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Abstract

Current mental healthcare systems experience difficulties meeting the challenges of a growing population with elevated
stress symptoms. Outpatient stress management interventions have already proven to be effective in routine care and recent
technological advances now allow to expand such interventions, for example by adding a physiological component like
biofeedback. Adding biofeedback to stress management interventions appears promising, but there is a lack of insight into
the general conceptualization and evaluation of the resulting interventions, both in relation to psychological and physi-
ological stress indicators. A comprehensive literature search was performed to investigate stress management interventions
with a biofeedback component. This systematic review provides an overview of these interventions and explores to what
extent they can improve both physiological and psychological indicators of stress. Fourteen RCTs were included. A large
diversity was observed in intervention design and effectiveness. Nevertheless, there is preliminary evidence that the use of
biofeedback can improve both physiological and psychological indicators of stress. Biofeedback could provide an accessible
and low-cost addition to stress interventions. Further research into the effectiveness of different components of biofeedback

interventions is needed.

Keywords Biofeedback - Stress reduction - mHealth - Effectiveness - Heart rate variability

Introduction

Stress-related problems are becoming increasingly common
and are associated with large health risks (Van Daele et al.
2012). There is a need for interventions that can capture
and improve the complex interplay between physiological
and psychological stress processes in daily life. Technologi-
cal advances allow existing psychophysiological laboratory
designs for stress management to be modified for use out-
side of the lab, where mHealth applications could provide
immediate feedback in a way that has not yet been possible
in traditional mental healthcare (Williams 2016). mHealth
refers to the use of mobile information and communication
technology, such as mobile computers, medical sensors,
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and wearable devices in healthcare (Istepanian et al. 2004).
However, prior to making the translation from experimental
to clinical applications, research into the underlying mecha-
nisms providing effectiveness, both on a psychological and
a physiological level, is needed to establish which interven-
tions have the largest potential for broad application.

Stress is a complex phenomenon that is triggered by a
psychological or physical threat to homeostasis and consists
of a variety of psychological, behavioral, and physiological
responses (Bali and Jaggi 2015). There are many different
potential sources of stress, such as work-related stress, stress
due to family conditions or stress associated with medical or
physical illness (such as chronic pain). Experiencing mild
stress is not maladaptive or unhealthy in itself, but experi-
encing high levels of stress without sufficient recovery is a
substantial health risk. Elevated and prolonged experience
of stress is a common problem, which has a negative impact
on both mental and physical health, and is associated with
large economic costs (American Psychiatric Association
2016; Cooper and Dewe 2008). Current mental healthcare
systems have difficulties meeting the challenges of a grow-
ing population of individuals with elevated stress. A recent
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survey showed that 75% of Americans had experienced at
least one symptom of stress (e.g., feeling nervous, being irri-
table or experiencing fatigue) in the past month (American
Psychological Association 2017). This is a 4% increase as
compared to the previous measurement in 2016.

Stressful situations can evoke changes in heart rate, heart
rate variability (HRV), blood pressure, electrodermal activ-
ity (EDA), and breathing rate (Chrousos and Gold 1992;
Jarczok et al. 2013; Lin et al. 2011). Such physiological
parameters can be a useful addition to self-report data,
since these do not suffer from reporting or social desirabil-
ity biases. An example of an intervention strategy strongly
based on physiological processes is biofeedback. Biofeed-
back works to help clients improve their performance and
health by gaining voluntary control over real-time physio-
logical processes, such as HRV or EDA (Dillon et al. 2016).
Formerly, a large disadvantage of interventions based on
physiology was the need for large and expensive devices,
which reduced mobility and therefore generalizability out-
side of the lab. However, the advance of mHealth can reduce
the cost and increase the impact of psychophysiological
interventions. Wearables have the potential to non-invasively
collect behavioral and physiological data and thereby pro-
vide additional information that can guide treatment.

The review of Schoenberg and David (2014) shows that
biofeedback can be a successful intervention to treat psy-
chiatric symptoms. Biofeedback appears especially rele-
vant when maladaptive physiological mechanisms (such as
heightened autonomic nervous system activity) are at play,
which is the case in stress experiences. The mechanisms of
change in psychophysiological interventions are still largely
unknown. Wheat and Larkin (2010) show that HRV bio-
feedback can induce significant changes in physiological
parameters in different medical and psychiatric disorders.
However, very little research directly assesses the relation-
ship between physiological and psychological outcomes
of biofeedback. It remains unclear whether physiological
changes are a prerequisite to psychological effects of such
psychophysiological interventions.

