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Abstract Major depressive disorder (MDD) is a common
mood disorder that can result in significant discomfort as
well as interpersonal and functional disability. A growing
body of research indicates that autonomic function is altered
in depression, as evidenced by impaired baroreflex sensitiv-
ity, changes in heart rate, and reduced heart rate variability
(HRV). Decreased vagal activity and increased sympathetic
arousal have been proposed as major contributors to the in-
creased risk of cardiovascular mortality in participants with
MDD, and baroreflex gain is decreased. Study objectives: To
assess the feasibility of using HRV biofeedback to treat major
depression. Design: This was an open-label study in which
all eleven participants received the treatment condition. Par-
ticipants attended 10 weekly sessions. Questionnaires and
physiological data were collected in an orientation (base-
line) session and Treatment Sessions 1, 4, 7 and 10. Mea-
surements and results: Significant improvements were noted
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in the Hamilton Depression Scale (HAM-D) and the Beck
Depression Inventory (BDI-II) by Session 4, with concurrent
increases in SDNN, standard deviation of normal cardiac in-
terbeat intervals) an electrocardiographic estimate of overall
measure of adaptability. SDNN decreased to baseline levels
at the end of treatment and at follow-up, but clinically and
statistically significant improvement in depression persisted.
Main effects for task and session occurred for low frequency
range (LF) and SDNN. Increases in these variables also oc-
curred during breathing at one’s resonant frequency, which
targets baroreflex function and vagus nerve activity, showing
that subjects performed the task correctly Conclusions: HRV
biofeedback appears to be a useful adjunctive treatment for
the treatment of MDD, associated with large acute increases
in HRV and some chronic increases, suggesting increased
cardiovagal activity. It is possible that regular exercise of
homeostatic reflexes helps depression even when changes in
baseline HRV are smaller. A randomized controlled trial is
warranted.

Keywords Vagus nerve . Depression . Heart rate
variability . Biofeedback . Breathing

Introduction

Depression

The burden of depression in the U.S. and worldwide is high
and likely to grow (Eaton et al., 1989; Murray & Lopez,
1996). Major Depressive Disorder (MDD) is common and
tends to recur. It has been estimated that one out of seven
people with depressive illness commit suicide (Fawcett et al.,
1987; Robins, 1986). In addition to the human costs of de-
pression, the financial burden of depression is significant. For
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example, a study of the costs of depression and four chronic
medical conditions conducted at a major U.S. corporation
found that employees treated for depression incurred aver-
age annual per capita health and disability costs of $5,415.
This is significantly more than the expense incurred for hy-
pertension and comparable to the expense of the other three
most costly medical conditions, heart disease, diabetes, and
back problems (Greenberg, Stiglin, Finkelstein, & Berndt,
1993).

Depression and treatment considerations

Known treatments for depression are far from fully effective.
In studies of depression treatments, a clinically significant
response is often defined as a reduction of ≥ 50% on the
Hamilton Depression Scale (HAM-D), or a score of 10 or
less on the HAM-D (Thase & Ninan, 2002). This means
that many responders continue to have symptoms. Pharma-
cological interventions based on short-term trials suggest
that antidepressant medication is efficacious for treating for
depression, although criterion of 50% symptom reduction
is not reached in most patients (Kocsis, 2003). Symptoms
often recur when patients stop taking the medications. Also,
patients experience unwanted side effects, including sexual
dysfunction, nausea, and weight changes (Cowley, Ha, &
Roy-Byrne, 1997; Eriksson, 1999). Vagus nerve stimulation
(VNS) which has shown promise for treating treatment re-
fractory epilepsy, has recently been found to help patients
with drug treatment-resistant MDD (George et al., 2005;
Nahas et al., 2005; Rush et al., 2000, 2005; Sackeim, Keilp,
et al., 2001; Sackeim, Rush, et al., 2001). However, VNS is
an invasive and expensive procedure, entailing the surgical
placement of an electrode coil around the left vagus nerve,
with consequent risks (e.g. infection, voice alteration, dys-
phasia, or pain), and a cost of $12,000–$25,000 per person
(Rush et al., 2000). Recently, approaches have focused on tar-
geting neurophysiologic pathways, including biofeedback to
modify left-right frontal cortical activation patterns (Baher,
Rosenfeld, & Baher, 2001; Hammond, 2000), and transcra-
nial magnetic stimulation to the right dorsolateral prefrontal
cortex (Fitzgerald et al., 2003). Two other biofeedback meth-
ods have been found to improve depression: biofeedback for
increasing slow cortical potentials (Rockstroh et al., 1993),
and for breathing at a respiration rate lower than 15 breaths
per minute (Uhlmann & Froscher, 2001).

