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Abstract

Objective: Physical activity is a major challenge to glycemic control for people with type 1 diabetes. Moderate-
intensity exercise often leads to steep decreases in blood glucose and hypoglycemia that closed-loop control
systems have so far failed to protect against, despite improving glycemic control overall.
Research Design and Methods: Fifteen adults with type 1 diabetes (42 – 13.5 years old; hemoglobin A1c

6.6% – 1.0%; 10F/5M) participated in a randomized crossover clinical trial comparing two hybrid closed-loop
(HCL) systems, a state-of-the-art hybrid model predictive controller and a modified system designed to an-
ticipate and detect unannounced exercise (APEX), during two 32-h supervised admissions with 45 min of
planned moderate activity, following 4 weeks of data collection. Primary outcome was the number of hypo-
glycemic episodes during exercise. Continuous glucose monitor (CGM)-based metrics and hypoglycemia are
also reported across the entire admissions.
Results: The APEX system reduced hypoglycemic episodes overall (9 vs. 33; P = 0.02), during exercise (5 vs.
13; P = 0.04), and in the 4 h following (2 vs. 11; P = 0.02). Overall CGM median percent time <70 mg/dL
decreased as well (0.3% vs. 1.6%; P = 0.004). This protection was obtained with no significant increase in time
>180 mg/dL (18.5% vs. 16.6%, P = 0.15). Overnight control was notable for both systems with no hypogly-
cemia, median percent in time 70–180 mg/dL at 100% and median percent time 70–140 mg/dL at *96% for
both.
Conclusions: A new closed-loop system capable of anticipating and detecting exercise was proven to be safe
and feasible and outperformed a state-of-the-art HCL, reducing participants’ exposure to hypoglycemia during
and after moderate-intensity physical activity. ClinicalTrials.gov NCT03859401.
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Background

People with diabetes are encouraged to engage in
150 min of accumulated physical activity every week,

with no more than two consecutive days without physical
activity.1 However, this recommendation is challenging for
people with type 1 diabetes, in part, because of fear of hy-
poglycemia.2 Among the different types of exercise,
moderate-intensity aerobic exercise poses a major challenge
for glycemic control in this population as it is often associated
with sharp declines in blood glucose (BG) concentration.2

Guidelines for avoiding hypoglycemia suggest either using a
reduced temporary basal insulin rate (e.g., 20%–50%) for up
to 90 min before the commencement of physical activity
and/or consuming fast acting carbohydrates (e.g., 30–60 g/h)
before and during exercise.2,3 Although effective, these ac-
tions contribute to the already high burden of managing
glycemia for people with diabetes, assume foreknowledge of
the activity, and can run contrary to some common purpose of
exercise (e.g., weight loss).

Closed-loop control (CLC), commonly known as the arti-
ficial pancreas (AP), offers a reliable technological solution to
suboptimal glycemic control. CLC systems typically involve
the pairing of a continuous glucose monitor (CGM) and a
continuous subcutaneous insulin infusion pump with dedicated
software (referred to as the control system or controller) em-
bedded in the pump, a handheld computer, or a smartphone.
The controller automatically adjusts the insulin infusion rate
frequently (e.g., every 5 min) based on past CGM values, in-
sulin infusions, and announced meals if available.4 Within the
last few years, two hybrid closed-loop (HCL) (CLC with meal
announcements) systems have been approved in the United
States by the Food and Drug Administration (FDA): the
Medtronic 670 G (September 2016)5 and more recently the
t:slim X2 with Control-IQ (December 2019).6

Despite providing rapid insulin dose modulation to pre-
vailing glycemia, CLC systems remain unable to adequately
protect against physical activity-induced hypoglycemia
without user input.7–9 Currently, investigational exercise-
informed CLC systems rely on CGM and activity trackers to
react as soon as possible to movement and/or steep glucose
declines, but do not automate prospective actions (e.g., in-
sulin reduction in the hour leading to the activity) such as
advised by Zaharieva et al.10 Therefore, we sought to develop
and test a new advanced CLC system that can anticipate
historical exercise patterns, using methods from artificial
intelligence to identify existing exercise behaviors, and
prospectively adjust insulin delivery to improve glycemic
control, without the need to announce the activity hours
ahead. We conducted a randomized crossover clinical trial to
compare, in a supervised environment, the hypoglycemia
protection and glycemic control achieved by such a system
(APEX) and contrasted its performance with a state-of-the-
art HCL system with no exercise-related information.