As highlighted in the previous paragraphs, psychophysi-
ological parameters could be relevant indicators for men-
tal health, with the required technology to measure these
parameters becoming increasingly low-cost and less inva-
sive. As such technology now allows to (pro)actively moni-
tor or intervene outside of highly controlled lab settings,
the question arises to what extent there is already evidence
available on the use and added value of psychophysiological
interventions in mental healthcare. The current systematic
review focuses on the question whether there is any evidence
for using biofeedback in the context of stress management
interventions. Additionally, the association between physi-
ological and psychological outcomes of these interventions
is explored.

@ Springer

Method

A search of the literature was performed using broad
keywords such as “physiolog*” and “psychophysiolog*”
combined with “intervention” and “stress”. This resulted
in a striking amount of articles, but it became evident that
controlled research into psychophysiological interventions
for stress was mostly confined to biofeedback. A closer
inspection of these manuscripts also revealed that a sub-
stantial subgroup of results focused on stress in the context
of posttraumatic stress disorder (PTSD) or urinary stress
incontinence. The current review is focused on the man-
agement of ongoing psychological stressors (e.g., demand-
ing occupations or chronic pain) and, therefore, PTSD and
urinary stress incontinence are out of scope. Consequently,
the focus of the literature search was narrowed by use of
the PICO-TS model to improve the relevance of the results
and maximize comparability between studies. The cur-
rent review aims to investigate the general population (P)
with potential stress complaints. The intervention (I) is
the main focus of the review and consists of biofeedback,
either stand-alone or in addition to other stress manage-
ment interventions. There was a special interest in mobile
health interventions (using wearable devices) when they
were available. There were no requirements pertaining to
the control condition (C), but the reported outcomes (O)
did need to consist of both physiological and psychologi-
cal indices. No timings (T) were specified and with regard
to study design (S), only randomized controlled trials were
included.

A literature search of studies published until September
2017 was set up through search engines PubMed (MED-
LINE), Web of Science, PsycINFO, and Cochrane Library
database. The systematic search implemented the follow-
ing string of keywords: (biofeedback OR wearable) AND
stress NOT (urinary or posttraumatic or PTSD) AND
(interven* OR treat* OR ther* OR manag*). Articles
were selected for review based on three inclusion criteria:
(1) studies implemented psychophysiological indices in a
stress management intervention; (2) study designs were
randomized controlled trials with a valid psychological
as well as physiological measure of stress before and after
the intervention; (3) articles needed to be published in an
international, peer-reviewed journal and written in Eng-
lish. Studies were excluded when psychophysiological
indices were used for diagnostic purposes only.

In a first step, two authors (IB and TVD) independently
evaluated titles and abstracts for eligibility criteria. After
resolving disagreements through discussion, the same
authors were involved in full text evaluation. Subsequently,
reference sections of the included studies were manually
inspected for additional articles, yet no supplemental
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studies could be included. The studies that were found
showed large diversity in the design and outcome vari-
ables, thereby eliminating the possibility of performing a
meta-analysis. Relevant data on the samples, interventions
and outcomes variables was extracted from the articles and
summarized in tables. Additionally, a Fisher’s Exact test
was performed to investigate the association between the
occurrence of physiological and psychological outcomes.

A risk of bias analysis was conducted using the Cochrane
Risk of Bias Tool (Higgins et al. 2011). The included studies
were screened for selection bias, performance bias, detec-
tion bias, attrition bias, and reporting bias. Studies were
considered to be highly susceptible for selection bias if
violations were detected in the random assignment of par-
ticipants to intervention or control groups. Selection bias
was regarded low if adequate procedures regarding random
group assignment were conducted, resulting in comparable
groups to be investigated. Performance bias was consid-
ered to be high when there was no blinding (or masking)
of study participants and personnel. Although difficult to
set up in biofeedback studies, such a procedure reduces the
risk that mere knowledge of the offered intervention affects
outcome. When successful blinding was undertaken, this
bias was considered low. Detection bias was considered to
be high when researchers analyzing the data were aware of
the intervention allocated to participants. Contrary, if the

