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Abstract

Psychosocial stress is a major risk factor for morbidity and mortality related to a wide range
of health conditions and has a significant negative impact on public health. Quantifying
exposure to stress in the naturalistic environment can help to better understand its health
effects and identify strategies for timely intervention. The objective of the current project was
to develop and test the infrastructure and methods necessary for using wearable technology
to quantify individual response to stressful situations and to determine if popular and acces-
sible fitness trackers such as Fitbit® equipped with an optical heart rate (HR) monitor could
be used to detect physiological response to psychosocial stress in everyday life. The partici-
pants in this study were University of Minnesota students (n = 18) that owned a Fitbit®
tracker and had at least one upcoming examination. Continuous HR and activity measure-
ments were obtained during a 7-day observation period containing examinations self-
reported by the participants. Participants responded to six ecological momentary assess-
ment surveys per day (~ 2 hour intervals) to indicate occurrence of stressful events. We
compared HR during stressful events (e.g., exams) to baseline HR during periods indicated
as non-stressful using mixed effects modeling. Our results show that HR was elevated by
8.9 beats per minute during exams and by 3.2 beats per minute during non-exam stressors.
These results are consistent with prior laboratory findings and indicate that consumer wear-
able fitness trackers could serve as a valuable source of information on exposure to psycho-
social stressors encountered in the naturalistic environment.

Introduction

Exposure to frequent, sustained or severe stressors has been associated with the development
or progression of disease in multiple therapeutic areas including cardiovascular disease [1],
type 2 diabetes [2], obesity [3], sleep disorders [4,5], depression [6], stroke [7] drug addiction
(including opioid, tobacco, cannabis and cocaine use) [8-12] and Alzheimer’s disease [13].
The significance of stress has been perhaps best studied with respect to its effects on
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cardiovascular disease with studies finding increased risk of events associated with exposure to
stressors commonly encountered in life such as work stressors, anger episodes and even view-
ing a stressful sporting event [14-16].

The physiological response to stress is a biological process that is characterized by activation
of the sympathetic system as reflected by increases in blood pressure, heart rate, plasma epi-
nephrine concentrations and skin conductance and activation of the hypothalamic-pituitary-
adrenal axis as reflected by increases in corticotropin-releasing factor and cortisol concentra-
tions [17-27]. These processes, by which the body responds to stressful events, has been
referred to as allostasis—increased allostatic load can lead to pathophysiology which subse-
quently can result in altered response to and recovery from future stressors [28-31]. Assessing
stress response typically occurs in laboratory settings in which participants are exposed to a
standardized stressor while physiological parameters are monitored. These laboratory stressors
are expensive to administer and burdensome for participants and, therefore, cannot be com-
pleted in large numbers of individuals.

Assessing exposure to stressful situations is typically accomplished by either asking individ-
uals about stressful events that have occurred in the past or collecting information about events
as they are occurring (or shortly after they have occurred) using Ecological Momentary Assess-
ment (EMA) methods [32-34]. Questionnaires asking about stressful events in the past are
subject to recall bias in that individuals may not be able to completely or accurately recall
events that have occurred previously. EMA methodologies are effective but somewhat intru-
sive in that participants are expected to fill out questionnaires multiple times per day in order
to accurately capture events in close to real time. EMA studies are therefore usually limited to
several weeks as it would be difficult to maintain compliance for prolonged periods of time.

In order to understand how acute stress response measured in the naturalistic environment
can translate into chronic disease intervention it is necessary to be able to quantify multiple
factors including the magnitude of an individual’s response to stress, the pattern of recovery,
and the frequency of stress exposure [29,35]. While these factors may lend themselves to be
measured using wearable devices, past stress history also needs to be considered along with
these measurements as prior history of stress exposure may either attenuate or exaggerate the
observed acute stress responses [28,29]. Currently available methods to assess both when an
individual is exposed to a stressor (i.e., stress exposure) and the magnitude of the physiological
response to that stressor (i.e., stress response) have significant limitations as described above.