Depression and autonomic dysfunction

The etiology and pathophysiology of depression remain
elusive due to highly complex interactions between psy-
chological and physiological factors. Attenuated heart rate

variability (HRV) has been linked to symptoms of depres-
sion (Dalack & Roose, 1990; Rechlin, Weis, Spitzer, &
Kaschka, 1994; Stein et al., 2000; Agelink, Boz, Ullrich, &
Andrich, 2002; Glaser & Glaser, 2002; Grippo & Johnson,
2002; Siever & Davis, 1994; Yeragani et al., 2002), as
has reduced baroreflex sensitivity (Grippo & Johnson,
2002). Additionally, cardiac patients with severe depression
exhibit less HRV than those with less severe depression
(Krittayaphong et al., 1997). A possible explanation is that
MDD produces a high baseline state of sympathetic arousal
and decreased parasympathetic activity, and a blunted
sympathetic response to stressors (La Rovere, Mortara,
Pinna, & Bernardi, 1995; Schwartz, Anderson, & van de
Borne, 1992; Veith, Lewis, & Linares, 1994).

Increases in HRV have been reported after treatment
with some selective serotonin reuptake inhibitors (SS-
RIs) (Balogh, Fitzpatrick, Hendricks, & Paige, 1993),
beta sympathetic blockers (Ross, Quitkin, & Klein, 2002),
and cognitive-behavioral therapy (Stein et al., 2000).
In general, successful treatment of depression tends to
be accompanied by an increase in heart rate variability
(Apelbaum, 2001; Balogh et al., 1993; Chambers & Allen,
2002; Khaykin et al., 1998; McGrady, 1994; Peniston,
Hughes, & Kulkosky, 1986). We therefore hypothesized that
a treatment targeted at increasing HRV and vagal tone might
help treat MDD.

Heart rate variability and HRV biofeedback

HRV reflects various aspects of autonomic function. SDNN
is often used as a measure of overall cardiovascular adapt-
ability, while frequency domain analyses of HRV have been
used to assess autonomic balance. High-frequency HRV
(HF HRV, 0.15–.4 Hz) oscillations primarily affect vagally-
mediated respiratory influences on HRV, and has been used as
a noninvasive measure of vagus nerve traffic. Low–frequency
(LF) HRV (0.05–0.15 Hz) correlates highly with baroreflex
gain, and is influenced by both the sympathetic and parasym-
pathetic systems (Berntson et al., 1997).

A number of HRV biofeedback studies have documented
that biofeedback training to increase HRV produces large
acute increases in HRV, as well as chronic increases in
baroreflex gain and total HRV amplitude (Lehrer et al.,
2003a, b). Controlled studies have found that the method im-
proves other disorders characterized by autonomic nervous
system dysfunction, including asthma (Lehrer et al., 2003a,b)
and hypertension (McCraty, Atkinson, & Tomasino, 2003).
Multiple case studies show that it also may help treat
pediatric abdominal pain (Humphreys & Gevirtz, 2000)
and symptoms of depression in patients with fibromyal-
gia (Hassett, Radvanski, Vaschillo, Vaschillo, & Lehrer,
2004).
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Participants and methods

Participants and study design

Eleven participants, aged 25–58 (Mean = 45, SD = 10.8)
participated in a weekly 10-session HRV biofeedback pro-
tocol. This sample included four males and seven females,
all of whom received active treatment. Eight participants
completed the full 10-week protocol, and an additional par-
ticipant completed nine sessions but did not return for the
final assessment session (10th session)1 two enrolled partici-
pants discontinued by Session Four.2 Participants met criteria
for primary diagnosis of MDD as assessed by the Struc-
tured Clinical Interview for DSM-IV (SCID). The Hamilton
Depression Inventory (HAM-D) was also used as a screen-
ing and evaluation tool (Hamilton, 1960). Eight participants
met initial HAM-D criteria for low moderate depression
(13 ≥ HAM-D ≤ 22), while three met criteria for high
moderate depression (23 ≤ HAM-D ≤ 25) (Khan, Brod-
head, Kolts, & Brown, 2005). Participants were recruited
through referrals from the University Behavioral Health Care
(UBHC) system of the University of Medicine and Dentistry
of New Jersey (UMDNJ) and through community advertising
efforts. Participants received the evaluations and experimen-
tal treatment at no cost, and without other inducements.