blinding of these outcome assessors was assured, risk of
bias was considered to be low. A high risk for attrition bias
was considered to be present in case of incomplete outcome
data from the analyses, usually due to drop-out of partici-
pants. Studies were regarded to be low in risk for attrition
bias if the data of each outcome measure were complete.
Selective outcome reporting, i.e., not reporting the results of
one of the outcome measures, was considered an indication
of reporting bias. Studies were evaluated low in reporting
bias if the results of all outcome measures were reported, in
comparison to published study protocols. In all risk of bias
analyses, insufficient details on the respective aspect of the
study methodology resulted in a statement of unclear risk
of bias.

Results
Study Selection

The search generated 2056 potentially relevant articles
(Fig. 1), which were reduced to 1718 articles after removal
of duplications. A total of 1605 articles were eliminated fol-
lowing title and abstract screening. Finally, after reading the
full text another 85 articles were excluded because they did

Fig. 1 Flow chart of the search
strategy

[General search strategy (N=2056) ]

i* Removal of duplicates (N=338)

[Title and abstract screening (N=1718) ]

Excluded articles based on title or abstract (N=1614)
— - Not eligible (N=1605)
- No abstract available (N=9)

[Full text screening (N=104)

Excluded articles (N=90)
- No experimental study design (N=3)
- No randomised control trial (N=9)
- No specifications of biofeedback intervention (N=1)

> - No physiological or psychological measurements of stress (N=68)
- Cannot be found or accessed (N=5)
- Not written in English (N=3)
- No clear use of physiological feedback (N=1)
v
[Studies included in the review (N=14) ]
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not fulfil inclusion criteria. In all, this resulted in the inclu-
sion of 14 articles for review.

Risk of Bias Evaluation

All studies randomized participants across study conditions,
resulting in satisfactory conditions in terms of selection bias
(Table 1). Performance bias was often considered to be pre-
sent, as clear-cut control conditions were frequently used,
with only a single study opting for a double blind design.
Furthermore, it was difficult to assess whether any detec-
tion bias occurred, as most studies failed to provide input
on whether or not outcome assessors were blinded. Attrition
bias did seem to be present in several studies. This is typi-
cally due to drop-out of participants during the intervention
or assessment, resulting in incomplete compilation of data.
Drop-out rate itself was, however, well documented in most
studies. Finally, no study protocols appeared to have been
pre-published, which is however, only a fairly recent prac-
tice. Most articles did make use of a non-published protocol,
or provided a comprehensive overview of their study results.
It was therefore concluded that overall there seemed to be
little evidence of reporting bias.

Study Focus and Sample

As Table 2 illustrates, the majority of included studies
focused specifically on stress management or stress reduc-
tion, although one study was aimed at general self-control
(Mackay et al. 2015). The stress interventions were imple-
mented in a healthy population (Dillon et al. 2016; Kotozaki
et al. 2014; Murphy 1984; Whited et al. 2014), a population
with demanding job characteristics (Allen and Blanchard

1980; Lemaire et al. 2011; McCraty et al. 2009; Sutarto
et al. 2012), or in a medical context, targeting patients with
chronic pain (Berry et al. 2014; Hallman et al. 2011), multi-
ple sclerosis (Mackay et al. 2015), heart disease (Nolan et al.
2005), obesity (Teufel et al. 2013), and pregnant women
at risk for preterm labor (Siepmann et al. 2014). In total,
the included studies comprised 488 participants, of which
51% was female (n=250). Participants were between 18 and
60 years old (pooled M=39.72, pooled SD=7.61; Allen and
Blanchard (1980) were not included in the pooled statistics
since they only reported age range).

Biofeedback Intervention

Nine studies implemented stress interventions that relied on
variations of biofeedback on heart rate (Kotozaki et al. 2014)
and heart rate coherence or HRV (Berry et al. 2014; Hallman
et al. 2011; Lemaire et al. 2011; McCraty et al. 2009; Nolan
et al. 2005; Siepmann et al. 2014; Sutarto et al. 2012; Whited
et al. 2014; Table 3). Two recent studies used EDA as the
leading physiological parameter for biofeedback (Dillon
et al. 2016; Teufel et al. 2013), while in two older studies,
feedback was provided on electromyographic (EMG) activ-
ity (Allen and Blanchard 1980; Murphy 1984). One final
study applied breathing rate and muscle tension biofeedback
(Mackay et al. 2015).