Research Design and Methods

Study design

A novel CLC algorithm developed at the University of Vir-
ginia and capable of anticipating and detecting habitual exercise
was tested in an open-labeled randomized crossover study and
compared with an uninformed and exercise-naive HCL

(Figure 1). The research protocol was approved by the FDA
(IDE G190016) and the University of Virginia Institutional
Review Board (IRB–HSR 180039). Study participants (18–65
years old) were recruited by phone, advertisement, and using a
database of people who expressed an interest in such clinical
studies. Main inclusion criteria were an existing diagnosis of
type 1 diabetes (>1 year), use of an insulin pump (>6 months),
and hemoglobin A1c (HbA1c) levels £8.6% (70 mmol/mol);
exclusion criteria included a history of diabetic ketoacidosis in
the previous 12 months, pregnancy, and clinically significant
cardiac conditions. After signing informed consent forms,
participants proceeded to a 4-week at-home data collection,
during which they were asked to use a CGM, an insulin pump,
and an activity tracker consistently and to record carbohydrate
intake using their pumps or dedicated smartphone app.

Participants were asked to exercise (moderate-intensity,
target heart rate of 110–140 beats per minute) between 4 and
7 PM, for at least 30 min per day and at least four times per
week (generating an habitual pattern), and were free to follow
any other routines otherwise. CGM, insulin pump, and ac-
tivity tracker data were assessed weekly to ensure data
quality. At the end of the data collection period, participants
engaged in two 32-h admissions under supervised conditions
at a local hotel, using either the APEX or standard HCL
algorithms, in random order. The admissions started at
around 11 AM on day 1 and concluded around 7 PM on day 2;
meals (selected by the participants from a local chain res-
taurant) were provided at 1 and 7 PM on day 1, and at 7 AM
and 1 PM on day 2. Meals were consistent across days and
admissions.

At around 5:30 PM on day 1 and after being transported
from the hotel to the University of Virginia research facility,
participants engaged in three 15-min aerobic, moderate-
intensity, exercise bouts on an elliptical or treadmill machine,
separated by 5-min resting periods. The target heart rate
during exercise was 110–140 beats per minute. Upon com-
pletion, participants were asked to perform quiet activities
until dinner. After dinner, participants were transported back
to the hotel to rest until the next day. On day 2, participants
had their meals and engaged in sedentary activities until
discharge (Fig. 1). This design was chosen to test the addi-
tional protection of anticipating a habitual pattern (day 1
exercise occurring between 4 and 7 PM, mirroring the data
collection period), and the risk of such anticipation in the
absence of exercise (day 2).

Devices/systems

Participants were asked to wear a CGM (Dexcom G6;
Dexcom, San Diego, CA), activity tracker (Fitbit Charge 2;
Fitbit, San Francisco, CA), and their personal insulin pump
during data collection. The participants were asked to insert a
new sensor 24–48 h before each admission. No CGM cali-
bration was required as per the glucose sensor manufacturer’s
guidelines. Upon arrival for each admission, the study staff
ensured that glucose levels were between 70 and 300 mg/dL
and ketone concentration was £0.6 mM using the study ketone
meter (Abbott Precision Xtra, Abbott Diabetes Care, Witney,
United Kingdom); a new infusion set compatible with the
study pump was inserted. Each participant’s CGM system,
admission day activity tracker (SmartBand2; Sony, Tokyo,
Japan), and admission day pump (t:AP2; Tandem Diabetes
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Care, San Diego, CA) were connected to the Diabetes Assis-
tant (DiAs) mobile platform, which consists in a collection of
smartphone applications suited for the implementation and
clinical testing of open-loop and closed-loop glucose man-
agement strategies.11–13 A study glucometer (Contour Next
One; Ascencia Diabetes Care, Parsippany, NJ) was used to
assure patient safety, as required by the study protocol’s gly-
cemic guidelines (Supplementary Data).

