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Abstract
Background: Heart rate variability (HRV) provides essential
mental health information for clinical diagnosis, telemedicine, preventive medicine, and public health; however, the
lack of a convenient detection method limits its potential.
Objective: This study aims to investigate the feasibility and
credibility of smartphone photoplethysmogram (PPG)-based
HRV analysis for mental well-being and health assessment.
Methods: Data were collected from 93 students and university employees in Shenzhen, China. Forty-six percent were
male, and the average age was 23.71 years (r = 4.33). An
app recorded a 4-min video of their fingertips and converted the frames into five HRV measures, including the root
mean square of successive differences (rMSSD), standard
deviation of the normal-to-normal (NN) intervals (SDNN),
percentage of successive NN intervals differing by ‡50 ms
(pNN50), log high-frequency (HF) HRV, and log lowfrequency (LF) HRV.
Results: The data verify the positive relationship between
mental well-being and HRV measures. Participants with higher
Satisfaction With Life Scale (SWLS) scores have a higher
rMSSD (p = 0.047), SDNN (p = 0.009), log HF (p = 0.02), and
log LF (p = 0.003). Participants who suffer from depression
have lower log HF (p = 0.048) and log LF (p = 0.02). Participants in the high-anxiety group have lower pNN50 (p = 0.04)
and log HF (p = 0.03).
Conclusions: The results of this study validate the feasibility of using the smartphone PPG by demonstrating similar
results to previous findings. Our data also support the theorized positive link between mental health and HRV.
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Introduction
BACKGROUND
aving a happy life is the ultimate goal for many
people. Happier people have higher incomes, more
stable marriages, and better health.1,2 Maintaining a
positive mental state enables us to build resilience
against mood disorders.3,4 Studies also link mental health to
physical health; positive psychological constructs, including
positive affect,5 well-being,6 optimism,7 and vitality,8 are associated with superior cardiovascular outcomes9,10 and better
immune functioning.11,12
When compared to immediate emotional responses (e.g.,
laughter, anger),13 however, an individual’s long-term mental
state is less evident.14 Traditionally, psychiatrists and psychological researchers relied on self-reported questionnaires
to assess mental health, which had limitations and posed research challenges.15 People tend to present favorable images
of themselves,16 and the inattentiveness of some participants
reduces the validity of the results.17 To overcome these difficulties and obtain objective results, practitioners and researchers are increasingly evaluating physiological variables,
such as heart rate variability (HRV).

H

Heart rate variability. At any time, a person’s heart rate (HR)
indicates the balance of multiple physiological systems such
as the cerebral cortex, autonomic nervous system (ANS), endocrine system, and baroreflex. By observing HR variations,
researchers can obtain an insight into physiological information that would otherwise be difficult to capture. Studies
have linked HRV to health-related variables, such as age,
sex,18 body mass index,19 and exercise habits.20 Reduced HRV
has also been shown to reflect decreased regulatory capacity21
and to predict health problems, including heart attack22 and
renal impairment.23
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The literature has also recognized the mind/heart relationship,24 through which the sympathetic nervous system
(SNS), which is part of the ANS, accelerates the HR when the
mind perceives threats, and the parasympathetic nervous
system (PNS), also part of the ANS, counterbalances the
SNS when the mind relaxes. Since the ANS is modulated
by the prefrontal cortex activities,25 which are associated
with attention,25,26 decision-making, social behavior,27,28 and
emotional modulation,24,29 many mental activities also have
an impact on HRV measures. Within the normal range,
higher levels of HRV are generally considered a marker of
one’s superior capacity for self-control and adaption to the
environment.30
There are several benefits of using HRV in assessing mental
health. First, cardiac equipment can capture HR information
noninvasively, and it is cost-effective compared with other
methods such as functional magnetic resonance imaging.
Second, evidence has connected HRV to psychological variables, and the literature has laid a strong foundation for
further investigations. Third, unlike many single-purpose
physiological measures, HRV consists of multiple indicators
with different psychological interpretations. Finally, not only
can HRV be observed, it can also be controlled.31 The possibility of controlling HRV in a research design (e.g., by running
or breathing control32,33) provides more flexibility in psychological research than other observation-only methods.
Nevertheless, as an objective and informative approach to
assessing mental health, HRV has not received the appropriate
attention from psychologists. One of the main reasons for this