Inclusion criteria were: a primary diagnosis of MDD as
assessed by the Structured Clinical Interview for DSM-IV
(SCID) (First, Gibbons, Spitzer, & Williams, 1996) and a
HAM-D score of 18 or greater with low risk of suicide. Ex-
clusion criteria were: a primary Axis I or II diagnosis other
than major depression, report of current substance abuse,
and cognitive impairment that would significantly affect the
ability to learn and practice the feedback exercises. Co-
morbid anxiety was permitted as long as the primary diagno-
sis was MDD. Dysthymic disorder was acceptable if major
depression was also present. Participants already taking anti-
depressant and/or anti-anxiety medication or attending psy-
chotherapy were included only if the treatment had been on-
going and unchanged for at least three months.3 We excluded
volunteers who were taking any medication other than an-
tidepressants or anti-anxiety medications. Three participants
continued to use their allowed medication while enrolled in
the study (one male, two females). Results from these par-

1 Reason for termination was relocation.
2 Within the initial five sessions, one participant was diagnosed with a
medical condition; the other participant stated no longer feeling symp-
tomatic and did not feel it was necessary to continue.
3 Heart rate is influenced by antidepressant medication. Tricyclics rou-
tinely increase heart rate by 11% and decreased HRV while some se-
lective serotonin reuptake inhibitors (SSRI) decrease heart rate slightly
and increase HRV (Quitkin, Rabkin, Gerald, Davis, & Klein, 2000;
Roose, 2003). It would have been inadvisable to have taken individuals
off proven medication to test the efficacy of an unproven treatment.

ticipants did not differ from those of non-medicated partici-
pants. Volunteers were also excluded if they had a history of
psychosis, mental deficiency, coronary artery disease, heart
disease, heart failure, kidney disease, hypertension, chronic
low blood pressure, hypoglycemia or cardiac arrhythmias.
This study was approved by the human research committee
of UMDNJ–Robert Wood Johnson Medical School.

Following the completion of an orientation session, partic-
ipants returned for an initial psychophysiological assessment
session at the Psychophysiology Laboratory at UMDNJ-
Robert Wood Johnson Medical School, followed by ten
weekly biofeedback sessions of approximately one hour
each. During biofeedback and collection of psychophysi-
ological data, patients were seated in a comfortable semi-
reclining position in a temperature controlled and sound-
attenuated room. Physiological data were collected during
training Sessions 1, 4, 7 and 10 (“testing sessions”), during
four 5-min periods in each session: (1) a pretraining rest pe-
riod (“Task A”) in which participants were asked to relax as
much as possible with their eyes open, and to remain as still
as possible; (2) the first 5 min of biofeedback training (“Task
B”); (3) the last 5 min of an approximately 30-min biofeed-
back training period (“Task C”); and (4) a posttraining 5-min
rest period (“Task D”), with the same instructions as for the
pretraining rest period.

Questionnaires

Severity of depression was assessed at the orientation ses-
sion (baseline) and at sessions 4, 7 and 10. The primary
outcome measure was the HAM-D (Hamilton, 1960). The
HAM-D is a 17-item clinician-rated measure of depression
severity. It heavily emphasizes the somatic symptoms of de-
pression. Participants also were given the Beck Depression
Inventory II (BDI-II) (Beck, Ward, Mendelson, Mock, &
Erbaugh, 1961). The BDI-II is a well-validated 21-item self-
report measure that assesses the cognitive, affective, and
neurovegetative symptoms of depression (Beck, Steer, &
Brown, 1996), (Steer & Clark, 1997). There are two sub-
scales of the BDI-II: a cognitive-affective subscale and a
somatic-performance subscale.

