
Frontiers in Oncology | www.frontiersin.org

Edited by:
Takayuki Ueno,

Cancer Institute Hospital of Japanese
Foundation for Cancer Research,

Japan

Reviewed by:
Jose Gilberto Bazan,

Ohio State University Hospital,
United States

Elizabeth Ann Salerno,
Washington University School of

Medicine in St. Louis, United States

*Correspondence:
Tarah J. Ballinger

tarahb@iu.edu

Specialty section:
This article was submitted to

Women’s Cancer,
a section of the journal
Frontiers in Oncology

Received: 05 November 2020
Accepted: 25 February 2021

Published: 12 April 2021

Citation:
Ballinger TJ, Althouse SK, Olsen TP,

Miller KD and Sledge JS (2021) A
Personalized, Dynamic Physical

Activity Intervention Is Feasible and
Improves Energetic Capacity, Energy

Expenditure, and Quality of Life in
Breast Cancer Survivors.
Front. Oncol. 11:626180.

doi: 10.3389/fonc.2021.626180

ORIGINAL RESEARCH
published: 12 April 2021

doi: 10.3389/fonc.2021.626180
A Personalized, Dynamic Physical
Activity Intervention Is Feasible and
Improves Energetic Capacity, Energy
Expenditure, and Quality of Life in
Breast Cancer Survivors
Tarah J. Ballinger1*, Sandra K. Althouse1, Timothy P. Olsen2, Kathy D. Miller1

and Jeffrey S. Sledge2

1 Department of Medicine, Indiana University School of Medicine, Indianapolis, IN, United States, 2 Department of Urban and
Regional Planning, University of Wisconsin, Madison, WI, United States

Purpose: Despite survival and quality of life benefits associated with physical activity,
many breast cancer survivors remain inactive. Effective, sustainable interventions must
account for individual differences in capability, motivation, and environment. Here, we
evaluate the feasibility, mechanics, and efficacy of delivering an individualized, dynamic
intervention to increase energetic capacity and energy expenditure.

Methods: Stage 0–III breast cancer patients who had completed primary treatment
were enrolled. Prior to the intervention, detailed movement data was collected with a
wearable GPS and accelerometer for 3 weeks to establish baseline activity. Movement
data was collected continuously throughout the 12-week intervention, during which
patients received electronically delivered, tailored, dynamic activity “prescriptions”,
adjusted based on demonstrated individual capability, daily movement in their
environment, and progress.

Results: Of 66 enrolled, 57 participants began and completed the intervention. The
intervention resulted in significant improvements in average steps (+558 steps/day, p =
0.01), energetic capacity measured by power generation on a stationary bicycle (1.76 to
1.99 W/kg lean mass, p < 0.01), and quality of life (FACT-B TOI, 72.8 to 74.8, p = 0.02).
The greatest improvement in functional energetic capacity was seen in the lowest
performing tertile at baseline (0.76 to 1.12 W/kg, p < 0.01).

Discussion:Wearable technology delivery of personalized activity prescriptions based on
individual capability and movement behaviors demonstrates feasibility and early
effectiveness. The high variability seen in baseline activity and function, as well as in
response to the intervention, supports the need for future work in precision approaches to
physical activity (NCT03158519).
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INTRODUCTION

Physical activity is significantly associated with improved overall
health, quality of life, and disease specific survival outcomes in
breast cancer (1, 2). Breast cancer treatment has a detrimental
effect on functional capabilities, even years after completing
treatment (3, 4). A significant proportion of women with a
history of breast cancer do not meet physical activity
guidelines, are less active than their peers unaffected by breast
cancer, and self-report decreased physical activity levels
following diagnosis (5, 6).

Exercise intervention trials in this population are feasible with
modest effect sizes in several important endpoints, including
body composition, metabolic syndrome, and quality of life (7, 8).
However, individuals with limited exercise experience or higher
levels of baseline fatigue are less likely to participate or comply
with activity interventions (9–11). Thus, the population most in
need is the least likely to benefit from current strategies involving
intimidating, gym-based or one-size-fits-all approaches. The
opportunity to be physically active is individual, depending on
motivation (12, 13), environment (14, 15), and capability (16,
17). Effective activity interventions must take these differences
into account and meet patients where they are, particularly for
the most debilitated or inactive patients.

