 <0.001
Rate of hyperglycemia events per
week (>300 mg/dL)$ 7.1 (2.1-10.5) 5.6 (3.4-8.1) 3.0 (2.1-5.1) —1.6(—3.2to —1.2) <0.001
Hypoglycemia
Percent time <70 mg/dL 1.03 (0.25-2.14)  1.80 (1.13-3.04) 1.34 (0.92-1.95) —0.62(—1.20to —0.05) <0.001
Percent time <54 mg/dL 0.08 (0.00-0.30) 0.29 (0.12-0.62)  0.25 (0.12-0.41) —0.05 (—0.21-0.02) 0.04
Low blood glucose index 0.35 (0.18-0.68)  0.55 (0.41-0.92)  0.48 (0.34-0.58) —0.17 (—0.29to —0.01) <0.001
Rate of hypoglycemia events per
week (<70 mg/dL)§ 2.1 (0.6-4.6) 4.0 (2.9-6.4) 2.9 (2.8-4.1) —1.0 (—2.4 to —0.1) <0.001
Rate of more severe hypoglycemia
events per week (<54 mg/dL)| 0.0 (0.0-0.6) 0.6 (0.1-1.0) 0.4 (0.2-0.8) —0.1 (—0.4 to 0.1) 0.06
Meeting target, n (%)
TIR 70-180 mg/dL >70% 3 (13) 3 (14) 8 (36) NA 0.03
TIR 70-180 mg/dL >70% plus
time <70 mg/dL <4% 2 (9) 3 (14) 8 (36) NA 0.03
TIR 70-180 mg/dL >70% plus
time <54 mg/dL <1% 3 (13) 3 (14) 8 (36) NA 0.03

Data are presented as mean = SD, median (IQR), or as indicated otherwise. NA, not applicable. *RCT phase baseline is defined as the 14 days before
randomization. TP values from a paired t test, Wilcoxon signed rank test, or McNemar test, as appropriate. P values were adjusted to control the
false discovery rate. At least 15 consecutive minutes >300 mg/dL. §At least 15 consecutive minutes <70 mg/dL. ||At least 15 consecutive

minutes <54 mg/dL.

was 53% + 17% at RCT baseline, 63% *
11% during the RCT, and 61% *+ 11%
during the extension phase, and night-
time (12 midnight—-6 am.) was 54% =
20%, 80% * 9%, and 79% * 11%, re-
spectively (Supplementary Table 5). Me-
dian time <70 mg/dL was 1.2% at RCT
baseline, 1.57% during the RCT, and
1.50% during the extension phase.

The percentage of participants with
both TIR >70% plus time <54 mg/dL
<1% was 16% at RCT baseline, 44% during
the RCT, and 33% during the extension
phase (Table 2). The percentage of par-
ticipants with TIR >70% was 16% at RCT
baseline, 47% during the RCT phase, and
36% during the extension phase. There
were 13 participants who met the target
TIR of >70% in the RCT but not in the
extension phase. Among these 13 partic-
ipants, the changes in TIR from the RCT to
the extension phase were small. The me-
dian change was —3.6%, ranging from

—6.7% to —1.1%, with 11 of 13 having a
decrease <5% and the lowest TIR being
65.1%. Of 21 participants with TIR >70%
during daytime in the RCT, 6 had TIR =70%
in the extension as did 3 of 65 overnight.

Mean HbA,. was 7.6 = 1.0% at ran-
domization, 7.0 = 0.8% at the end of the
16-week RCT, and 7.2 £ 0.9% at the end
of the 12-week extension phase. The per-
centages of participants with HbA;. <7.5%
were 45%, 74%, and 63%, respectively
(Supplementary Table 6). Eleven partici-
pants with HbA,. <7.0% at the end of the
RCT had an HbA . level =7.0% at the end of
the extension phase. Among these 11 par-
ticipants, median HbA,. at the end of the
extension phase was 7.1%, with 7 of the
11 having an HbA;. =7.1% and the
highest HbA,. being 7.8%. All of these
participants whose baseline (pre-RCT)
HbA;. was =7.0% had a reduction in
HbA;. from the RCT baseline to the
end of the extension phase.

