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Abstract

Objective: Artificial pancreas (AP) systems have been shown to improve glycemic control
throughout the day and night in adults, adolescents, and children. However, AP testing remains
limited during intense and prolonged exercise in adolescents and children. We present the
performance of the Tandem Control-1Q AP system in adolescents and children during a winter ski
camp study, where high altitude, low temperature, prolonged intense activity, and stress challenged
glycemic control.

Methods: In a randomized controlled trial, 24 adolescents (ages 13-18 years) and 24 school-aged
children (612 years) with Type 1 diabetes (T1D) participated in a 48 hours ski camp (~5 hours
skiing/day) at three sites: Wintergreen, VA; Kirkwood, and Breckenridge, CO. Study participants
were randomized 1:1 at each site. The control group used remote monitored sensor-augmented
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pump (RM-SAP), and the experimental group used the t: slim X2 with Control-1Q Technology AP
system. All subjects were remotely monitored 24 hours per day by study staff.

Results: The Control-1Q system improved percent time within range (70-180 mg/dL) over the
entire camp duration: 66.4 + 16.4 vs 53.9 + 24.8%; P= .01 in both children and adolescents. The
AP system was associated with a significantly lower average glucose based on continuous glucose
monitor data: 161 + 29.9 vs 176.8 + 36.5 mg/dL; A= .023. There were no differences between
groups for hypoglycemia exposure or carbohydrate interventions. There were no adverse events.

Conclusions: The use of the Control-1Q AP improved glycemic control and safely reduced
exposure to hyperglycemia relative to RM-SAP in pediatric patients with T1D during prolonged
intensive winter sport activities.
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1| INTRODUCTION

The landmark diabetes trial (DCCT) established the association between poor glycemic
control and long-term complications including retinopathy, nephropathy, neuropathy, and
how intensive insulin therapy will reduce these complications. Despite the reduction of
micro-vascular complications, improvement in glycemic control in the DCCT resulted in a
significant increase in severe hypoglycemic episodes especially in children with type 1
diabetes (T1D).2 These concerns continue to this day with an average hemoglobin A1C
(HbA1c) >8% in children 8 and above, reaching 9% by 16 years of age.3 Less than 20% of
youth achieve HbALc levels in target range per current American Diabetes Association
guidelines (HbAlc <7.5%) .45 In addition, about 10% suffer from one or more episodes of
diabetes ketoacidosis (DKA) per year and 6% have one or more severe hypoglycemic events
per year.5

Automated glucose control is a promising approach to regulate glucose and decrease the
burden of diabetes care for the pediatric patients and their parents. An artificial pancreas
(AP) or closed loop system includes a continuous subcutaneous insulin infusion pump, a
continuous glucose monitor (CGM) and a control algorithm that adjusts insulin infusion
frequently (ie, every 5 minutes) based on the data from CGM.” These systems have been in
development for about two decades, with one commercial system currently available in the
United States (Medtronic Minimed 670G), and shown to significantly improve glycemic
control in patients with T1D.8-10

Both inpatient and outpatient trials of AP systems in children have showed efficacy in
glucose control.11-13 In AP studies, despite the increase in time in range (TIR) and the
reduction in hypoglycemia, optimal management following meals and exercise remains
challenging. The impact of exercise on glucose level response varies by age, fitness level,
duration, and the intensity of exercise.1415 Prolonged and intense exercise is often
associated with an increased risk of hyperglycemia and immediate or delayed hypoglycemia.
16 The insulin dosing adjustment (eg, reduction in basal rate) and carbohydrate treatment
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prior to the exercise in free-living condition might not lead to optimal glycemic control
because of the slow absorption rate of current insulin analogs or blunted counter regulatory
hormone responses.1’ Several studies have shown the efficacy and safety of the of AP use in
in the pediatric and adolescent population.18-20 There are multiple approaches to the specific
management of physical activity by these systems that will assist the insulin dosing
modulation; including bi-hormonal (insulin and glucagon) closed loop systems, or exercise-
informed control algorithms by using heart rate monitor, accelerometer and exercise
announcement.21-27

