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Abstract Previous investigations of electroencephalo-

grams during relaxation have identified increases in slow

wave band power, correlations between increased levels of

alpha activity with lower levels of anxiety, and autonomic

changes characterized by otherwise documented decreased

sympathetic activity. This study was carried out to deter-

mine the overall changes in quantitative electroencepha-

lographic activity and the current source as a result of an

acute session of respiratory sinus arrhythmia (RSA) bio-

feedback in a population of subjects experiencing stress.

This study’s findings provide physiological evidence of

RSA feedback effect and suggest that RSA training may

decrease arousal by promoting an increase of alpha band

frequencies and decrease in beta frequencies overall and in

areas critical to the regulation of stress. It was of interest

that novices could achieve these objective alterations in

EEG activity after minimal training and intervention peri-

ods considering that the previous literature on EEG and

meditative states involve experienced meditators or par-

ticipants who had been given extensive training. Addi-

tionally, these effects were present immediately following

the training suggesting that the intervention may have

effects beyond the actual practice.

Keywords Respiratory sinus arrhythmia � QEEG �
sLORETA � Anxiety � EEG � Biofeedback �
Heart rate variability

Introduction

There is now substantial evidence that persons with anxiety

disorders and high levels of perceived and real stress are at

greater risk for psychological and health problems than

those with lower levels (Hubbard and Workman 1997;

McEwen 2002, 2007). Acute and prolonged stressors pro-

duce a chain reaction that affects the entire body. Although

exceptions occur, in general the sympathetic nervous sys-

tem activates causing increases in blood pressure, heart rate

and reduces heart rate variability. The hypothalamus ini-

tiates pituitary secretion of adrenocorticotropic and adrenal

release of epinephrine, norepinephrine, and cortisol into the

bloodstream (Brunton et al. 2007). Activity in the brain

increases, particularly in the limbic system. Over time,

allostatic load creates a negative feedback loop whereby

the body becomes less and less efficient at regulating these

responses causing the system to burn out (e.g., impaired

branching of dendrites) and/or become hyper-responsive

(McEwen 1998, 2007).

The mind–body connection and its relationship to stress

can be seen via the connection between, the limbic
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system, particularly the cingulate gyrus, and the auto-

nomic nervous system (ANS) and neuroendrocine system

(Allman et al. 2001; Critchley et al. 2003; Bush et al.

2000; Gianaros et al. 2005a, b; Sullivan and Gratton 2002;

Thayer and Sternberg 2006). The cingulate gyrus largely

comprises Brodmann areas 24, 23, 29, 30, and part of 31

and is thought to regulate bodily states of arousal to meet

concurrent behavioral demands, making it one of the

mechanisms by which mental processes are integrated

with bodily systems (Critchley et al. 2003). For example

imaging studies have shown that behavioral stressors

cause activation in the cingulate gyrus which is associated

with blood pressure reactions (Gianaros et al. 2005a, b)

and neuroendocrine activation (Diorio et al. 1993). The

cingulate gyrus particularly has been shown to be acti-

vated with unpleasant sensory-affective functions such as

acute and chronic pain (Vogt et al. 1996), negative emo-

tions and memories (Maddock et al. 2003a, b), anxiety

(Fredrikson et al.1997; Lanius et al. 2003), anticipatory

anxiety (Simpson et al. 2001), respiratory dysfunction,

(Peiffer et al. 2001), depression (Bench et al. 1992), and

stressors that involve conflicting response alternatives

such as the Stroop task (Botvinik et al. 2001; Fallgatter

et al. 2002).

Patterns of general activity have also been found in the

quantitative electroencephalography (QEEG) of groups

with stress and anxiety. In one study, anxiety was greater in

participants with a left side dominant asymmetry of 8–

10 Hz alpha at FP1-FP2, right side dominant asymmetry of

8–10 Hz alpha at F7-F8 and C3-C4, and right side domi-

nance of 10–12 Hz alpha at F3-F4 and C3-C4 (Papousek

and Schulter 2001). In another, individuals with symptoms

of anxiety and depression showed left side alpha domi-

nance in anterior and posterior sites (Bruder et al. 1997).