The duration of the biofeedback interventions ranged
from one single session (Dillon et al. 2016) to an inter-
vention that was spread out over the course of 12 weeks
(McCraty et al. 2009), with most interventions being imple-
mented for approximately 4 weeks (Berry et al. 2014; Koto-
zaki et al. 2014; Lemaire et al. 2011; Murphy 1984; Nolan
et al. 2005). The length and number of sessions showed large

Table 1 Overview of risk of
bias, ranging from low (—), over
unclear (0) to high (4) risk of
bias

Study

Perfor-
mance bias

Selection bias Detection  Attrition bias Report-
bias ing

bias

. Allen and Blanchard (1980)
. Berry et al. (2014)

. Dillon et al. (2016)

. Hallman et al. (2011)

. Kotozaki et al. (2014)

. Lemaire et al. (2011)

. Mackay et al. (2015)

. McCraty et al. (2009)

. Murphy (1984)

10. Nolan et al. (2005)

11. Siepmann et al. (2014)
12. Sutarto et al. (2012)
13. Teufel et al. (2013)

14. Whited et al. (2014)
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Table 2 Study design features

Study Study focus Sample Sample character- Physiological meas- Psychological meas- Follow-up
size (# istics and mean age  urements urements
female) (SD)
1. Allen and Blan- Stress management 30 (8) Middle-level manag- Frontal electro- SSS 6 weeks (SSS)
chard (1980) ers myography, finger
Age range: 40-60 temperature
2. Berry et al. Pain and stress 14 (1) Veterans with HRYV coherence PSS -
(2014) management chronic pain
44.63 (6.96)
3. Dillon et al. Stress reduction 50 (32) Healthy adults Heart rate Visual Analogue -
(2016) 26.7 (5.1) Scale for perceived
stress
4. Hallman et al. Autonomic regula- 24 (22) Adults with stress- ~ HRYV during rest, Stress Medicine -
(2011) tion and perceived related chronic during hand Symptom Scale
health, pain, stress neck pain grip test, during
and disability 41.43 (7.07) cold pressor test,
and during deep
breathing test
5. Kotozaki et al. Stress management 30 (0) Healthy working Salivary cortisol Brief Job Stress -
(2014) adults and voxel-based Questionnaire
42.30 (7.90) morphometry
6. Lemaire et al. Stress management 40 (17) Physicians Heart rate, blood Scale based on PSS 28 days
(2011) 46.3 (8.35) pressure, salivary and POQA—
cortisol revised
7. Mackay et al. Self-control 40 (32) Patients with multi- Muscle tension, DASS 3 months (DASS)
(2015) ple sclerosis breathing rate
45.9 (12.42)
8. McCraty et al. Stress and health 75 (23) Correctional officers HRYV, blood pres- POQA -
(2009) risk reduction 40.00 (7.88) sure, blood sam-
ples, and saliva
samples
9. Murphy (1984) Stress management 38 (4) Highway mainte- Forehead electro- Job Stress Scale 3 months
nance workers myography
42 (SD not given)
10. Nolan et al. Stress and depres- 46 (6) Patients with coro-  HRYV at baseline, PSS -
(2005) sion reduction nary heart disease during physical,
54.52 (1.26) emotional, and
personal stressor,
and during recov-
ery
11. Siepmann et al.  Reduction of stress 48 (48) Pregnant women Heart rate, HRV Trier Inventory for 4 weeks
(2014) and preterm birth prone to preterm the Assessment of
labor Chronic Stress
29 (5)
12. Sutarto et al. Stress reduction 36 (36) Manufacturing HRV during rest, DASS -
(2012) operators stressor, and
36.30 (10.14) recovery
13. Teufel et al. Self-efficacy and 30 (30) Obese adults Electrodermal activ- Perceived Stress 3 months
(2013) stress reduction 48.67 (9.94) ity to food stimuli Questionnaire
14. Whited et al. Stress reduction 27 (23) Students HRV at rest, during PSS -
(2014) 22.54 (3.82) stressor and during

recovery

Pooled means were calculated for age (in years) when no total group means were provided. Allen and Blanchard (1980) and Murphy (1984) did
not report the mean and/or standard deviation of age