Several of the distinctive features of winter sport activities lead to especially challenging
glycemic control including an increase in glucose uptake, depletion in muscle glycogen,
variable oxygen consumption, stress, fear, elevated altitude, and cold temperature. The AP
system developed at the University of Virginia was challenged previously in a series of ski
and summer camps where physical activity and meal sizes are greater than usual, and the
controller was shown to improve the glycemic control and reduced exposure to
hypoglycemia in adolescent participants.20:28:29 |n these previous studies, the AP system
consisted in an Android smartphone (DiAs platform, UVA) running the algorithm, linked to
a G4 505 CGM (Dexcom, San Diego) and either a Combo Spirit (Roche, Mannheim,
Germany) or t: slim (Tandem, San Diego) insulin pump. 24 hours/day remote monitoring
was available through the DiAs Web Monitoring cloud system.

The present randomized control study is the first pediatric study of the UVA/TypeZero
algorithm on-boarded onto the Tandem T:slim X2 pump integrated with the Dexcom G6
CGM. The trial was conducted in three winter/ski camp environments (the first in
Wintergreen, VA, at an elevation of 1071 m, the second in Breckenridge, CO, at an altitude
of 2960 m, and the third in Kirkwood, CA, at an elevation of 2400 m). This study aimed to
show the superiority of closed-loop control using the t:slim X2 with Control-1Q Technology,
(Control-1Q) and assess usability in a supervised setting in a controlled environment
compared to current state-of-the-art Sensor-Augmented Pump (SAP) therapy for the
treatment of T1D in adolescents (13-18 years old) and school-aged children (6-12 years
old) and to challenge the different components (algorithm, pump, CGM) of the system. Both
the Control-1Q group and the SAP group were remotely monitored by study staff using the
Dexcom Share app.

1.1| Research design and methodss

We completed a multicenter, randomized controlled clinical trial (clincialtrial.gov ) designed
to assess if t:slim X2 with Control-1Q Technology can safely improve time spent in target
range during prolonged outdoor winter sports (48-hours ski camp). The research protocol
was approved by the Food & Drugs Administration (IDE G170267), UVA, the University of
Colorado and Stanford University institutional review boards. Study participants and their
parent(s) signed consent/assent prior to enroliment.

1.1.1| Devices and systems—As described earlier, the experimental AP Group used
the Tandem t: slim X2 with Control-1Q Technology (Tandem Diabetes Care, San Diego,
California) which was integrated with the Dexcom G6 CGM (Dexcom, San Diego,

Pediatr Diabetes. Author manuscript; available in PMC 2019 September 01.


http://clincialtrial.gov

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ekhlaspour et al.

Page 4

Callifornia).28 The control SAP group used their home insulin pumps; pumps used included
the Tandem t:slim (N = 9), the Insulet Omnipod (N = 4), a variety of Medtronic pumps (N =
7, 670G, 530G, revel, Paradigm, 751), and the Animas Ping (N = 4); automated insulin
modes (AP, predictive low glucose suspend, and threshold low glucose suspend) were
deactivated during the study. All participants were fitted with a Dexcom CGM G5
continuous glucose monitor with share capability with minimum calibration before breakfast
and dinner (7:00 am and 7:00 pm) using a study-provided blood glucose meter (BGM)
(ContourNext Link; Ascencia Diabetes Care, Parsippany, New Jersey); therefore, AP group
participants were asked to wear two different CGMs. Participants also wore physical activity
(PA) trackers (Fitbit Charge HR; Fitbit, San Francisco, CA); PA data were collected after the
study completion and not used by the Control-I1Q system.