Here, we evaluate a personalized activity intervention,
designed to allow patients to incrementally increase movement
by leveraging their current ability and patterns of physical activity
within their built environment. The intervention delivers dynamic
physical activity prescriptions based on individual wearable data
from continuous GPS, heart rate, and accelerometer monitoring.
Rather than asking participants to begin new or foreign behaviors,
this strategy leverages constructivist, conceptual change, and
legitimate peripheral practice theories to ground physical
activity instructions in what patients are already able to do and
believe is worthwhile (18, 19). The objective of this pilot trial was
to evaluate the retention, feasibility, and early effect of this
approach on energetic capacity, movement (steps/day), and
quality of life in breast cancer survivors.
METHODS

This prospective, observational, single arm study was designed to
assess the feasibility and efficacy of a semi-automated,
individualized physical activity intervention delivered via
wearable, combined GPS/accelerometer in breast cancer
survivors. Primary and secondary endpoints were measured
before and after the 12-week intervention. The Indiana
University Institutional Review Board approved the study and
patients provided written informed consent prior to
participation. Research was performed in accordance with the
ethical standards of the Declaration of Helsinki.

Study Participants
Eligible participants had a history of ductal carcinoma in situ
(DCIS) or stage I–III invasive breast cancer and were recruited at
the Indiana University Simon Cancer Center and Eskenazi Health
Frontiers in Oncology | www.frontiersin.org 2
county hospital in Indianapolis, Indiana. Rather than population-
based or convenience sampling methods, recruitment was
performed pragmatically in breast oncology clinics and any
patient meeting the eligibility criteria was approached. Eligibility
criteria included completing all primary therapy for breast cancer
at least 4 weeks prior to enrollment, with the exception of ongoing
endocrine or HER2 directed therapy. Body weight was required to
be less than 300 pounds due to weight limit of the DEXA scanner.
Subjects had no uncontrolled neurologic, orthopedic, cardiac, or
pulmonary conditions that would interfere with the ability to
safely ride a stationary bicycle. Participants were compensated $50
for each assessment and at weeks 4 and 8 during the intervention,
for a total of $200, regardless of compliance.

Study Design and Activity Intervention
Prior to the intervention, individual movement and energy
expenditure data was passively collected for 3 weeks in order
to establish baseline patterns of activity. During this period,
enrolled patients wore a wrist GPS/accelerometer-enabled
activity and heart rate monitor (Garmin Vivoactive HR®). This
device provides valid and reliable measurements of heart rate and
step count (20). GPS provided spatial location of the patient at
individual time points. Combined with accelerometer and
transdermal heart rate monitoring, as well as integration with
community maps and weather, GPS data allowed energetic
demands and energetic expenditure to be determined at a
higher level of spatial accuracy than GPS or accelerometer
alone. Subjects were asked to wear the GPS/accelerometer for
all waking hours throughout the conduct of the study.

Following passive movement data collection, participants
underwent baseline assessment of energetic capacity measured
by power output on a stationary bicycle, body composition by
DEXA, and questionnaires assessing fatigue and quality of life.
A patient portal was downloaded onto the participant’s
smartphone and subjects were shown how to sync wearable
data. Access to either a smartphone, tablet, or computer with web
access was required for study participation; subjects could access
the portal by any of these means per preference.

During the 12-week intervention, the study investigators and
web-based application utilized the subjects’ baseline energetic
capacity determined from peak power output on the stationary
bicycle and movement patterns derived from the GPS/
accelerometer data to design daily activity “prescriptions”. The
intervention was developed using a geospatial model within
ArcGIS 10.X software. GPS-based, real-time community level
maps were created displaying the potential energy expenditure of
each participant within their community (Figure 1). Integration
of heart rate data, steps taken, and the routes moved within the
subject’s environment was used to generate a personal activity
prescription for the following day, delivered to the patient portal.
The initial prescription was based on the baseline movement
data collected and peak power generated on a stationary bicycle
at baseline (described below).

