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Abstract

Background: Physical activity can cause glucose fluctuations both during and after it is performed, leading to hurdles in
optimal insulin dosing in people with type | diabetes (T1D). We conducted a pilot clinical trial assessing the safety and
feasibility of a physical activity-informed mealtime insulin bolus advisor that adjusts the meal bolus according to previous
physical activity, based on step count data collected through an off-the-shelf physical activity tracker.

Methods: Fifteen adults with T1D, each using a continuous glucose monitor (CGM) and an insulin pump with carbohydrate
counting, completed two randomized crossover daily visits. Participants performed a 30 to 45-minute brisk walk before lunch
and lunchtime insulin boluses were calculated based on either their standard therapy (ST) or the physical activity-informed
bolus method. Post-lunch glycemic excursions were assessed using CGM readings.

Results: There was no significant difference between visits in the time spent in hypoglycemia in the post-lunch period
(median [IQR] standard: 0 [0]% vs physical activity-informed: 0 [0]%, P=NS). Standard therapy bolus yielded a higher time
spent in 70 to 180 mg/dL target range (mean = standard: 77% = 27% vs physical activity-informed: 59% * 31%, P=.03) yet, it
was associated with a steeper negative slope in the early postprandial phase (P=.032).

Conclusions: Use of step count to adjust mealtime insulin following a walking bout has proved to be safe and feasible in a
cohort of 15 TID subjects. Physical activity-informed insulin dosing of meals eaten soon after a walking bout has a potential
of mitigating physical activity related glucose reduction in the early postprandial phase.
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Introduction control in TID.%° The current guidelines provide strategies
based on the intensity and duration of the physical activity as
well as the metabolic state (eg, glucose and insulin levels) of
the patient at the time of a structured physical activity bout.%’
The performance of these strategies is limited to the accuracy
of the evaluation of these factors by the patient. The rising
availability of off-the-shelf physical activity trackers offers a

Physical activity is recommended for all individuals and
proven to decrease the risk of cardiovascular disease, cancer,
hypertension, obesity, depression, and osteoporosis.! In addi-
tion to its general health benefits, physical activity is also
associated with increased longevity? and with decreased risk
of diabetes-related complications, such as retinopathy and
neuropathy.>* Given the role of physical activity in improv-
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more objective alternative to self-evaluation. Recent studies
show that the use of physical activity signals from these track-
ers are effective in detecting physical activity and improving
glycemic control in closed-loop control systems.'%!3

Beyond structured physical activity, even short episodes of
walking accumulated throughout a day have a significant
impact on glycemic control.'*!® Therefore, glycemic control
in people with T1D may improve when all daily physical
activity is considered in the design and adjustment of insulin
therapy.

In this study, we adjust mealtime insulin treatment for phys-
ical activities beyond the routine of individuals. The motivation
of our method is to facilitate physical activity related glucose
management in a patient-specific manner and based on objec-
tively measured physical activity. Here, we present results from
a pilot study designed to assess the safety and feasibility of this
method—using step count as a ubiquitously available physical
activity indicator—to adjust mealtime insulin and thereby
improve protection against hypoglycemia, following a walking
physical activity bout. To do so, we compare the post-meal gly-
cemic control performance of our method to the standard ther-
apy in a randomized crossover clinical trial.

Study Design and Methods

Participants

Fifteen insulin pump users with T1D participated in a ran-
domized, crossover study. The inclusion criteria were dura-
tion of diabetes of at least one year, using an insulin pump for
at least six months, using defined parameters for calculating
meal, and correction insulin boluses, and willingness to main-
tain a consistent physical activity regimen during the data col-
lection period. Exclusion criteria were pregnancy, diabetic
ketoacidosis or severe hypoglycemia in the 6 months prior to
enrollment, use of non-insulin medications intended to lower
glucose (eg, GLP-1 agonists, metformin), current use of a
clearly defined method for insulin bolus adjustment to com-
pensate for significant physical activity, inability to be physi-
cally active for more than 30minutes per day, or current
enrollment in another intervention clinical trial. The
Institutional Review Board at the University of Virginia
approved the study protocol and consent form. Informed con-
sent was obtained from every participant.