All participant-specific controller parameters (e.g., aver-
age basal rate) were reviewed by a study physician before
every admission and parameters were kept consistent for both
admissions. Standard intensive insulin therapy meal boluses
were computed in DiAs using a correction target of
120 mg/dL and the previously reviewed pump parameters
irrespective of the CLC algorithm used with the exception of
the postexercise dinner where APEX further modulated the
meal insulin dose based on prior detected exercise.14,15

Remote monitoring and safety protocols

Participants were monitored during the entire admission by
the study team using the remote Diabetes Web Monitoring
(DWM) system with a study physician available as needed.13

As per protocol, the study team intervened if (1) CGM values
were <60 mg/dL when not exercising or <80 mg/dL during
exercise (any such intervention counted as a hypoglycemia
irrespective of the prevailing glucose value), (2) when CGM
values were >300 mg/dL for more than 1 h or >400 mg/dL at
any time, or (3) when a ketone test was >0.6 mM. All inter-
ventions consisted of a BG or ketone measurement followed, if
necessary, by the application of the safety protocol (see pro-
tocol in Supplementary Data). In addition, interventions could
be requested by participants experiencing symptoms with
treatment at the discretion of the study physician. BG mea-

surements were performed at the end of every 15-min exercise
bout. If CGM <80 mg/dL and/or BG <80 mg/dL, the physical
activity was stopped and a hypoglycemia treatment of *15 g
of fast-acting rescue carbohydrates was provided. The study
team continued to monitor CGM rise and considered treating
again if CGM remained <80 mg/dL after *20 min. Exercise
resumed once CGM ‡80 mg/dL. Participants were discharged
at the end of the admission if CGM was between 80 and
250 mg/dL and ketone concentration was £0.6 mM.

Exercise anticipating controller (APEX)

This study compared two CLC systems, a state-of-the-art
HCL (control condition) and a new, exercise-aware, con-
troller (APEX, experimental condition), for their ability to
avoid hypoglycemic episodes during and after habitual
moderate-intensity exercise bouts. Both controllers are hy-
brid implementations (in terms of meal announcement) based
on the model predictive control (MPC) technology, aimed at
commanding an optimized basal insulin injection through the
pump every 5 min.15 MPC, rather than a single control
strategy, encompasses a general control paradigm. The main
elements of an MPC structure are (1) an explicit mathemat-
ical model to predict the variable of interest and (2) an online
optimization problem that aims to find the best control action
subject to possible constraints over the model variables.

Following the ideas above, the control systems use model
predictions from a personalized model15,16 and CGM mea-
surements to determine the basal insulin injection that min-
imizes a cost function that includes (1) a term to correct the
participant’s glucose concentration to the target, (2) a term
penalizing low-glucose values, and (3) a regularization term
to weight the difference between two consecutive basal in-
jections. Both control systems were implemented with the

FIG. 1. Study protocol. (A) Participants were admitted twice to test one of the artificial pancreas systems in a randomized
order. (B) Both admissions followed the same time line.
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University of Virginia Unified Safety System (USS Virginia),
enabling a safety supervision module that limits basal in-
jections based on the perceived risk of hypoglycemia.17

The APEX controller builds upon multiple (five) parallel
MPCs (a method often referred to as multistage MPC) and
implements three key innovations: (1) the incorporation of
participant-specific exercise behavior patterns (exercise input)
into the model prediction and controller design (each parallel
MPC receives a different possible pattern to account for),15,18,19

(2) an online exercise detection that imposes a known (vs. an-
ticipated) exercise-driven glycemic disturbance, and (3) an
exercise-aware premeal bolus. Following the findings from
McMahon et al.,20 we designed a method to capture participant-
specific daily exercise profiles from activity tracker information
gathered during the data collection period.15 Then, the daily
profiles were clustered into five distinct groups using the
k-medoids method as a way to summarize the participant’s
exercise behaviors. The system had the ability to switch be-
tween anticipatory and reactive modes upon exercise detection.
The anticipatory mode utilized a probabilistic framework to
account for exercise scenarios that the user was more likely to
engage in, while the reactive mode was used with certainty once
exercise was detected. Finally, the exercise-informed premeal
bolus was used only in the dinner meal following exercise to
adjust the patient’s insulin bolus based on the anticipated in-
crease in glucose uptake during the hours following exercise.14

