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Abstract.
BACKGROUND: Predominantly cognitive tasks assigned to the shop floor can lead to decreased cognitive functions problems,
thereby increasing occupational accident risks. A potential approach to prevent such circumstances is by improving operator’s
cognitive performance.
OBJECTIVE: This study aimed to examine whether heart rate variability (HRV) biofeedback training could improve cognitive
performance among electronic manufacturing’s operators.
PARTICIPANTS: Subjects consisted of 36 female operators who were randomly assigned as the experimental (n = 19), and
control group (n = 17).
METHOD: The experimental participants received five session of weekly HRV biofeedback training of 30–50 minutes each.
Physiological stress profiles and cognitive performance were assessed at pre and post-intervention.
RESULTS: Significant group x time effects were observed for attention and memory (p < 0.01) but not present for cognitive
flexibility. Significant higher total spectrum HRV and low frequency (LF) power also occurred during biofeedback sessions, in
addition to slower respiration rate. Physiological stress profile showed that the biofeedback participants were able to increase
their LF activity at baseline, stressor, and recovery periods from pre to post.
CONCLUSION: This study demonstrates potential application of HRV biofeedback for operator’s performance enhancement,
associated with increases in HRV.
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1. Introduction

The work performance model suggested by Blum-
berg and Pringel [1] has dominated research on hu-
man performance in the last 20 years [2]. Based on
this model, at the individual level performance is de-
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termined by opportunity, willingness, and capacity that
work interactively to ensure performance. Cognitive
ability is an essential characteristic of capacity fac-
tors that promotes a good work performance [1]. Ac-
cording to Newell et al. [3], cognitive performance is
viewed as an update of a complex of cognitive abili-
ties which is influenced by both the intellectual abili-
ties and non-intellectual factors like fatigue or interest.
Thus, one’s cognitive performance level may vary sig-
nificantly by a variety of factors including: changes of
the environment, the individual affective state, health
status, fatigue, circadian rhythm, and nutrition. A great

1051-9815/13/$27.50  2013 – IOS Press and the authors. All rights reserved



232 A.P. Sutarto et al. / Effect of biofeedback training on operator’s cognitive performance

number of researches have shown that operators who
are responsible for performing a variety of mechanical
tasks are prone to reduced cognitive performance dur-
ing work [4–7]. Many stressful work conditions may
affect one’ cognitive performance such as time pres-
sure, work load and overload, boredom or monotony,
fatigue and sleep deprivation, noise, ambient tempera-
ture, and extreme environments [8,9]. Thus, one’s abil-
ity to maintain sustained attention on a given stimula-
tion source or task is a crucial determinant of cognitive
performance [9].

Furthermore, due to an increase in the use of technol-
ogy, industrial operators face increasing demands upon
their cognitive function and monotonous control. Such
demands can lead to problems of decreased attention,
fatigue, and drowsiness. In turn, a distracted, exhaust-
ed, or drowsy operator increases a chance of hazardous
incidences and risky behaviour. In their study, Wallace
and Vodanovich found that cognitive failure unique-
ly accounted for workplace safety behaviour and ac-
cidents among both production workers and mechan-
ics who worked on aviation equipment [10]. Specif-
ically, a cognitive failure is defined as a breakdown
in cognitive functioning that results in a cognitively
based mistake or error in task execution that a person
is normally capable of completing [11]. These findings
support previous studies that accidents are commonly
the results of poor attention, distractibility, and men-
tal errors [12,13]. Therefore, it appears plausible that
preventing such adverse conditions can be done by im-
proving operators’ cognitive performance.On the other
hand, improving performance of workers at their oper-
ative level is also considered highly important as hu-
man operators are commonly the largest occupational
group in the manufacturing sector.

1.1. Cognitive performance enhancement

Several studies have suggested various strategies to
deal with the assessment and maintenance of cognitive
qualities. For example Hallam et al. [14] demonstrated
that calm music led to better participant’s performance
on an arithmetic task and a memory task than no music.
It was also found that background music on cognitive
test performance led to improved performance when
compared with a control condition [15]. The positive
effect of music on some cognitive abilities can be at-
tributed to changes in listeners’ arousal or mood [16].
However, providing music on a shop floor may not be
applicable because different types of personality would
report differential preferences for music listening. For

example, extraverts reported preferring to work in more
social and arousing environments while introvert pre-
ferred to the presence of relaxing music [17].

In addition to music, cognitive training [18,19],med-
itation [20], motor-imagery training [21], and aero-
bic training [22,23] have been proposed as powerful
tools for enhancing cognitive abilities through modify-
ing individuals’ skills or attitudes mechanism. Despite
successful application cognitive training, such training
was commonly directed at dealing with cognitive ag-
ing rather than improving cognitive functions among
productive age workers. Meanwhile, Moore and Mali-
nowski [20] reported that practicing meditation yields
mindfulness that is intimately linked to improvements
of attentional functions and cognitive flexibility. It is
an effective technique and rapidly gaining in popularity
in western countries. However, several barriers such as
supporting environment, limited time available, careful
supervision, and extensive training may obstruct work-
ers from practicing meditation daily. When particular-
ly applied among Malaysia workers, the religious issue
will also be a great obstacle.

