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Abstract

The way people respond to stressful situations (i.e., stress reactivity) varies widely.
Researchers typically measure stress reactivity in controlled studies, but this is limited
because laboratory stressors cannot capture the variety, severity, or duration of stressors
that individuals face in their daily lives. The present study examined the feasibility of using
ecological momentary assessment (EMA) and a wireless electrocardiography (ECG) patch
to develop an understanding of stress reactivity in natural settings. Thirty-five adult women
completed EMA surveys about stressors they were exposed to while wearing a wireless
ECG monitor for 7 consecutive days. Daily stressors were measured using seven questions
adapted from the Daily Inventory of Stressful Events and a stressor interval was defined as
the presence of at least one stressor during the EMA survey prompt. Participants wore the
Cardea SOLO wireless ECG monitor (Cardiac Insight Inc., Bellevue, WA) to continuously
track their heart rate. Participant-specific differences in 5-minute heart rate variability (HRV)
between intervals when participants did and did not report stressors were calculated and
displayed in a heat map. Survey response rate was satisfactory (72.0%, n = 588) and nearly
all participants (33 out of 35) reported both stressor and non-stressor intervals. Each partici-
pant reported at least one stressor on approximately 35% of completed surveys while wear-
ing the ECG patch. Mean wear time (6.6 days) and the duration of analyzable data with an
ECG monitor were close to the 7-day study period. While many participants had lower HRV
during stressor versus non-stressor intervals, the magnitude and direction of these differ-
ences varied widely. In summary, we found that a 7-day sampling scheme combining eco-
logical momentary assessment (EMA) with HRV measured using continuous ECG
monitoring was feasible and effective in capturing a variety of daily stressors and measuring
autonomic stress reactivity.
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Introduction

While there is evidence of the contributions of stress to a variety of poor health outcomes, we
know that psychosocial stressors are not internalized in the same way by everyone [1, 2]. Indi-
viduals may experience different emotional or physical changes to the same stressor, depend-
ing on how threatening they perceive the stressor to be and their available coping resources
[3]. Differential stress reactivity, or how one responds to stressful situations, has been associ-
ated with deleterious health outcomes such as psychiatric disorders, cardiovascular disease,
and increased hippocampal aging [3, 4].

When an individual appraises a stressor as threatening, their brain elicits a variety of
emotional and physiological responses. This includes activation of the autonomic nervous
system as a result of sympathovagal imbalance due to the activation of the sympathetic ner-
vous system and the withdrawal of the parasympathetic nervous system [4, 5]. The sympa-
thetic nervous system signals the adrenal glands to release epinephrine and cortisol, which
stimulates increases in heartbeat [6], blood glucose levels [7], and respiration rate [8], as
well as dilation of blood vessels in the arms and legs [9]. Similarly, parasympathetic with-
drawal contributes to heart rate and blood pressure elevations [8, 10]. Although it is
normal and healthy for your body to mount this type of response to a stressful situation,
responses can be harmful when they do not adequately match the demands of the situation.
Autonomic stress reactivity typically refers to changes in heart rate (HR) and heart rate
variability (HRV) or blood pressure due to hyperactivation of the sympathetic nervous sys-
tem and deactivation of the parasympathetic nervous system in response to stressors [11].
A number of recent studies [12-14] have demonstrated that greater HRV stress reactivity
is an indicator of autonomic nervous system plasticity and healthy autonomic nervous sys-
tem functioning. Conversely, lower HRV stress reactivity has been linked to general
increased threat perception as well as depression, cardiovascular disease, and mortality
[15, 16].

Researchers have typically measured HRV stress reactivity in controlled, laboratory settings
in which stress responses were measured before and after the administration of an acute psy-
chosocial stressor (e.g., Stroop task, mirror tracing, Trier Social Stress Test) [17, 18]. This
methodology is limited, however, because laboratory stressors cannot capture the variety,
severity, or duration of stressors that individuals face in their daily lives [4]. The few studies
that have measured HRYV stress reactivity in natural settings have mainly relied on 24-hour
recordings of HR or HRV using a digital Holter monitor [11, 19-21]. A study by Brown et al.
(2017) identified an optimal method to identify reductions in HRV due to physiological and
psychological stress using a 24-hour ECG and movement data collected from an ecgMove sen-
sor [22]. However, restricting data collection to a 24-hour period may limit the likelihood that
participants will report enough moments with and without stressors to accurately measure
stress reactivity in natural settings.