DASS Depression Anxiety Stress Scales, HRV heart rate variability, POQA Personal and Organizational Quality Assessment, PSS Perceived
Stress Scale, SSS Subjective Stress Scale
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variability as well. Most studies encouraged daily practice of
the learned skills (Allen and Blanchard 1980; Hallman et al.
2011; Kotozaki et al. 2014; Lemaire et al. 2011; Mackay
et al. 2015; McCraty et al. 2009; Murphy 1984; Sutarto et al.
2012; Teufel et al. 2013; Whited et al. 2014).

The studies offered biofeedback as a stand-alone interven-
tion (Dillon et al. 2016; Hallman et al. 2011; Kotozaki et al.
2014; Murphy 1984; Siepmann et al. 2014; Sutarto et al.
2012; Teufel et al. 2013) or as part of a broader intervention
program for stress management (Allen and Blanchard 1980;
Berry et al. 2014; Lemaire et al. 2011; Mackay et al. 2015;
McCraty et al. 2009; Nolan et al. 2005; Whited et al. 2014).
The training was offered in a controlled laboratory setting
(Berry et al. 2014; Dillon et al. 2016; Hallman et al. 2011;
Mackay et al. 2015; Nolan et al. 2005; Teufel et al. 2013;
Whited et al. 2014), at work (Allen and Blanchard 1980;
Murphy 1984; Sutarto et al. 2012), at home (Kotozaki et al.
2014), or outside of the lab without further specifications
(Lemaire et al. 2011; McCraty et al. 2009). Siepmann et al.
(2014) did not specify the location of the intervention.

Control Condition

The implemented control conditions were also character-
ized by high levels of diversity. Six studies included pas-
sive control groups, specifically a waiting list control group
(Allen and Blanchard 1980; McCraty et al. 2009; Murphy
1984; Teufel et al. 2013) or no intervention (Kotozaki et al.
2014; Whited et al. 2014). However, Allen and Blanchard
(1980) and Murphy (1984) additionally included a second
active control condition. Active control conditions con-
sisted of standard care for stress management (Berry et al.
2014; Nolan et al. 2005), individual and group discussions
on stress (Allen and Blanchard 1980), a breathing protocol
(Hallman et al. 2011), educational information (Lemaire
et al. 2011), muscle relaxation (Murphy 1984), or a combi-
nation of relaxation, mindfulness, social support and edu-
cation (Mackay et al. 2015). Finally, three studies designed
a control condition with corresponding features to the bio-
feedback intervention, such as playing a game (Dillon et al.
2016), presenting the visuals of the experimental interven-
tion at the same frequency and duration, but without instruc-
tion (Siepmann et al. 2014), or physiological monitoring
without providing biofeedback (Sutarto et al. 2012).

Outcome Measures

Most studies evaluated physiological treatment effects
through the measure that was implemented in the
biofeedback condition, specifically frontal EMG (Allen and
Blanchard 1980; Murphy 1984), EDA (Teufel et al. 2013),
muscle tension and breathing rate (Mackay et al. 2015), and
HRYV (coherence) in a resting state, in response to stress, or
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in a relaxation condition (Berry et al. 2014; Hallman et al.
2011; Nolan et al. 2005; Siepmann et al. 2014; Sutarto et al.
2012; Whited et al. 2014). However, four studies also used
different physiological modalities in the outcome measures
as compared to the biofeedback intervention, such as Dillon
et al. (2016) who assessed the effect of EDA biofeedback
on heart rate, Kotozaki et al. (2014) who used salivary
cortisol and grey matter volumes as outcome measures for
heart rate and cerebral blood flow biofeedback, and Lemaire
et al. (2011) and McCraty et al. (2009) who implemented
HRYV coherence biofeedback and measured heart rate, blood
pressure and several molecules (such as cortisol). The
included studies measured HRV in both the frequency and
time domain, with most studies implementing multiple HRV
indices. With regard to the measurement of psychological
treatment effects, there is not a golden standard for the mea-
surement of stress. The Perceived Stress Scale (PSS; Cohen
et al. 1983) was used three times (Berry et al. 2014; Nolan
et al. 2005; Whited et al. 2014) and the Depression Anxiety
Stress Scales (DASS; Lovibond and Lovibond 1995) was
included twice (Mackay et al. 2015; Sutarto et al. 2012),
all of the other studies implemented different assessments.