The effectiveness of mental imagery training on
cognitive performance was examined by Papadelis et
al. [21]. The results revealed significantly the higher
performance level of the imagery-training group com-
pared to the control group while performing an elec-
tronic flight simulation program after mental practice.
As no significant differences between the two groups
for the response time for correct responses were found,
these suggested that the mental practice improves the
components which are strongly correlated to spatiotem-
poral motor control rather than cognitive functions.
Moreover, such training may be less appropriate to be
used by operators in manufacturing industry concern-
ing its different characteristic of tasks from flight sim-
ulation task.

Kramer et al. [22] found aerobically trained sub-
jects showed improvements in performanceon tasks re-
quiring executive control as compared to anaerobically
trained subjects. Hansen et al. [23] reported that sailors
participated in an 8-week training program showed
faster reaction times and higher accuracy in executive
tasks while the detrained group showed no significant
change in performance on these tasks. The detrained
group consisted of sailors who did their daily duties but
were prohibited from participating in the aerobic train-
ing program. Although the benefits of exercise are un-
doubted, lack of time is the most commonly barrier to
do exercise among workers. A study of Mohd Nordin
et al. [24] described that high levels of knowledge and
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attitudes towards exercise among women workers in
a Malaysian electronics factory were not followed by
practice. The main reasons for not exercising were lack
of time, laziness, not interested in exercising and lack
of friends to exercise with.

To address the shortcomings of previous researches,
this current study presents a psychophysiology training
approach as a new tool to improve operators’ cognitive
performance. In the realm of human performance, psy-
chophysiological strategy has been recognized to study
of the impact of stressors on a different level than is pos-
sible with a cognitive performance strategy [25]. Fur-
thermore, the concept of psychophysiological is per-
tinent to the classic inverted-u shape concept of hu-
man function curve [26]. This theory reveals that best
functional conditions are expected at midrange arousal.
Conversely, performance declines if a person becomes
over aroused or under aroused. Arousal is the physi-
ological change, typically the central and autonomic
nervous system (ANS). It changes with time of day,
health, mental activity, and alertness [8]. The state of
arousal affects one’s thought, feeling, and performance.
Thus, arousal regulation is known to be a crucial as-
pect for a quality performance. There is some evidence
that training people to produce changes in arousal may
lead to improved cognitive performance and is also fre-
quently accompanied by subjective reports of feelings
of well-being and relaxation [27–29]. One of widely
used training strategies is by using psychophysiology
activity or arousal state as a knowledge feedback to cor-
rect the state toward the optimal [30–32]. Through the
psychophysiology strategy along with biofeedback (bi-
ological feedback) mechanism and with the operators’
active involvement, operators are trained how to self-
regulate their physiological states and achieve optimum
function as a result.

Biofeedback is a process of monitoring and mea-
suring psychophysiological activity of the individual
and delivering information to the client or user. It de-
rives from the basic concept that humans have a natu-
ral regulatory mechanism [33]. Although it may take
several forms, the most application utilizes electron-
ic instrumentation, often is supported by a computer-
ized system to measure certain physiological parame-
ters and provide feedback to the participant about these
parameters. Integrating biofeedback with training or
learning model is suggested as being particularly use-
ful as a performance enhancement modality because
its methodology allows the user to build or develop
skills that restore brain and body processes to optimal
homeostatic conditions. The success of developing the

skill is predicated on well-defined goals, a good work-
ing relationship between the trainer and the trainee, a
sharing of knowledge and skills, and mutual respect for
the medium [34]. From this perspective, it is important
to emphasize that the goal in biofeedback is to main-
tain and promote desirable levels of functional harmo-
ny, rather than simply to reduce anxiety by relaxing
deeply [35]. Some of the advantages of this strategy
over other strategies are simple to learn and use in-
cluding during work. One of most popular biofeedback
types is heart rate variability (HRV) feedback that is
also well-known as a physiological index of mental or
cognitive task [36].

1.2. Heart rate variability biofeedback

Heart rate variability (HRV) is defined as the beat
to-beat changes in the interbeat interval (time between
two successive R-waves) [37]. It is widely known that
that beat-to-beat variability is a reflection of autonom-
ic nervous system (ANS) balance or imbalance in the
body in general [33,34]. It has been proven that higher
HRV is associated to creativity, psychological flexibil-
ity, and a more developed capacity to adjust cognitive,
affective, and physiological responses to stress. On the
contrary, decreased HRV is linked to physical and psy-
chological stressors and disease [39,40], thus optimum
variability is essential.