Equipment and technical procedures

Two biofeedback technicians, a postdoctoral fellow and a
psychology graduate student, conducted all training and test-
ing sessions. At physiological testing sessions, we recorded
skin temperature, electrocardiogram, respiration and heart
rate using a J&J I-330 DSP-12 physiograph and biofeedback
unit. This instrument was also used for biofeedback in all
sessions. A computer screen presented a respiration curve,
instantaneous heart rate, and an on-line Fourier spectrum
of heart rate, as biofeedback information to patients. ECG
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data were collected from both arms and the left leg or right
arm, and were digitized at 512 Hz. Heart rate was derived
from the ECG signal. Respiratory strain gauges were used
to collect both thoracic and abdominal (level of the umbili-
cus) respiratory patterns, and were digitized at the rate of
32 samples/s. Peripheral temperature was derived from the
sensor placement on the index finger. Data were analyzed
using the WinCPRS program (Absolute Aliens Oy, Turku,
Finland), a program for general analysis of physiological
data. Data were hand-edited for artifact and arrhythmias,
which were removed by interpolation. We excluded periods
where >10% of beats required interpolation. Indices of HRV
(both frequency and time domain variables) were calculated
for each 5-min task (Tasks A,B,C,D) from intervals between
R-spikes.

HRV Biofeedback

Details of the procedure for HRV biofeedback has been de-
scribed elsewhere (Lehrer, Vaschillo, & Vaschillo, 2000).
The trainee was first taught to breathe at his/her resonant
frequency, i.e., the frequency at which maximum amplitudes
of HRV are generated voluntarily for each individual. The
resonant frequency was determined in the first session by
measuring HR oscillation amplitudes while the individual
breathed for intervals of ∼ 2–3 min at each of the follow-
ing frequencies: 6.5, 6.0, 5.5, 5.0, and 4.5 breaths/min. We
provided a “pacing stimulus” for this purpose: a light dis-
play that moved up and down on the computer screen at the
target respiratory rate. The trainee was instructed to breathe
at the rate of that stimulus. The resonant frequency was
determined as the respiratory frequency yielding the high-
est power peak, at the respiratory frequency, on a moving
Fourier analysis of HR, which was displayed with reference
to the past 30 s, updated every second. Participants were in-
structed to practice breathing at their resonant frequency for
20-min periods twice daily at home, between sessions, and
when feeling “down” or depressed. Throughout training, the
individual was cautioned to breathe shallowly and naturally,
in order to avoid hyperventilation, as can be provoked by
this technique (Lehrer et al., 1997). At the second session,
participants also were trained to breathe abdominally and to
exhale through pursed lips. Participants were given physio-
logical data (biofeedback) in two forms. A computer screen
presented a beat-to-beat heart rate display superimposed on
respiratory activity taken from the strain gauges. The partic-
ipant was instructed to breathe in phase with HR changes,
with the goal of maximally increasing amplitude of RSA.
Also, the screen displayed a moving frequency analysis of
HR within the band of 0.005–0.4 Hz. The participant was
instructed to increase the spectral power peak that occurred
at approximately resonant frequency. In the third session,
participants were provided with a paced breathing program

called EZ-Air (Thought Technology, Montreal, Canada) to
help them establish a consistent breathing rate during home
practice. Participants were encouraged to log practice length
time and other noteworthy observations.

Results

Statistical analyses were performed in SPSS version 13.0
and the R statistical environment (Team, 2005). Longitudinal
analysis on Task A (the pretest rest period before biofeedback
training) across testing sessions was performed in order to
evaluate chronic biofeedback effects. We utilized an analysis
of variance with a linear mixed effects model, with session
as a fixed effect and subject as a random effect. Session was
treated as a categorical variable. All HRV variables were first
log (base 10) transformed to improve normality.

Level of depression

Overall, there was a decrease in depression severity across
treatment sessions. Total BDI, cognitive and neurovegetative
subscales and HAM-D scores showed statistically signifi-
cant decreases from session 1 to session 4, 7, and 10 (see
Table 1). These decreases were observable by Session 4 (see
Fig. 1): (HAM-D) t(30) = − 6.163, p < .001; (BDI-II)
t(30) = − 4.046, p < .001; the neurovegetative component
of the BDI, t(29) = − .812, p < .001; as well as the cog-
nitive component of the BDI, t(29) = − 3.525, p = .001
(see Fig. 2). There was a 43.7% decrease in neurovegetative
symptoms from baseline to session 4, and a 62% decrease
from baseline to session 10. There was a 26.7% improve-
ment in cognitive symptoms from baseline to session four,
and a 41.7% improvement from baseline to session 10. Clin-
ically significant improvements (≥ 50%) by Session 10 were
noted on the HAM-D for six participants, while three evi-
denced a partial response (>25% but <50%). Further anal-
ysis revealed a very large effect size of d = 3.6, from the
HAM-D change between Sessions 1 and 10 (Cohen, 1988).
Participants taking antidepressant or anti-anxiety medication
(n = 3) did not appear to differ, in their response to treat-
ment, compared to participants not taking medication.