is the lack of a convenient HRV detection method. Usually,
researchers measure HRV using an electrocardiogram (ECG);
however, the high cost and immobility limit its potential in
psychological studies. One of the advances in information
technology that may help to resolve these difficulties is
smartphone photoplethysmography (PPG), which is gaining
prominence.34,35
Smartphone PPG. PPG is an optical method that uses sensors
to monitor microvascular blood volume changes in the tissue.
Smartphone PPG detects heartbeats by taking videos of the
fingertips with the inbuilt camera and converting them into a
pulse waveform36,37 (Fig. 1). Fiducial point detection algorithms then determine heartbeat points based on the pulse
wave contour. Studies indicate that the average heart rate
obtained by smartphone PPG is compatible with those generated by the gold standard ECG.38 The accuracy of using
smartphone PPG in HRV analysis has also been validated by
various studies.34,39–42 The main reason for using smartphone
PPG, opposed to other wearables, is the low equipment requirement. A camera is an integral part of modern smartphones, which makes them ideal alternatives when ECG or
other devices are not accessible.

OBJECTIVE
This study aims to investigate the feasibility and credibility
of using smartphone PPG in mental well-being and health
assessment. By developing an app (Heartily Happy, henceforth the App, publicly available on Google Play App Store;

Fig. 1. Using a smartphone camera to take fingertip blood volume information and to convert the image into a waveform. (a) A smartphone
with an embedded camera. (b) The smartphone camera is covered by the index finger. (c) A screenshot of the App in capturing videos of
the fingertip at the systole phase. When the heart contracts, blood is pushed into the peripheral circulation. The fingertip becomes darker
due to light absorption in the hemoglobin. The color differences are converted into the pulse waveform by PPG. (d) When the heart relaxes,
the captured frame becomes lighter. PPG, photoplethysmography. Color images are available online.
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the iOS version is not yet available) based on PPG, we attempt
to provide the first empirical evidence that smartphones can
quantify HRV for psychological research and practice. The
challenges of using smartphone PPG are also presented with
suggestions for future work.
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Materials and Methods
RECRUITMENT
Data were collected from 93 students and university employees in Shenzhen, China (age: mean [l] = 23.71, standard
deviation [r] = 4.33; sex: 46% male). The study protocol was
approved by the Ethics Board of the Department of Psychology at Tsinghua University, and written informed consent was
obtained from all participants. Participants remained seated
during a 5-min debriefing and then completed a questionnaire
before data collection. They were asked to hold a smartphone
(Mi-8 SE; Xiao-Mi, China) in their left hand and rest their
forearm on the desk, while the App recorded a 4-min video
(twice the 2-min minimum length required for all HRV measures used in this study43) of their fingertips. Each participant
received 50 renminbi (about 7 USD) as compensation for
participation.

Table 1. Heart Rate Variability Measures
HRV MEASURES

DEFINITION

Time-domain
SDNN

Standard deviation of the average NN intervals.

pNN50

Percentage of successive NN intervals that differ
by more than 50 ms

rMSSD

Root mean square of successive NN interval differences

Frequency-domain
HF

Absolute power of the high-frequency band
(0.15–0.4 Hz)

LF

Absolute power of the low-frequency band
(0.04–0.15 Hz)

VLF

Absolute power of the very-low-frequency band
(0.0033–0.04 Hz)

ULF

Absolute power of the ultralow-frequency band
(£0.003 Hz)

Log HF

Log-transformed HF

Log LF

Log-transformed LF

Log LF/HF

Log-transformed ratio of LF to HF

HRV, heart rate variability; NN, normal-to-normal (beat-to-beat).