The objective of our pilot study was to assess the feasibility of measuring autonomic stress
reactivity in a way that better captures experiences of daily stressors in natural settings. We
sought to build on the existing literature by measuring stress reactivity over a 7-day period,
thereby allowing for more assessments of HRV in response to stressors. In order to accomplish
this, we tested a novel approach combining ecological momentary assessment (EMA) with
HRYV measured using continuous electrocardiography (ECG) monitoring. We examined the
feasibility of employing a 7-day sampling scheme to capture a variety of daily stressors and we
examined participant-specific differences in HRV during intervals when participants did and
did not report being exposed to stressors.
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Methods
Study population

We recruited 35 former participants of the Chicago Healthy Eating Environments and
Resources Study (CHEERS) into our pilot study. CHEERS was a cross-sectional study of 228
non-pregnant women aged 18-44 years living in four racially, ethnically, and socioeconomi-
cally diverse neighborhoods in Chicago, Illinois [23]. Data for the original study were collected
in 2016-2017, and data for this pilot study were collected from January 15, 2019 to April 9,
2019. Both the original study and the pilot study were approved by the Northwestern Univer-
sity Institutional Review Board, and all participants provided written informed consent to
participate.

Ecological momentary assessment

The study began by having participants complete a pre-visit questionnaire about their sleeping
patterns, physical activity, health behavior decisions, and sociodemographic information. Dur-
ing a subsequent in-person initial visit, participants were instructed on how to download Life-
Data (Lifedata, LLC, Marion, IL), an EMA mobile application, on their smartphone or a study-
provided smartphone. The EMA application was programmed to randomly notify the partici-
pant four times a day between the hours of 7-9am, 11am-1pm, 3-5pm, and 7-9pm for 7 con-
secutive days. At each notification, participants were prompted to complete a survey
containing questions about their exposure to stressors. They were given 15 minutes from the
time they received the first prompt to complete the survey. Participants were given up to two
additional reminder prompts within the 15-minute window. Daily stressors were measured
using seven items adapted from the Daily Inventory of Stressful Events, which were: had an
argument, avoided an argument, had a stressor at work or school, had a stressor at home,
faced discrimination, had a close friend or family member experience a stressor, or experi-
enced any other stressor [24]. Participants responded to these items by selecting “Yes’ or ‘No’
to whether or not they had experienced these stressors since taking their last EMA survey. Par-
ticipants were also instructed to complete a signal-contingent EMA survey each time they had
ameal or snack. At the end of the EMA study period, participants completed a follow-up sur-
vey that included questions about study acceptability. Possible responses were on a 5-point
Likert scale as follows: strongly disagree, disagree, neither agree nor disagree, agree, and
strongly agree.

Continuous heart rate monitoring

At the same initial study visit, participants were fitted with a Cardea SOLO wireless ECG mon-
itor patch (Cardiac Insight Inc., Bellevue, WA) which continuously tracked their heart rate for
up to 8 days. Participants were instructed not to remove nor tamper with the monitor for 7
days. In addition, participants were given an Actigraph wGT3X-BT accelerometer wristwatch
and instructed to wear it on the wrist of their non-dominant hand for 7 consecutive days (Acti-
Graph, Pensacola, FL). Participants returned the ECG monitor and Actigraph watch during a
final in-person visit approximately 7 days after the initial visit.