Physiological data

HRV parameters are summarized in Table 2. All ANOVA
models included Session (4, 7, and 10) and Task (A, B, C,
and D) as fixed effects, repeated measures. Table 3 shows
the Task and Session effects for the cardiovascular variables.
Reported p-values were not adjusted for multiple compar-
isons, because the response variables are highly correlated.
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Table 1 Summary of questionnaire responses

Mean (Standard error of mean)
Variable Session 1 Session 4 – Session 1 Session 7 – Session 1 Session 10 – Session 1 pa

TBDI 26.11 (3.43) − 9.11 (2.25) − 8.67 (2.25) − 10.25 (2.45) 0.00034
COGBDI 9.56 (1.65) − 2.56 (0.72) − 2.47 (0.75) − 3.40 (0.79) 0.00072
NEURBDI 7.89 (1.30) − 3.44 (0.90) − 2.76 (0.94) − 3.42 (0.98) 0.00202
THAMD 19.89 (1.45) − 8.89 (1.44) − 10.89 (1.44) − 11.09 (1.57) 0.00000

Note. The longitudinal analysis utilized a linear mixed effects model, with session as a fixed effect and subject as a random effect. For full flexibility,
session was treated as a categorical variable. P-values are shown unadjusted for multiple comparisons. Values shown are means (Session 1) or
differences in means of other sessions from Session 1. Values in parentheses are standard errors. TBI = Total Beck Depression Inventory (BDI)
Score; COGBDI = Cognitive subscale from BDI; NEURBDI = Neurovegetative component of BDI; THAMD = Total Hamilton Depression
Inventory (HAM-D) score.
ap-Value for hypothesis of overall session effect.

SDNN, PNN50, LF HRV, VLF, and HRMEAN, differed sig-
nificantly from task to task, while SDNN, PNN50, LF HRV,
and HRMEAN differed significantly from session to session.
When adjusted for respiration, SDNN, LF HRV, and HR
Mean differed significantly from task to task, while SDNN,
PNN50, HF and LF differed significantly from session to
session. There were no significant Sessions × Task interac-
tions for any of the cardiovascular variables (p > .10), nor
for respiration rate (p = .5228), showing that acute effects
of biofeedback on HRV did not differ as training progressed.

When looking at contrasts among specific tasks and ses-
sions, such as task B versus task A to test acute effects of
biofeedback (see Table 4), or Session 1 versus Session 7 (see
Table 5) (to assess chronic biofeedback effects), we applied
a Bonferroni correction within each outcome variable as a
criterion for statistical significance, with α = .05/3 = .017.
Data were also adjusted for respiration rate, which was
included in the statistical model, because respiration rate
can systematically affect measures of respiratory sinus
arrhythmia, independently of autonomic nervous system ac-

tivity (Eckberg, 2003; Grossman, Karemaker, & Wieling,
1991). Note that, although the respiration rate adjustment
eliminated a non-autonomic contribution to respiratory si-
nus arrhythmia, it may be overly conservative for analyzing
the effects of biofeedback, because it also eliminates inter-
vention effects that might independently effect both HRV and
respiration rate. We therefore report HRV analyses both ad-
justed and not adjusted for respiration rate. When both anal-
yses show significant results, we are particularly confident
in interpreting the results as reflecting autonomic changes.
Nonadjusted measures may still suggest autonomic changes,
although less definitively.

Table 4 shows changes acute effects of biofeedback from
the initial rest period (Task A) to the biofeedback tasks (Task
B and C) and to the last rest period (Task D). This analy-
sis was done in order to examine the acute effects of HRV
biofeedback while participants practiced the technique. For
SDNN and LF HRV, values were significantly higher at
tasks B, C, and D than at task A, both controlled and not
controlled for respiration. For PNN50, tasks B and C were
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significantly higher than task A, but task D was not, but only
when data were not controlled for respiration rate. For VLF
and heart rate, Tasks B, C, or D did not differ significantly
from task A.