Effects of the Intervention

Berry et al. (2014), Dillon et al. (2016), and Kotozaki et al.
(2014) observed beneficial effects of biofeedback for stress
management as compared to the control condition in both
the physiological and psychological domain. Five additional
studies observed a significant physiological effect of the
intervention, as compared to the control condition (Hall-
man et al. 2011; Murphy 1984; Nolan et al. 2005; Sutarto
et al. 2012; Whited et al. 2014). Finally, one study observed
improved psychological outcomes in the biofeedback inter-
vention, as compared the control condition (Lemaire et al.
2011). HRV was the most commonly affected physiological
outcome variable, specifically HRV in recovery from stress
(Hallman et al. 2011; Nolan et al. 2005; Sutarto et al. 2012;
Whited et al. 2014) or at rest (Hallman et al. 2011).

A follow-up measurement was included in five stud-
ies. Teufel et al. (2013) observed that both psychologi-
cal and physiological effects remained or even improved
until 3 months follow-up. Lemaire et al. (2011) observed
maintained psychological effects at 28 days follow-up and
Murphy (1984) detected maintained physiological effects
at three months follow-up. Siepmann et al. (2014) did not
measure stress immediately after the intervention but did
find a reduction in stress at 4 weeks follow-up. Finally, Allen
and Blanchard (1980) did not find an effect of biofeedback
on self-reported stress immediately after the intervention or
at 6 weeks follow-up (these authors did not include a physi-
ological follow-up measurement).
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Association Between Physiological
and Psychological Effects

Table 4 provides an overview of the occurrence of signifi-
cant psychological and physiological outcomes, as compared
to the control condition, in the fourteen included studies.
The results showed that 38% of studies observing beneficial
physiological outcomes also observed reduced stress levels
and 75% of studies with reduced stress levels also observed
improved physiological outcomes, a difference that was not
significant (p =.580, two tailed Fisher’s Exact test).

Effectiveness Related to Different Components
of the Biofeedback Intervention and Sample

The included studies showed large diversity in the character-
istics of the implemented biofeedback intervention. Differ-
ent physiological systems were targeted, interventions were
offered for varying durations of time, were applied both in
a lab and real-life context, used different control conditions,
and were operationalized as a stand-alone intervention or
embedded in a broader intervention program. However,
when plotting the occurrence of certain characteristics (such
as duration) of a study against positive outcomes, visual
inspection of the data did not reveal clear indications for
better performance based on differences in this character-
istic. Outcomes did not appear to improve when additional
interventions were included, a real-life context was used or
the duration was longer than 4 weeks.

Additionally, there were differences in the characteristics
of the samples. The current review included both healthy
subjects and individuals with health problems. There was
no clear tendency for improved effectiveness of biofeed-
back in either group. It is difficult to compare the levels
of stress between individuals and participant groups, since
stress is a highly subjective experience and different assess-
ment tools were used to measure stress. Dillon et al. (2016)
induced stress in healthy participants prior to biofeedback
and McCraty et al. (2009) reported that 21% of the sample
showed high cortisol levels at baseline. However, the other

Table 4 Cross-tabulation of physiological and psychological out-
comes of the biofeedback intervention as compared to the control
condition

Stress reduction No reduction in Total
stress

Improvement in physi- 3 5 8
ological parameters

No improvement in 1 5 6
physiological param-
eters

Total 4 10 14

studies did not induce stress or report whether their samples
displayed elevated stress at baseline. Individuals with severe
stress-related problems might show more room for improve-
ment on the outcome variables (e.g., HRV) as compared to
participants with less severe problems. However, the current
data do not allow assessing whether stress levels at baseline
influenced the outcome of biofeedback.

Discussion

Elevated stress is a common negative psychological state
that is associated with physiological changes. Therefore,
stress management programs might benefit from the addi-
tion of a psychophysiological component. The purpose of
this review was to investigate whether stress management
interventions with a biofeedback component could improve
both physiological and psychological indicators of stress.
The results show that there is large diversity in the char-
acteristics and effectiveness of the included interventions.
No association between the occurrence of physiological and
psychological effects could be observed. There is a need for
further research assessing which components of biofeedback
can improve stress outcomes.