Glycemic outcomes and statistical analysis

The primary outcome of the study was the number of hy-
poglycemic episodes during and immediately after exercise
(*5 to 7 PM) as defined by more than one consecutive CGM
value below 70 mg/dL or hypoglycemic treatment as per
protocol guidelines. Secondary outcomes included hypogly-
cemic events and treatments at other times during the ad-
mission as well as CGM-based outcomes: percent time in
hypoglycemia <54 and <70 mg/dL, in tight range 70–
140 mg/dL, in range 70–180 mg/dL (TIR), hyperglycemia
>180 and >250 mg/dL, average CGM, CGM coefficient of
variation, and CGM-based low and high BG indexes, LBGI
and HBGI, respectively.21 Finally, system operation (time
with CGM, time in closed loop), as well as carbohydrate
intake and insulin delivery metrics, is reported.

No power analysis was computed for the design of the
clinical trial given the safety and feasibility nature of the study.
The target enrollment was 15 based on previous sample sizes
used in our pilot clinical trials, leading to a detectable effect size
of 0.8 at 80% power and 0.05 significance. Paired t-tests or
nonparametric Wilcoxon signed-rank tests were used to com-
pare the control and experimental admissions in terms of gly-
cemic outcomes in the case of normally or non-normally
distributed samples, respectively (Shapiro–Wilk test, Q-Q
plot). The significance level was set at a P-value <0.05. No
correction for multiple analysis was performed. Data are re-
ported as mean – SD if normally distributed and median [IQR]
if the distribution is non-normal. Data formatting and prepa-
ration, as well as the statistical analysis, were carried out with
MATLAB R2019b (MATLAB; MathWorks, Natick, MA).

Results

Eighteen adults with type 1 diabetes were enrolled and 15
completed the study. Participants were very well controlled with

a low HbA1c of 6.7% [6.4%–7.0%] (50 [46.5–53] mmol/mol)
and all were experienced pump users. Gender distribution was
10 women and 5 men. Additional baseline characteristics of the
study participants are outlined in Supplementary Table S1.
Overall, the data collection confirmed the baseline glycemic
control with TIR and time in hypoglycemic range <70 mg/dL at
69.2% – 12% and 2.6% – 1.7%, respectively; and 67.7% – 16%
and 2.1% – 2.1% overnight. Additional baseline CGM out-
comes can be found in Supplementary Table S2.

Only one adverse event occurred during the study (infec-
tion at pump site) and was deemed unrelated to the study
devices. No severe hypoglycemia (requiring third-party as-
sistance) or diabetes ketoacidosis occurred during the study.

For the following results, statistical comparisons are set as
APEX versus HCL unless stated otherwise. Hypoglycemic
episodes during the exercise period (primary outcome) were
significantly fewer with APEX than with HCL (0 [0–1] vs. 1
[0–1.7], P = 0.04). Significant fewer hypoglycemic episodes
were also found in the hours following the exercise (0 [0–0]
vs. 0 [0–1.7], P = 0.02) and overall (0 [0–1] vs. 1 [1–3],
P = 0.02), see Figure 2. This followed a reduction of infused
insulin in the hours before exercise (1.3 – 0.9 vs. 1.8 – 0.7 IU,
P = 0.004) and in the meal bolus after exercise (5.0 – 2.9 vs.
5.4 – 3.2 IU, P < 0.001); overall less insulin was delivered
during the APEX admission (46.2 – 13.0 vs. 50.6 – 15.2 IU,
P = 0.003), see Figure 3. A summary of glycemic outcomes is
presented in Table 1 following standard guidelines22; we
summarize the main findings below:

The APEX system significantly reduced exposure to hypo-
glycemia with a lower median percent time <70 mg/dL, both
overall (0.0% [0%–0.7%] vs. 1.3% [0.1%–2.7%], P = 0.02) and
during the evening after exercise (0% [0%–0%] vs. 0% [0%–
10.2%], P = 0.01). Median LBGI was also reduced overall (0.3
[0.3–0.7] vs. 0.6 [0.4–0.9], P = 0.04), and in the evening after
exercise (0.2 [0–1.9] vs. 1.3 [0.5–2.9], P = 0.01).