ECG data from the 35 returned monitors were retrieved using proprietary software (CAR-
DEA SOLO version 2.8, ActiTrayCleaner; Cardiac Insight Inc., Bellevue, WA) (Fig 1). The
data were then preprocessed using Kubios HRV Premium software (https://www.kubios.com/
hrv-premium/), which uses an advanced detrending method based on smoothness priors regu-
larization to remove slow nonstationary trends from the HRV calculations. Four measures of
HRV were calculated for the 5-minute interval following the time participants started
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Detrended RR series for 5-minute interval

Person: C34000 Measurement Info Results for Sample 2/57
Gender. Female Height 149cm |Date 000X Trend removal Smoothn priors | Sampile start 014734
Age 46years Weght 97kg [Starttme: 000000 Artefactcomr:  Automatic commection | Sampile length 00.05:00
Max HR: 152 bpm BMI 43.7 kgm2|Durabon:  113:50:28 Analysis samples 57| Artfacts 084 %

RR Time Series
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01:5000
Tme (hmin's

Fig 1. Inter-beat-interval (RR) series generated in Kubios HRV Premium software.

https://doi.org/10.1371/journal.pone.0264200.g001

answering each EMA survey using an interval method for computing Fourier transforms [25].
The exact time when the stressor occurred is not known, so this interval was chosen since it
marks the beginning of the time when participants are first recalling the stressor(s). The
5-minute interval following completion of each EMA survey was explored as an alternative
timepoint.

The HRV measures calculated were root mean square of successive RR interval difference
(RMSSD), standard deviation of RR intervals (STD RR), natural logarithm transformed values
of absolute powers of low frequency bands (Ln LF), and natural logarithm transformed values
of absolute powers of high frequency bands (Ln HF). RMSSD and STD RR are time-domain
indices that quantify different aspects of the time period between successive heartbeats. Ln LF
and Ln HF are frequency-domain measures that estimate the absolute power into two of four
established frequency bands. All of these measures are known to be modulated by stress and
are valid tools to assess autonomic activity [11, 26]. Five-minute HRV intervals with artifact
levels greater than 5% were removed from the analysis in order to account for noise [27].

Physical activity and recent eating events

Physical activity and recent meal or snack consumption may alter HRV and thus bias the mea-
surement of autonomic stress reactivity [28, 29]. Thus, the impact of these behaviors on HRV
were explored in these analyses. Physical activity was recorded by the Actigraph wristwatch
and analyzed using ActiLife6 software (ActiGraph). Activity level during the 5-minute interval
when HRV was measured was dichotomized as the presence or absence of a Freedson Adult
(1998) Bout, which is defined as a period of time in which physical activity reaches a moderate
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level or greater [30]. The consumption of a recent meal or snack was dichotomized as whether
or not the participant ate an hour before completing a random EMA stressor survey. This
information was obtained from the timestamp of the signal-contingent surveys participants
completed each time they had a meal or snack.

Statistical analysis

First, we calculated descriptive statistics (means and proportions) for the study population.
Then, we examined participant responses to questions relating to study acceptability and the
distribution of reported stressors. Next, we used paired t-tests to examine the impact of non-
response, sampling interval, physical activity, and recent eating, on within-participant differ-
ences in mean 5-minute HRV. Non-response was assessed by comparing mean HRV during
prompts participants responded to (i.e., completed an EMA survey) vs. prompts they did not
respond to (using the 5-minute interval following the first prompt participants received). Sam-
pling interval was assessed by comparing within-participant differences in mean HRV using
the 5-minute interval from when participants started answering the survey to the 5-minute
interval from when they completed the survey. The impacts of physical activity and recent eat-
ing events were assessed separately by comparing mean HRV for responses that included vs.
excluded these events. We used a two-tailed p value of < 0.05 to define statistical significance.

Autonomic stress reactivity has been estimated in previous studies using a mixed effects
model [26, 31]. However, given the small sample size and pilot nature of our study, we instead
examined differences in autonomic stress reactivity more descriptively. Specifically, we sub-
tracted mean HRV calculated during stressor intervals (i.e., the presence of at least one stressor
during the EMA survey prompt) from mean HRV calculated during non-stressor intervals for
each participant and displayed results in a heat map. For each HRV measure, we broke the
mean differences seen across all participants into five categories: 2+ SD below the group mean
difference, 1 to <2 SD below the group mean difference, <1 SD below or above the group
mean difference, 1 to <2 SD above the group mean difference, 2+ SD above the group mean
difference. This approach of looking at deviations around the group mean is analogous to the
mixed effects model approach used in other studies. The heat maps then display the group
each participant fell into for each HRV measure. All statistical analyses were performed using
or SAS version 9.4.