Three studies observed significant improvements in both
physiological and psychological stress indices in the bio-
feedback condition as compared to the control condition.
Berry et al. (2014) implemented HRV coherence biofeed-
back in the context of chronic pain and achieved signifi-
cantly higher HRV coherence and lower PSS scores after the
intervention as compared to treatment as usual. The stress
management study of Kotozaki et al. (2014) found that heart
rate and cerebral blood flow biofeedback led to significantly
decreased cortisol levels, decreased subjective stress, and
neural changes. The mHealth design of Dillon et al. (2016)
showed that EDA biofeedback games significantly decreased
heart rate and perceived stress in comparison to a non-bio-
feedback game in a healthy population.

In addition to these three studies that observed effects on
both outcome variables, six studies observed significantly
stronger improvement in either physiological or psychologi-
cal variables. HRV biofeedback significantly improves HRV
in different participant populations, specifically individuals
with stress-related chronic neck pain (Hallman et al. 2011),
patients with coronary heart disease (Nolan et al. 2005),
labourers (Sutarto et al. 2012), and students (Whited et al.
2014). Murphy (1984) showed that EMG biofeedback
leads to significantly lower EMG values in a working class
population. Nolan et al. (2005) and Sutarto et al. (2012)
additionally observed reduced PSS and DASS scores after
the intervention, but there was no significant difference
with the control group. Lemaire et al. (2011) implemented
stress management with HRV coherence biofeedback and
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documented lower perceived stress levels that remained at
28 days follow-up.

The remaining five studies also observed improvement in
some of the outcome variables, but group differences did not
reach significance. Stress was targeted in white-collar work-
ers by Allen and Blanchard (1980) and McCraty et al. (2009)
through EMG and HRV coherence biofeedback. These stud-
ies recorded EMG and HRV reductions that did not differ
from the control condition. No psychological effects were
found. Mackay et al. (2015) and Siepmann et al. (2014)
on the other hand observed non-significant psychological
effects, but no effects on breathing rate, muscle tension and
heart rhythm, after implementing breathing rate and muscle
tension biofeedback in multiple sclerosis patients or HRV
biofeedback in pregnant women, respectively. Finally, in the
study of Teufel et al. (2013) EDA biofeedback was associ-
ated with small to medium effects on EDA and small to large
effects on perceived stress in an obese population, but no
group differences could be found.

Several aspects of the study design could contribute to
differences in the effectiveness of biofeedback. However,
outcomes did not appear to vary according to specific inter-
vention characteristics, such as duration, context or addi-
tional interventions. Sample characteristics could hamper
statistical power to detect group differences. The studies
included in the current review suffered from small sample
sizes, sometimes reaching no more than ten participants per
condition (Allen and Blanchard 1980; Berry et al. 2014;
Teufel et al. 2013). Additionally, the majority of studies did
not report whether the included sample showed elevated
stress at baseline. Healthy individuals with few stress-related
symptoms may not have a lot of room for improvement in
the outcome measures. Finally, individual differences and
preferences can also influence effectiveness through effects
on motivation, engagement, and compliance (Marcus et al.
2012).

Biofeedback is based on the concept that increased con-
trol over physiological processes can improve performance
and well-being. The current review assessed changes in both
the physiological and psychological domain to better under-
stand how improvements in these domains are related to
one another. While Nolan et al. (2005) did find an inverse
association between subjective stress and HRV modulation
(the physiological outcome measure of the study) that was
limited to the biofeedback condition, the current review did
not observe a significant association between physiological
and psychological outcomes variables. The mechanisms of
change in biofeedback remain unclear. Berry et al. (2014)
propose that biofeedback combined with self-regulation
techniques can increase awareness of internal psychophysi-
ological processes and hereby improve coping techniques
(for pain). Biofeedback can not only increase awareness but
also promote conscious control. Dillon et al. (2016) state that
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stress can be caused by a perceived lack of control and that
perceived control can be improved by teaching individuals
how to master physiological processes through biofeedback.