The use of HCL resulted in lower average glycemia overall
(141.9 – 20.3 vs. 136.8 – 19.9 mg/dL, P = 0.03), during the
exercise (140.3 – 27.1 vs. 124.9 – 27.2 mg/dL; P = 0.02), and
during the evening after exercise (131.3 – 33.3 vs.
113.6 – 23.2 mg/dL, P = 0.01). However, no significant dif-
ference in TIR was observed between the two control sys-
tems. Exposure to hyperglycemia, that is, times >180 and
250 mg/dL, was similarly low for both controllers. It is worth
noting that remarkably tight control was achieved by both
systems overnight: time in a tight range 70–140 mg/dL was
95.8% [77.3%–100%] versus 96.9% [85.0%–100%], while
time in 70–180 mg/dL was 100% [100%–100%] versus 100%
[100%–100%], for APEX and HCL respectively, see Sup-
plementary Figure S1. In addition, no hypoglycemia episode
was reported with any of the systems overnight.

Finally, the anticipatory behavior of APEX during the day
2 sedentary test (day 2 from 5:00 to 7:00 PM) did not increase
the exposure to hyperglycemia (percent time >180 mg/dL) or
to significant hyperglycemia (percent time >250 mg/dL):
time >180 mg/dL (0% [0%–4.0%] vs. 0% [0%–10.2%];
P = 0.4) and time >250 mg/dL (0% [0%–0%] vs. 0% [0%–
0%]; P = 1.0) despite less insulin being again delivered by
APEX in the 3:30–5:00 PM time period (1.1 – 0.8 vs.
1.6 – 1.0 IU; P = 0.02). However, average glycemia was
temporarily higher for APEX during these 120 min
(152.6 – 29.0 vs. 130.4 – 34.4, P = 0.007). Individual clinical
results for both APEX and HCL admissions are presented for
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FIG. 2. CGM and insulin in the hours before and after exercise are expected for APEX (red) and HCL (blue). (A, B)
Correspond to exercise day (gray banner) and (C, D) to sedentary day. (A, C) CGM glucose values median (filled line),
quartiles (envelopes), and minimum/maximum (dotted lines). Triangles are hypoglycemia treatments. (B, D) Insulin in-
jections median (filled line) and quartiles (envelopes). APEX; CGM, continuous glucose monitor; HCL, hybrid closed-loop.

FIG. 3. Insulin infusion during different periods of interest (box plots). (A) Pre-exercise period [15:30–17:00], exercise
[17:00–19:00], evening [19:00–23:00], and overnight [23:00–7:00] for day 1. Presedentary [15:30–17:00], sedentary
[17:00–19:00] for day 2. (B) Overall. (C) Dinner bolus.
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Table 1. Continuous Glucose Monitor-Measured Glucose Metrics and Insulin Metrics

Time HCL APEX P

Primary outcome
Episodes of hypoglycemiac [17:00–19:00] day 1 1[0–1.7] 0 [0–1] 0.04b

Exploratory outcomes
Episodes of hypoglycemiac Overall 1[1–3] 0 [0–1] 0.01b

[17:00–19:00] day 2 0 [0–0] 0 [0–0] 0.25b

[19:00–23:00] 0[0–1.7] 0 [0–0] 0.02b

Overnight 0 [0–0] 0 [0–0] 1b

Mean BG (mg/dL) Overall 136.9 (19.9) 141.9 (20.3) 0.03a

[17:00–19:00] day 1 125.0 (27.2) 140.3 (27.1) 0.02a

[17:00–19:00] day 2 130.4 (34.4) 152.6 (28.8) 0.007a

[19:00–23:00] 113.6 (23.2) 131.3 (33.3) 0.01a

Overnight 115.8 (10.9) 116.2 (9.0) 0.5a

% time <54 mg/dL Overall 0 [0–0.3] 0 [0–0] 0.06
[17:00–19:00] day 1 0 [0–0] 0 [0–0] 0.5b