In general, HRV measures are quantified using time
domain or frequency domain measure [40]. Standard
deviation normal to normal (SDNN) is often used as
a measure of overall cardiovascular adaptability, while
frequency domain analyses of HRV have been used to
assess autonomic balance. High frequency (HF) HRV
ranges from 0.15–0.4 Hz reflects the inhibition and
activation of the vagus nerves by breathing at normal
rates. Low-frequency (LF) HRV (0.05–0.15 Hz) as-
sociates highly with baroreflex gain, and is influenced
by both the sympathetic and parasympathetic systems.
The baroreflexes are important mechanisms for con-
trol of blood pressure. Very low frequency (VLF) band
(0.005–0.05 Hz) represents sympathetic activation or
reduced parasympathetic inhibition. Thus, the study of
HRV is a powerful, objective, and noninvasive tool to
measure neurocardiac function that reflects heart–brain
interactions and ANS dynamics [38,41]. The analysis
of HRV can be used to explore the dynamic interac-
tions between physiological, mental, emotional and be-
havioural processes [42].

In the realm of human performance, cardiovascular
psychophysiology has also contributed to the invert-
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ed u-shaped concept. Duschek et al. [43] proposed a
relationship between ANS and cognitive performance
to replace the general terms arousal and performance
in this concept [26]. Changes in cardiovascular activ-
ity relate to facilitation or inhibition of information
processing [44]. Both the sympathetic and parasym-
pathetic systems contribute to cardiovascular regula-
tion [45]. Harmonious equilibrium between sympa-
thetic and parasympathetic functions leads to the opti-
mal autonomic or homeostasis balance. However, de-
creased arousal levels or imbalance homeostatic pro-
cess may occur under conditions of sleep deprivation,
boredom, overtime, or fatigue, commonly accompany-
ing by cognitive deficits such as lower reaction time, a
decline in memory capacity, and the difficulties of fo-
cusing attention with a slowdown in decision-making
processes [8,9]. Consecutively, cognitive performance
impairment has been identified as a significant risk fac-
tor increasing the likelihood of occupational accident
and injury [10,11]. Furthermore, Caldwell et al. [25]
suggested that information obtained from cardiovascu-
lar activity might be used to optimize performance, to
prevent reduced well being or health or to prevent ac-
cidents. All of these premises motivated this present
study which proposed a new technique using HRV to
attain such goals.

Several studies have demonstrated the advantages
of techniques that increase HRV for organizations by
improving productivity, reducing absenteeism, lower-
ing health care cost, and increasing retention [46–48].
Furthermore, in laboratory setting, subjects using this
technique have demonstrated significant reductions in
reaction times on an auditory discrimination task [30]
as well as improved in quantity of correct responses and
speed of information processing processing time [49].
The findings of McCraty [30] and Suvorov [49] though
certainly promising, are restricted to discrimination and
psychomotor task and thus cannot be generalized to
other domains of cognitive functioning. Both studies
also employed one group pretest-postest design and no
control group was assigned, hence lack of control for
various explanations was noticeably high. Therefore,
this present study attempted to deal with prior stud-
ies’ weaknesses by utilizing a control group and eval-
uating the effect of such technique on some cognitive
functions in working population

Technique used in this study involves pacing breath
rhythms to attain resonant frequencywhich varies from
one individual to another. At this frequency (∼0.1 Hz
or 6cycles/min) heart rate oscillates 180◦ out of phase
with blood pressure and in phase (0◦ phase relation-

ship) with respiration [50]. It will maximize amplitude
of respiratory sinus arrhythmia (RSA) and stimulate the
baroreflex at a single frequency, accounting for higher
total variability. RSA refers to cyclical fluctuation in
heart rate coincident with the respiratory cycle, such
that inhalation coinciding with heart rate accelerations
and exhalation with decelerations. HRV, of which RSA
is a component, reflects homeostatic activity and adapt-
ability [37]. Research has shown that healthy adults
consistently practicing resonant frequency breathing
biofeedback increase their baroreflex gain [27]. At the
same time, as RSA increases, the spectral distribution
of HRV moves with a larger percentage of total variabil-
ity now resides in LF range, including the 0.1 Hz point.
Therefore, HRV biofeedback is based on the premise
that breathing at this resonant frequency will reinforce
the baroreflexes and accordingly can mediate a home-
ostatic state in the body, and, indirectly, will improve
some cognitive functions [51].

Peoplewillmostly produce resonant frequencywhile
they are relaxed and doing effortless diaphragmatic
breathing at breathing rate of about 5–7 breaths per
minute [52]. According to Lehrer et al. [47], each per-
son has her/his own exact resonant frequency thus it
does not enough just simply telling people to breathe at
their specific frequency. Biofeedback technique hence
is required to find the exact rate of breathing required
for each individual. Moreover, research showed that
providing simple and short instructions to alter breath-
ing do not change levels of activation either in terms of
self-report or physiology measures [53].

This technique has been effective in various domains
such as in clinical settings for treating variety psy-
chosomatic disorders [54–56], in sport for enhancing
athlete’s performance [57,58]. Preliminary study also
showed that the technique could improve some cog-
nitive functions among university students [59]. Pos-
itive outcomes of those previous studies were in line
with increases of LF HRV and amplitude of oscilla-
tion at 0.1 Hz during biofeedback practice. This sug-
gested that breathing at the resonant frequency reflects
resonance effects involving both RSA and baroreflex
gain [27]. Accordingly, engaging a state of “resonance”
may be linked to enhanced performance.