Accessible consumer wearable sensor technology already accepted by a wide range of indi-
viduals provides an ideal platform for scalable approaches to measuring stress exposure in
large populations. However, this technology is fairly new and requires extensive investigation
to determine its usefulness and reliability for this purpose. There are two particularly challeng-
ing aspects to this approach. First, it is necessary to develop informatics tools for obtaining and
processing large quantities of time-series data from wearable devices. Second, it is necessary to
develop and validate methods for using naturally occurring stressors and artificial but stan-
dardized stressors to be used as benchmarks. A number of studies have begun to examine the
use of wearable technology for healthcare applications such as the prediction and prevention
of falls in the elderly [36], the capture of mental and behavioral events (craving, stress and
mood) associated with illicit drug or tobacco product use [37,38], and the identification of
activity pattern changes in everyday life [39]. Groups such as the Center of Excellence for
Mobile Sensor Data-to-Knowledge initiative [40] have been established to develop appropriate
methods for collecting and analyzing data from wearable devices. Studies focusing on college
students have used data collected from wearable devices, mobile devices and electronic diary
questionnaires to determine overall perceived levels of stress or well-being [41-43]. Previous
studies however have not extensively investigated the use of commercially available, relatively
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low cost, commonly used devices in order to identify stressful periods experienced in the natu-

ralistic environment. Developing methods with commonly used and accepted devices would

allow stress exposures and response to be measured remotely and in a large number of individ-

uals enabling the collection of data for stress related research from a much higher number of

individuals than could otherwise be obtained.

The objective of the current study was to determine if popular and accessible fitness track-

ers such as Fitbit® equipped with an optical heart rate monitor could be used to detect physio-

logical response to psychosocial stress in everyday life and if such a study could be conducted

without the need for in-person clinic visits. Our hypothesis was that participants’ heart rate

would be measurably elevated during self-reported stressful episodes as compared to an indi-

vidually determined baseline.

Materials and methods

This minimal risk study was conducted at the University of Minnesota and was approved by

the Institutional Review Board.

Study design

In this study, University of Minnesota students who owned a Fitbit®) device capable of mea-
suring heart rate and who indicated that they had upcoming examinations were enrolled in a

study in which they were asked: 1) for a seven day period to wear their Fitbit® during all wak-

ing hours; 2) for a seven day period to complete short surveys six times daily in which they

were asked about the occurrence of stressful life events; 3) to once during the seven day period
complete a mental arithmetic task over the telephone (while wearing their FitBit®); and 4) for
a sub-population of participants to once during the seven day period complete a verbal fluency
task over the telephone (while wearing their FitBit®). All interactions with study participants
took place online either via web interfaces, an interactive voice-response telephone system, or

email. An example of the study timeline for a participant that had an exam on days 3 and 4 is

shown in Fig 1.

|

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
| | L | | | I | | i
- | . o | ! ! Lo
! [ \ J \ J |
) Y Y |
Exam 1 Exam 2 Mental Verbal Fluency i
arithmetic (in a subset of :
task 8 participants) !

6 EMA surveys per day (approximately every 2 hours between 9:00 am and 8:00 pm)

Fig 1. Study outline example for participants that had an exam on days 3 and 4 of the observation period.

https://doi.org/10.1371/journal.pone.0229942.9001
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The participants in this study were University of Minnesota students who were at least 18
years old, owned a Fitbit®) activity tracker capable of measuring heart rate (i.e., was equipped
with a photoplethysmography sensor), and had at least one upcoming examination in a course
that they were taking. Potential participants were excluded if they regularly used tobacco prod-
ucts (tobacco is known to increase heart rate), were pregnant or breastfeeding, had an unstable
medical condition or were taking medications known to affect heart rate. Participants were
also excluded if, at the time of the initial eligibility screening, we were unable to access their
Fitbit® data for any technical reason that could not be resolved. All other inclusion / exclusion
criterion were based on self-report. Those who completed the entire study were provided with
a $50 gift card.