During the intervention, the prescribed daily movement
objectives accounted for location, anticipated weather, and
varying volumes and intensity of energy expended by the
patient. Based on 3-day rolling average of energy expenditure
April 2021 | Volume 11 | Article 626180
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data from the wearable, the activity prescriptions were adjusted
up or down. In this way, the intervention was dynamic and could
scale the activity prescribed up or down based on the patient’s
ability to meet or exceed the prior prescription, always with the
goal of increased activity. For example, if patients were not
meeting the movement goals at the end of a 3-day average, the
system automatically decreased the recommended individualized
movement as a percentage below the previous recommendation.
In this way, the algorithms are designed to responsively adjust
goals based on patient performance by their wearable data, much
as a personal trainer might. Heart rate data compared to activity
level intensity was used as a safety factor and monitored changes
in patient performance. Based on the flow of data from the
wearable and system algorithms, the application “learned” to
optimize how individual energetic demands were prescribed to
maximize patient adaptation and produce higher levels of
physical activity and capacity. Rather than simply tracking
activity, the intervention responded to it in a personalized way
that might be possible with an exercise trainer, if the trainer had
the same access to the data and analytics, but was able to deliver
prescriptions remotely and dynamically in real time. Following
the 12-week intervention, participants repeated the stationary
bicycle protocol and baseline questionnaires. As an exploratory
evaluation of sustained behavior change, participants were asked
to continue wearing the activity monitor for an additional 12
weeks in order to observe their behavior and begin exploring
whether activity changes were sustained in the absence of
active intervention.

Outcome Measures
Feasibility
The primary objective was to evaluate the feasibility of this
individualized, dynamic physical activity intervention. Feasibility
Frontiers in Oncology | www.frontiersin.org 3
was determined by the percentage of enrolled patients who
completed all assessments and wore the GPS/accelerometer
activity monitor for at least 10 h per day, 4 days a week, based
on the NHANES standard for physical activity data completeness
(21). Qualitative patient feedback was collected from participants
throughout the intervention with a feedback area in the
patient portal.

Steps/Day
The activity tracker incorporated both an accelerometer and GPS
unit. The accelerometer recorded step counts and stair count
along with intensity of movement. The GPS unit provided
additional and complimentary data such that GIS data, steps,
activity type (walking, running and stairs), and patient level data
could be integrated to calculate energetic expenditure within the
patient’s environment. Participants wore the activity tracker for a
3-week pre-intervention baseline period to define their
habituated energy expenditure environment, and throughout
the intervention to provide objective measures of step counts,
movement patterns, and GIS derived measures of energy
expenditure. Movement was assessed in near real-time during
the intervention to inform activity prescriptions. Average daily
step count during the intervention was compared to the pre-
intervention period as a secondary endpoint.

Energetic Capacity
Energetic capacity was measured using the Power Protocol-B™,
as previously described (17, 22). In brief, the Power Protocol-B™

is a stationary bicycle-based procedure that establishes the range
of power performance of the subject by incrementally increasing
power demands until stopping criteria are reached. This
procedure was used as it is less invasive, costly, intimidating,
or technically difficult than VO2max testing and can be
A B

FIGURE 1 | Example of patient interface and energy expenditure data. (A) displays patient view of movement prescription to incorporate bursts of more vigorous
activity into her walks. (B) displays the same patient’s movement within her community, incorporating the prescription as evidenced by changes in her pace and
heart rate.
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administered in the clinic by nursing staff. In addition, the
Power-Protocol-B™ is independent of patient effort across a
wide range of abilities. Ten second mean peak watts generated
per kilogram of lean body mass (watts/kg) measured by DEXA
was recorded pre- and post-intervention.