1.3. Research questions

Considering its cost-effectiveness, safety, and non-
invasive features, application of resonantHRV biofeed-
back may be generalized to work settings. Therefore,
the aim of the present study was to investigate whether
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Table 1
Participant characteristics

Group Age Education Years of working
mean (S.D.) No high school High school < 5 yrs 5–10 yrs > 10 yrs

(< 7 yrs) (9–11 yrs)

Total (N = 36) 36.3 (10.14) 13.8% 86.1% 44.4% 5.5% 50%
Biofeedback (n = 19) 35.6 (10.58) 10.5% 89.5% 42.1% 10.5% 47.4%

HRVbiofeedback training could improve cognitive per-
formance among manufacturing operators. The follow-
ing hypotheses were made: (1) The training group will
have greater improvementsof some cognitive functions
from pre to post-intervention, compared to the con-
trol group; (2) The training group will show a signif-
icant increase in percentage of LF activity, from pre
to post-intervention, compared to the control group;
(3) The training group will show a significant decrease
in breathing rate from pre to post-intervention, com-
pared to the control group.

2. Method

2.1. Participants and study design

Subjects (n = 40; females) were recruited from an
electronic manufacturing industry located in Kuantan,
Pahang, Malaysia. In Malaysia, the electronics indus-
try is the leading industry in the manufacturing sector
and one of the largest employers [60]. The choice of
female operators was based on facts empirical findings
that they are much more susceptible to reduced cogni-
tive performance because of higher level of stress [61].
Subjects participated on a volunteer basis, and were
paid a small stipend (MYR 60) at the conclusion of the
study. Written informed consent from the participants
and approval from the Institutional Review Board of
the Faculty of Medicine, International Islamic Univer-
sity of Malaysia were obtained. We screened out par-
ticipants who had a history of heart disease or arrhyth-
mias, or were taking any medication that affected the
autonomic nervous system. By means of the Nijmegen
Questionnaire [62], participants who showed any pres-
ence of hyperventilationor abnormalbreathingwere al-
so excluded. One participant in the intervention group
was unable to register a finger pulse, two subjects in
the control group dropped out before completion be-
cause of job resignation, and one subject in the control
group did not attend the first session later because of
family issue. The final sample used in analyses was
36 participants, 19 in training group and 17 in control
group, who completed both pre to post-training assess-

ment. Table 1 displayed demographic characteristics
of participants.

Upon completion of discussion of the objectives
and aims of the study, physiological measures dur-
ing stress profile were recorded which consisted of
4-minute baseline, 2-minute stressor (“modification of
serial seven’s”), and a 4-minute recovery period. Then,
both intervention and control group performed a set
of cognitive tests: attention, memory, and cognitive
flexibility tests. The post assessment was conducted
one week after the final training period, thus allowing
for some measure of maintenance. Physiological data
were also collected throughout five training sessions in
the biofeedback group and in five equivalently sessions
in the control group. All participants were debriefed
after completing the study.

2.2. Cognitive tests

The evaluation of cognitive functions was assessed
on three domains: attention, memory, and cognitive
flexibility. These cognitive tasks were selected on the
basis of general psychological functions on operators’
work performance as suggested by Wesnes et al. [62]
and Hockey and Hamilton [64]. The attention system
governs all cognitive processes, from perception to de-
cision and execution [65]. The ability to maintain at-
tention and to perform repetitive cognitive processes
over some period of time is also one critical aspect
of higher cognitive function [65]. Attentional capaci-
ty was assessed using a classic letter cancellation test
(“Attentional Performance Test”, Test d2, [66]). Tasks
of this type address the cognitive components of selec-
tive and sustained attention that are undoubtedlyof vast
importance in everyday life. In the workplace, quality
control operations, such as visual inspection task, de-
mands both selected and sustained attention. In the test
subjects have to select and mark as many target stimuli
as possible in a given amount of time, hence it also has
certain load on speed of information processing.

In addition to attention, memory is a logical part of
every aspect of human performance. People routinely
remember information for short periods, for example,
memorizing a string of numbers while placing a call.
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In relation with attention, memory, whether verbal or
spatial, is resource-limited. It depends very much up-
on the limited supply of attentional resources. Mem-
ory was evaluated using a computerized modification
of Sternberg memory test [67]. The experimental task
presents a set of digits followed by a probe digit. Sub-
jects are required to decide whether or not the probe is
a member of the memory set, and their reaction times
are measured. For example, if the set were 5873 and
the probe were 7, the correct response would be “yes”;
if the probe were 2, the correct response would be “no”.
In this paradigm it is the identity of the digits in the
series, but not their order, that is relevant to the binary
(“yes”/“no”) response. The reaction time (RT) was de-
fined as the time from the beginning of the test stimulus
to the occurrence of the response. The next trial began
less than 2 sec after the key press. The mean interval
between the response for one trial and the start of the
subsequent trial was ∼ 2.5 sec.