Study procedures. The overall framework of the informatics infrastructure that was cre-
ated for this pilot study is illustrated in Fig 2. The design of the framework is centered on the
concept of a computer application (https://github.com/UMN-RXInformatics/virtual-study-
coordinator.git) that acts as a Virtual Study Coordinator (VSC), responsible for orchestrating
various study procedures and interactions between systems. Although, as described below,
some of the procedures were performed manually in this pilot study, they do lend themselves
well to automation in future larger studies. No in person visits were conducted in this study.

Potential participants responded to advertisements posted around the University by follow-
ing a web link provided in the posting that took them to a consent form. Those who electroni-
cally provided informed consent were automatically directed to a screening survey to
determine their eligibility for the study. The informed consent and the eligibility survey were

Virtual Study
Coordinator S )

(VSC)
SALSA: Data storage
and analysis
# fitbit

Voice: mental arithmetic
and verbal fluency

Account test

Text: EMA reminders

Intra-day time series

Fig 2. Infrastructure created to obtain and analyze data from wearable devices.

https://doi.org/10.1371/journal.pone.0229942.9002
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implemented using the University of Minnesota Clinical and Translational Science Institute’s
REDCap system. After completing the eligibility survey, participants were automatically
directed to a web app designed for obtaining Fitbit® data. Compliant with the Fitbit® autho-
rization requirements and procedures, the web app redirected the participants to the Fitbit®
login and authorization page on which participants were asked to share with the study their
intraday heart rate and activity data collected over the previous 24-hour period. These data
were not used in the analysis and were collected as part of screening to ensure that participants’
data were accessible.

Study eligibility and the start date of the 7-day study observation period were determined
manually by the study team. The start date was chosen so as to capture as many stressful exams
as possible (as indicated by the participants on the screening questionnaire) during the 7-day
observation period.

Eligible participants were contacted by email to inform them of their eligibility, to provide
them additional study information and to ask them to wear their Fitbit® tracker during all
waking hours for all 7-days of the observation period. Participants were asked to charge their
Fitbit® devices regularly to ensure their continuous operation. A reminder email was sent on
the day immediately prior to the start date of the observation period.

In order to determine the presence of any stressful events that occurred and the time of
their occurrence, participants were sent a survey 6 times daily at 132-minute intervals between
the hours of 9:00 AM and 8:00 PM each day of the 7-day observation period. Participants had
2 hours to respond to each of these Ecological Momentary Assessment (EMA) surveys. In
order to maximize survey response, part of the participants’ compensation was contingent on
completing at least 80% of surveys within the 2 hour period.

In order to determine if a standardized stressor delivered remotely could be used effectively
to increase heart rate to an extent measurable by a FitBit®), participants approximately half-
way through the 7-day period were contacted by email to ask them to make a phone call to an
automated telephone system to complete the mental arithmetic task. A subset of 8 of the 18
participants were sent an email on the subsequent day to ask them to make another call to an
automated telephone system in order to complete two verbal fluency tasks. In both cases, par-
ticipants were asked to call the number as soon as possible to complete the tasks.

Instruments

Surveys. The EMA surveys that participants completed 6 times daily during the observa-
tion period asked if any stressful events were experienced since the previous EMA. Those who
responded in the affirmative were asked how many stressful events were experienced, to indi-
cate the time of the most stressful event, the type of stressor that caused it (i.e., exam in my
class, other work / school, interpersonal, financial, health, trauma, other) and how stressful
they perceived the event to be on a variable analogue scale anchored by “not stressful at all”
and “extremely stressful”. The timing and delivery of EMA surveys was managed by the Uni-
versity of Minnesota Research Electronic Data Capture (REDCap) system enabled with the
Twilio text messaging service. REDCap is a secure, web-based application designed to support
data capture for research studies [44].