Table 5 shows the chronic effects of biofeedback. It
details the session effects for the variables significant in
Table 3. The following changes occurred, both controlled
and not controlled for respiration rate: SDNN increased
significantly from Sessions 1 to 4 and to 7; LF HRV in-
creased significantly from Session 1 to Session 4; and heart
rate decreased significantly from Session 1 to Session 7.

No other sessions differed significantly from Session 1. Al-
though PNN50 is shown as significant in Table 3, no session
differed significantly for PNN50 from Session 1 according
to Bonferroni criteria (Significance at α = .05/3 = .017).

We also conducted a correlational analysis between mea-
sures of change in physiological and depression measures of
from Session 1 values using Kendall’s tau. This analysis is
a rank-based nonparametric analogue of the Pearson corre-
lation coefficient that is unaffected by deviations from nor-
mality. We found no significant correlations between physi-
ological and depression data.

Table 2 Heart rate variability measures (Malik et al., 1996)

Measure Abbrev Interpretation and measurement

Heart rate variability HRV Total variability in heart rate, often measured by the standard deviation of nonartifactual
interbeat intervals, not contaminated by extrasystolic or missed heartbeats. Other measures
of dispersion also are used.

Heart rate HR Average inter-beat-interval (IBI) or R-spike to R-spike interval (RRI), Heart Period (HP) (in
milliseconds); or heart rate (beats per minute)

Very low frequency VLF Heart rate variability in the frequency band of 0.005–0.05 Hz. This is under control of the
sympathetic nervous system, and may reflect thermal control and baroreflex control of blood
pressure through changes in vascular tone

Low frequency band LF Heart rate variability in the frequency band of 0.05–0.15 Hz. This is usually under control of
both the sympathetic and parasympathetic nervous systems, and may reflect thermal control
and baroreflex control of blood pressure through changes in heart rate. It includes the
0.10 Hz component. It is sometimes called the Traube-Hering-Mayer wave.

High frequency band HF Heart rate variability in the frequency band of 0.15–0.4 Hz. This is under control of the
parasympathetic nervous system, and is associated with respiratory activity. Although
respiratory sinus arrhythmia usually occurs within this band, it may occur at other
frequencies if individuals breathe at a rate that is outside this frequency band.

Standard deviation of all NN intervals SDNN This is a time domain measure. It is a general marker of overall adaptability of the system. It
is the standard deviation of normal beat-to-beat intervals (SDNN).

PNN50 This is also a time domain measure. NN50 count divided by the total number of all NN
intervals. This is the percentage of successive normal interbeat intervals which differ by
50 ms or more. Correlates with the frequency domain variable High Frequency (HF)
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Table 3 Tasks and session effects of cardiovascular variables

Variable Index Frequency range Variable df for Task
Task effects
(p-value)

df for
Session

Session effects
(p-value)

A. Results without controlling for respiration
SDNN ms/Hz Time domain variable SD of N-N intervals (3, 93) <0.0001∗ (2, 93) 0.0014∗

PNN50 (%) Time domain variable NN50 count/total # of N-N intervals (3, 79) 0.0029∗ (2, 79) 0.0096∗

HF ms2/Hz 0.15–0.4 Hz High frequency (3, 92) 0.9368 (2, 92) 0.0575
LF ms2/Hz 0.04–0.15 Hz Low frequency (3, 92) <0.0001∗ (2, 92) 0.0020∗

VLF ms2/Hz < 0.04 Hz Very Low frequency (3, 92) 0.0457∗ (2, 92) 0.0831
HRMEAN ms Heart rate mean (3, 93) 0.0004∗ (2, 93) 0.0030∗

B. Results controlling for respiration
SDNN ms/Hz Time domain variable SD of N-N intervals (3, 90) 0.0001∗ (2, 90) 0.0063∗

PNN50 (%) Time domain variable NN50 count/total # of N-N intervals (3, 76) 0.0813 (2, 76) 0.0115∗

HF ms2/Hz 0.15–0.4 Hz High frequency (3, 90) 0.3331 (2, 90) 0.0168∗

LF ms2/Hz 0.04–0.15 Hz Low frequency (3, 90) <0.0001∗ (2, 90) 0.0195∗

VLF ms2/Hz < 0.04 Hz Very low frequency (3, 90) 0.1469 (2, 90) 0.0637
HRMEAN ms Heart rate mean (3, 90) 0.0046∗ (2, 90) 0.1609