Results

Mean age of our pilot study participants was 36.6 years (Table 1). The majority of participants
were non-Hispanic White (n = 20; 57.1%); all other participants were either non-Hispanic
Black (n = 6; 17.1%) or Hispanic/Latino (n = 9; 25.7%). Mean RMSSD, STD RR, Ln LF, and Ln
HF were comparable to those measured in a sample of healthy middle-aged women in a previ-
ous study [32].

During the period they wore the patch, participants responded to 72.0% of all EMA
prompts and completed a total of 588 EMA surveys. Participants wore the ECG patch for an
average of 6.6 days out of the requested 7 days. The majority (80.9%) of the 5-minute HRV
intervals captured by the ECG patch during the study period were valid (i.e., artifact
levels < 5%). During the final in-person visit, few participants reported difficulty understand-
ing or entering responses to the EMA surveys (Table 2). About half of the study participants
found it easy to wear the heart rate monitor, while about a third did not. Less than 15% found
completing the surveys to be inconvenient, and no participants reported not wanting to partic-
ipate in a similar study in the future. Two participants reported experiencing a rash due to the
ECG patch; those participants wore the patch for 7 days and 4 days, respectively.
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Table 1. Descriptive characteristics of participants.

Characteristics Participants (n = 35)
Age (SD) 36.6 (7.2)
Race/ethnicity (n, %)
NH White 20 (57.1)
NH Black 5(14.3)
Hispanic/Latino 9 (25.7)
Missing 1(2.9)
BMI 30.6 (5.7)
HRYV measures (SD)
RMSSD? (ms) 31.18 (19.19)
STD RR" (ms) 38.04 (16.63)
Ln LE¢ 6.39 (1.12)
Ln HF 5.67 (1.47)

# Root mean square of successive RR interval difference.
® standard deviation of RR intervals.
© natural logarithm transformed values of absolute powers of low frequency bands.

4 natural logarithm transformed values of absolute powers of high frequency bands.

https://doi.org/10.1371/journal.pone.0264200.t001

Table 2. Participant-reported study acceptability®.

Statement % Disagree or Strongly % Agree or Strongly

Disagree Agree

I had difficulty understanding the survey questions 82.9% 5.8%

I had difficulty entering my responses 94.3% 5.7%

It was easy to wear the heart rate monitor during the 31.4% 54.3%

day

It was easy to wear the heart rate monitor overnight 37.1% 50.6%

Having the survey app on all the time draining my 80% 8.6%

battery

Completing the survey questions was inconvenient 51.4% 14.3%

I would be willing to participate in a similar study in the 0% 88.5%

future

I would recommend a similar study to a friend 8.6% 80.0%

*n = 35.

https://doi.org/10.1371/journal.pone.0264200.t002

The median amount of time it took to complete a survey was 1 minute, 9 seconds (range
from 24 seconds to 16 minutes, 22 seconds). Approximately 97% of all surveys were completed
in 5 minutes or less. Of the 453 surveys with valid 5-minute HRV intervals, 165 reported at
least one stressor and 288 reported no stressors. Approximately 20% of surveys had more than
one reported stressor. Nearly all (33 out of 35) participants had valid stressor and non-stressor
intervals, and each participant reported at least one stressor on approximately 35% of com-
pleted surveys while wearing the ECG patch. As shown in Table 3, a variety of stressors were
reported. The most commonly reported stressors were avoiding an argument and experienc-
ing a stressful event at home, which were each reported in 15.2% of all 453 surveys (41.8% of
stressor intervals). The least common stressor was facing discrimination (1.3% of all surveys;
3.6% of stressor intervals).
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Table 3. Frequencies of stressors reported.