Hammond (2005) states that anxiety is often the function

of excessive parietal and right frontal beta, and obses-

sive worry a function of excessive beta along the midline

and CZ. A low resolution electromagnetic tomography

(LORETA) study specified that anxiety showed maximally

stronger activity than relaxation in right superior frontal

gyrus for 18.5–21 Hz beta activity (Isotani et al. 2001).

Stress and anxiety related mind–body responses can be

targeted via numerous methods including relaxation and

meditation. The evidence overwhelmingly suggests that

relaxation and mediation have profound effects on the

autonomic nervous system and brain function (Cahn and

Polich 2006; Lehrer et al. 2007). In their review of medi-

tations studies, Cahn and Polich (2006) report that medi-

tative training can cause a cascade of neuroprotective

events in the brain, central nervous system and autonomic

nervous system. It is logical that the same functions neg-

atively affected by stressful stimuli should be positively

affected by relaxation and meditation. For example, these

authors report that continuous EEG analysis of brainwave

activity during relaxation and meditation has identified

increases in slow wave theta and alpha band power,

changes in anterior cingulate cortex and dorsolateral pre-

frontal areas, correlations between increased levels of alpha

activity with lower levels of anxiety, increased calmness

and positive affect and autonomic changes characterized by

decreased sympathetic activity.

Because these systems are connected, it is logical to

assume that changing one aspect of physiology will affect

multiple systems. The real-time rise and fall of heart rate is

called Respiratory Sinus Arrhythmia (RSA). RSA repre-

sents the natural fluctuation of heart rate associated with

breathing, mediated by oscillations in vagus nerve activity

(Lehrer 2007). The greater the RSA, the more adaptive

your autonomic nervous system is to the stressful demands

of the environment (Porges 1995, 2007). It has been sug-

gested that increased vagal activity is one of the most

important systems in the body to regulate the harmful

effects of stress across systems (Thayer and Sternberg

2006). RSA biofeedback (a form of Heart Rate Variability

biofeedback), is designed to help persons maximize their

RSA through slowed breathing and cognitive focus.

Training using RSA biofeedback involves individuals

slowing their breathing to a rate that is unique to them so

that the RSA amplitude is maximized. When the proper

breathing rate is found, real time heart-rate and respiration

co-vary in a perfect phase relationship such that users

inhale until their heart rate peaks and exhale as it falls, until

it begins to rise again (Vaschillo et al. 2004). When this

occurs, the baroreceptors are stimulated, strengthening the

overall capacity of the body’s homeostatic function (Lehrer

et al. 2003). Lehrer and Gevirtz (2003) cite that RSA

biofeedback systems increase vagal activity, promote

relaxation, stimulate baroreflexes and increase the effi-

ciency of cardiac reflexes. In turn, this should increase the

modulation of autonomically- and emotionally-mediated

reflexes throughout the body (Vaschillo et al. 2002; Lehrer

et al. 2003). This study was a single blind randomized

controlled trial examining the immediate impact of an

ambulatory respiratory sinus arrhythmia (RSA) biofeed-

back device after a cognitive stressor on current source

density in the limbic structures of the brain as compared to

a concentrative control device in persons reporting mod-

erate to severe levels of stress.

Methods

Participants

Participants were 43 individuals who responded to adver-

tisements targeted to adults who self-reported that stress
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was impacting their lives. Patients were included if they

were between 18 and 50, scored one standard deviation

above the normative mean measured by the Perceived

Stress Inventory (PSS; Cohen and Williamson 1988), and

could obtain a regular pulse reading on the device. Par-

ticipants were excluded if they were pregnant, reported

previous relaxation-induced anxiety, had bipolar disorder,

substance use disorder, and/or psychotic disorder, were

regularly taking beta blockers or heart medication, bron-

chodilators, respiratory stimulants, antidepressants, thyroid

supplements, anti-anxiety medications, mood stabilizers,

anticonvulsants, antipsychotic medication, and/or steroids,

used a pacemaker, had a medical disorder that impacts

respiratory function, circulation or heart rate significantly,

were unwilling to abstain from PRN medications prior to

the intervention, were unable to comprehend the consent

form quiz, and/or were visibly intoxicated. The study was

performed at Q-Metrx, Inc in Burbank, California and the

East Valley Neurofeedback and Peak Performance Center

in Mesa, Arizona. It was approved by the Western IRB.

