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Abstract

Background: We present a clinical trial establishing the feasibility of a control-to-range (CTR) closed-loop
system informed by heart rate (HR) and assess the effect of HR information added to CTR on the risk for
hypoglycemia during and after exercise.

Subjects and Methods: Twelve subjects with type 1 diabetes (five men, seven women; weight, 68.9+3.1 kg;
age, 38+3.3 years; glycated hemoglobin, 6.9+0.2%) participated in a randomized crossover clinical trial
comparing CTR versus CTR +HR in two 26-h admissions, each including 30 min of mild exercise. The CTR
algorithm was implemented in the DiAs portable artificial pancreas platform based on an Android® (Google,
Mountainview, CA) smartphone. We assessed blood glucose (BG) decline during exercise, the Low BG Index
(LBGI) (a measure of hypoglycemic risk), number of hypoglycemic episodes (BG <70mg/dL) and overall
glucose control (percentage time within the target range 70 mg/dL <BG < 180 mg/dL).

Results: Using HR to inform the CTR algorithm reduced significantly the BG decline during exercise
(P=0.022), indicated marginally lower LBGI (P=0.3) and fewer hypoglycemic events during exercise (none
vs. two events; P=0.16), and resulted in overall higher percentage time within the target range (81% vs. 75%;
P=0.2). LBGI and average BG remained unchanged overall, during recovery, and overnight.

Conclusions: HR-informed closed-loop control can be implemented in a portable artificial pancreas. Although
closed loop has been shown to reduce hypoglycemia, adding HR signal may further limit the risk for hypo-
glycemia during and immediately after exercise. The most prominent effect of adding HR information is
reduced BG decline during exercise, without deterioration of overall glycemic control.

Introduction

PEOPLE WITH TYPE 1 DIABETES mellitus (TIDM) are at
continual risk for hypoglycemia, which is recognized as
one of the principal impediments to optimal glycemic con-
trol.' Physical activity in TIDM has been associated with
an imbalance between hepatic glucose production and glu-
cose disposal into muscle,* increased insulin sensitivity
related to %lucose transporter type 4 translocation up-
regulation,”® and impaired counterregulatory hormonal re-
sponse.”’ Therefore TIDM could increase the risk for
exercise-induced hypoglycemia.® In the absence of sufficient
insulin reduction and/or carbohydrate supplementation, hy-
poglycemia often occurs during exercise as well as during

early and late recovery. Despite a growing awareness of ex-
ercise benefits, fear of hypoglycemia often results in avoid-
ance of exercise” or overcompensatory treatment behaviors
associated with worsened metabolic control.”'® Exercise has
also been shown to mask hypoglycemic symptoms, facili-
tating repeated exposure to unrecognized hypoglycemia and
potentially causing hypoglycemia-associated autonomic
failure” with all its negative consequences.'"'

Recent closed-loop control artificial pancreas (AP) studies
have shown reduction in the risk for hypoglycemia in TIDM
subjects, increase of the time in near-normoglycemia (70—
180 mg/dL), and reduction in average glucose level, both in
the hospital and in home-like settings, with and without
exercise.'> > However, although overnight hypoglycemia
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can be reduced severalfold, preventing hypoglycemia during
and immediately after exercise remains a hurdle, likely due to
the inherent delay of the glycemic response to exercise
coupled with delays due to subcutaneously injected insulin.'?
Informing insulin dosing of physical activity could theoretically
decrease these risks.>* >

In this pilot feasibility study we assess whether heart rate
(HR)—an easy-to-measure marker of physical activity>—
could inform the AP algorithm and thereby improve protec-
tion against hypoglycemia during exercise. To do so, we
present results comparing a previously tested'? control-to-
range (CTR) AP system with the same system enhanced with
the HR signal (CTR +HR) in a randomized crossover design.

Research Design and Methods
Participants

Thirteen adults with T1DM were enrolled in a randomized
crossover study at the University of Virginia Clinical Re-
search Unit (Charlottesville, VA); 12 subjects finished the
study with a body weight of 68.9+3.1kg, age of 38+3.3
years, glycated hemoglobin level of 6.9+0.2%, and TIDM
duration of 23.6 4.4 years (one screen failure). All subjects
were experienced insulin pump users (>6 months) actively
using a bolus calculator with predefined parameters (carbo-
hydrate ratio, insulin sensitivity factor, and blood glucose
[BG] target). Subjects with a glycosylated hemoglobin level
of >10.5%, with recent diabetic ketoacidosis or severe hy-
poglycemia (<3 months), or at increased cardiovascular risk
during exercise were excluded. Use of a medication that
significantly lowers HR was also excluded (e.g., fi-blocker).