Anthropometrics/Dual-Energy X-Ray
Absorptiometry (DEXA)
Weight was measured to 0.1 kg on an electronic scale and height
was measured to the nearest 0.1 cm with a fixed stadiometer.
Whole body DEXA was performed to assess lean mass and
inform energetic capacity calculations.

Patient-Reported Outcomes
Patient reported fatigue was measured using the Basic Fatigue
Inventory (BFI). Quality of life, physical functioning, and breast
cancer related symptoms were measured with the Functional
Assessment of Cancer Therapy-Breast (FACT-B).

Statistical Analyses
This is a single arm, longitudinal cohort pilot study to evaluate
the feasibility. Feasibility was determined using all enrolled
participants (n = 66). Sample size was driven by precision of
estimation around secondary efficacy endpoints based on pilot
data for peak power per kilogram lean mass generated in this
population (17). Secondary efficacy endpoints were determined
in the per protocol population, defined as those who completed
all pre- and post-intervention assessments (n = 57). Categorical
values were reported as frequencies and percentages in the
evaluable population and continuous values were reported as
means with standard deviation. The effect of the intervention on
change in baseline power, steps per day, and patient-reported
fatigue and quality of life were assessed using descriptive
statistics. Paired t-tests were used to determine changes in
effect estimates pre- and post-intervention in the secondary
endpoints. In addition, patients were divided into tertiles of
baseline energetic capacity by the Power Protocol-B, and
differences in changes in endpoints between tertiles were
determined using ANCOVA models, using Boneferonni to
adjust for multiple comparisons. Pearson’s correlation was
used to evaluate the relationship between changes in steps/day
and changes in peak power per kg lean mass. SAS version 9.4
(SAS Institute, Cary, NC, USA) was used for analyses.
RESULTS

Enrollment and Feasibility
Sixty-six patients were enrolled in the study (Figure 2). Six
patients withdrew consent prior to baseline procedures. Three
patients who began the intervention did not complete the post-
intervention procedures. Thus, 86% (n = 57) of participants in
the enrolled population completed all study procedures pre- and
post-intervention and were evaluable for the study endpoints. All
of these patients (100%, n = 57) wore the GPS/accelerometer
monitor for at least 10 waking hours per day, 4 days per week.
Frontiers in Oncology | www.frontiersin.org 4
In addition to high levels of participation, the majority of
feedback received from patients was positive. The majority of
patients voiced comments such as, “kept me motivated”, and
“enjoyed the study, made me more aware of exercise”. Many
patients wished for this to be a standardized program, saying “If I
could do it [the study] all over again, I would” and “good
program every hospital should have”. All negative comments
were surrounding the functionality of the watch: “I dislike the
beep function”, “watch was too big and bulky”, and the limited
functions available for activity: “would like to add more
activities”, and “I want an additional nutritional component”.

Notably, there were no privacy concerns regarding GPS
monitoring voiced by any approached or enrolled participant.

The 57 participants who completed both the baseline and
post-intervention assessments are included in the analysis of the
outcome measures. Baseline characteristics of these participants
are shown in Table 1. Patients were an average of 59.2 ± 9.4 years
old and 63.7 ± 58.6 months from initial breast cancer diagnosis.
The majority had a history of stage I disease (53%) and had
received chemotherapy (58%) and/or endocrine therapy (65%).
The majority of patients were obese (53%) and sedentary,
averaging 6,642 ± 2,817 steps/day during the baseline
accelerometer data collection.