Glucose Monitoring and Closed-Loop
System Use

In both cohorts, all participants were still
using the closed-loop system at the end
of the 12 weeks (which equated to
28 total weeks for those in the CLC-CLC
cohort). Median percentage of CGM use
over the 12 weeks of the extension phase
was 97% (interquartile range [IQR] 95—
98%) in both cohorts (Supplementary
Table 7). Median percentage of time the
system was in closed-loop mode over
the 12 weeks of the extension phase was
94% (IQR 92-95%) in the SAP-CLC cohort
and 94% (IQR 92-96%) in the CLC-CLC
cohort (Supplementary Table 8). The Sys-
tem Usability Scale survey showed a high
degree of satisfaction with the closed-
loop system by both parents and the
children 10 years and older: 90% of
parents and 87% of children 10 years and
older across both cohorts agreed or strongly
agreed that they would like to use the
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Figure 1—A: Box plots of TIR 70-180 mg/dL by 4-week period. B: Box plots of TIR 70-180 mg/dL by
day in the week after initiation of the closed-loop system.

CLC system frequently (Supplementary
Tables 9 and 10 and Supplementary Fig.
2).

Participants performed a median of
0.17 (IQR 0.06-0.50) finger stick blood
glucose measurements per day in the
SAP-CLC cohort and 0.20 (IQR 0.05-0.48)
inthe CLC-CLC cohort during the 12-week
extension phase.

Safety and Other Outcomes

There were no diabetic ketoacidosis or
severe hypoglycemia events in either
cohortduring the extension phase. Of the
100 participants, 8 reported a total of
10 adverse events. All reported events
were related to hyperglycemia with or
without ketosis, with eight due to a pre-
sumed pump infusion set problem, one
due to loss of CGM connectivity and
insufficient insulinin the pump, and one
duetoillness (Supplementary Table 11).

Evaluation of uploaded study ketone meters
showed that a blood ketone level =1.0
mmol/L occurred on 16 (0.08%) of 20,150
days, not all of which were reported as an
adverse event.

Insulin and BMI data are provided in
Supplementary Tables 12 and 13.

CONCLUSIONS

The results of this further evaluation of
the Control-IQ CLC system support the
findings of the preceding RCT that the
system is safe and effective forimproving
glycemic control in children age 6-13
years old with type 1 diabetes. The
extension phase included two cohorts. In
the cohort that used SAP in the preceding
RCT (SAP-CLC cohort), mean TIR in-
creased by 9.7% with CLC compared
with SAP. In the cohort that used CLC
in the RCT (CLC-CLC cohort), improve-
ments in TIR observed in the RCT were

Diabetes Care Volume 44, February 2021

maintained through the 12 weeks of
the extension phase, under reduced
monitoring.

The improvement in TIR observed in
the SAP-CLC cohort of 9.7% is consistent
with the treatment group difference
observed in the preceding RCT of 10.7%
for CLC compared with SAP (2). It is
noteworthy that the improvement in TIR
was observed after the 1st day of CLC use
and then was sustained for the 12 weeks,
suggesting that the system can be highly
effective from the time of initiation.
Although the amount of hypoglycemia
was already low at baseline, likely be-
cause most were using an insulin pump
with a predictive low glucose suspend
feature, there nevertheless was a reduc-
tion observed in time <70 mg/dL.

In the CLC-CLC cohort, from a clinical
perspective, TIR was reasonably stable
across the entire 28 weeks of follow-up.
Mean TIR decreased by 1.7% from the
RCT to the extension phase. However,
this change, although statistically sig-
nificant, is far below the threshold of 5%
to be considered clinically meaningful
(5).

No severe hypoglycemia or diabetic
ketoacidosis events occurred in either
cohortin the extension phase. Combined
with the RCT, this represents no events
during 579 person-months of use of the
Control-IQ system.

Use of the CGM and closed-loop mode
was consistently high across follow-up.
There was no drop-off in the CLC-CLC
cohort between the randomized trial and
extension phase. This is reflective of the
high satisfaction with the system reported
by parents and participants on the System
Usability Scale.

There are no other published studies
of this size and length evaluating a CLC
system in this age-group. In a 3-month
study of the Medtronic MiniMed 670G
system in 105 children age 7-13 years
old, Forlenza et al. (6) reported an in-
crease in TIR 70—180 mg/dL from 56% at
baseline to 65% during follow-up, with
median time in auto mode being 81%.
Real-world data on use of the 670G
system in youth have indicated a sub-
stantially lower time in auto mode and
a discontinuation rate of 30% within
6 months (7,8). In a 12-week crossover
trial, Thabit et al. (9) reported higher
overnight TIR using CLC of similar mag-
nitude to that found in our study in
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Table 2—Overall CGM-measured outcomes in the CLC-CLC cohort