MEASURES
Mental well-being and health measures. This study used five

different measures to assess mental well-being and health.
Subjective well-being was measured using the Satisfaction
With Life Scale (SWLS)44 and the Positive Affect and Negative
Affect Schedule (PANAS).45 As a subjective well-being assessment method, the SWLS contains five 7-point items measuring a person’s cognitive assessment of life satisfaction. The
Chinese-revision of the PANAS is an 18-item measure of traitpositive and trait-negative affect.46 Nine of the items measure
trait-positive affect (PANAS-P) and the other 9 items measure trait-negative affect (PANAS-N). The difference between
the PANAS-P and PANAS-N determines the PANAS value.
The Patient Health Questionnaire-9 (PHQ-9) is an instrument
for the diagnosis of depression. Nine items are rated on a 4point scale giving a symptom severity measure with five
levels.47 The Generalized Anxiety Disorder Scale-7 (GAD-7) is
a 7-item instrument for the diagnosis of anxiety.48 Each of the
items is rated on a 4-point Likert-type scale.
HRV measures. There are three types of HRV measures:

(1) time-domain, (2) frequency-domain, and (3) nonlinear
measurements. The frequency-domain components of HRV
consist of four frequency bands: high frequency (HF), low
frequency (LF), very-low frequency (VLF), and ultralow frequency (Table 1). The vagal (PNS) modulation of HF, regu-

lated by acetylcholine, peaks within 0.5 s and returns to
baseline within 1 s. Therefore, HF indicates vagal modulation.49,50 In contrast, the SNS is associated with norepinephrine, which increases HR after 4 s and returns to baseline after
20 s. Therefore, LF is associated with the SNS. Since this
study only recorded videos for 4 min, the data could not be
used to compute ultra and VLF.43 The HF and LF values were
log-transformed as they were not normally distributed.31,51
Time-domain indices of HRV quantify the amount of variability in the beat-to-beat intervals. They are easy to compute
but less related to ANS activities.52 Low standard deviation of
the normal-to-normal (NN) intervals (SDNN) is a robust predictor of adverse cardiovascular events and mortality53 and is
statistically related to LF.43 Conversely, root mean square of
successive differences (rMSSD) and percentage of successive
NN intervals differing by ‡50 ms (pNN50) are associated with
HF43 and less affected by changes in breathing frequency.54
Nonlinear measurements consider HR a chaotic process and
techniques such as the Poincaré plot are used to describe the
behavior of HR. The nonlinear measures of HRV also correlate with the time- and frequency-domain HRV measures.43
Although nonlinear HRV measures have been well investigated, fewer studies have linked them to psychological
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phenomena.55,56 Therefore, the current study did not include
nonlinear measurements.
DATA CLEANING AND PREPARATION
The PPG data were visually inspected for errors, and artifacts were removed manually. Of the 93 valid samples, we
excluded three outliers in the HRV measures (HF >1,200 or
<30; LF >2,000 or <50) and two for problematic answers to
the questionnaire. For statistical analysis, we divided the answers for each mental health measure into three groups: High
(H > 67th percentile), Medium (M > 33rd percentile and 66th
percentile), and Low (L  33rd percentile). Most participants
were university students and relatively young; hence, we divided them into High (age >25 years) and Low (age £25 years)
age groups. The differences between these groups were then
analyzed using the one-tailed t test.

Results
Age was inversely related to the frequency- and timedomain HRV measures. Older people (group H) had signifi-

cantly lower pNN50 ( p = 0.02), SDNN ( p = 0.004), and log
HF scores ( p = 0.02) (Fig. 2). They also had lower rMSSD
( p = 0.08) and log LF ( p = 0.06) scores, but the differences were
only close to the significance level ( p = 0.05). Female participants had significantly higher pNN50 ( p = 0.011) and rMSSD
( p = 0.005) scores. They also had higher SDNN ( p > 0.15),
higher log HF ( p = 0.13), and lower log LF ( p > 0.15) scores,
with no significant associations.
The HRV measures separated participants from high to
low in depression and anxiety groups. Both log HF ( p = 0.048)
and log LF ( p = 0.02) were significantly lower in the high
PHQ-9 group (Fig. 3). Differences were not significant for
time-domain HRV measures, but they all showed the same
tendency. Log HF ( p = 0.03) and pNN50 ( p = 0.04) were significantly lower in the high GAD-7 group. Although not statistically significant, the other HRV measures were also
inversely related to the GAD-7 score.
HRV could also differentiate between people with different levels of subjective well-being (Fig. 4). Participants with
higher SWLS scores had a higher rMSSD ( p = 0.047), SDNN
( p = 0.009), HF ( p = 0.02), and LF
( p = 0.003). The values of PANAS also
supported the SWLS results. People
with higher PANAS scores had higher
pNN50, log HF, and log LF ( p = 0.07)
values. However, the differences were
not statistically significant.