Standardized stressor tasks. All participants in this study were asked to complete a modi-
fied version of the standardized mental arithmetic task from the Trier Social Stress Test [45].
In this task, participants were asked to continuously subtract the number seven starting from
900 for 2 minutes. This task was implemented on the Twilio telephony platform as a series of
scripts written in Twilio Markup Language (TwiML). The participants used their phone’s key-
pad to enter their responses to the task following automated prompts. If an incorrect answer
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was entered, the participant was informed that the answer was incorrect and was asked to re-
enter the correct response.

A subset of participants were also asked to complete another telephone-based cognitive task
(i-e., a verbal fluency test) in which they were asked to first name all words they could think of
in one minute that started with the letter “A” (excluding proper names and morphological var-
iants) and then name all animals they could think of also in 1 minute. In prior work, heart rate
was found to be negatively correlated with performance on the letter fluency task suggesting
that this task is associated with sympathetic arousal [46]. In both tasks, participants were
informed that their responses were being recorded. All responses were recorded and stored
using the System for Automated Language and Speech Analysis (SALSA: [47,48]).

Fitbit® web app. A web-based app was created specifically for this study that was
designed to authenticate study participants with Fitbit® and transfer their intraday heart rate
and activity (steps and elevation) data for the 7-day study observation period to the SALSA sys-
tem for storage and analysis. Permission to access intraday time-series data for study partici-
pants was obtained from Fitbit®) prior to the study. Data were obtained with the highest
granularity available via the Fitbit® API (1 second resolution for heart rate data and 1-minute
resolution for steps and elevation). Due to how the Fitbit® device estimates and reports heart
rate data, setting the 1-second resolution does not guarantee receiving heart rate estimates at
this exact resolution. The actual resolution varied from 1 to 15 seconds with the majority of
measurements around a 3-5 second interval.

Data analysis

Pre-processing. HR time series were filtered to exclude samples obtained during periods
of physical activity (more than 10 steps per minute or 1 or more floors of elevation). The
excluded samples were used to calculate HR during increased physical activity (see comparison
Cl1 in the next section). Stressful periods as determined from EMA surveys were defined in
terms of 20 minute windows (10 minutes prior to and post the time of the stressor indicated
by the participant). Stressful periods during exams reported at baseline were defined as the
first 20 minutes of the scheduled exam. The choice of the window sizes is motivated by prior
work by Gjoreski et al. (2017) that reported better stressful event prediction accuracy with
smaller windows of 10-18 minutes prior and after the reported event. Stressful periods for the
remote arithmetic and verbal fluency tasks were defined as the period from when the call was
placed to when it was completed. All data samples from EMA periods reported as stress-free
and did not have corresponding steps and elevation activity were used to calculate the baseline
HR.

Within subject comparisons. To compare periods of stress (EMA stress, exam, verbal flu-
ency, and mental arithmetic task) with EMA reported stress-free periods and with periods
with increased physical activity (exertion) we defined the following 7 within-subject compari-
sons (C1-C7) based on the window during which HR measurements were collected:

o C1 -HR measurements collected when physical activity (> 10 steps per minute or > 1 floor
of elevation) was present within approximately 2 hour EMA windows reported as stress-free

o C2 -HR measurements collected during 20 min window centered on time of EMA stressor

o C3 -HR measurements collected during approximately 2 hour EMA window reported as
containing a stressful event

« C4 -HR measurements collected during 20 min window centered on time of exams reported
on EMA
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o C5 -HR measurements collected during first 20 min window of exams reported during
screening

« C6 -HR measurements collected during Verbal Fluency task
« C7 -HR measurements collected during Mental Arithmetic task

The baseline HR was calculated from frames with no physical activity present (< = 10 steps
per minute or < = 1 floor of elevation) collected within approximately 2-hour EMA windows
reported as stress-free.