Informed consent was obtained under the conditions set

forth in 21 CFR Part 50.

Measures

The RSA biofeedback device called, the StressEraser, is a

Class II, (510(k) exempt) medical device marketed for the

purposes of stress reduction, relaxation, and relaxation

training. It is an over-the-counter non-invasive biofeedback

device that displays the natural rise and fall of real-time

pulse-by-pulse activity as a wave (RSA) on the screen via

an infrared finger sensor.

The Perceived Stress Scale (PSS; Cohen et al. 1983) is a

10-item global measure of self-appraised stress (e.g., ‘‘In

the last month, how often have you been upset because of

something that happened to you unexpectedly?’’).

Respondents were asked to rate the extent of agreement

with these items across a 5-point Likert-type scale ranging

from 0 (never) to 4 (very often). Higher scores reflect

elevated levels of stress. Test–retest reliability and con-

struct validity have been shown to be acceptable (Cohen

and Williamson 1988). The scale range is from 0 to 40. To

be enrolled subjects had to score 1 standard deviation

above the mean as reported by Cohen and Williamson

(1988).

The Mini International Neuropsychiatric Interview

(MINI; Sheehan et al. 1998) is a brief structured interview

to diagnose axis I disorders according to the Diagnostic and

Statistical Manual of Mental Disorders- forth edition and

the International Classification of Diseases—10th Edition

criteria. The MINI has been shown to be reliable in mul-

ticenter clinical trials and in epidemiological and clinical

studies and is administered in a median of 15 min. It was

used to screen out subjects with Axis I diagnoses that may

skew results if group are unbalanced.

A modified Stroop task (Congedo 2005b) was performed

on a computer. It entails the presentation of a cue word that

is the name of one of four colors (red, blue, green or yel-

low), and presented in the center of a computer monitor on

a black background (400 ms duration, 2 cm in height). The

cue word was presented either as: (1) congruent—the word

reading either red, blue, green or yellow and being the

same color or (2) incongruent—the word reading either

red, blue, green or yellow, while the color was different to

the word. The subject was required to respond as quickly as

possible by pressing the left mouse button (with right index

finger) to indicate congruent cue word/color pairings or the

right mouse button (with right middle finger) for incon-

gruent cue word/color pairings. To increase performance

stress, the interviewer prompted the subject to ‘‘hurry up

please’’ at 1 and 3 min during the task. Each (pre and post)

modified Stroop Task entailed 330 color-word prompts

with a 1 s response period allowed. The test consisted of

50% congruent and 50% incongruent color words, in order

to increase the cognitive demand on the subjects. Subjects

were requested to focus on the centre of the screen during

each trial and to rest their eyes after responding. This helps

to avoid eye blinks during the cue-response time. The

Stroop was given after the baseline physiological assess-

ments and at the conclusion of the study.

EEG Data Collection

For each subject EEG data was collected continuously in a

dimly illuminated and sound attenuated room. The EEG

was sampled with 19 electrodes in the standard 10–20

International placement referenced to linked ears. Data

were collected for 5 min of baseline (eyes open condi-

tion), 5 min of the Stroop color task, 15 min using the

StressEraser or control device, and 5 min of post inter-

vention rest (eyes open condition), and 5 min Stroop.

Only data during baseline and post intervention rest is

analyzed in the current article. Data was plotted and

carefully inspected using manual artifact-rejection. All

episodic artifacts including eye blinks, eye movements,

teeth clenching, body movements, or EKG artifact was

removed from the stream of EEG using the Eureka soft-

ware (Congedo 2005a). Thirty-six of the forty-three

recorded subjects had acceptable quality data after per-

forming the artifacting procedure. Average cross-spectral

matrices were computed for bands delta (2–3.5 Hz), theta

(4–7.5 Hz), alpha1 (8–10 Hz), alpha2 (10–12), combined

alpha 1 and alpha 2 (8–12 Hz), beta1 (12–16 Hz), beta2

(16–20 Hz), beta3 (20–24 Hz), beta4 (24–28 Hz), beta5

(28–32 Hz), low beta (13–21 Hz), high beta (22–32 Hz)

and global beta (13–32 Hz).
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sLORETA Variables

