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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 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).




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.



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 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 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 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.




Figure 2 | CONSORT diagram.



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.


Table 1 | Baseline characteristics of the evaluable population.





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 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).


Table 2 | Comparison of energy expenditure and energetic capacity at baseline and post-intervention.



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).


Table 3 | Comparison of patient reported outcomes at baseline and post-intervention.






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 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 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 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 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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