The study was split into two sequential phases (Figure 1). All participants were between 13
and 18 years old in phase 1 and between 6 and 12 years old in phase 2, and had a clinical
diagnosis of T1D, were insulin-treated for at least 1 year, and were on insulin pump
treatment for at least 3 months. Exclusion criteria included a recent history of severe
hypoglycemia or diabetes ketoacidosis (within the last 6 months), requiring long-acting or
any noninsulin anti-diabetic medications, pregnancy, active renal or cardiac illness, and
history of altitude sickness.

All of the insulin pump parameters were reviewed by the camp medical team and
adjustments were made to address the increase in physical activity that occurred during the
study. There was an initial 120% to 20% reduction in insulin dosing upon arriving at camp for
participants in both groups. If significant hypoglycemia was observed, further reduction of
total insulin was made on the following day. Meal boluses for both groups were computed
using personal settings and were supervised by the study staff. Insulin pump infusion sets
were systematically changed at camp onset, and locations on body varied based on the
subject’s preference.

Study participants were divided into two equal groups at each site, half using SAP, and half
Control-1Q. Using a randomized block design, the eligible participants were assessed and
put in blocks of two according to age and HbA1c, if an identical match was not possible the
closest in age and HbA1c value were paired and then randomized. The members of each
block were then randomly assigned, one to each of the two treatment groups.

Closed loop control mode was initiated on the Tandem pump once a CGM value was
available, and a confirmatory blood glucose measurement (BGM) was between 80 and 300
mg/dL.

All the camp’s recreational activities were managed by “Riding on Insulin”with study staff
supervision. “Riding on Insulin” (www.ridingoninsulin.org) is a non-profit organization
specialized in engaging the pediatric T1D population in skiing and snowboarding.

1.1.2| Remote monitoring and safety protocols—During system use (both phase 1

and 2), participants in both groups were remotely monitored in real time by the study staff
including a study physician using the Dexcom G5 share/follow system. They had immediate
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access to medical and technical personnel. Notifications were set for CGM readings below
80 mg/dL during the day and 70 mg/dL at night or above 300 mg/dL to alert study staff of
the need for treatment or BGM confirmation. During Phase 2, considering the younger age
of the participants, the upper threshold alert was reduced to 250 mg/dL.

Participants performed confirmatory BGM before each meal, snack and 30 minutes prior to
the activity. A minimum of 100 mg/dL prior to skiing was required, and non-insulinized
carbohydrates were consumed if this condition was not met. The management of hyperand
hypoglycemia was based on standardized protocol glycemic treatment guidelines (see
protocol in Appendix S1).

During skiing, one or two study staff were assigned to each group with access to cellphones
to monitor up to five campers on the mountain. Concurrent monitoring was conducted at a
central location inside of the resort where study stuff was monitoring all the campers using
the transmission from each participant’s Dexcom G5 CGM.

Following the completion of the ski camp, the participants of the Stanford University and
Barbara Davis Center sites continued the study at home for 72 hours using either the
Control-1Q or SAP therapy. The results are reported in a separate manuscript.30

1.1.3| Outcomes and statistical analysis—All glycemic outcomes were calculated
based on the Dexcom G5 CGM readings. The primary outcome was the percent time spent
between 70 and 180 mg/dL. The secondary outcomes were derived from published
guidelines3!: percent time spent <70, <60, and < 54 mg/dL, percent time spent >180, and >
250 mg/dL, percent time spent between 70 and 150 mg/dL overnight (11 pm—7 Am), percent
time spent between 70 and 180 mg/dL during the day (7 am—11 pm), as well as total amount
of CHO treatments. Outcomes were reported in segments of the day: daytime (7:00 am to
11:00 pm), overnight (11:00 pm to 7:00 am), and ski (9:00 am to 12:00 pm and 1:00 pm to 4:00
PM).

Primary statistical analysis between treatment groups was performed using univariate
analysis of variance (ANOVA) with the treatment mode and age group as fixed factors.
Years since diagnosis, weight, and activity (measured as average heart rate) were included as
covariates to the analysis. Outcomes are reported as mean + SD. For outcomes too skewed
for ANOVA analysis (eg, percent time below 60 mg/dL) we compared median between
groups and reported median (quartiles). ~- value <0.05 was considered significant. The
statistical analysis was performed in SPSS 23 (IBM), and data formatting and preparation
were conducted in Matlab 2018a (Mathwork).