For each subject, cross-spectral matrices were computed

and averaged over 4-s epochs resulting in one cross-spec-

tral matrix for each subject in each condition and for each

of the discrete frequencies within each band. Based on

previous LORETA analyses (e.g., Sherlin et al. 2007), we

used a rectangular window. Sliding overlapping windows

(overlap 93.8%) allowed reliable and smooth spectral

estimates. The independent replication of the sLORETA

transformation matrix was utilized in the EureKa! software

package (Congedo 2005a). Due to third party software

implementation constraints on the utilization of the newer

sLORETA software package (Pascual-Marqui 2002), the

original LORETA-Key software package and viewer

(Pascual-Marqui et al. 1994) was used to display the

standardized LORETA current density in the frequency

domain directly from the average cross-spectral matrix

(Frei et al. 2001). This LORETA implementation incor-

porates a 3-shell spherical head model registered to a rec-

ognized anatomical brain atlas (Talairach and Tournoux

1988), and makes use of EEG electrode coordinates

derived from cross-registration between spherical and

realistic head geometry (Towle et al. 1993). The solution

space is restricted to cortical gray matter using the digitized

probability atlas of the Brain Imaging Center at the Mon-

treal Neurological Institute, divided in 2,394 voxels mea-

suring 7 9 7 9 7 mm (Pascual-Marqui 1999).

Procedures

Participants were recruited via targeted passive techniques

using flyers in medical offices, online advertising, and print

advertisements. Upon calling the research centers, partici-

pants were asked to give verbal consent to complete a brief

questionnaire (PSS) to determine eligibility without asking

the participant identifying information. If eligible, an

appointment was scheduled. During the assessment, eligi-

bility was further determined using the Mini International

Neuropsychiatric Interview (MINI; Sheehan et al. 1998) to

assess for Axis I disorders, those including clinical disor-

ders, such as major mental disorders, as well as develop-

mental and learning disorders.

Once enrolled, participants completed the State Trait

Anxiety Interview-State Form (STAI-S; Spielberger et al.

1983) and were randomized based on STAI-S scores to

stratify across groups. The randomization of participants

was carried out by the participant selecting a sealed

unmarked envelope that inside included a slip of paper with

the designation of ‘‘A’’ or ‘‘B’’. Participants were ran-

domized to either the active relaxation RSA biofeedback

group or a concentrative passive feedback group. Both

groups received 15–20 min of training prior to use and

were able to read literature about their device while mon-

itoring equipment was applied. Both devices were painted

so that no company or product information could be seen.

RSA Biofeedback (RSA group): Training using the RSA

wave involves individuals slowing their breathing to a rate

that is unique to them so that the amplitude of RSA is

maximized. When the proper breathing rate is found, real

time heart-rate and respiration co-vary in a perfect phase

relationship so that users inhale until their heart rate peaks

and exhale until it begins to rise again (Vaschillo et al.

2004). Users receive feedback under each wave and are

prompted to exhale using a peak wave indicator. Points are

given when the wavelength meets a certain threshold.

Users were instructed to obtain as many points as they

could during the intervention phase.

Concentrative Relaxation Control (CREL group): The

concentrative focus alternate intervention device was a

StressEraser with an altered wave that still responded to

their physiology but participants had no indication of how

to manipulate the wave. This was done by altering the

algorithm so that the wave was ‘‘smoothed,’’ to display

heart rate over 10 s intervals rather than in real time.

Participants were instructed to watch the wave and ‘‘let go’’

of stressful thoughts to help their mind sync with their

blood circulation. They were not instructed to breathe at a

specific rate. During the training participants were given

materials on the mind body connection and how focusing

on their breathing will help them relax.

StressEraser training included the rationale behind the

device, teaching slow breathing and learning how to

manipulate the device to achieve long smooth waves. Once

the subject could manipulate the device, they were stopped

so as to not affect baseline objective measures. Some

participants were given additional instruction above the

15 min if they were having trouble how to learn the device.