Protocol

The study consisted of a free-living data collection period fol-
lowed by two outpatient day-long supervised visits conducted
at the University of Virginia Center for Diabetes Technology,
following a randomized crossover design (clinicaltrials.gov:
NCT03394352). During data collection period, records of
CGM, insulin, meal, and physical activity were collected for
more than 20days under participants’ free-living conditions.
CGM data were obtained via Dexcom G6 (Dexcom, San
Diego, CA) and physical activity data were collected via Fitbit
Charge 2 (Fitbit, San Francisco, CA) wristband. Subjects were
instructed to enter any consumed carbohydrates into the bolus
calculator of their pumps or the CGM mobile application.

The 2 outpatient supervised visits had the same timeline
(see Figure 1) and were separated by at least 2 days to allow
wash-out. These visits started at 7:30am upon the partici-
pants’ arrival at the study unit. After arrival, each participant’s
basal insulin rate was set to their regular basal insulin profiles,
and no temporary basal rates were used during the visits.
Around 8 AM, a mixed-meal with 24 g of carbohydrates was
provided for breakfast. In both visits, breakfast boluses were
calculated according to the participants’ usual treatment
parameters and with a target glucose of 110mg/dl. Until
10:45AM, participants were given free time with no con-
straints on their activities during their first visit. In their sec-
ond visit, they were asked to repeat physical activity behavior
similar to their previous visit. At 10:45AM, the physical
activity session started. Participants walked briskly at a steady
pace on a track for an assigned time of either 30 or 45 min-
utes. This duration was determined for each participant in a
manner to exceed their habitual accumulated physical activity
by lunchtime. At noon, lunch was provided with a carbohy-
drate content matching each participant’s routine lunch.
Participants’ habitual accumulated physical activity by lunch-
time and routine lunch carbohydrate contents were derived
from their data collected during the free-living data collection
phase. Each participant had the same breakfast and lunch in
both visits to control for the meal effect. Participants selected
their own meal without any limitation on the composition
except for the amount of the carbohydrates.

In the control visit, insulin boluses for lunch were calcu-
lated according to the standard therapy (ST). In the experi-
mental visit, these boluses were adjusted according to the
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physical activity informed bolus method. The adjustment was
limited to 50% of the standard meal bolus. This was an empiri-
cally chosen safety layer for this pilot study. Following Iunch,
participants were asked to limit their physical activity to the
minimum possible until the end of both study visits in order to
observe the post-prandial glycemic control performance with
minimal distortion. Hypoglycemia events were treated with
carbohydrate administration at an amount determined by the
study physician and were recorded at all times. Both study vis-
its ended after the post-lunch glycemic excursions were com-
pleted, approximately 4.5 to 5hours after lunch. At the end of
each study visit, participants’ CGM, insulin pump, and physi-
cal activity tracker data were downloaded for the visit and
were used in the analyses provided in this manuscript.

Algorithm Description

The standard therapy bolus for pre-meal insulin dose calcula-
tion in T1D has three components: the amount required to
compensate for the carbohydrates ingested in the meal, the
amount required to correct for any current elevated glucose
level at the time of the meal, and the insulin on board (IOB)
that is the active insulin from previous injections.!”” The
resulting bolus calculation formula is as follows:

ST Bolus ) (0):]

_ CHO Intake N BG-BG,,.
CR CF

where CHO Intake is the amount of ingested carbohy-
drates in the meal, CR is the carbohydrate-to-insulin ratio
(g/U), BG,,, is the target BG value, CF is the BG correc-
tion factor (mg/dL/U), BG is the self-monitored BG value
or CGM reading at the time of the meal, and IOB is the
insulin on board from previous basal and correction insulin
injections. The IOB component is an important element to
account for the lasting impact on BG of previously adminis-
tered insulin.?’ A similarity between the effect of physical
activity and insulin is rooted in the fact that the glycemic
impact of physical activity is also prolonged.?' Therefore, we
propose a physical activity informed insulin bolus method
that augments the standard therapy bolus formula with a
physical activity component inspired by the concept of IOB.
This component corresponds to the amount of insulin
required to compensate for estimated glycemic disturbances
related to previously performed physical activity. The modu-
lation relies on a wearable activity tracker based calculation
of accumulated physical activity through a weighted sum of
the historical steps taken within the previous 12 hours. The
resulting metric, AOB, characterizes the accumulated physi-
cal activity that is still actively impacting glucose uptake.
Once the AOB is obtained at the time of the meal bolus, we
calculate the physical activity informed boluses as follows:

AOB

- AOB
PA informed bolus = ST Bolus — dm

AF

profile,m

The AOB,,, is the AOB calculated for the meal m con-
sumed on day d. AOB_ ., is the profile that captures the
routine daily accumulated physical activity of a participant
around a selected standard meal m such as breakfast, lunch or
dinner. Note that AOB_ ., serves as a reference for the
regular accumulated physical activity of the patient at the
selected mealtime for which the average treatment is designed.
Deviations from the regular physical activity are expected to
cause changes in the insulin needs and the physical activity
informed bolus is designed to modulate the insulin dose
accordingly. Our patient-specific bolus correction parameter,
activity factor (AF), translates the anticipated glycemic
change generated by the physical activity deviations into
insulin units with a similar impact. The direction of the result-
ing bolus adjustment depends on whether AOB, | is greater
or smaller than AOB, . .- Its magnitude is a function of the
amount of the deviation from the profile and the value of the
AF. The optimized meal bolus parameters, CR and AF, used
in physical activity informed bolus calculations are obtained
for each participant following the steps provided in the sup-
plementary document and detailed in Ozaslan et al.??

In the calculation of the lunchtime bolus, optimized CRs
were used in both outpatient visits while AF was used to cor-
rect for the previous physical activity only in the experimen-
tal visit.

Outcomes

The primary outcome measure was the time spent in hypogly-
cemia during the post-prandial window following lunch.
Secondary outcomes were the time spent in target range (70-
180mg/dL), low blood glucose index (LBGI), and high blood
glucose index (HBGI). The paired Wilcoxon rank test was
used to statistically compare both the hypoglycemia counts
and LBGI due to their non-Gaussian distributions. The paired
t test was used to compare the percentage of time spent in the
target range and the HBGI metrics. To assess the hypoglyce-
mia mitigation potential of the two bolus methods, we also
report the rate of glucose change in the first 2 hours in the
post-prandial period. This time window corresponds to the
phase that the rate of physical activity-induced glucose uptake
is maximum.?' For this assessment, we use linear mixed-
effect analysis with covariates of categorical study visit vari-
able and continuous lunchtime BG variable. In our models,
we control for the hypoglycemia treatments administered
from 1 hour prior to lunch until the end of the post-prandial
window. Participant effect is accounted for as a random effect.

Results

Fifteen subjects (6 men and 9 women) completed the study.
Participant demographic characteristics, expressed in
means = standard deviation, are presented in Table 1.

For four participants, CR optimization for lunch was not
feasible (eg, lack of meal bolus between 11 AM and 2 PM on
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Table I. Demographic Characteristics of Study Participants.

Mean = SD Minimum Maximum
Age (years) 478+ 10.6 23 60
Height (cm) 168.3 = 10.1 154 181
Weight (kg) 777 %169 53.3 110
BMI (kg/m?) 27.5+6.2 21.6 44.1
HbA,_ (%) 72+09 6.1 9.2
Type | diabetes 26.7+ 135 2 47

duration (years)

most days). Therefore, we used these participants’ original
lunchtime CR during both study visits. For six participants,
the optimization failed in finding an optimum AF within the
optimization boundaries. In these cases, we used 2200 accu-
mulated steps as an approximated average AF. In cases where
CR optimization was feasible, it led to a 2% = 18% change
from the participant’s original CR with no statistically sig-
nificant difference (original: 10.6 £2.7g/U, optimized:
11 +3.8g/U, P=.64). The average of optimum AFs, com-
puted from the 9 patients that the optimization was feasible
for, was 2926 = 1267 accumulated steps/U.