Note. Degrees of Freedom (df). All variables but HRMEAN were log-transformed. Session p-values are for testing changes from session to session
controlling for task. Task p-values correspond to changes from task to task within sessions. The underlying model for these tables is that the variation
in each response is explained by session to session differences, task to task differences, subject to subject differences, and random variation. The
table presents p-values for testing session-to-session differences (under the “session p-values” heading) and for testing task-to-task differences
(under the “task p-values” heading). There were no significant task × session interactions. P-values significant at α = .05 are marked by∗.

Discussion

Our data suggest that HRV biofeedback may be an effective
treatment for MDD without the risks and side effects asso-
ciated with psychopharmacological or neurosurgical inter-
ventions. In our non-pharmacological study of mainly low
moderate depressed participants, an overall effect size of
d = 3.6 is encouraging, although our effect size might
be exaggerated because we did not base it on changes in
a control group. These data show that even by Session 4,
mildly depressed subjects participating in HRV biofeedback
demonstrated improvement in several standard indices of de-
pression, particularly neurovegetative components (i.e. sleep
hygiene, fatigue, concentration). Results from meta- analy-
ses (Khan et al., 2005) of studies evaluating antidepressant
medications estimate that, at most, a modest effect size of
d = 0.51 can be achieved among patients with low moderate
depression.4

HRV data showed that subjects had learned to increase
their HRV using the procedures we had taught. Figure 3
shows that participants were able to breathe at, or close to
their resonant frequency across sessions (as indicated by
Tasks B and C). Furthermore, Tables 3–5 show that, as ex-
pected in resonant frequency breathing, LF HRV increased
significantly, suggesting that baroreflex stimulation may also
have occurred (Lehrer et al., 2003a,b).

Additionally, chronic HRV increases occurred. Increases
in SDNN, PNN50, LF HRV and HF across sessions remained

4 13 ≥ HAM-D ≤ 22.

even when respiration rate was controlled in the model.5 Al-
though amplitude of changes in physiological variables did
not correlate with magnitude of changes in depression, at-
tenuation in depressive levels were paralleled with increases
in LF HRV, SDNN and PNN50 at Session Four, where sig-
nificant symptom alleviation occurred (see Figs. 1, 4 and 5).
Our previous experience has found that approximately four
hours of training are necessary to teach people the skill of
HRV biofeedback (Vaschillo, Lehrer, Rishe, & Konstantinov,
2002). Thus symptom alleviation occurred at the point where
the patient had maximally learned the skill of resonant fre-
quency breathing.

Our data show that HRV biofeedback systematically stim-
ulated the vagus nerve both during practice sessions (acutely)
and between sessions (chronically). Increase in LF HRV dur-
ing biofeedback practice reflect resonance effects involving
both respiratory sinus arrhythmia and baroreflex gain (Lehrer
et al., 2003a,b; Vaschillo et al., 2002). They also suggest
increases in vagus nerve activity. Increases in cardiovagal
activity can be inferred from increases in PNN50 coupled
with decreased heart rate (see Fig. 5). Usually PNN50 is
highly correlated with HF HRV (Malik et al., 1996), which,
in turn, is often taken as a measure of respiratory sinus

5 Although LF HRV can be influenced by both sympathetic and
parasympathetic systems, we interpret the findings as suggesting greater
parasympathetic activity, because, during biofeedback, people breathe
at a frequency within the LF range. Thus, unique to this procedure, large
increases in LF HRV during biofeedback reflect increases in respiratory
sinus arrhythmia, hence, increases in vagus nerve traffic, particularly
when data are controlled for respiration rate.
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Table 4 Changes from task A (pre-biofeedback baseline) to other tasks for those variables significant in Table 3

Measures Index Change from task Aa Std. Error p-value Std. Error p-value

Controlling for respiration
SDNN ms/Hz

Task B 0.17 0.03 < .0001∗ 0.04 < .0001∗

Task C 0.17 0.03 < .0001∗ 0.04 < .0001∗

Task D 0.10 0.03 .0016∗ 0.03 .0024∗

PNN50 (%)
Task B 0.24 0.08 .0021∗ 0.10 0.6932
Task C 0.29 0.09 .0011∗ 0.11 0.0170
Task D 0.15 0.09 .0827 0.10 0.7813