Statistical analysis

To analyze the within-subject comparisons listed (C1-C7), we employed mixed effects models
to compare mean HR estimates during each type of stressful period to periods marked as not
stressful. These models clustered HR readings within target periods and within subject. Mea-
surement period (e.g. exam vs. EMA stress free) was a fixed effect and the intercept was mod-
eled as a random effect. The use of mixed effects models ensured that appropriate baseline
means were calculated for comparisons in subsets of participants due to within-subject cluster-
ing. This multilevel analysis had sufficient statistical power to detect relatively small differences
(< 1 heart beat per minute) in heart rate within subject.

To examine the correlation between ratings of stressful events and HR response to stressful
events we used the mean HR change for each event and the corresponding rating of that event.
We used mixed models to account for the non-independence of ratings of multiple stressful
events within individuals.

Comparisons between the mean stressfulness ratings of the upcoming exams during the
screening phase of the study to those reported on EMA assessments after individual exams had
taken place were tested using the paired Student’s t-test. Significance threshold was fixed at
alpha = 0.05. Correlations between stress ratings were tested using Spearman rank correlation.

Results

Study sample characteristics

Seventy-six potential participants responded to the study advertisement. Of these, 22 either
did not answer the consent form comprehension question or answered it incorrectly and were
disqualified. Of the remaining 54 participants, 34 did not meet the eligibility criteria. The
remaining 20 participants initially met the eligibility criteria; however, during screening, we
were not able to obtain Fitbit@® data for technical reasons from 2 of these participants. Thus,
the final study sample consisted of 18 participants (mean age 20.06 (SD 2.04) years old; 14
women and 4 men). Of the 18 participants, 1 participant indicated that they had 8 upcoming
exams, 4 participants had 5 upcoming exams, 3 participants had 4 upcoming exams, 4 partici-
pants had 3 upcoming exams, 5 participants had 2 upcoming exams and 1 participant had 1
upcoming exam. The mean self-reported stressfulness (measured with VAS 0-100) of the
upcoming exams that the participants indicated during screening was 63.7 (SD 13.27). The
mean self-reported stressfulness of the exams reported post exams on EMA assessments was
72.4 (SD 16.57). The difference between the stress ratings on screening and EMA was not sig-
nificant (p = 0.097) and individual ratings provided during screening and on EMA were not
correlated (rtho = 0.25, p = 0.345).

From these 18 participants a total of 837 EMA surveys were requested. Eighty nine (10.6%)
of these surveys were not completed. Only one participant completed all surveys. Three partic-
ipants accounted for half (n = 48) of the 89 incomplete surveys. The number of missed EMAs
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varied by time of day from 12 for the last EMA of the day to 22 for the first EMA of the day. Of
the remaining 747 completed surveys, 73 (9.7%) reported a stressful event had occurred.
Exams (27.4%) and work / school stressors (30.1%) were the most commonly reported stress-
ors followed by interpersonal (13.7%), other (13.7%), health (12.3%) and trauma (2.7%).

A subset of 8 of the 18 participants were asked to complete the verbal fluency task in addi-
tion to the mental arithmetic task. All 8 completed the task. Of the 18 participants that were
asked to complete the mental arithmetic task, 13 (72%) completed the task and 5 did not.

Heart rate changes

A total of 1,928,738 heart rate (HR) measurements were obtained for all participants. After
excluding measurements that coincided with changes in elevation or 10 or more steps per min-
ute, 1,566,238 HR measurements remained. Based on EMA data, 656,700 HR measurements
were obtained in stress-free periods and 156,467 measurements within the two-hour window
for a stressful event but not in the 20-minute acute stress period, and 21,513 HR measurements
within the 20 minute EMA reported stressful event period. For the verbal fluency task, we
obtained a total of 275 HR measurements that represented 8 participants. For the mental arith-
metic task, we obtained 496 HR measurements that represented 13 participants.