[17:00–19:00] day 2 0 [0–0] 0 [0–0] 1b

[19:00–23:00] 0 [0–2.0] 0 [0–0] 0.06b

Overnight 0 [0–0] 0 [0–0] 1b

% time <70 mg/dL Overall 1.3 [0.0–2.7] 0 [0–0.7] 0.02b

[17:00–19:00] day 1 0 [0–0] 0 [0–4.0] 0.5b

[17:00–19:00] day 2 0 [0–0] 0 [0–0] 0.1b

[19:00–23:00] 0 [0–10.2] 0 [0–0] 0.01b

Overnight 0 [0–0] 0 [0–0] 0.6b

% time [70–180] mg/dL Overall 81.0 (12.4) 81 (15.7) 0.5a

[17:00–19:00] day 1 96.0 [64.0–100] 84.0 [66.0–100] 0.31b

[17:00–19:00] day 2 92.0 [81.6–100] 100 [96.0–100] 0.2b

[19:00–23:00] 89.9 [87.8–100] 100 [90.8–100] 0.3b

Overnight 100 [100–100] 100 [100–100] 0.9b

% time [70–140] mg/dL Overall 62.0 (14.1) 58.4 (15.3) 0.08a

[17:00–19:00] day 1 68.0 [46.0–92.0] 48.0 [39.1–74.0] 0.08b

[17:00–19:00] day 2 55.6 [30.4–89.3] 3.2 [0.0–50.0] 0.02b

[19:00–23:00] 75.5 [51.0–88.8] 77.5 [30.6–93.0] 0.3b

Overnight 96.9 [85.0–100] 95.8 [77.3–100] 0.3b

% time >180 mg/dL Overall 16.6 (12.6) 18.5 (15.9) 0.1a

[17:00–19:00] day 1 0.0 [0.0–34.0] 12.0 [0.0–32.0] 0.8b

[17:00–19:00] day 2 0.0 [0.0–10.2] 0.0 [0.0–4.0] 0.4b

[19:00–23:00] 0 [0–5.1] 0 [0–5.1] 0.9b

Overnight 0 [0–0] 0 [0–0] 1b

% time >250 mg/dL Overall 0 [0–2.0] 0 [0–4.4] 0.8b

[17:00–19:00] day 1 0 [0–0] 0 [0–0] 1b

[17:00–19:00] day 2 0 [0–0] 0 [0–0] 1b

[19:00–23:00] 0 [0–0] 0 [0–0] 1b

Overnight 0 [0–0] 0 [0–0] 1b

CV—glucose (%) Overall 30.5 (6.1) 29.1 (6.3) 0.2a

[17:00–19:00] day 1 24.3 (8.9) 21.1 (12.6) 0.2a

[17:00–19:00] day 2 14.7 (9.2) 6.0 (3.5) 0.002a

[19:00–23:00] 22.0 (7.4) 17.2 (6.5) 0.02a

Overnight 11.8 (4.0) 15.1 (7.2) 0.04a

SD—glucose (mg/dL) Overall 42.0 (11.8) 42.0 (12.2) 0.5a

[17:00–19:00] day 1 30.8 (14.0) 29.5 (18.0) 0.4a

[17:00–19:00] day 2 18.4 (10.3) 8.8 (5.1) 0.002a

[19:00–23:00] 24.7 (8.7) 22.0 (8.7) 0.2a

Overnight 13.7 (5.2) 17.7 (9.3) 0.05a

LBGI Overall 0.6 [0.4–0.9] 0.3 [0.3–0.7] 0.04b

[17:00–19:00] day 1 0.9 [0.4–1.8] 0.5 [0.2–1.4] 0.07b

[17:00–19:00] day 2 0.3 [0.1–1.5] 0.0 [0.0–0.0] 0.002b

[19:00–23:00] 1.3 [0.5–2.9] 0.2 [0–1.9] 0.01b

Overnight 0.2 [0.1–0.5] 0.2 [0.1–0.7] 0.5b

(continued)
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all study participants in the Supplementary Data. During both
admissions, the DiAs system platform was able to maintain
connectivity and remain in CLC mode nearly 100% of the
time, 100% [100%–100%] versus 100% [96.7%–100%] of
the time for APEX and HCL, respectively.