Stressor type Frequency (%)
Had an argument 39 (8.6%)
Avoided an argument 69 (15.2%)
Stressor at work or school 48 (10.6%)
Stressor at home 69 (15.2%)
Faced discrimination 6 (1.3%)
Close friend or family member experienced a stressor 32 (7.6%)
Other stressor 64 (14.1%)

“Among the 453 surveys with valid HRV data.

https://doi.org/10.1371/journal.pone.0264200.t003

Table 4 shows the impact of sampling interval, non-response, and recent eating and physi-
cal activity, on within-participant differences in mean valid 5-minute HRV (i.e., artifact
levels < 5%). The choice of sampling interval had little impact on HRV (p-values all > 0.1).
Mean RMSSD was slightly higher and mean Ln LF was somewhat lower in missed surveys
than in completed surveys, but these differences were not statistically significant (p-
values > 0.1). Mean RMSSD, STD RR, and Ln HF were all significantly higher when recent
physical activity events were excluded. There were no significant differences when recent eat-
ing events were excluded (p-values > 0.1).

Group mean HRV was lower in stressor intervals compared to non-stressor intervals for all
measures, but participant-specific differences varied widely (Table 5). Depending on the mea-
sure, 30.3% (RMSSD) to 54.5% (In LF) of participants had mean HRV differences > 2 SD
below the group mean. A smaller percentage had mean HRYV differences > 2 SD above the
group mean, ranging from 12.1% for RMSSD to 18.2% for In HF. Mean differences were in
consistent categories across all 4 measures for 30.3% of participants. An additional 27.3% were
in consistent categories across the two HRV time-domain measures; 24.2% were consistent
across the HRV frequency-domain measures.

Because there were significant differences in mean HRV when surveys collected during
physical activity bouts were excluded, we also generated a heatmap excluding those surveys
(Table 6). Patterns were similar overall, with a larger percentage of participants’ differences
falling > 2 SD below the group mean (33.3%-51.5%) than > 2 SD above it (15.2%-24.2%).

Table 4. Mean HRV by survey completion, sampling interval, physical activity, and recent eating event.

HRV measure Completed surveys® Missed surveys® Post survey sampling Surveys excluding activity |  Surveys excluding recent eating
(SD) (n =453) (n=181) interval® (n = 456) (n =408) event® (n = 390)
RMSSD (ms) 31.18 (19.19) 32.50 (20.53) 30.91 (18.94) 32.41 (19.66)" 31.66 (19.18)
STD RR (ms) 38.04 (16.63) 37.59 (19.39) 37.94 (16.73) 38.75 (17.02)f 38.64 (16.53)
LnLF 6.39 (1.12) 6.20 (1.30) 6.44 (1.03) 6.45 (0.99) 6.43 (1.13)
Ln HF 5.37 (1.47) 5.39 (1.57) 5.43 (1.30) 5.49 (1.34)f 5.40 (1.47)

*HRV measured in the 5-minute interval after the start of a survey.

YHRV measured in the 5-minute interval after the first survey prompt was received for surveys participants missed.

“HRYV measured in the 5-minute interval following the completion of a survey.

9HRV measured in the 5-minute interval after the start of a survey excluding those with co-occurring Freedson Bouts.
°HRV measured in the 5-minute interval after the start of a survey excluding those with recent meal or snack consumption.
fp-value< 0.05 based on a paired t-test when compared to completed surveys.

https://doi.org/10.1371/journal.pone.0264200.t004
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Table 5. Heat-map comparing within-participant differences in mean HRV for non-stressor intervals vs. stressor intervals®.

Participant” RMSSD® STD RR* Ln LF° Ln HFf
C10054 0.60 -0.30 0.24
C10082 2.41 2.23 0.30 0.36
C10113 -9.32 -10.91 -0.88 -0.64
C10391 -6.17 -2.73 0.06 -0.66
C10519 -9.31 -3.90 0.08 0.14
C10543 B 024 s
C10638 -5.47 -3.37 -0.47 -0.48
C10742 -2.03 -4.69 -0.18 -0.07
C10860 S msesmo e 0
C10904 -2.76 -7.34 -0.43 0.23
C11081 -1.12 2.17 -0.41 -0.41
Cl1116 2.26 0.31 0.12
C14001 -1.38 -0.39 -0.18
20228