1.2| Results

1.2.1| Subjects—In total, 54 subjects were enrolled across three sites, and 48
participated and completed the study in three sites (24 in UVA, 12 in Colorado and 12 at
Stanford). One subject signed consent but did not meet eligibility criteria (no history of
pump use), and five subjects left the study after a change in the Stanford camp dates due to
blizzard cancellation. Table 1 lists baseline data for the 48 participants who completed the
study. The average age was 12.3 + 3.2 years with a range of 7 to 17 years old that included
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two groups of school-aged children (6—12 years) and adolescents (13-18 years). The
baseline HbA1C was 7.8% * 1.1%. There was no significant difference between any of these
variables between Control-1Q and SAP groups in each site.

The Control-1Q group spent 94% of time in closed loop (22 hours and 34 minutes/day) with
minimal connectivity issues mainly due to offline CGM (3.8% or 54 minutes/day); all other
causes (eg, CGM warmup, manual disconnect, cold alerts, maximum delivery condition,
etc.) accounted for the remaining 2.2%, or 32 minutes/day. For Ap group participants, the
G5 and G6 sensors did disagree significantly (Precision Absolute Relative Deviation, PARD,
of 11.4%, or an average absolute deviation of 16.0 mg/dL), especially the first 24 hours
(PARD = 14%, equivalent to an average absolute deviation of 20.2 mg/dL).

1.2.2 | Adverse events—Data for three participants were excluded. For one subject, a
software error resulted in prolonged AP system downtime. The error was identified during
the data analysis of phase 1 and was resolved by a software update prior to phase 2; no
glycemic adverse events, % < 70 = 1%, TIR = 34.5%. For a second subject, repeated pump
occlusions resulted in prolonged system downtime; no glycemic adverse events, % < 70 =
0%, TIR = 43.1%. For the third subject, the Tandem pump was initialized with a sibling’s
pump settings resulting in strongly biased results; no glycemic adverse events, % < 70 =
7.05%, TIR = 88.4%. There were four participants in phase 2 whose pumps were found to
have an error in the software causing the initial total insulin dose estimation to be 50% of the
value entered by the user. The error was found following the completion of the study. The
data for these participants were included in the data analysis, as the impact on system
function was judged to be minimal, and any impact would bias the results to the null
hypothesis. There were no episodes of severe hypoglycemia in any participants.

1.2.3| Glycemic outcomes—uUse of the Control-1Q system was associated with a
significant increase (12%, or ~3 hours) in percent time-in-range (70-180 mg/dL) over the
entire camp duration (66.4 £ 16.4 vs 53.9 * 24.8% [Control-1Q vs RM-SAP], £=.010), as
depicted in Figure 2. Of note 5 out of 12 participants in RM-SAP group had no
hypoglycemia with sub-optimal TIR. The difference between the two groups was more pro-
found (28%) during the night 78.6 £ 20.3 vs 50.9 + 34.2%, £=.001. The Control-I1Q system
was associated with a significantly lower average glucose based on CGM data: 161 + 30 vs
177 + 37 mg/dL, P=.023. The reduction in average overnight glucose was even more
significant (143 £ 36 vs 175 + 53 mg/dL, P=.005, Figures 2 and 3).