Since the passive biofeedback group did not need to ‘‘do

anything’’ except observe the wave and relax, much of the

15 min was spent discussing the rationale behind the

device and how it works. Participants were then re-seated

and the instrumentation sensors were applied. Both groups

received handouts to read while they were being connected

to the monitoring equipment.

Sensors included psychophysiological measures (skin

conductance, respiration, finger temperature, electrocar-

diogram, and electromyography which were reported on in

another paper) and a 19-channel EEG (Sherlin et al. 2009).

Once all sensors were applied, six separate assessment

periods were recorded:

1. Five minute baseline recording while listening to a

history audio CD to distract them from focusing on

their physiology;
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2. Five minutes cognitive stressor (Stroop Word Color

Task);

3. 15 min of active (StressEraser) or passive (control

device) biofeedback;

4. Five minute post intervention rest period (audio CD);

5. Complete Self-report Measures;

6. Five minute cognitive stressor repeated (Stroop Word

Color Task).

All subjects were debriefed following the study and given

reimbursement of $25.

Data Analysis

In this study the baseline period was compared to the post-

intervention rest period EEG indices. For each subject,

power (microvolts squared) means within the frequency

bands were summed across all electrode sites in both

absolute and relative power. Absolute power is the actual

power (microvolt squared computation) for each frequency

band. Relative power measure is the frequency band power

divided by the total band power. This provides the relative

(percent) contribution of each frequency band to the total.

Within group differences were examined using paired

sample t-tests. Between group differences were examined

using univariate ANOVA with the condition as the fixed

variable, baseline EEG scores as the covariate and post-

intervention scores as the dependent variable. These values

were examined and a multiple stepwise regression analysis

of device point production and amplitude changes

calculated.

Current source amplitude estimates were computed

and pre-processed as described providing the data for

statistical analysis. To compare the current density

amplitude of the post intervention rest to the baseline

(for both groups StressEraser and control), we used the

randomization–permutation multiple comparison t-max

approach (Congedo et al. 2004). Data permutation

approaches can adaptively account for the correlation

structure of the variables, an embedded feature of all

electrophysiological measurements (Holmes et al. 1996).

We performed one test for each of the 12 frequency

band-pass regions (delta, theta, alpha1, alpha2, combined

alpha, beta1, beta2, beta3, beta4, beta5, low beta and

global beta). For the whole data set (2394 9 12 vari-

ables), voxel-by-voxel t-tests were computed. A thresh-

old of significance (if the global null hypothesis was

false) was then computed by the t-max method. For all

bands, we tested the hypothesis that the mean sLORETA

current source amplitude of the post intervention rest

task differed from the baseline by subtracting the values

for each subject between the two conditions (Congedo

et al. 2004).

Results

A total of 121 participants were phone screened, 80 were

eligible based on the phone screen, 46 came in for an

interview and 43 subjects completed the protocol. Of the

three participants who did not complete the interview, one

was excluded due to sensor errors on the device, one did

not complete the appropriate dose of the intervention due to

computer problems during data collection, and one needed

to be rescheduled due to computer problems but never

returned. Of those enrolled with valid data (N = 43),

48.8% were female, 76.2% were white, 16.3% were His-

panic/Latino, 21.4% were unmarried, 92.9% had at least

graduated high school, 81.4% were employed or fulltime

students, and the mean age of the sample was 33.2

(SD = 8.77) years. There were no significant differences

between groups for demographic or intake variables,

except that participants in the CREL condition were more

likely to be employed fulltime.

As previously reported in Sherlin et al. (2009), the mean

score on the PSS was 26.00 (SD = 4.67), indicating levels

of stress of about two standard deviations above the mean

from normative samples and one standard deviation above

the mean in clinical samples (Cohen and Williamson

1988). The mean for the baseline STAI-S was 45.95

(SD = 11.66), which is approximately one standard devi-

ation above the normative mean (Spielberger et al. 1983).