20240 -3.12 -3.27

20304 4.17 1.89

20332 -4.04 -4.93

24002 -0.26 0.56

24008 3.95 0.81 0.02 0.40
24010 -0.07 0.82 0.10 -0.20
C24037 -21.53 -20.26 -0.75 -0.76
C30066 0.19 3.03 0.28
C30265 -10.76 -16.08

C30539 -28.37 -21.02 -0.77 -1.45
C30635 -12.83 -7.18 -0.36 -0.88
34000 -19.63 -19.56 -0.53 -1.04
C40120 3.47 -0.53 -0.13 0.02
C40605 3.52 2.63 0.15 -0.19
C40636 -0.20 _ 0.33 -0.21
C40661 -0.03 237 -0.48 0.31
C40740 -0.17 1.03 0.10 -0.04
C40745 -1.97 -3.20 -0.88 -1.03
C40840 -3.31 -3.86 -0.42 -0.39

"Red cells represent values > 2 SD below the group mean HRV difference, orange cells represent 1-2 SD below the group mean HRYV difference, yellow cells represent

<1 SD below or above the group mean HRV difference, light green cells represent 1-2 SD above the group mean HRV difference, and dark green cells represent >2 SD

above the group mean HRYV difference.

PParticipants who reported at least 1 stressor during the study period with valid HRV intervals (n = 33).

“Mean difference (mean HRV for non-stressor intervals—mean HRYV for stressor-intervals) = 0.37 ms; SD of mean difference = 1.99 ms.
4Mean difference = 0.19 ms, SD of mean difference = 1.76 ms.

“Mean difference = 0.13, SD of mean difference = 0.12.

Mean difference = 0.16, SD of mean difference = 0.15.

https://doi.org/10.1371/journal.pone.0264200.t005

Mean differences were in consistent categories across all 4 measures for 24.2% of participants.
Differences were more consistent overall for HRV time-domain measures than HRV fre-
quency-domain measures. An additional 36.4% of participants were in consistent categories
for time-domain compared to 18.2% for frequency-domain measures.
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Table 6. Heat-map comparing within-participant differences in mean HRV for non-stressor intervals vs. stressor intervals, excluding intervals during physical

activity bouts™®.

Participant® RMSSD? STD RR® LnLFf Ln HF®
C10054 1.70 -0.67

C10082 3.20 2.80 0.20

C10113 9.12 -10.30 -0.84 -0.66
C10391 -7.07 -3.37 -0.03 -0.72
C10519 -9.79 -4.76 0.05 0.14
C10543 0.24

C10638 \ -5.47 -3.37 -0.47 -0.48
C10742 -2.42 -5.55 -0.18 -0.09
C10860

C10904 \ -7.11 -9.42 -0.32 0.16
C11081 -0.35 -0.92 -0.43

C11116

C14001

C20228

C20240 -3.04

C20304 3.86

C20332 -9.86 -7.99

C24002 -5.61 -5.21

24008 3.95 0.81 0.02 0.40
C24010 -0.07 0.82 0.10 -0.20
C24037 -21.53 -20.26 -0.75 -0.76
C30066 -0.14 2.43 _ 0.14
C30265 -8.05 -10.09 0.25 0.23
C30539 -28.37 -21.02 -0.77 -1.45
C30635 -15.85 -8.40 -0.33 -1.20
C34000 -14.71 -15.35 -0.35 -0.81
C40120 3.47 -0.53 -0.13 0.02
C40605 3.52 2.63 0.15 -0.19
C40636 -1.48 _ 0.24 -0.46
C40661 -0.03 -2.37 -0.48 0.31
C40740 -1.47 0.39 0.09 -0.10
C40745 -2.61 -3.99 -0.23 -0.51
C40840 -2.55 -1.50 -0.24 -0.34

Red cells represent values > 2 SD below the group mean HRV difference, orange cells represent 1-2 SD below the group mean HRYV difference, yellow cells represent

<1 SD below or above the group mean HRV difference, light green cells represent 1-2 SD above the group mean HRV difference, and dark green cells represent >2 SD

above the group mean HRV difference.