Protocol

The study was approved by the University of Virginia
Human Subjects Research-Institutional Review Board and
the Food and Drug Administration. After written informed
consent was obtained, subjects were randomized to deter-
mine the order of the control (CTR) and experimental
(CTR +HR) admissions (Fig. 1A). No washout period was
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imposed between admissions. Each admission lasted up to
26h (24 h of closed loop) and included an afternoon (ap-
proximately 3—4 p.m.) mild exercise bout consisting of
30 min on a cycle ergometer at a rate of perceived exertion of
9-10 on the Borg scale,?® with the workload adjusted every
Smin to maintain the rating of perceived exertion. Three
meals were given at fixed times: a light breakfast at 8§ a.m.
(20£5 g of carbohydrate), an early lunchat 11 am. (46+17 g
of carbohydrate), and dinner at 7 p.m. (42120 g of carbo-
hydrate), identical for both admissions (Fig. 1B). This design
was chosen to increase the risk of hypoglycemia during and
shortly after exercise and to mimic late afternoon physical
activity. The plasma glucose level was measured at least
every 30min (model YSI 2300/2700; Yellow Springs In-
struments, Yellow Springs, OH), and more frequently around
exercise (5—10min). Hypoglycemia was defined as a YSI
reading below 70 mg/dL or the occurrence of hypoglycemic
symptoms and was treated with glucose tablets (the amount
was left to the physician’s discretion) until the BG level re-
covered above 80 mg/dL.

Each subject was equipped with two Dexcom (San Diego,
CA) SEVEN PLUS® continuous glucose monitors 24-72h
prior to each admission and was asked to calibrate per the
manufacturer’s instructions (self-monitoring of BG every
12 h). Failing sensors were replaced. At the time of admis-
sion, the subject’s insulin pump was disconnected, and an
Omnipod® Insulin Management System (Insulet Corp.,
Bedford, MA) filled with Humalog® insulin (Eli Lilly,
Indianapolis, IN) was initiated for the duration of the ad-
mission. The subjects were then trained in the use of the DiAs
portable AP platform running on an Android® (Google,
Mountainview, CA) smartphone that was communicating
with the continuous glucose monitor and with the insulin
pump as previously described.'”> The CTR and CTR +HR
algorithms (see below) were implemented on the DiAs
platform. HR data were collected using an HR monitor
(model RS800CX; Polar®, Lake Success, NY), and during
the CTR+HR admission the CTR system was informed
manually when the HR exceeded an empirically determined
125% of resting HR by pressing the exercise button, thereby

A Protocol Design
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FIG. 1. Study and protocol design. (A) Subjects were admitted twice at the University of Virginia clinical research center

for 24h to test one of the artificial pancreas systems (heart rate—enhanced or standard) in a randomized order. (B) Both
admissions followed the same timeline. Bkfst, breakfast; CGM, continuous glucose monitor.
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activating CTR + HR. The button was pressed a second time
when the HR returned to below 125% of resting HR, re-
turning the system to regular CTR. During the CTR admis-
sion the HR was measured but not used as an input to the
system.

Control algorithms

The CTR algorithm has been introduced in a previous pub-
lication."" Based on an internal mathematical model of the
subject’s glucose—insulin d;/namic, derived from the minimal
model of glucose kinetics,”” CTR uses Kalman filtering to es-
timate the subject’s metabolic state. The system then predicts
glycemic excursions 30—45 min ahead and computes a pre-
dicted hypoglycemic and hyperglycemic risks.” If the pre-
dicted hypoglycemic risk increases, CTR attenuates basal
insulin delivery; if hyperglycemia is predicted, CTR delivers
frequent (up to one per hour) correction boluses'* (in this study,
these automatic corrections were deactivated overnight be-
tween 11 p.m. and 7 a.m.). Meal insulin computations were
based on the subject’s insulin pump parameters and his or her
estimation of the meal carbohydrate content. CTR + HR is the
HR-informed version of CTR that used a different definition of
hypoglycemic risk during exercise—when informed by HR
change, the risk increases at higher predicted glucose level and
faster than our standard CTR. As a result, given an HR signal,
the basal attenuation will occur earlier and reduce the insulin
dose more. During the CTR + HR admission, the exercise mode
was manually triggered when the subject’s HR reached 125%
of his or her resting HR (measured while the subject was sitting
at the beginning of the admission) and turned off when the HR
returned below this threshold. The CTR +HR algorithm was
designed and tested in silico using computer simulation.*