Change in Steps Per Day and Energetic
Capacity
As shown in Table 2, in the total population, average daily steps
increased from 6,642 during the pre-intervention period, to
FIGURE 2 | CONSORT diagram.
April 2021 | Volume 11 | Article 626180
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7,200 during the intervention (p = 0.01). Following the
intervention, the total population improved energetic capacity
significantly, with peak power normalized to lean body mass
(W/kg) increasing the mean by 13.1% (p = 0.01). There was a
moderate positive correlation between increase in steps/day
during the intervention and increase in power generation
capability on the stationary bicycle (r = 0.3, p = 0.03).
Frontiers in Oncology | www.frontiersin.org 5
The mean baseline functional capacity measured in power/kg
lean mass in the total evaluable population was 1.76 W/kg (SD
0.87), increasing to 1.99 W/kg (SD 1.01) post-intervention (p =
0.01). This is numerically higher than what was seen in our prior
observational study of patients newly diagnosed with early stage
breast cancer (1.55 W/kg, SD 0.88) (17), and lower than
predicted W/kg of women regularly participating in endurance
exercise (3.4 W/kg in 25 year old, 2.4 W/kg in 65 year olds) (23).
Given the large variability in the baseline energetic capacity of
the total population, additional exploratory analysis was done
separating participants into tertiles based upon their baseline
function (n = 19 in each group). Data for the total population
and each tertile is displayed in Table 2. The lowest performing
tertile at baseline had the largest and most significant
improvement following the intervention, increasing the mean
energetic capacity by 47% (p < 0.01); however, there was not a
significant difference when comparing between group differences
in each tertile (p = 0.65). All tertiles increased energy expenditure
during the intervention, with a significant difference when
comparing tertiles (p = 0.03). The low versus high tertiles were
significantly different while adjusting for multiple comparisons
(p = 0.02).

During the exploratory post-intervention period when subjects
were no longer involved in the study intervention, adherence with
wearing the activity monitor (defined as an average of 10 h per
day, at least 4 days per week) fell to 78.9% (n = 45) of participants.
Of those who continued to wear the monitor post-intervention,
only 33% (n = 15) maintained energy expenditure in steps taken/
day that were higher than baseline levels.

Change in Patient-Reported Fatigue and
Quality of Life
Patient-reported outcomes in the total evaluable population are
displayed in Table 3. Following the intervention, quality of life by
the FACT-B trial outcome index (TOI), which incorporates
physical and functional well-being and breast cancer specific
symptoms, improved significantly (p = 0.02). While this
represents a statistically significant change, it is questionable
whether this is a clinically important difference. Prior work
suggests that even small improvements in FACT outcomes can
be meaningful (24); however, a combined and anchor-based
approach to determine the minimally important difference for
the FACT-B TOI suggests it is 5 points, greater than what was
seen in this study (25). Global fatigue scores by BFI did not
change significantly (p = 0.16). Analysis by tertile of baseline
function revealed the largest improvement in quality of life
occurred in the highest functioning tertile, who also started
with higher quality of life scores (73.7 ± 9.1 baseline versus
76.3 ± 9.3 post, p = 0.02). However, differences in changes
between tertiles were not statistically significant (p = 0.70).
DISCUSSION

Physical function and physical activity are prognostic of
increased mortality after breast cancer (4, 26). Increased risk of
cardiovascular disease, metabolic syndrome, and recurrent breast
TABLE 1 | Baseline characteristics of the evaluable population.

Characteristic N = 57

Age, mean (SD) 59.2 (9.4)
Body fat %, mean (SD) 43.4 (8.0)
BMI (kg/m2), mean (SD) 32.6 (13.2)
BMI category
Normal 8 (14)
Overweight 19 (33)
Obese 30 (53)

Steps per day, mean (SD) 6642 (2817)
Steps per day category
<5,000 16 (28)
5,000–9,999 35 (61)
≥10,000 6 (11)

Race
Non-Hispanic white 33 (58)
Black 16 (28)
Hispanic white 1 (2)
Asian 0 (0)
Other 7 (12)

Education
High school 2 (4)
Some college 16 (28)
College degree 26 (46)
Graduate degree 13 (23)

Income
Not enough to be comfortable 5 (9)
Comfortable 35 (61)
More than comfortable 16 (28)
No answer 1 (2)

Employment status
Part-time 8 (14)
Full-time 27 (47)
Retired 15 (26)
Disabled 1 (2)
Other 6 (11)

Time since diagnosis, months
Mean (SD) 63.7 (58.6)
Stage
In-situ 2 (4)
I 30 (53)
II 18 (32)
III 7 (12)