The analysis of HR changes in comparisons C1-C7 from baseline using mixed effects
modeling (summarized in Table 1) showed that during exam periods based on participant’s
schedules obtained during screening (comparison C5), HR was significantly elevated by 3.90
beats per minute (F(1,668745.7) = 922.3, p<0.001), and during all EMA periods (other than
exams) self-reported by participants as stressful (comparison C2), heart rate was significantly
elevated by 3.16 beats per minute as compared to stress-free periods (F(1, 673122) = 739.2,
p<0.001). When the stressful event was identified as an exam on the EMA survey (comparison
C4), HR was elevated by 8.86 beats per minute compared to stress-free periods (F(1,665648) =
2620.5, p<0.001). As expected, during physical activity (comparison C1), the HR was also sig-
nificantly elevated by 18.63 beats per minute (F(1,240725) = 2158.2, p<0.001)).

Fig 3 shows the individual differences in mean HR estimates from baseline for 18 partici-
pants during non-exam EMA-reported stressors and exams reported during screening (corre-
sponding to comparisons C2 and C5 respectively in Table 1). These data show that for most
individuals, the HR was elevated during periods of stress with the magnitude of the increase
varying considerably between individuals. A similar significant elevation in HR was observed

Table 1. Estimates in heart rate change during various comparisons. The change in HR is relative to the baseline HR as estimated by mixed effects modeling (baseline
HR =76.7, 95% CI = 72.8-80.6) calculated from 2-hour EMA windows reported as stress-free with no physical activity.

Experimental condition Number of Estimated change from baseline in mean HR beats per| 95% CI P
participants minute
C1. 2 hour EMA windows reported as stress-free (with physical 18 18.63 18.55- <
activity) 18.71 .001
C2. 20 min window centered on time of EMA stressor 18 3.16 2.94-3.39 <
(excluding exams) .001
C3. 2 hour EMA window reported as containing a stressful 18 917 .84-.99 <
event .001
C4. 20 min window centered on time of exams reported on 18 8.86 8.52-9.20 <
EMA .001
C5. first 20 min of exams reported during screening 18 3.90 3.65-4.15 <
.001
C6. Verbal Fluency task 8 7.09 5.53-8.66 <
.001
C7. Mental Arithmetic task 13 -.57 -1.73-.60 | .34

https://doi.org/10.1371/journal.pone.0229942.t001
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Fig 3. Mean differences in observed HR (SD) across individual’s events (some only had one event) as compared to baseline during non-exam EMA-reported stressors
(panel A) and exams reported by participants during screening (panel B).

https://doi.org/10.1371/journal.pone.0229942.9003

during the verbal fluency cognitive task (comparison C6: 7.1 bpm) as compared to the stress-
free baseline (F(1,659929) = 78.7, p<0.001). During the mental arithmetic task (comparison
C7), HR was not elevated (F(1,660030) = 0.90, p = 0.34).

There was no significant correlation observed between mean stressfulness of events self-
reported via EMA surveys and mean change in HR from baseline during the events (rho = .11;
p =.50). We also examined the correlation between the change in heart rate during exam peri-
ods reported during screening (comparison C5) and self-reported anticipated stressfulness for
those exams and found no correlation (rho =.002, p = .99).

Discussion

We have developed and pilot-tested an informatics framework that uses multiple commercial
and public platforms and APIs to collect and process physiological data from consumer wear-
able fitness tracker devices measuring the physiological response to psychosocial stress. Prior
literature shows that mild psychosocial stress elicits a measurable HR response on the order or
5-10 bpm [22]. Our preliminary results indicate that low-cost consumer activity trackers such
as Fitbit@® may be used to measure HR response to everyday stressors as well as standardized
stressors. We also provide initial data regarding the feasibility of conducting studies of stress
exposure in everyday life completely remotely with existing technology, which is particularly
important in the context of conducting large-scale population surveillance studies. Future
larger studies are needed to more fully evaluate the strengths and limitations of this approach.