There was no difference between groups for the average time in hypoglycemia (<70 mg/dL)
2% [0.5-3.8] vs 0.8% [0-3.7], not significant (ns). The total amount of carbohydrate
treatments for hypoglycemia (Control-1Q: 45.5 £ 27.8 vs RM-SAP: 57.7 + 57.8 g) and the
number of treatments were similar in both groups (Control-1Q: 2.8 £ 1.5 vs RM-SAP: 3.2

+ 2.4). The Control-1Q system was also associated with a 15% reduction in time spent with
hyperglycemia (>180 mg/dL) 31.4 + 17.6% vs 43 + 24.5%, P = .015. This reduction was
more than doubled overnight 18.2 + 21.4% v.s. 44.5 + 36.9%, P = .001. The exposure to
significant hyperglycemia (>250 mg/dL) was reduced in the Control-1Q group by 5.6%: 10.4
+11.4% vs 16 = 13.6% P = .059 with no significant overnight difference: 5.3 + 13.5% vs
13.2 £ 19.0%. The mean total daily amount of insulin was not different between groups.
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1.2.4| The interaction between age group and glycemic control—Glycemic
control was similar in the two age groups of the participants (6—12 years old vs 13-18 years
old). The glycemic outcomes during the experiment, contrasting the two age groups are
presented in Table 2. In summary, the increase in overall percent TIR (70-180 mg/dL) using
Control-1Q was significantly greater in adolescents: 73.5 = 8.4% vs 50 .0 + 26.8%, than in
younger children: 59.9 + 19.5% vs 57.7 + 23.1%, P=.024. This difference was mainly
driven by daytime control 68.9 £ 11.1% vs 50.0 £ 27.3%; younger children: 56.4 + 22.7% vs
59.6 + 22.3%, P=.042, and potentially, but not significantly, overnight: adolescents: 87.3
+10.8% vs 49.9 £ 35.6%; younger children: 70.6 = 24% vs 52 + 34.3%, P=.065. Exposure
to hyperglycemia >180 mg/dL was decreased more significantly in adolescents 22.9 + 8.2%
vs 45.5 £ 26.7%, than in younger children 39.0 + 20.5% vs 40.5 £ 23.1%, P=.025. This
was similar for percent time > 250 mg/dL and > 300 mg/dL; P=.017, and P=.034,
respectively. The reduction in the average CGM between the Control-1Q and SAP groups
was also greater for the adolescents (— 35 mg/dL) than for the younger children (= 5 mg/dL),
P=.016. There was a similar pattern for day vs night time (Figure 3).

2| DISCUSSION

In this multicenter randomized controlled trial, t:slim X2 with Control-1Q Technology safely
improved glycemic control specifically time in range (70-180 mg) during day and night in
both adolescents and younger children and after controlling for a participant’s age group.
The system decreased the average CGM and exposure time to hyperglycemia more
significantly in adolescents compared to younger children. Overnight improvements in
glycemic control based on time in range and average CGM was significant for both age
groups.

These findings occurred despite prolonged exercise, cold temperatures, and high altitude.
There was a high level of remote monitoring in the SAP group, which was necessary for
patient safety, and the insulin pump settings were reduced by 20% for exercise in younger
children. This was similar in both Control-1Q and SAP groups and may have biased the
results towards better control for the SAP group. Carbohydrate treatments for hypoglycemia
are likely to have been more frequent and prompt in both Control-1Q and SAP groups due to
remote monitoring. We intentionally choose a control group which would be most
challenging for the Control-1Q system to demonstrate an advantage, that is, a control group
using sensor augmented pump therapy32 when only about 11% of patients with T1D are
using CGM and insulin pumps to manage their diabetes,33 and few of these experience the
degree of constant surveillance that occurred in our clinical trial.

The Control-1Q system functioned similarly to SAP in the reduction of time hypoglycemic
and the amount and the number of carbohydrate treatments when the participants were
monitored. Patients with T1D are at risk of nocturnal hypoglycemia following afternoon
exercise due to increased metabolic demands and blunted counter-regulatory hormones.10
Prolonged exercise in an environment with cold temperature and high altitude make
glycemic control even more challenging. Tandem t:slim X2 with Control-1Q Technology
improved time in range by approximately 4 hours over the entire ski camp duration. The
system has been proven to be safe and efficacious in improving time in range without a
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significant increase in hypoglycemia exposure during intense continuous activity. The only
other study that tested a closed loop system during winter sports was published by this group
and showed that the CLC system (DiAs system connected to t-slim or Roche insulin pumps)
decreased time with hypoglycemia during the daytime, and overnight exposure to
hypoglycemia was most decreased with beginner skiers compared to advanced skiers. In that
study, the University of Virginia (UVA) AP system increased time in range by about 1.5
hours during camp duration.28 The current trial is unique in testing an artificial pancreas
system in the younger children (younger than 12 years old) during winter sports.