Discussion

This outpatient, supervised, randomized crossover study
demonstrated the safety of anticipatory MPC, and its superi-
ority to a state-of-the-art control system in terms of reduction
of hypoglycemic events during and after moderate-intensity
physical activity. This system, unlike others, did not rely on
preventive carbohydrate consumption23 or glucagon injec-
tion,8 but on a prospective manipulation of insulin infusion to
decrease the incidence of exercise-induced hypoglycemia. The
anticipatory nature of the system gradually decreased the in-
sulin infusion when there was predicted exercise-related glu-
cose uptake within the 2-h prediction horizon. A notable effect
of this anticipatory action was a temporary (<2 h) change in the
achieved glucose concentration (measured by CGM) from 120
to *150 mg/dL, which, combined with lower pre-exercise
insulin-on-board, protected the participants from exercise-
induced hypoglycemia.

Both systems demonstrated remarkable performance
overnight with median time in range of 100% and median
time in tight range (70–140 mg/dL) above 95%. No hypo-
glycemic episodes were reported for any of the systems
overnight despite the well-documented prolonged insulin
sensitivity after exercising.20 Regarding the performance
overnight, no significant correlation was found between the
participant’s previous glucose control (as per HbA1c) and
CLC performance (in both control and experimental). De-
spite the system’s anticipatory actions, glycemic control only
marginally deteriorated during the sedentary afternoon, with
no additional exposure to hyperglycemia or significant hy-
perglycemia (>180 and >250 mg/dL).

The success of this intervention can be attributed to three
elements: (1) the ability to translate gathered activity infor-

mation as a behavioral pattern to provide ongoing timely in-
formation to the control system, (2) the probabilistic
framework of the multistage controller allowing the prioriti-
zation and use of specific exercise signals based on their like-
lihood, and (3) the adjustment of postexercise meal boluses to
account for estimated future exercise-related glucose uptake.

Fear of hypoglycemia remains one of the main hurdles pre-
venting people with type 1 diabetes from exercising regularly.9

In this regard, several closed-loop systems have already studied
this concern.3,7,8,24–29 Although the literature has shown multi-
ple approaches that achieved some protection during and after
moderate-intensity physical exercise, to the best of the authors’
knowledge there has not been previous clinical evidence on
using behavioral information to automatically anticipate an
exercise-related disturbance. Manual anticipation (the user must
announce his/her desire to exercise in the future) was proposed
by Forlenza et al.24 In this contribution, the authors explored
either increasing the controller’s set point (from 130 to
150 mg/dL) or decreasing the basal rate to a 50%, 90 min before
the exercise commencement. Similar TIR in the 12 h following
the exercise bout was found for both interventions,
88.9% – 17.6% versus 89.1% – 11.3%, respectively.

Other approaches mainly rely on real-time reactions upon
exercise detection but not on prospective actions.25–29 Our group
evaluated adding heart rate (HR) signal to a control-to-range
controller in 12 participants during exercise during two 26-h
admissions.26 That study found a significant reduction of inter-
stitial glucose decline during exercise in the experimental arm.
The Ex-Snacks trial studied the effect of adding snacks (15–30 g
carbohydrate) at the commencement and in the middle of a 60-
min moderate-intensity exercise period (brisk walk, 65%–75%
HRmax) while using a Proportional-Integral-Derivative (PID)-
like control system in 12 participants.27 The authors found a
significant difference in the glucose decrease (53 – 10 vs.
10 – 13 mg/dL) and in hypoglycemic treatments (0 vs. 3) for
snacking versus nonsnacking admissions, respectively.