Change from RCT follow-up P valuet extension

RCT baseline*  RCT follow-up Extension phase to extension follow-up  phase follow-up vs.
(n = 77) (n = 78) follow-up (n = 78) (n = 78) RCT follow-up
Hours of CGM data 306 * 33 2,637 + 134 1,980 *= 145 = =
Glucose control
Percent TIR 70-180 mg/dL 53 £ 17 67 = 10 66 = 10 —1.7 £ 3.8 <0.001
Percent TIR 70-140 mg/dL 33 £ 15 44 + 10 42 = 11 —1.7 £ 41 <0.001
Mean glucose (mg/dL) 183 = 34 162 * 18 165 * 19 34 £71 <0.001
Glucose coefficient of variation (%) 38+ 5 38 + 4 38 =4 0.0 =+ 1.8 0.83
Glucose SD (mg/dL) 69 + 14 61 £ 11 62 + 11 1.2 £ 45 0.02
Hyperglycemia
Percent time >180 mg/dL 45 * 18 31 £ 10 33+ 11 19 = 38 <0.001
Percent time >250 mg/dL 17.2 (8.6-27.6) 7.8 (5.1-14.3) 9.0 (6.7-15.4) 1.2 (—0.9-2.6) <0.001
Percent time >300 mg/dL 6.3 (1.9-14.2) 2.6 (1.5-5.5) 2.9 (1.8-5.9) 0.4 (—0.4-1.3) 0.003
High blood glucose index 11.5 £ 59 7.5 £ 3.1 8.0 £33 0.5 * 1.2 <0.001
Rate of hyperglycemia events per
week (>300 mg/dL)$ 5.6 (2.2-8.7) 3.0 (1.7-5.2) 3.1 (2.2-5.5) 0.3 (—0.3-1.1) 0.01
Hypoglycemia
Percent time <70 mg/dL 1.20 1.57 1.50 (0.64-2.10) —0.12 (—0.58-0.09) 0.006
(0.50-2.36) (0.79-2.44)
Percent time <54 mg/dL 0.14 0.23 0.18 (0.06-0.39) —0.03 (—0.13-0.02) 0.002
(0.03-0.36) (0.10-0.45)
Low blood glucose index 0.47 0.57 0.48 (0.26-0.63) —0.04 (—0.16-0.02) <0.001
(0.23-0.71) (0.30-0.72)
Rate of hypoglycemia events per
week (<70 mg/dL)§ 3.0 (1.1-5.1) 3.7 (1.7-5.8) 3.4 (1.4-5.2) —0.2 (—1.3-0.3) 0.02
Rate of more severe hypoglycemia
events per week (<54 mg/dL)|| 0.0 (0.0-0.6) 0.5 (0.1-0.8) 0.3 (0.1-0.7) 0.0 (—0.3-0.1) 0.003
Meeting target n (%)
TIR 70-180 mg/dL >70% 12 (16) 37 (47) 28 (36) NA 0.03
TIR 70-180 mg/dL >70% plus
time <70 mg/dL <4% 11 (14) 33 (42) 25 (32) NA 0.06
TIR 70-180 mg/dL >70% plus
time <54 mg/dL <1% 12 (16) 34 (44) 26 (33) NA 0.06

Data are presented as the mean = SD, median (IQR), or as indicated otherwise. NA, not applicable. *RCT phase baseline is defined as the 14 days before
randomization. TP values from a paired t test, Wilcoxon signed rank test, or McNemar test, as appropriate. P values were adjusted to control the
false discovery rate. *At least 15 consecutive minutes >300 mg/dL. §At least 15 consecutive minutes <70 mg/dL. ||At least 15 consecutive

minutes <54 mg/dL.

25 children 6-18 years old with type 1
diabetes.

The strengths of this study include its
multicenter design, high rate of reten-
tion, with 97% of randomized partici-
pants completing the extension study,
and high participant adherence to the
assigned interventions.

However, there are some limitations.
Participants came from a more advan-
taged socioeconomic background, had
more experience with diabetes technol-
ogy, and had better glycemic control at
baseline than would be expected in the
general population of children in this
age-group with type 1 diabetes. Further
studies are needed to evaluate the
system in those with less advantaged
socioeconomic status and those with
poor glycemic control. Additionally, partic-
ipants were monitored for a maximum of
28 weeks on the closed-loop system. It is
still unknown whether the improvements

in glycemic control can be sustained over a
longer term in a real-world setting.

In conclusion, this extension study has
further demonstrated that the Control-
IQ CLC system can safely improve glyce-
mic control in 6-13-year-olds with
type 1 diabetes from the 1st day of
use and that these improvements can
be sustained through 28 weeks of use.
Real-world use data will be valuable to
assess wWhether similar results are achieved
and are maintained for a longer time period.
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