PAn active interval is defined as the presence of a Freedson Bout when responding to an EMA survey.

“Participants who reported at least one stressor during the study period with valid HRV intervals (n = 33).

9Mean difference (mean HRV for non-stressor intervals—mean HRYV for stressor-intervals, excluding intervals with physical activity) = 0.002 ms; SD of mean
difference = 2.16 ms.

“Mean difference = 0.28 ms, SD of mean difference = 1.91 ms.
‘Mean difference = 0.14, SD of mean difference = 0.11.
8Mean difference = 0.14, SD of mean difference = 0.15.

https://doi.org/10.1371/journal.pone.0264200.t006
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Discussion

In our pilot study of adult women residing in Chicago, we found that combining EMA and
continuous ECG monitoring was a feasible way to measure stress reactivity in one’s natural
environment. Median wear times and analyzable times with an ECG monitor were close to the
7 days as proposed in our study protocol and EMA prompt completion was acceptable. The
7-day random EMA survey collection period was shown to adequately capture daily stressors,
as nearly all participants had stressor and non-stressor intervals and a variety of different
stressors were captured.

Our assessment of the impact of non-response, timing of survey interval, physical activity,
and recent eating events showed that our measure of HRV was robust to most of these factors.
There was no significant difference in mean HRV between surveys that were completed com-
pared to those participants missed or those completed near an eating event. Mean HRV was
also similar when using the 5-minute interval from when participants started answering the
survey compared to the 5-minute interval from when they completed the survey. This is likely
because most participants completed the survey in less than 5 minutes. We did see that mean
HRYV was significantly higher when physical activity bouts were excluded, suggesting physical
activity could bias our measurement of autonomic stress reactivity. This is not unexpected
given the known relationship between physical activity and HRV [33]. While our heat maps
showed similar patterns overall when physical activity bouts were included vs. excluded, there
were some differences. Future work in larger samples will help determine how meaningful
these differences are and how best to account for physical activity in analyses (e.g., exclusion
vs. statistical adjustment).

Our overall finding of lower HRV during stressor intervals compared to non-stressor inter-
vals is consistent with previous studies that have measured changes in HRV in response to
momentary distress [25, 34]. A study that assessed 219 young adults with posttraumatic stress
disorder found lower ambulatory LF and HF in response to acute stressors during 24-hour
EMA and ECG monitoring compared to healthy controls [26]. Another study that adminis-
tered 36-hour continuous heart rate monitoring on 19 hospital workers found that daytime
stress negatively correlated with the HRV measures RMSSD, HF and LF [34].

The range and variation in response that we saw among participants supports the notion
that individuals react to stressors differently. Within-participant changes in HRV associated
with exposure to stressors were more consistent for the time-domain measures than the fre-
quency-domain measures. This may be because studies relating stress to HRV frequency-
domain measures are more mixed. While our study and previous studies using a comparable
design have demonstrated inverse associations between stressors and LF, other studies have
found positive associations [11]. This heterogeneous relationship between exposure to stress-
ors and LF may account for the less consistent within-participant differences in Ln LF and Ln
HF.

This study is not without limitations. One is that we did not ask questions about severity of
stressor. Another limitation is that the exact time of when participants experienced a stressor
was not obtained. Accurately collecting this information is challenging since participants may
not remember to note the time something stressful occurred. However, further work is needed
to compare HRV at the time someone is exposed to a stressor to HRV at a time when partici-
pants are being asked to reflect on a stressor, as it is measured in our study. Another limitation
is that participants did not have enough stressor events to look at differences in HRV by type
of stressor or number of stressors reported. Larger studies may be better equipped to examine
these differences than our pilot study.
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Conclusions

In summary, our pilot study demonstrates a promising new method of measuring autonomic
stress reactivity in natural settings. Periodic random sampling of stressors via an EMA mobile
app and continuous heart rate monitoring via an ECG patch over a 7-day period resulted in
satisfactory participation rates and data quality. Our results capturing HRV variations among
participants reflects the individualized nature of stress reactivity and further supports the feasi-
bility of measuring stress reactivity in natural settings.
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