The Tandem Control-IQ AP system, using a manually
triggered exercise mode, was also challenged in a ski camp
trial and compared with the sensor-augmented pump (SAP) in

Table 1. (Continued)

Time HCL APEX P

Infused insulin (U) Overall 50.6 (18.2) 46.2 (13.0) 0.002a

[15:30–17:00] day 1 1.8 (0.7) 1.3 (0.9) 0.004a

[17:00–19:00] day 1 1.1 [0.8–1.5] 0.7 [0.2–2] 0.21
[15:30–17:00] day 2 1.6 (1.0) 1.1 (0.8) 0.02a

[17:00–19:00] day 2 1.5 [0.6–2.4] 0.9 [0.6–2.5] 0.4
[19:00–23:00] 9.3 (5.5) 8.2 (2.7) 0.12
Overnight 6.9 (3.0) 6.1 (2.0) 0.05a

Meal information
Lunch (1st day) Dinner (1st day) Breakfast (2nd day) Lunch (2nd day)

Carbohydrate content (g) 48 (5.5) 44 (15.8) 59 (25.4) 48 (5.5)
Meal estimation error (%) 2 [0–4.7] 0 [0–0] 6.5 [0–18.5] 2 [0–4.8]

System operation
Time in closed-loop (%) HCL: 100 [96.7–100] APEX: 100 [100–100]

Values are shown as mean (SD) for normally distributed samples and median [Q1–Q3] for non-normally distributed samples.
Significance levels <0.05 are presented in bold font.

aOne-sided paired t-test.
bWilcoxon signed-rank test.
cNo severe hypoglycemia episodes occurred during the clinical trial.
APEX, treatment controller; BG, blood glucose; CV, coefficient of variation; HCL, hybrid closed-loop (baseline); SD, standard deviation.
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a 48-h study including 24 adolescents in three different sites
across the United States.29 Finally, the Control-IQ AP system
outperformed SAP with respect to TIR 66.4% – 16.4% versus
53.9% – 24.8% and was associated with a lower average CGM
glucose level of 161.0 – 29.9 versus 176.8 – 36.5 mg/dL. No
significant difference was found overall in terms of protection
to hypoglycemia 2% [0.5%–3.8%] versus 0.8% [0.4%–3%].

As an early clinical trial, the current study exhibited several
limitations. First and foremost, the study had a relatively small
number of participants and was performed under supervised
conditions (constant supervision by nurses and technicians).
Participants were asked to perform moderate physical exercise
within a given period of time on 4 out of 7 days a week for 30
days to generate a consistent exercise pattern; this design may
also have increased the training status of some of the participants,
possibly protecting them from hypoglycemia during both ad-
missions. Finally, to determine the exercise impact on glucose,
we used a fixed, population-based, glucose uptake pattern from
observations reported in a previous clinical study (changes in
glucose uptake following a similar physical activity around the
same time of the day). This design focused on moderate-intensity
physical activity and it is unclear how this system would have
performed with other types of activities. It is well documented
that different types of exercise may lead to different, even op-
posite, metabolic responses; for example, moderate-intensity
exercise is known to cause a rapid decrease in glucose levels,
while high-intensity and anaerobic exercise has been associated
with possible increase initially.2 It is reasonable to expect that the
ideal fully automated AP would be able to differentiate between
exercise types and plan for their impact on glycemic levels.

Conclusion

In conclusion, results from this randomized, crossover,
pilot clinical trial showed that this newly developed robust
advanced control system is safe and feasible in a group of 15
participants with type 1 diabetes undergoing moderate-
intensity physical activity and meal challenges. The experi-
mental intervention (APEX) was able to reduce the number
of hypoglycemic events during and after exercise in com-
parison with a state-of-the-art HCL system not informed by
exercise. Our results suggest that the appropriate use of be-
havioral information can improve the glycemic control in
participants with type 1 diabetes with identifiable patterns.
Future studies involving this system would be of longer du-
ration, with less supervision, and leverage natural exercise
patterns to address the daily challenges that every person with
type 1 diabetes encounters in his/her real life.
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