Although not in a ski camp setting, there have been other closed-loop studies in prepubertal
children and adolescents in supervised outpatient settings which provided physical activity.
For 30, 5 to 9 year old patients used the DiAs system in a camp setting, there was a
significant reduction in exposure to hypoglycemia (both overall and overnight) at the
expense of a reduction in time-in-target, and increase in average CGM.34

In another randomized, crossover trial, the AP system resulted in increased time in range
(73% vs 47%) with no significant change in time with hypoglycemia in 12 children with
T1D age 5 to 8 years using the DiAs system.3° In a 48 hour randomized cross-over study in
24 children 5 to 9 years old using either the DiAs system (CL) or a low glucose suspend
system (LGS), there was a significant improvement in both overall mean CGM (160.2 in CL
vs 180 mg/dL in LGS) and time in range (63.8 in CL vs 48.5% in LGS) with no significant
reduction in hypoglycemia.36 In another camp study by Ly et al testing the DiAs system in
10 to 20 year old participants time in range improved during closed loop at 92% vs 80%
during SAP (P =.022).20 Using the same system in adolescents increased the time in range
from 65.4% to 78.6% and decreased in percent time < 70 mg/dL from 4.2% to 1.8%.2°

In randomized, crossover 5-day camp studies, both younger children (aged 6-11 years) and
adolescents used a bi-hormonal closed loop system (insulin and glucagon) that was
associated with a lower mean CGM glucose in both groups.19:37

Our study had some limitations: We included the data for four subjects in the analysis whose
pumps initial estimated total daily dose was not correct because of an error in the software.
However, the significant improvement in the primary outcomes was shown using the CLC
system despite these four systems potentially under-delivering insulin in these four
participants. Our ski camp study confirmed the results of two of the previous studies testing
the DiAs system in pre-pubertal children.3536 The only study testing a CLC system during
ski camp by this group resulted in significant improvement in both time in range and
hypoglycemia in an adolescent cohort.28 Both groups were supervised remotely through
CGM by a physician. The remote monitoring might have improved the glycemia compared
to real world control.

In conclusion, during a winter camp and intensive outdoor activities using DiAs algorithm in
a Tandem t: slim X2 with Control-1Q Technology in prepubertal children and adolescents
improved time in range and decreased average glucose. Future studies using CLC
technology during challenging activities without remote monitoring in patients with T1D are
necessary to move this field forward.
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Phase 2: 6-12 years old

screening

randomization

Experimental gpe
(AP) N=12. T:slim
X2 with ControllQ

Control group
(RM-SAP) N=12.
CGM insertion

~78h home use.
Parental remote
monitoring

~ 78h home use.
Parental remote
monitoring

Devices returned to clinic & 48h follow up

Study design. There was remote monitoring by a physician 24 hours per day. Each skiing
group of four to five campers was led by one riding on insulin instructor and followed by a

study team member
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Plots showing the glycemic control outcomes (percent time < 70 mg/dL and time in target

10
% < 70 mg/dL

range) and the confidence intervals in two arms (Control-1Q and RM-SAP), each participant

identified as circles
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FIGURE 3.
Glycemic control as represented by mean (plain and dotted line) and quartiles (gray

envelopes) of CGM values during the day for both RM-SAP (light gray and dotted line) and
Control-1Q (dark gray and plain line). The glucose traces are aligned with the average hourly
increase in heart rate (compared to resting heart rate, right axis), without group contrast
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