During the experimental visit, physical activity related
bolus reduction was on average 28% = 15% of the total
bolus. Participants’ glucose values at lunchtime were similar
between study visits (control: 126 =41 mg/dL, experimen-
tal: 127 =35mg/dL, P=.94). There was no significant dif-
ference between visits for the AOB at lunchtime (control:
5438 = 1048 accumulated steps, experimental: 5258 == 969
accumulated steps, P=.32). Nine hypoglycemia instances
occurred within the previous hour of lunch (five in experi-
mental, four in the control admission), and were treated with
rescue carbohydrates. Hypoglycemia occurrence was rather
rare in the post-lunch period in both visits; glucose levels
below 70 mg/dL occurred in only 3 out of 30 observations (1
in the experimental, and 2 in the control visit) and treated
with 25.7 = 5.1 g of rescue carbohydrates. As a result, there
was no statistically significant difference in the percentage of
time spent in hypoglycemia between visits (median [IQR],
control: 0 [0]%, experimental: 0 [0]% P=1). The percentage
of time spent in the target range was lower with physical
activity informed boluses (control: 77% % 27% experimen-
tal: 59% = 31% P=.03). However, no significant difference
was observed for LBGI (median [IQR], control: 0 [0.03],
experimental: 0 [0.02], P=.62) or HBGI (control: 0.82 = 0.8,
experimental: 0.78 = 0.6, P=.83) in the post-lunch period.

Overall, the afternoon physical activity, as measured by
total number of steps, was significantly lower during the
study visits compared to the participants’ routine physical
activity extracted from the data collection period (control:
1095 £451 steps, experimental: 1288 = 702 steps, data col-
lection: 2555 £ 1618 steps, with P<<.01 for both control vs
data collection and experimental vs data collection afternoon
physical activity). No significant difference was observed

between the total number of steps that participants took in
the afternoon portion of control vs experimental visits
(P=.18).

As indicated in Figure 2, on average, standard therapy
bolus yielded a late post-prandial glucose below the morning
average glucose while the physical activity informed bolus
yielded a higher glucose than this reference; albeit statisti-
cally not significant (ACGM, ... control: =16 = 74 mg/dL,
ACGM, 4, once €Xperimental: 10 = 68mg/dL, P=.09). The
differences in the direction and magnitude of glucose change
in the early and late phases of post-lunch glycemic excursion
are evaluated through CGM slopes in linear mixed effects
regression analyses with the results provided in Table 2.
While study visit was a significant factor associated with the
CGM trend in the first two hours following bolus injection
(P=.032), no significant difference was observed in the
CGM trend in the late post-lunch phase (between second and
fourth hours after lunch) between visits (P=.71). CGM
slopes for the first two-hour phase were negative in 40% of
the observations in the control visit and this was reduced to
7% in the experimental visit (see Figure 3). Additional infor-
mation and plots per participant are available in the
Supplementary Material.

Discussion

The goal of this pilot feasibility study was to assess whether
step-count based physical activity information could be used
to enhance hypoglycemia protection of a meal bolus follow-
ing a brisk walking session. Negative CGM slopes in the
early post-prandial phase support the need for formal incor-
poration of previous physical activity into insulin bolus cal-
culations. While the physical activity-informed bolus method
was able to successfully compensate for the decrease in glu-
cose levels, results imply that it might be too conservative
against the risk of hypoglycemia since it yielded an average
glucose trend higher than the computed participant-specific
reference glucose averages in the experimental arm of the
study. In other words, results showed that meal treatment
with the standard care following a walking physical activity
session led to below the reference glucose levels, implying
an increased risk for hypoglycemia, albeit not as much as
anticipated. Despite full bolus administration in the control
session, we observed a rather low rate of hypoglycemia and
higher time in the target range compared to the experimental
session. More specifically, only 3 instances of post-lunch
hypoglycemia occurred during the trial. As such, participants
indeed benefited from the walking exercise in terms of the
time spent in target range. These findings suggest that addi-
tional factors should be considered while adjusting the insu-
lin bolus for physical activity. Along this study, factors
attenuating the activity-induced increase in the glucose
uptake may include the high protein and fat content of the
breakfast, which was designed for having minimum IOB at
the time of the walking exercise. Additionally, the afternoon
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Figure 2. Change in CGM in the control (dark grey) and the experimental (light grey) visits. The reference CGM value for each visit
and participant is their average morning CGM calculated from CGM readings between 7:30 AM and 10:45 AM for the related visit. All
values are then obtained by subtracting the subject and visit specific reference CGM values from the observed CGM readings from
7:30 AM until 16:30PM during the study visit. The glucose values in the afternoon had a higher variation compared to the morning
since glucose levels were managed by the study physician in the morning to bring them to a safe glucose range for physical activity.
Furthermore, the range of meals taken for lunch are wider than the ones for breakfast.