Discussion
PRINCIPAL FINDINGS

Fig. 2. HRV measures for participants with different age and gender. The p-values indicate the
result of the one-tailed t test of the difference between the two groups. The error bars
indicate the intervals of one standard deviation. HF, high frequency; HRV, heart rate variability; LF, low frequency; NN, normal-to-normal; pNN50, percentage of successive NN intervals differing by ‡50 ms; rMSSD, root mean square of successive differences.
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Age and sex. The measures of HRV
represent cerebral ability to maintain
internal balance. This capability decreases with age, especially in those
aged >40 years.19 There is also evidence
of a relationship between sex and
HRV. Although the literature is inconsistent,18 males usually have higher
HRV values in long-term measures
(i.e., LF and VLF)19,57 and lower HRV in
short-term measures (i.e., HF, rMSSD,
and pNN50),19,58 while SDNN results
are inconclusive.19
Our data support the inverse relationship between aging and both timeand frequency-domain HRV measures,
as expected. However, since the majority of the participants are younger
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depression and anxiety syndrome are
not as distinct as expected.
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Subjective well-being. In contrast with

mental difficulties, the neural correlates underlying subjective well-being
and trait positive affect are less prevalent in the literature.66,67 Previous
studies have linked positive emotions
(anticipation enthusiasm, attachment
love, nurturant love, amusement, and
awe) to the patterns of HRV.68 HRV
correlates positively with trait-positive
mood69–72 and negatively with traitnegative mood.73 However, one study
noted that HRV should instead be
quadratically related to positive emotions and that both high and low levels
of positive emotion reduce HRV.74
Since prefrontal cortex activity is
associated with long-term happiness
(such as the traits of optimism, better
psychological resilience, better social
relationships, and fewer mental problems), and HRV is influenced by funcFig. 3. HRV measures for participants with different levels of mood disorder. GAD-7,
tions of the prefrontal cortex, we
Generalized Anxiety Disorder Scale-7; PHQ-9, Patient Health Questionnaire-9.
assume that there is a link between
HRV and measures of subjective well-being. This study sucthan 40 years, the influence of aging is statistically significant
cessfully demonstrates the feasibility of using smartphone
but not as prominent as expected. Similar to previous studies,
PPG to assess trait-like happiness. Although the differences
females have lower HRV in long-term measures and higher
in a few measures are not statistically significant, our data
HRV in short-term measures. They also have higher SDNN, but
provide strong evidence for the positive (but not the quadratic)
the association is not significant.
relationship between mental well-being and HRV.
Mood disorders. Anxiety and depression result from deficient
self-regulation and emotional regulation abilities. When peoLIMITATIONS AND SUGGESTIONS FOR FUTURE WORK
ple cannot recover from daily distress, they suffer from longterm mood disorders. Since increased HRV is an indicator of
Difficulties in ensuring measurement accuracy of smartphone
superior executive function,24,59 mood disorders are associPPG. While smartphone PPG may be accurate in a controlled
environment, it may not be robust enough in real-world sitated with lower HRV.60–63 When a person is both depressed
uations.75 When users measure their HR with smartphones
and anxious, the HRV reduces further.64
outside of the laboratory environment, slight hand moveData from this study provide empirical evidence of the use
ments or ambient light changes can corrupt the PPG signals.
of smartphone PPG in assessing long-term mental problems
Although an app user can retake a failed measurement, this
such as anxiety and depression syndrome, which are inmight not be feasible in some research settings. The low-frame
versely related to HRV. Random noise blurred the HRV dif(sampling) rate of the smartphone camera is another limitaferences, but the trend is clear and consistent, and the general
tion in using smartphone PPG. While the sampling rate can be
directions are congruent with previous studies. However,
as high as 1,000 Hz for medical equipment,76 the smartphone
since many of the previous findings were based on mentally
65
camera usually samples at about 10–30 Hz.42 The instability of
ill clinic patients and this study focused on healthy people, the HRV differences between people with and without
the frame rate worsens acquisition performance.75,77 Since the
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effectively reduce the randomness
caused by individual differences.31
Also, multiple measurements per individual can be taken. The easy-to-use
interface and cost-effectiveness of
smartphones can assist researchers in
collecting more data for better comparison. Another strategy to reduce
randomness is increasing the sample
size,30 especially when conducting
between-subject psychophysiological
comparisons.85 Finally, lenient inclusion/exclusion criteria may have majorly contributed to the random noise
in the current sample, which future
study designs can avoid.
Smartphone PPG as the new research
paradigm. Smartphone PPG presents