There were significant differences between groups on the

STAI-S with the RSA group reducing significantly more

when compared to the CREL group, F(1,41) = 6.23, p \
.05 from baseline to post-intervention. Stroop results

indicated no significant differences from baseline to post

intervention between groups in any domain measured

(p [ .05 for all), including incorrect versus correct

response, reaction time, and missed responses, although

some trends existed. The RSA group and CREL group

significantly reduced errors from Stroop 1 to Stroop 2,

t(19) = 5.35, p \ .0001 and t(17) = 2.74, p \ .05,

respectively. A small effect (Cohen’s d = .29) was found

in favor of the RSA group in terms of reduced errors.

A total of 34 subjects had EEG readings suitable for

quantitative analysis (at least 2 min of data available fol-

lowing artifact rejection procedures). We examined overall

power increases and found a significant difference between

groups in overall alpha with the RSA group increasing

from .56 (.14) to .66 (.23), while the control group

decreased from .60 (.27) to .59 (.25), F(33) = 6.18,

p \ .05 (see Table 1). Overall, 64.7% (11/17) of partici-

pants in the RSA group had greater or equal to .05

amplitude increases compared to 11.8% (2/17) in the

CREL group. No significant between group differences

existed in the theta or beta bands, though there was a

significant within group theta amplitude change in the RSA
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group, .66 (.13) to .73 (.19), t(16) = -2.69, p \ .05.

Because there were significant within group changes in

both alpha and theta in the RSA group, we examined rel-

ative power to get a better estimate of the dominant fre-

quency change following the intervention (Klimesch

1999). Results indicate that there was a statistical trend for

increased alpha relative power compared to the control,

F (33) = 3.04, p = .09, while no significant differences

existed for theta or beta relative power. A closer exami-

nation of the data revealed that two subjects from the RSA

group had large increases in theta power that reduced alpha

power because the change was subsumed by theta. Because

both alpha and theta are associated with meditative states,

we assumed that a positive effect was produced but

because percent power data is relative to all frequencies

measured it could be interpreted as a lack of effect. Con-

sequently, the alpha analyses were rerun with these two

subjects removed and this resulted in a significant differ-

ence between groups in relative alpha power, F(31) =

7.72, p \ .001. Additionally, a multiple stepwise regres-

sion revealed that the higher number of points obtained on

the StressEraser was significantly associated with decreases

in beta power, incremental F(14) = 4.80, p \ .05. No other

significant dose response relationships existed (Table 2).

Brodmann’s area 24 showing significant increases

in relative power current source of alpha frequency

(t threshold = 2.04) is a cortical component of the limbic

system that is involved in emotional processing and the

affective dimensions of pain (Williams et al. 2005).

There were significant decreases in relative power glo-

bal beta frequency (13–32 Hz) in Brodmann’s area 30

(t threshold = 2.70), the transitional region between the

posterior cingulate gyrus and the medial temporal lobe,

which is a cortical component of the limbic system par-

ticipating in limbic associational integration. Additionally

there were significant decreases in low beta (13–21 Hz)

frequency in Brodmann’s area 31 (t threshold = 2.81)

following RSA feedback; the cingulate part of this area is a

cortical component of the limbic system and participates in

limbic and parietal associational integration. There were no

significant differences in the CREL group. Brodmann’s

area 24 showing significant increases in relative power

current source of alpha frequency (t threshold = 2.04) is a

cortical component of the limbic system that is involved in

emotional processing and the affective dimensions of pain

(Williams et al. 2005; Figs. 1, 2, 3).

Discussion

These findings provide physiological evidence of RSA

feedback and suggest that RSA training may decrease

arousal by promoting an increase of alpha band frequencies

and decrease in beta frequencies overall and in areas crit-

ical to the regulation of stress. It is striking that novices

could achieve these objective alterations in EEG activity

after minimal training and intervention periods considering

that the previous literature on EEG and meditative states

involve experienced meditators or participants given

extensive training. Additionally, these effects were present

immediately following the training suggesting that the

intervention may have effects beyond the actual practice.