Breast cancer subtype
ER+/HER2− 32 (56)
ER+/HER2+ 6 (11)
ER−/HER2+ 2 (4)
ER−/HER2− 17 (30)

Treatment
Surgery 57 (100)
Radiation 38 (67)
Chemotherapy 33 (58)
HER2 targeted therapy 8 (14)
Anti-estrogen therapy 37 (65)
All data presented as No. (%) unless otherwise indicated.
BMI, body mass index; SD, standard deviation.
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cancer are compounded by the high rates of physical inactivity
and deconditioning reported in this population (27–30), including
the participants enrolled in this study. Here, we demonstrate
feasibility of a 12-week intervention of personalized, wearable
technology-based, dynamic physical activity prescriptions, derived
from individual environment, movement patterns, and baseline
functional capacity. Participants were highly adherent, with 95%
(n = 57/60) of participants who began the intervention completing
all assessments and wearing the GPS/accelerometer monitor for at
least 10 waking hours/day, 4 days/week during the intervention.
This approach was impactful, significantly improving both
exercise capacity and daily movement in steps per day in breast
cancer survivors.

In exploratory analyses, the most significant improvement in
functional energetic capacity following the activity intervention
occurred in the participants with the lowest capacity at baseline.
This is the population least likely to have either the ability or
motivation to enter or be successful in formalized exercise
programs, and the most likely to benefit from gradual, personalized
approaches. There remains a need for interventions that are
approachable and deliverable to deconditioned patients who may
lack the self-efficacy, ability, or comfort required for uptake of
supervised, more intensive exercise programs. The gradual,
personalized movement intervention described here may be a more
accessible means to improve function and activity levels in these
patients; additionally, this approach may serve as “prehabilitation” to
improve function prior to a supervised or more intensive exercise
intervention, a strategy we will evaluate in future work.

Our results align with multiple other physical activity and
exercise interventions of variable design demonstrating feasibility
Frontiers in Oncology | www.frontiersin.org 6
and improved physical functioning and quality of life in this
population. Many of these interventions involve supervised,
moderate to high intensity aerobic and/or resistance exercise.
While more intensive interventions likely achieve greater effect
size in clinically relevant endpoints, these are difficult to generalize
as a significant portion of the cancer survivor population cannot or
will not participate. As multiple prior studies have shown, cost and
access are barriers to participation in supervised interventions, and
the majority of cancer survivors prefer home-based exercise (11).
Unsupervised, home-based interventions may compromise the
adherence seen in supervised programs; however, the use of
digital technology to remotely monitor participation, provide real-
time feedback, and engage patients may diminish this limitation
(31). Furthermore, GPS/accelerometer delivered interventions such
as used here translate objective data into motivation and goals for
participants, promoting patient engagement without direct
supervision. This may enhance self-efficacy, a known predictor of
exercise adherence in cancer survivors (32, 33).

A novel strength of this study is the collection of detailed data
from both accelerometer and GPS to provide granular movement
information that is comprehensive and objective. To date, much
research on physical activity behaviors or interventions in cancer
survivors has been characterized by patient self-report, with
variable reliability. Such approaches may not provide reliable,
quantifiable metrics in deconditioned populations, and do not
capture light intensity or “daily life”movements, as these are not
typically thought of or recalled as physical activity. However, this
general activity reduces sedentary time and impacts health and
cancer specific outcomes (34–36). Several studies indicate that
time spent in activity, rather than activity intensity, drives
TABLE 2 | Comparison of energy expenditure and energetic capacity at baseline and post-intervention.