As the purpose of this study was to determine the feasibility of remotely measuring an indi-
vidual’s response to stressful situation in the naturalistic environment, use of a reference device
was not feasible. We therefore relied on an examination of concurrent validity of the Fitbit®
HR sensors by using events known to be generally stressful (i.e., college examinations) and
other events self-reported by participants. Thus, while we were not able to determine how
accurately Fitbit® HR sensors measure true heart rate, we were able to confirm that HR mea-
surements obtained with Fitbit@®) increase as expected and consistently in response to natural-
istic stressors (in the absence of physical activity) and physical activity across multiple people
and multiple events. Furthermore, the magnitude of the increase is consistent with that
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obtained in laboratory conditions— 5-10 beats per minute [22,49]. These results indicate that
a) the elevation in HR due to stressful life events is detectable with consumer wearable devices
in the natural environment, and b) there is substantial inter-participant variability in HR
changes which is also consistent with prior findings showing that individuals vary in their
physiological reactivity to stress [50]. Our results also indicate that unlike the VF task, the
remotely administered mental arithmetic task we used does not elicit a stress response (albeit
the former is based on a smaller sample). Prior work on heart rate that included verbal fluency
tasks shows that verbal fluency is a mildly stressful cognitive task [51]. The lack of a robust
response in our study to the mental arithmetic task may be due to a number of factors includ-
ing the telephone response system implementation of the task which does not have a verbal
component that is a requirement of the verbal fluency tasks.

We also found that subjective self-report of the severity of event stressfulness are not reflec-
tive of the physiological response measured via heart rate. This is consistent with prior reports
in the literature of the lack of a strong relationship between subjective self-assessments of acute
mental stress and objective measures [52,53].

Our study has a number of limitations that should be considered in the interpretation of
the findings. Since this is a pilot feasibility study, the sample size is limited to 18 young adult,
mostly female college students. A larger study with a greater number of participants and
greater gender and age distribution range would be helpful to confirm our findings and to con-
duct a more in-depth analysis of the impact of individual differences on the ability to detect
heart rate changes with consumer fitness trackers. Another limitation is that in this study, we
focused on a single tracker device brand (Fitbit®) capable of measuring heart rate. Our find-
ings may therefore not be readily generalizable to other devices nor could we distinguish (due
to small sample size) if there are differences among the various Fitbit® devices used by partici-
pants in this study. Another limitation of using Fitbit®) as the wearable device tested is that
the Fitbit® API does not provide access to inter-beat interval data from the optical HR sensor.
This data would have been necessary in order to estimate heart rate variability (HRV), a mea-
sure shown to be responsive to psychosocial stress [54]. Other limitations include not having
estimates of alcohol intake that may potentially affect heart rate measurements and not being
able to determine if the participant was exerting themselves while remaining stationary (e.g.,
lifting heavy objects or other sources of stationary physical strain).

Nonetheless, this study showed that despite these limitations, heart rate response to stressful
events encountered in everyday life can be measured using a widely used, commercially avail-
able device. Future studies assessing devices with additional capabilities (for example, those
that allow for the calculation of HRV or for assessing electrodermal activity) may further
improve on the ability to detect stressful events and overcome the additional limitation in the
current study that heart rate increases can occur due to multiple factors other than stress (that
include among others physical activity, mood, food consumption and smoking [55]. In the
current pilot study, we excluded measures associated with activity and did not attempt to
account for other factors.

Conclusions

We have developed an informatics framework that uses multiple commercial and public plat-
forms and APIs to collect and process physiological data from consumer wearable fitness
tracker devices. Using this framework, we found that widely available and accessible consumer
wearable fitness trackers such as Fitbit® with HR sensor capabilities are able to capture
changes in continuous heart rate in response to naturally occurring psychosocial stressors.
These findings serve as a foundation to further explore the use of commercially available
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wearable devices for quantifying the burden of stress in everyday life and its association with
health outcomes. More work is needed to determine the most effective way of measuring phys-
iological response to stress in naturalistic environments; however, the results of this pilot study
provide an initial indication that it is feasible to continually monitor for potential stress expo-
sure and to assess one’s reactivity to a standardized stressor remotely.
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