Although alpha power increases are generally stronger at

rest in meditators compared with controls at rest (Fenwick

1987), the majority of meditation studies using inexperi-

enced meditators examine the effects of meditation or

Table 1 Baseline and post

results of state anxiety and

stroop errors

Measure Baseline Post Within group changes

State anxiety

RSA group (StressEraser) state anxiety 47.80 (12.02) 33.54 (11.49) t(19) = 5.36, p \ .0001

CREL state anxiety 44.27 (10.19) 37.68 (11.06) t(21) = 3.97, p \ .001

Stroop errors

RSA stroop errors 8.4 (4.2) 4.8 (2.8) t(19) = 5.35, p \ .0001

CREL stroop errors 9.9 (5.9) 7.4 (6.2) t(17) = 2.74, p \ .05

Table 2 Relative and absolute power t-tests

Variable Baseline Post t df p

Stress eraser group

Rel power theta 2.105 (.722) 2.126 (.868) -.304 16 .765

Rel power alpha* 1.421 (.253) 1.618 (.441) -2.426 14 .029

Rel power beta .626 (.269) .585 (.216) 1.191 16 .251

Overall theta .661 (.137) .733 (.187) -2.692 16 .016

Overall alpha .565 (.142) .665 (.231) -2.861 16 .011

Overall beta .379 (.174) .395 (.151) -.829 16 .419

Control group

Rel power theta 2.378 (.853) 2.449 (.936) -1.109 16 .284

Rel power alpha* 1.394 (.335) 1.355 (.365) 1.249 14 .230

Rel power beta .615 (.377) .605 (.391) .324 16 .750

Overall theta .719 (.207) .733 (.213) -.585 16 .567

Overall alpha .599 (.275) .585 (.251) .504 16 .621

Overall beta .410 (.282) .415 (.320) -.157 16 .877

* p \ .001
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relaxation training during the procedure as opposed to

following the procedure (Cahn and Polich 2006).

Previous literature has revealed that HRV and RSA

biofeedback has restorative effects on autonomic func-

tioning and respiratory efficiency (Lehrer 2007), but this is

the first study to our knowledge that has examined the

effects of RSA biofeedback on brain activity. Different

types of meditation can have differing effects on brain

function. For example, some forms of meditation produce

alpha blocking and increases in high frequency beta though

most forms of meditation and relaxation tend to increase

alpha and theta bands (Cahn and Polich 2006). In one study,

internalized attention enhanced by counting breaths in

synchronization with exhalation has been shown to activate

slow wave alpha power in the frontal lobes and inhibit

sympathetic activity (Takahashi et al. 2005). In another

study, Kamei and colleagues (2000) reported that yoga

breathing increases alpha power. Increases in alpha are

associated with reduced anxiety and increased feelings of

relaxation (Cahn and Polich 2006; Hardt and Kamiya 1978).

Although, there was no association in the current study,

Sherlin et al. (2009) reported on the significant decreases in

state anxiety in the RSA group as compared the concen-

trative relaxation control confirming the overall reductions

in arousal in the RSA group. Taken together with earlier

studies, it is possible that one of the specific mechanisms of

breath retraining is an increase in alpha power and overall

decreased arousal which include increases in RSA.

As noted in the introduction, the anterior cingulate

cortex is a primary component in the mind–body

Fig. 1 Displayed are the horizontal (left), sagittal (middle), and

coronal (right) sections through the voxel with maximal current

source density. These voxels are darkest in gray scale within the

circled areas with arrows pointing to the significant localization of

voxels. Significant increases in relative current source density of

alpha frequency in Brodmann’s area 24 are marked. For each

frequency band, axial, sagittal and coronal slices through the voxel of

the extreme t-value at the X,Y,Z-Talairach coordinate are displayed.

Structural anatomy is shown in gray scale L, left; R, right; A, anterior;

P, posterior. The figure was produced by means of the LORETA-

KEY-software

Fig. 2 Displayed are the horizontal (left), sagittal (middle), and

coronal (right) sections through the voxel with maximal current

source density difference. These voxels are darkest in gray scale

within the circled areas with arrows pointing to the significant

localization of voxels. Significant decreases in relative beta current

source density in Brodmann’s area 30 for 13–32 Hz are marked. For

each frequency band, axial, sagittal and coronal slices through the

voxel of the extreme t-value at the X,Y,Z-Talairach coordinate are

displayed. Structural anatomy is shown in gray scale L, left; R, right;

A, anterior; P, posterior. The figure was produced by means of the

LORETA-KEY-software
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connection because of the reciprocal influence it has on

numerous mechanisms required to maintain homeostasis.