Finally, cognitiveflexibility or executive functioning
is the human ability to adapt the cognitive processing
strategies to face new and unexpected conditions in the
environment [68]. Cognitive inflexibility situations oc-
cur when a person fails to be flexible in order to deal
with changes in the environment. She /he acts in a
nonfunctional way in coping with situational demands,
therefore she/he would often perform erroneously. In
detecting that a situation has changed and the neces-
sities of a non-routine response, a higher level of at-
tentional control is needed. In this study, the Stroop
Color-Word Test was used to evaluate subject’s cog-
nitive flexibility. The Stroop test provides insight in-
to cognitive effects that are experienced as a result of
attentional fatigue [69].

2.3. Physiological measures

A J&J Engineering (Poulsbo, WA) I-330 C-2 inter-
face physiographic unit was used to collect ECG and
respiration data. ECG data were collected at a rate of
512 samples per second. Two electrocardiogram sen-
sors, one on each wrist, were secured under sports
wristbands; and a respiration-monitoring belt with sen-
sors was placed around the abdomen at the level of the
navel.

Frequency domain HRV parameters were calculated
from the IBI data utilizing the HRV Analysis Kubios
software developed by the Biomedical Signal Analysis
Group of the University of Kuopio, Finland. The fre-
quency domain measures include total power and per-
centage of LF. During biofeedback practice, the spec-

tral distribution of HRV shifts, with a greater percent-
age of total variability now existing in LF range that
reflects resonance effects [27]. To examine the influ-
ence of biofeedback training in respiration, breaths-per
minute (BPM) was also calculated.

2.4. Procedure of HRV biofeedback training

The five-week HRV BFB protocol designed by
Lehrer, Vaschillo, and Vaschillo [43] was implemented
with the training participant. Each session lasted ap-
proximately 30–50 minutes and was conducted at the
factory training room. The trainee first was taught to
breathe at her resonant frequency, i.e. the frequency
at which maximum amplitudes of HRV are generat-
ed voluntarily for each individual. Each subject’s reso-
nance frequencywas defined at the first session by mea-
suring HR oscillation amplitudes while the individual
breathed for intervals of ∼2–3 min at each of the fol-
lowing frequencies: 6.5, 6.0, 5.0, and 4.5 breaths/min.
A pacing stimulus was visualized for this purpose: a
light display that moved up and down on a computer
screen at the target respiratory rate. The screen also
displayed heart rate and a moving HRV analysis of it.
Throughout training sessions the participant was in-
structed to breathe slowly in phase with heart change
at her own resonance frequency (but not too deeply)
using abdominal and pursed lips breathing techniques
with longer exhalation than inhalation. Also the partici-
pant was asked to engage in minimum of 5-minutes (4–
6 times≈ 20–30 minutes/day total) breathing practices
at home, between sessions and when feeling “down” or
stressed on a daily basis. They were provided a breath-
ing guideline to use between sessions and were encour-
aged to log practice length time and other notable obser-
vation. In the fourth and fifth sessions, subjects learned
to cope with a mental stressor task while attempting to
maintain resonance breathing. The task consisted of a
series of 20 arithmetic questions which took form of
“x+y−z =”. The control conditionwas achievedwith
subjects receiving five-20 minute sessions where they
were sitting in front of the computer screen switched
on but not being instructed to breathe in a paced way
or to maximize their HRV.

2.5. Statistical analysis

We utilized an analysis of variance with mixed
effects models with one between-groups variable
(Biofeedback vs. Control) and one repeated measure
(Pre and Post). To examine training progress across
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sessions, a one-way repeated measure ANOVA was
conducted to evaluate each physiological change in the
biofeedback and control group. The paired t-test was
also applied to elucidate the main effect of time and
group separately. Statistical significance was accepted
at p < 0.05 for all of the tests. All analyses were per-
formed with SPSS 15.0 software (SPSS, Inc., Chicago,
IL). All physiological variables but BPM were first log
(base 10) transformed to improve normality.

3. Results

3.1. Group equivalence

There were no significant differences between
groups for demographic variables as measured by age
(t (34) = −0.449, p = 0.656), years of working (χ2

(2) = 1.895, p = 0.388), and education completed (χ2

(1) = 0.380, p = 0.537 were more likely to be em-
ployed full time. No pre-training differences were also
found between groups with respect to all cognitivemea-
sures (t (34) = −1.887, p = 0.068; t (34) = −0.344,
p = 0.733, respectively). Moreover, analysis of the
stress profile revealed no significant differences found
between the biofeedback and the control group on total
power and low frequency and breaths per minute across
three conditions (baseline, stressor, recovery) (all p >
0.05).