Outcomes

This was an early feasibility study of the use of HR in-
formation in CTR algorithms, not powered to achieve sta-
tistical significance. To assess hypoglycemia protection and
overall glycemic control, we report the following: the decline
in plasma glucose level created by the exercise bout, the Low
BG Index (LBGI),*® which quantifies the risk for hypogly-
cemia; the number of hypoglycemic events (BG <70mg/
dL); the percentage of time spent in the target range of 70—
180 mg/dL; and the average glucose level. LBGI and per-
centage in target were compared using the paired 7 test,
hypoglycemia counts were compared using the paired Wil-
coxon rank test, and the glycemic decline during exercise was
studied using repeated-measure analysis of variance.

Results

Twelve subjects completed the study. The first two sub-
jects were excluded from the analysis because of protocol
violations during the exercise session (the intensity chosen
was very high: rating of perceived exertion of 9 out of 10
instead of rating of perceived exertion of 9 out of 20). Results
from the 10 remaining subjects are presented below.

In 19 out of 20 admissions, HR increased consistently during
exercise (repeated-measure analysis of variance, P<0.001),
crossing the 125% threshold for the first time on average
8:06 min (SD, 7:02) after the onset of exercise (Fig. 2). On
average, maximum HR was 155.3 £7.3% of the resting value.
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Time Course of Relative Heart Rate During Exercise
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FIG. 2. Heart rate increased consistently during the mild
exercise bout and returned to basal values within 15 min
afterward. In all bouts, 125% of the basal value was reached
within 8 min of onset on average (maximum, 22 min).

As shown in Figure 3, during the exercise bout the use of
HR had a clear impact on the exercise-induced decline in
plasma glucose level, with an average maximum BG decline
of —29 mg/dL at min 40 with CTR alone and of —5 mg/dL at
min 40 with CTR +HR. This difference was significant as
indicated by repeated-measure analysis of variance using
hypoglycemic treatment as the covariate (P =0.022).

As indicated in Figure 4A, the observed average risk for
hypoglycemia during exercise was reduced marginally (no
statistical significance) with CTR+HR versus CTR (LBGI,
0.84+£0.60 vs. 2.72+1.61 [mean*SE]; P=0.34; effect
size=0.49). LBGI remained unchanged overall (1.03£0.20
vs. 0.90+0.37; P=0.66, effect size=0.14) and during re-
covery (1.81+1.2 vs. 1.83+1.4; P=0.99; effect size<0.1),
with a slight increase overnight (0.98£0.41 vs. 0.49+0.21;
P=0.35; effect size=0.48). Similarly, when using CTR +
HR, hypoglycemic events were less frequent during exercise
(none vs. two; P=0.16; effect size =0.45), whereas this effect
was less evident during recovery (one vs. two; P =0.56; ef-
fect size =0.18) and overnight (none vs. one; P=0.32; effect
size=0.32).

As presented in Figure 4B, hypoglycemia risk reduction
did not come at the expense of glycemic control. Rather,
observed averages of percentage of time in near-normogly-
cemia (70-180mg/dL) were consistently (but not signifi-
cantly) higher during the CTR+HR admission: overall
(81£3.9% vs. 75+4.3%; P=0.2; effect size =0.47), during
exercise (911£7.3% vs. 85+10.3%; P=0.6; effect size=
0.23), during recovery (86+9.3% vs. 841+7.9%; P=0.48;
effect size=0.06), and overnight (89+7.1% vs. 84+9.2%;
P=0.34; effect size=0.26). These results were confirmed by
lower observed average BG on CTR+HR: overall (142+
4mg/dL vs. 1505 mg/dL; P=0.15; effect size=0.56) and
overnight (130t 10 mg/dL vs. 141+ 10mg/dL; P=0.22; ef-
fect size=0.35). Mean BG remained unchanged during
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Time Course of the Deviation from Plasma Glucose at Onset of Exercise (glucose drop)
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FIG. 3. On average, the plasma glucose level did not decline during exercise and only moderately afterward when using
control-to-range plus heart rate (squares with black line). In contrast, under standard control-to-range the average plasma
glucose decline was pronounced throughout the exercise bout and moderately amplified thereafter (diamonds with gray line).