The increase in alpha in Brodmann’s 24 and decreases in

beta in Brodmann’s 30 and 31 are consistent with the pre-

vious literature on the effects of meditation and galvanic

skin response biofeedback on the anterior cingulate

gyrus (Cahn and Polich 2006; Critchley et al. 2001, 2002;

Holroyd 2003; Lazar et al. 2000; Lou et al. 1999). When

taken together with results of previous studies, our data

support the notion that the anterior cingulate gyrus is inti-

mately connected with the ANS and that breath retraining

and cognitive focus can have powerful cascading effects on

multiple bodily mechanisms. As with alpha increases, this

inter-relationship may be especially affected by interven-

tions that focus on breath-awareness because of the effects

of RSA biofeedback on the autonomic nervous system. This

relationship needs further elucidation but RSA biofeedback

may be a useful first line treatment for disorders associated

with dysfunction in these brain regions.

The results of this study suggest that RSA biofeedback

works within a dose dependent or mastery model, as

greater point production while using the device is associ-

ated with a greater decrease in beta activity. As Cahn and

Polich (2006) note in their review, EEG studies reveal that

theta and alpha activation is related to proficiency of

practice, particularly with advanced practitioners. Because

the RSA device used has an objective measure of mastery,

we were able to objectively (rather than subjective self-

report) assess whether proficiency is related to outcome.

While there was no dose response for alpha or theta bands,

the relationship between increased proficiency and reduced

beta suggests that those who were more proficient may

have had a larger calming effect. This dose—response was

also found with a state anxiety measure in the same study

(Sherlin et al. 2009).

This study has several limitations, including a small

sample size, a laboratory-induced cognitive stressor that

may limit the generalization to real world stressors, and a

brief assessment period. It is unknown whether the results

are temporary state changes or can have longer lasting

effects at rest with extended training. Another limitation is

generalizing the effects in Brodmann’s 24, 30 and 31 to all

stressors. Because the Stroop Task has been sown to spe-

cifically affect these area’s (Laird et al. 2005), it is possible

that these areas were somehow affected by the cognitive

stressor chosen. On the other hand, since the baseline

period was before the Stroop task it is also possible that the

effect would have been significantly larger if the Stroop

was not given prior to the intervention because this cog-

nitive stressor may have caused arousal after the baseline

measurement. Consequently, it is possible that the magni-

tude of effect was reduced in both conditions. This may

partially explain why no reductions were found in the

CREL group on EEG measures but why they subjectively

significantly reduced their state anxiety. Despite these

limitations, it appears that RSA biofeedback has at least

temporary calming effects on the brain regions typically

associated with stressors. It is also important to note that

results of these studies may not be generalized to all RSA

and HRV biofeedback because of the specific device used.

The same can be said when generalizing results from office

based HRV and RSA biofeedback to the device used in the

current study. Overall, when taken together results suggest

that RSA biofeedback may be a useful strategy to help

persons reduce overall arousal in the areas critical to the

experience of stress. Future studies would benefit from

Fig. 3 Displayed are the horizontal (left), sagittal (middle), and

coronal (right) sections through the voxel with maximal current

source density difference. These voxels are darkest in gray scale

within the circled areas with arrows pointing to the significant

localization of voxels. Significant decreases in relative beta current

source density in Brodmann’s area 31 for 13–21 Hz are marked. For

each frequency band, axial, sagittal and coronal slices through the

voxel of the extreme t-value at the X,Y,Z-Talairach coordinate are

displayed. Structural anatomy is shown in gray scale L, left; R, right;

A, anterior; P, posterior. The figure was produced by means of the

LORETA-KEY-software
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long-term assessments of unassisted breathing techniques,

concentrative only interventions and no treatment controls

as compared to biofeedback driven interventions in order to

help understand the common and unique mechanisms of

each of these interventions.
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