3.2. Verification of training effects

To verify whether participants in the biofeedback
training group actually learned the technique effective-
ly, the HRV biofeedback training data for each session
was analyzed. Those who successfully did the tech-
nique would produce a shift in the HR toward the LF
range and slower breath rates. Figure 1 shows physi-
ological measures across weeks of training. Although
a significant between-group difference in total power
over five sessions of training existed F (1, 34) = 7.386,
p = 0.01, there were no significant main effect of ses-
sion F (4, 136) = 1.931, p = 0,109 nor group x session
interaction F (4, 136) = 2.300, p = 0.062. Howev-
er, a separate analysis using one way repeated measure
ANOVA revealed that biofeedback participants were
able to increase their HRV as training progressed F (4,
72) = 1.931, p = 0.005 while the control group shows
the opposite, F (4, 64) = 0.274, p = 0.894.

Increase in total HRV was coupled with a significant
session effect in LF power activity, F (4, 136) = 5.396,

Fig. 1. Effects of biofeedback on measures of physiological activity.
Note. Error bars represent standard deviations. TP = Total Power
of HRV, LF = Low Frequency, BPM = Breaths Per Minute.

p < 0.001 and interaction effect for session x group, F
(4, 136)= 7.396, p < 0.001. Between-groupgroup dif-
ference was also found significantly differ F (1, 34) =
21.870, p < 0.001. These results have been confirmed
by one way repeated measure ANOVA that revealed
LF activity in the biofeedback group was significantly
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greater F (4, 72) = 4.055, p = 0.005. We found no
significant changes on LF power in the control group
F (4, 64) = 0.274, p = 0.894.

Comparison breathing rate across five sessions in
each group was analyzed using non parametric Fried-
man tests as transformation of respective data did not
improve its normality. As it is outlined in Fig. 1, the
overall breathing rate tended to decrease throughout all
sessions for both group. However the breathing rate of
the biofeedback participants significantly changed over
the five sessions (χ2 (4) = 20.660, p < 0.001, while
the control group showed the contrary (χ2 (4) = 6.286,
p = 0.179).

3.3. Effect of training on cognitive performance

Table 2 summarizes results of the repeated measures
ANOVAs for the cognitive performance and physio-
logical assessment measures from pre-intervention to
post-intervention. As hypothesized, after the five-week
of intervention, results indicate that participants in the
biofeedback group significantly improved their atten-
tion, memory, and cognitive flexibility. Figure 2 is a
graphical representation of the change in concentra-
tion performance in each group over time. As shown in
Fig. 2, there was a significant time effect for concen-
tration performance (F (1, 34) = 33.363, p < 0.001)
as well as group x time interaction effect, (F (1, 34) =
7.393, p = 0.010). Within-group analysis using paired
t-test revealed that both the biofeedback and control
groups improved attention in the biofeedback group, t
(18) = −6.61, p < 0.0001, as opposed to the control
group, t(16) = −1.99, p = 0.064.

As shown in Fig. 3, there was a significant main ef-
fect for time on the memory test (F (1, 34) = 20.426,
p < 0.0001) as well as a significant time x group inter-
action (F (1, 34) = 11.345, p = 0.002). Table 2 pro-
vides no between-group difference on memory test but
further analysis of paired-sample t revealed a signifi-
cant improvement in the biofeedback group, t (18) =
5.135, p < 0.0001. Similar results were not observed
in the control group, t (16) = 0.879, p = 0.196.

Similarly, there was a significant within group
changes from pre to post F (1, 34) = 5.045, p = 0.031
on the Stroop test. No significant time by group interac-
tion, F (1, 34) = 2.771, p = 0.105, and between-group
difference existed (Table 2), but a significant within-
group effect was present for the biofeedback group on-
ly, t (18) = −2.759, p = 0.0065. The interference
score of the control group did not differ significantly
over time, t(16) = −0.415, p = 0.3415. A graph of
cognitive flexibility improvement is shown in Fig. 4.

Fig. 2. Concentration performance changes from pre to post by
group.

Fig. 3. Response times changes from pre to post by group.

3.4. Effects of training on physiological measures

Hypothesis two and three predicted that the biofeed-
back training participants would show increase in per-
centage of LF and decrease in breathing rate respec-
tively than participants in the control group. Mixed ef-
fects modelsANOVAs were conducted on pre and post-
intervention on all physiological measures separately
at all three periods (baseline, stressor, and recovery)
of the stress profile. As shown in Table 2, significant
between-group differences were found on total HRV
during stressor and recovery period and LF activity at
baseline period. Significant interaction group × time
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Table 2
Between group differences, means and standard deviations for cognitive performance and physiological assessments at Pre and Post Intervention∗

Measure Biofeedback Control F (1,34) p

Pre-training Post-training Pre-training Post-training

CP 90.53 (39.151) 131.84 (43.016) 114.59 (37.079) 129.53 (49.356) 0.671 0.418
RT 1553.93 (188.88) 1390.16 (127.08) 1465.23 (202.90) 1427.28 (169.29) 0.05 0.943
IS 61.80 (8.24) 65.38 (6.40) 62.82 (9.62) 63.35 (11.28) 0.032 0.860
TP BASE 1462 2935 1467 1439 1.320 0.259
TP STR 1598 1441 998 1040 4.966 0.033
TP REC 1395 2034 1412 855 5.352 0.027
LF BASE 344 963 352 277 5.042 0.031
LF STR 299 436 194 322 2.546 0.120
LF REC 374 964 412 300 5.990 0.020
BPM BASE 14.5 (2.8) 10.8 (3.6) 13.3 (3.3) 12.9 (3.8) 0.276 0.603
BPM STR 16.0 (2.7) 12.4 (4.0) 15.6 (3.2) 13.4 (2.8) 0.205 0.654
BPM REC 14.6 (3.1) 11.4 (3.2) 14.5 (2.8) 12.2 (3.2) 0.958 0.335