The majority of included studies encouraged participants
to practice the skills individually between sessions and
two studies reported that over 90% of participants indeed
performed (daily) exercises at home (Mackay et al. 2015;
Whited et al. 2014). This finding is relevant for the devel-
opment of mHealth applications using biofeedback since it
suggests that participants are both able and motivated to
apply biofeedback exercises individually and in different
contexts. Benefits of an mHealth approach are that partici-
pants can use the intervention flexibly and at low cost, which
can facilitate widespread adoption. A promising mHealth
application for biofeedback is wearable technology, in which
mobile sensory devices (e.g., wristbands) are used to non-
invasively collect physiological data. Wearable devices can
measure EDA (Villarejo et al. 2012), breathing patterns, and
heart rhythm (and accordingly allow for the calculation of
HRV) (Cropley et al. 2017). There is also a growing interest
in using wearables to collect blood pressure and breathing
rate as a guide for stress recovery training at home (through
biofeedback), but further research is needed (e.g., Uddin
et al. 2016). Ideally, however, a wide range of different
physiological parameters could be collected by wearables,
their data integrated and subsequently used as an additional
source of information to guide preventive or therapeutic
interventions (De Witte et al. 2018). There are some impor-
tant practical barriers for implementation of mHealth, such
as commercial availability of affordable and reliable physi-
ological measurement tools, potential problems with data
security, and diverse needs (for interfaces and tools) in dif-
ferent populations (Munos et al. 2016).

The current review was able to include one mHealth and
game-based biofeedback intervention. Dillon et al. (2016)
induced stress in their participants and subsequently offered
EDA biofeedback through two mobile games. This approach
has several potential advantages. It maximizes opportunities
for generalization since participants learn to use biofeed-
back when they are stressed and the medium (a smartphone)
makes it flexible to use in different contexts. Additionally,
gamification elements could increase engagement and moti-
vation. However, the effect sizes of Dillon et al. (2016) were
modest and no follow-up measures were included. Other
mobile biofeedback applications have been developed (e.g.,
Gaggioli et al. 2014; Munster-Segev et al. 2017), however,
these applications still need to undergo rigorous testing and
often lack gamification elements. Despite potential benefits,
gamification is currently rarely included in stress manage-
ment applications for adults (Hoffmann et al. 2017). Bio-
feedback video games have been developed for children and
adolescents, such as Dojo and MindLight (Schoneveld et al.
2017).
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Some limitations of the current review require discus-
sion. Although the goal was to include all stress interven-
tions using psychophysiological components, an explora-
tory literature search showed that this field of research was
mostly limited to biofeedback interventions and the scope
was consequently limited to increase comparability. A
likely explanation for the lack of other interventions using
psychophysiological measures is that, until recently, prac-
tical limitations (related to hardware or big data) impeded
the possibilities for postponed feedback or report of psy-
chophysiological data. As opposed to other interventions,
biofeedback does not require large amounts of storage or
computing power. Secondly, it is important to consider
both the psychological and physiological outcome domains
when investigating the effectiveness of psychophysiologi-
cal interventions. Studies often did not investigate both
outcome domains and could therefore not be included in
the current review. The current review was only able to
assess the association between these two outcome domains
using dichotomous variables. Future research needs to
investigate the association between physiological and psy-
chological outcomes further by using analyses with more
power, such as correlations. The included studies had very
diverse samples. Comorbid conditions (such as obesity or
chronic pain) could influence the effects of biofeedback.
The large variability in the implemented control conditions
and psychological measurement instruments did not allow
to directly compare different studies and perform a meta-
analysis. More high-quality standardized effectiveness
studies of biofeedback interventions for stress are needed.

Taken together, the studies included in the current
review suggest that biofeedback can be a promising inter-
vention for stress management. It is feasible to explore the
implementation of biofeedback in different contexts and in
samples with stress associated to various conditions. One-
third of the included studies, however, did not observe any
incremental effectiveness of biofeedback. Small sample
sizes and large differences between study designs also
impede generalization. Additional research needs to deter-
mine which components of biofeedback are effective and
establish whether psychophysiological measurements are
an appropriate component of stress management programs.
It is feasible to offer biofeedback as a gamified mHealth
application and one included study supports that this is
associated with positive short-term outcomes in both phys-
iological and self-report indicators of stress.
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