unprecedented opportunities for researchers and practitioners to overcome research limits and to explore
its possibilities: First, with the high
penetration rate, smartphones enable
psychologists to reach a broader popFig. 4. HRV measures for participants with different levels of subjective well-being. PANAS,
ulation. Since the external validity of
Positive Affect and Negative Affect Schedule; SWLS, Satisfaction With Life Scale.
a theory is built upon the representativeness of its research participants, future work should take
influence of low-frame rate is still inconclusive,31,42,78 it
advantage of the low cost and wide availability of smartphone
warrants further investigation.
PPG. Second, smartphone HRV enables researchers to collect
real-time feedback. Psychologists usually collect retrospective
Difficulties in reaching statistical significance in psychological
experiences that are susceptible to recall bias and possible
studies. The results from the current study suffer from low
memory distortions.86 With smartphone PPG, researchers can
signal-to-noise ratios. Our findings are mostly consistent with
gather HRV measures at any time and place, even shortly after
our expectations, but the sizeable random error has a devasthe participants have experienced an extraordinary event.
tating effect on statistical power. In addition to the randomThird, using smartphones makes long-term HRV tracking
ness caused by the data collection process, the HRV measures
easier. A person’s mental state is ever-changing, and the realare also severely affected by many physiological and psylife psychological response can be dramatically different from
chological factors such as age, sex, exercise, sleep quality,
43,79
the feelings expressed in the laboratory. By collecting HRV
time of day, and breathing.
Even the same emotional
measures periodically and over a long period of time, restimuli can trigger different physiological responses in dif80
searchers can obtain more representative real-world data of a
ferent people or the same people in a different context.
81,82
83
person.
Furthermore, various medications,
physical therapies,
and psychotherapies84 have been reported to influence HRV
levels, and the true baseline for comparison is obscure without
strictly controlling these factors. Therefore, it is difficult to
reach the level of statistical significance when a study compares HRV among different people.31
Possible solutions include focusing more on the withingroup than between-group design if possible, as this can
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Conclusions
The current study validates the feasibility of the proposed
approach by its consistency with the results from similar
studies. This study contributes to the literature in the following ways. First, the study pioneers the use of the smartphone app (without extra wearables) in assessing long-term
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mental well-being and psychological problems. The results
validate the feasibility of this novel approach and provide
psychologists with the confidence to include smartphone-based
HRV assessment in their research design. Second, the current
study extends the psychophysiological understanding of the
heart/mind relationship by collecting data from a different
perspective. Our data support the inverse relationship between
mental disorders and HRV and the less-investigated positive link
between subjective well-being and HRV. Third, the difficulties
and potentials of using smartphone PPG in psychological
studies are discussed. Future work should further explore the
applications of smartphone PPG based on our suggestions. Finally, the publicly available app is designed to automatically
process the detected signals, generate HRV measures, and store
historical records. Users and researchers can easily export and
share the HRV information for research or diagnosis.
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