Note. CP concentration performance of d2 Attention test, RT response times (in ms) of Sternberg test, IS interference score of Stroop Test,
TP Base total power at baseline (ms2), TP STR total power of HRV at stressor, TP REC total power of HRV at recovery. LF low frequency
0.04–0.15 Hz (ms2/Hz), BPM breaths per minute. ∗Median of TP and LF were reported instead of means and standard deviation as they were
log-transformed.

Fig. 4. Interference score of the changes from pre to post by group.

effects were noted on total power HRV and LF power
during recovery andBPM during baseline (see Table 3).
Paired t-test analysis showed that both group showed no
significant increase in total power of HRV at baseline,
stressor, and recovery periods from pre to post inter-
vention. Furthermore, the biofeedback participants in-
creased their HRVpower toward LF activity at baseline,
stressor, and recovery periods from pre to post-training
(t (18) = −2.145, p = 0.023; t (18) = −1.843, p =
0.041, t (18) = −3.160, p = 0.025, respectively). In
opposite, LF power of the control group did not signif-
icantly differ at all three periods (all p > 0.05). Similar
results were also noted on breathing rate measure. Al-
though participants in both group showed a decrease in
BPM over time at all periods, significant within-group

Table 3
Results of mixed effect models on physiological measures during
stress profile

Measure Effect F (1, 34) p

TP BASE Time 0.357 0.554
Group × Time 3.061 0.089

TP STR Time 0.003 0.957
Group × Time 0.190 0.666

TP REC Time 0.016 0.902
Group × Time 8.789 0.006∗

LF BASE Time 0.976 0.330
Group × Time 7.584 0.009∗

LF STR Time 3.386 0.074
Group × Time 0.462 0.501

LF REC Time 2.015 0.165
Group × Time 9.851 0.003∗

BPM BASE Time 7.852 0.008∗
Group × Time 4.922 0.033∗

BPM STR Time 14.394 0.001∗
Group × Time 0.818 0.372

BPM REC Time 10.667 0.002∗
Group × Time 2.541 0.120

Note. TP Base total power at baseline (ms2), TP STR total power
of HRV at stressor, TP REC total power of HRV at recovery. LF
low frequency 0.04–0.15 Hz (ms2/Hz), BPM breaths per minute.
∗Indicates statistical significance.

effects was present in the biofeedback group only (all
p values < 0.005).

4. Discussion

This study is among the first to evaluate the possibil-
ity of HRV biofeedback training as a new tool to im-
prove cognitive performance, particularly in industri-
al operators. HRV biofeedback training had beneficial
effects on the intervention group. The training partic-
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ipants performed significant improvements from base-
line to follow-up assessment in each cognitive mea-
sure when compared to the control. Increases in HRV
parameters at the training participant’s resonant fre-
quency and slower breathing were also elicited during
HRV biofeedback (Fig. 1). These results verified that
the biofeedback participants were able to breathe at, or
close to their resonant frequency across sessions while
the control group remained constant.

During physiological stress profile, participants in
the both groups showed reactivity to stress at pre-
training. Although a higher of HRV amplitude was not
statistically significant found in the biofeedback group
at post-test, a noteworthy shift toward LF activity indi-
cated baroreflex stimulation has occurred [27]. Further-
more, a significant decrease in respiration rate shows
they also successfully learned the slow diaphragmat-
ic breathing, particularly during post-testing stressor,
although no special instruction was provided.

This study adds to the body of research that relates
HRV biofeedback training with an increase in HRV
indices and improvements of some cognitive func-
tions [30,49]. McCraty [30] found that the experimen-
tal group increased their response times significantly
from pre to post brief- training of heart rhythm co-
herence biofeedback. The control group participants,
who simply relaxed during the interval between tests,
showed no change in mean reaction time from the first
to the second discrimination task. However this current
study has some advantages over the previous study. The
previous study assessed the immediate effects while
the current study showed the more-long term effects of
a five-week biofeedback training. Although the short
HRV biofeedback training was transferred well to the
majority of participants and produced significant ef-
fect [30], most studies on the use of RSA or HRV
biofeedback suggested more than a brief training pe-
riod [23,50–52,66]. When the technique learnt from a
brief training period ofHRVbiofeedback is applied out-
side laboratory setting, for instance in factory, a large
number of participants may face difficulty in learning it
effectively. Shellenberger and Green [34] emphasized
that short term of biofeedback training period (e.g. less
than three sessions) will hamper the mastery which
equips the subjects with the ability to demonstrate the
learned skill under adverse conditions, both in and out
of the training. Nonetheless, Karavidas et al. [54] found
that ten sessions ofHRV biofeedbackmaynot be neces-
sary to improve efficacy of HRV biofeedback. Vaschil-
lo et al. [71] also demonstrated that approximately four
hours of training are necessary to teach people the skill
of HRV biofeedback.