Group* Energy expenditure (average steps/day) Energetic capacity (peak power W/kg lean body mass)

Baseline Post-intervention p-value Baseline Post-intervention p-value

Total population 6,642
(2,817)

7,200
(2,744)

0.01 1.76 (0.87) 1.99
(1.01)

0.01

Low 4,904
(2,722)

5,101
(2,595)

0.48 0.76 (0.28) 1.12
(0.43)

<0.01

Moderate 6,675
(1,831)

7,236
(1,863)

0.14 1.75 (0.21) 1.88
(0.48)

0.20

High 8,346
(2,771)

9,022
(2,254)

0.05 2.75 (0.40) 2.96
(0.98)

0.29
April 2021 | Volume 11 | Article
*Low, moderate, and high refer to tertile of baseline energetic capacity.
All values described as mean (standard deviation).
p < 0.05 is statistically significant, indicated by bold face type.
TABLE 3 | Comparison of patient reported outcomes at baseline and post-intervention.

Element Baseline Post-intervention P value

FACT-B
Trial Outcome Index (total) 72.8 (10.1) 74.8 (10.4) 0.02
Physical well being 24.2 (3.3) 24.8 (3.3) 0.02
Emotional well being 20.4 (3.3) 20.8 (3.2) 0.15
Functional well being 23.3 (3.9) 23.7 (3.5) 0.30
Breast cancer symptom score 25.3 (5.2) 26.4 (5.5) 0.03

Basic Fatigue Inventory
Global Fatigue Score 2.2 (1.9) 1.9 (1.9) 0.16
626180
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mortality benefit (37). Importantly, sedentary time and light
physical activity do not appear to impact breast cancer incidence
(38, 39); therefore, it is likely imperative to work toward
moderate and vigorous activity as a long-term goal to impact
recurrence in breast cancer survivors. While many studies have
used accelerometers for physical activity data collection, few have
used this in combination with GPS data in order to inform a
dynamic intervention (40). The movement data collected during
the intervention period was used not only as an efficacy endpoint,
but to actually inform the intervention and personalize activity
recommendations. This data was used to create activity
prescriptions at the individual, rather than cohort, level. Using
GPS and geographical information systems, activity was
prescribed within the context of the patient’s habituated
environment. It is hypothesized that this approach proved
effective by removing traditional time and access barriers to
activity, and may be more sustainable by teaching patients how
to be more active within their normal environment. Only three
patients out of 66 eligible felt the study intervention was too time
intensive for participation. When monitoring movement data
after the intervention, we observed a large portion of
participants no longer tracking their behaviors in the absence of
active intervention. Furthermore, of those that did continue to
wear the activity monitor, behavior change was not sustained in
the majority of participants. While this is observational, it is
hypothesized that strategies utilizing continuous intervention will
result in the most sustained activity changes in this population.

Several limitations of this study will further inform future
directions. The study is non-randomized; it is possible that
improvements seen are simply a result of healthcare team
attention, rather than the activity intervention. Furthermore,
improvements in power generation may be simply a result of
familiarity with the study procedures. However, our prior work
evaluating change in power generation after primary breast cancer
therapy in the absence of intervention demonstrated a significant
decline in power over 6 months (17). The small sample size and
single arm design does not allow for investigation of demographic
or clinical characteristics that may predict greater benefit to this
approach. In addition, the intervention required personnel
expertise and was not fully automated. We are currently
utilizing a machine learning approach to successfully automate
all intervention procedures to improve scalability. A future,
randomized trial will evaluate an automated version of this
intervention compared to a usual care control arm with activity
monitors alone. This will be enriched for the lowest functioning
patients not currently participating in regular physical activity, and
Frontiers in Oncology | www.frontiersin.org 7
will focus on phenotypic moderators of this approach. Based on
patient feedback, future iterations of this intervention will also
include more activities than walking/running, and will allow use of
other wearable devices.

This study designed to encourage breast cancer survivors to
increase physical activity within their typical environment was
feasible with high patient engagement, successfully increasing
energy expenditure and, in turn, functional capacity. High
variability in both baseline activity and function with more
significant improvements in the most deconditioned patients
supports the need for work focused on precision approaches to
physical activity interventions. Future work should utilize
accelerometer assessed physical activity and sedentary time,
varying methods, dose, and delivery based on individual
environment, lifestyle, and exercise capacity.
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