Maximum separation was achieved at min 60 after onset of exercise (—3.4 mg/dL vs. —27.7 mg/dL). BG, blood glucose.

exercise (133 10mg/dL vs. 130t 12mg/dL; P=0.87; ef-
fect size=0.07) and during recovery (138%11mg/dL vs.
135+ 11 mg/dL; P=0.81; effect size =0.09).

These results held if the rejected two participants were
included in the analysis.

Discussion

The goal of this pilot feasibility study was to assess
whether HR-activated aggressive basal rate attenuation dur-

ing closed-loop control could enhance hypoglycemia pro-
tection during and after exercise in subjects with TIDM. The
results confirm the feasibility of HR-informed AP systems
and indicate their potential to decrease hypoglycemic risk
during exercise.

Although this first trial had a state-of-the-art randomized
crossover design, the study was not powered to reach statis-
tical significance. Nevertheless, the effect size for reduced
risk of hypoglycemia during exercise was 0.49, which is
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(A) The risk of hypoglycemia as measured by the Low Blood Glucose Index (mean and SE values reported) was

similar overall in both admissions but seems reduced during and in the hours after exercise. (B) This possible reduction did
not come at the cost of lesser glycemic control as the time spent in hypoglycemia. In all phases of the admission average
percentage in euglycemia seems slightly better using the heart rate (HR)—enhanced system.
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typically addressed as a medium effect.>' Thus, future trials
enrolling approximately 30 subjects in a similar study design
should expect to achieve statistically significant risk reduc-
tion using HR-informed control systems.

Despite its small sample size, the study did achieve a
statistically significant result showing that the BG rate of
decline during exercise was reduced when HR information
was supplied to the closed-loop controller. Thus, additional
protection against hypoglycemia was indeed provided by an
early HR-based warning of physical activity followed by a
more conservative insulin injection by the CTR.

It is important to note that this additional hypoglycemia
protection was not associated with an elevated average glucose
level or decreased time in target range; rather, the average
glucose level may have improved (decreased) with the use of
HR (effect size of 0.56). We could speculate that this decrease
may be associated with a lower counterregulatory response
during exercise, which would be consistent with fewer hypo-
glycemic events and lower rate of BG decline. However, future
studies would be needed to test such speculation.

In terms of technology, the HR signal was not sent auto-
matically to the DiAs platform—the 125% resting HR trigger
was manual—therefore we could not observe the full effect
of possible false alarms that could occur with a fully auto-
mated system observing the subject continually. Retro-
spective analysis of the HR signal over the entire admission
showed 31 potential false alarms over all the subjects, with 21
of these false alarms triggered in the same subject and 66%
with a duration of less than 10 min (maximum of 30 min). A
retrospective run of the CTR +HR showed these occasional
HR spikes would have resulted in different insulin injections
in only one subject and would have corresponded to a small
amount—Iess than 0.35 U of insulin added to the 61.5 U total
daily dose for this subject.

Although these first results are encouraging, care should be
taken in selecting an exercise signal to enhance AP systems.
The data presented here included only subjects without sig-
nificant cardiovascular complications, and the use of medi-
cations known to affect HR (e.g., f-blockers) was excluded.
Thus, the feasibility of such systems for the general TIDM
population is yet to be demonstrated. Systems such as ac-
celerometers could replace the HR signal with appropriate
algorithmic treatment, but accelerometer signals are notori-
ously hard to interpret by automated algorithms and often
require redundancy of the sensors and the sensor position
to accurately differentiate between physical activity and nor-
mal movements. A strategy combining these different data
sources is likely to be most efficient.

Finally, the results presented are only representative of
glycemic drops engendered by mild exercise. Confirmation at
different levels and duration of exercise will be needed, as
well as studying different types of physical activity.

In conclusion, HR has been used for the first time to inform
an AP system, slowing the rate of glycemic decline associ-
ated with exercise and possibly indicating a reduced risk and
improved protection against hypoglycemia during and after
exercise.
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