Possible explanation for how greater HRV ampli-
tude resulted from biofeedback training correlates with
improved cognitive functioning has been presented by
McCraty and Tomasino [42] and McCraty [30]. They
proposed the existence of psychophysiological coher-
ence that is harmonious interactions of the body’s sub-
system. They found that increased psychophysiological
coherence, as result of HRV biofeedback, corresponds
with better homeostatic regulation and the changes
in the brain’s information processing capabilities. The
changes lead to cognitiveprocessing improvement such
as focused attention, discrimination, and motor skills.
Such skills are crucial to the work settings and are often
under-trained for operators.

The concept of coherence, in some ways, appears to
accord with the resonance effect, a protocol used in this
study, HRV biofeedback elicited resonant oscillations
in the cardiovascular system and apparently normal-
ized autonomic regulation due to an increase barore-
flex gain [24,71]. The baroreceptors have effects on the
brain, mediating cardiovascular influences on the cen-
tral nervous system (CNS). Baroreceptor activation–
inhibition could produce a modulation on CNS struc-
tureswith implications for cognitive processing of envi-
ronmental inputs. As such, these techniques may have
been responsible for the substantial enhanced in the op-
erator’s cognitive performance they experienced during
work. However, with so few intervention studies being
conducted on assessing HRV biofeedback on cognitive
performance, aforementioned explanations still cannot
lead to a clear conclusion about the role of autonomic
changes in improving some cognitive functions. Fur-
ther study should clarify these problems.

Concerning its practical implementation, there are
essential ingredients for successful biofeedback train-
ing, particularly in achieving mastery [30]. By achiev-
ing mastery, subject will have the ability to demon-
strate the learned skill under unfavorable conditions,
both in and out of the laboratory. First, it is important
to consider the trainer’s skill. In addition to biofeed-
back knowledge, a good trainer should have coach-
ing and managerial skills. Lack of personal attention
from the trainer may result in incomplete understand-
ing of the techniques and decreased motivation to prac-
tice. Second, regarding lack of time to practice, pro-
viding the participants with more tips to practice at
workplace is recommended since they only have little
time to do so at home. Moreover, to facilitate success-
ful transfer of HRV biofeedback training when dealing
with daily stressors, a variety of stressors should be
introduced. They may include demonstration of self-
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control without feedback in relaxed settings (e.g. ad-
justing physical environment such as room tempera-
ture and noise), demonstration of self-control without
feedback in stressful situations, e.g. cold room, pro-
viding noise, stress profile, performance tasks, and in-
terpersonal confrontation. Another important aspect of
workplace interventions is that of continued training.
Workers may be motivated to practice the technique
throughout the training (about 5 weeks) and after com-
pleting the training, but adherence tends to decrease
with time. Offering “refreshment” session three to six
months after the completion of the training can provide
workers not only with increased motivation to adhere
to the practice of the technique but also with reminders
on the correct method of practicing the technique.

On the other hand, this study has some important
limitations. The relatively small sample size and sam-
ple characteristics decreased the ability to generaliza-
tion issue in other settings. In addition, although Su-
vorov [49] found that a single follow up study showed
that the participants retained the inherent harmonics af-
ter 11/2 years subjects learning oscillatory biofeedback,
yet it is still unclear whether the immediate training ef-
fects of resonant HRV biofeedback remain stable for a
lengthy period of time. A follow-up study thus is need-
ed. A correlation of improved cognitive functions and
increase HRV indices need also to be clarified. Fur-
thermore, safety-related outcome measures need to be
incorporated into future studies to assess directly the
value of HRV biofeedback training for accident pre-
vention

5. Conclusion

Given the significant contribution of operator’s per-
formance in the factory’s productivity, it is needed to
implement a new training approach to enhance their
work performance with respect to improved cognitive
performance. Human operators are prone to impair-
ment cognitive functions, which in turn have the po-
tential to cause work-related accidents. Our data pro-
vides preliminary indications of the potential of HRV
biofeedback training for influencing the accident pro-
cess via improvement in cognitive performance. Par-
allel findings between improved in cognitive measure
and improved physiological variables may be attribut-
ed to ability to manipulate and control activity in the
ANS which continued to homeostasis balance. These
findings are consistent with previous researches indi-
cating that maximal control over HRV at the resonant

frequency can be obtained in most people after approx-
imately four sessions of training. Further studies are
warranted in larger and heterogeneous sample and oth-
er industries. Interrelationship between increased au-
tonomic functioning and improved cognitive perfor-
mance should be also explored as well as the effect of
HRV biofeedback on work-related accidents/injuries.
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