Table 2. Regression Analysis Results on Post-Lunch CGM Slope Trends in the First 2 Hours (Left) and in the Second 2 Hours (Right)

Following the Lunch Meals.

Post-lunch [0h, 2h]

Post-lunch [2h, 4h]

Slope analysis Value = SE P-value Slope analysis Value = SE P-value
Intercept 3.9 1.49 .04* Intercept 0.16+1.48 917
CGM,,cheime -0.02 0.0l .032 CGM,,chtime -0.002 = 0.01 .853
Experimental visit 1.2+0.5 .032% Experimental visit 0.2+0.52 712

The variable “Experimental Visit” in the regression models is categorical and the coefficients associated with it show marginal difference in the slopes in

experimental compared to the control visit.

portion of the study incorporated minimum physical activity
that was significantly lower than the participants’ routine
afternoon physical activity upon which the treatment param-
eters were prescribed and optimized. These conditions, along
with the unbolused rescue carbohydrates around lunch, likely
led to higher glucose values than expected. Strategies to
improve the glycemic outcomes with physical activity
informed boluses, such as considering the meal composition,
and anticipated physical activity levels in the following
hours remain to be further investigated.

We also note three aspects of the approach taken in this
paper that are worth further examination. First, physical
activity on board is computed via a convolution with a refer-
ence signal (see the Supplementary Material). Different ref-
erence signal values may affect the outcomes of the bolus
decisions. We hypothesize that, based on our mathematical
intuition, if the reference signal approximates the decreasing
nature of the effect of physical activity on blood glucose well

enough, the corresponding adjustment decisions are valid for
our purpose. Second, the literature on the prolonged glyce-
mic effect of physical activity in individuals with T1D is lim-
ited. For instance, our reference study demonstrated a
biphasic change in glucose uptake in adolescents after an
exercise bout performed by adolescents late in the day.’!
However, it was shown in Davey et al?® that when the exer-
cise bout was at mid-day, the change in the glucose uptake
was rather stable from one hour after the exercise until
11 hours. Similar studies in adults at differing times of the
day and for different physical activity modalities could pro-
vide more accurate signals for our method. The third aspect
is the fact that physical activity has a longer horizon of effect
(12hours) than the one for insulin injections (5hours).?"?
This discrepancy translates to possible over-reduction of
insulin dose for the performed physical activity as our AOB
predictions anticipate further blood glucose decrease for
hours after the insulin was used. Additionally, we observed
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Figure 3. Boxplot representation of post-lunch CGM slope trends in study visits separated for the observation in the first 2 hours (left)

and in the second 2 hours (right) following the lunch meals.

the glycemic outcomes for up to five hours after the end of
the physical activity session and about half of the total glyce-
mic impact from the performed physical activity was antici-
pated to occur in the hours after our observation window,
based on McMabhon et al.’s study.?! One possible way to rec-
oncile this discrepancy is to make physical activity correc-
tions to compensate only for the changes anticipated to occur
within the duration of insulin action.

We believe that the aforementioned issues can be
addressed with future controlled studies that explore the gly-
cemic response to unstructured physical activity in T1D.
More data would support rigorous investigation on the math-
ematical modeling of the effect of physical activities com-
bined with insulin intakes. Despite these limitations, it is
noteworthy that in the first 2 hours of post-lunch phase, stan-
dard boluses yielded a higher tendency toward decreasing
glucose compared to the physical activity informed boluses.
These results are compatible with the current knowledge of
an increased glucose uptake up to 2 hours following moder-
ate-intensity physical activity.?':?

In conclusion, this pilot study presents early safety and
feasibility data of a novel method to quantify physical activ-
ity via a ubiquitously available measurement, step count, and
utilize this quantity to modulate prandial insulin boluses.
This method can be adapted to different physical activity
indicators, physical activity accumulation methods, as well
as the changing baseline physical activity behavior of indi-
viduals through the parameters AOB and AF. Our results
suggest that person-specific treatment adjustments through
step-based quantifications of physical activity are safe, fea-
sible, and have potential in mitigating physical activity-
induced BG decrease in the early post-meal window in
people with T1D. Nonetheless, further research and data are
required to address the limitations mentioned in this manu-
script such that a more comprehensive evaluation of our

method’s performance in enhancing glucose control could be
obtained.
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