HF ms2/Hz
Task B −0.03b 0.08 0.7534 0.11 0.2733
Task C 0.00 0.09 0.9814 0.11 0.0238
Task D 0.04 0.10 0.7130 0.10 0.8695

LF ms2/Hz
Task B 0.81 0.07 < .0001∗ 0.10 < .0001∗

Task C 0.77 0.08 < .0001∗ 0.10 < .0001∗

Task D 0.39 0.08 < .0001∗ 0.08 .0004∗

VLF ms2/Hz
Task B −0.08 0.09 .3389 0.11 0.0754
Task C −0.09 0.10 .3355 0.12 0.0577
Task D 0.16 0.10 .1002 0.11 0.2658

Heart rate ms
Task B 2.27 1.24 .0706 1.80 .1655
Task C 2.19 1.39 .1180 1.77 .1719
Task D −3.20b 1.39 .0233 1.48 .0593

Note. Tasks A-D are for 5 min periods; Task A = pre-biofeedback baseline, Tasks B and C are values during two 5-min periods
during biofeedback, Task D = post- biofeedback rest periods. All variables except heart rate are on a log (base 10) scale.
aThe main values in the table are the indicated contrasts. The contrast is (task B, C, D minus task A).
bNegative values mean that the task A value was greater than task D value. Significance at α = .05/3 = .0167, corresponding
to a Bonferroni correction within the response, is marked by∗.

arrhythmia in the average resting adult population, and thus
can be used as a noninvasive measure of cardiovagal tone
(Berntson et al., 1997). Between- session PNN50 increases
along with decreases in mean heart rate suggest a chronic
increase in vagus nerve activity. SDNN, a marker of overall
adaptability, also increased during practice tasks, a reflection
of resonance effects (see Table 4, Fig. 4).

However, we found that some of the large autonomic ef-
fects tended to dissipate toward the end of therapy, with
the largest changes occurring at around Session 4, despite
maintenance of improvement in depression. While signif-
icant changes between Sessions 1 and 4 for LF persisted
until Session 7 for SDNN, there were no significant chronic
above-baseline autonomic changes by Session 10 in levels
for SDNN, LF HRV or PNN50. It is possible that, once
depression decreases, continued vagus nerve stimulation no
longer is necessary for maintenance of clinical gains. Clini-
cians’ notes indicated a decreased trend to practice as treat-
ment progressed. It is possible that, HRV biofeedback works
quickly to reverse depression but that once depression is
reversed, vigilance in practicing decreased. However, par-

ticipants may still remember the skill, because HRV effects
were large during biofeedback periods. Once depression is
reversed, a cascade of events prevents its re-emergence when
people stop practicing biofeedback: cognitive and behavioral
changes occur, maybe changes in brain organization.

Although baroreflex gain was not measured, previous re-
search from this laboratory (Lehrer et al., 2003a,b) shows
that vagal baroreflex gain is systematically stimulated by
HRV biofeedback. It thus is possible that HRV biofeedback
may produce effects that are similar to electrical vagus nerve
stimulation, on vagus nerve activity as well as on clinical
depression, at dramatically lower cost, with negligible risk.

Our research plan was guided by a stage model of be-
havioral treatment development, which begins with man-
ual development and preliminary efficacy data (Phase Ia
& Ib), followed by randomized controlled trial (Phase II),
and progresses toward effectiveness research. (Rounsaville,
Carroll, & Onken, 2001) This study represents the initial
phase, consisting of formulating and revising an intervention
manual (Phase Ia), and collecting preliminary efficacy data
(Phase Ib).
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Table 5 Changes from session
1 (baseline) to other sessions for
those variables significant in
Table 3

Measures Index Change from session 1a Std. Error p-value Std. Error p-value

Controlling for respiration
SDNN ms/Hz

Session 4 0.10 0.04 .0053∗ 0.04 .0063∗

Session 7 0.09 0.04 .0132∗ 0.04 .0129∗

Session 10 0.03 0.04 .3857 0.04 .360
PNN50 (%)

Session 4 0.04 0.10 0.6745 0.10 0.6932
Session 7 0.25 0.10 0.0173 0.11 0.0170
Session 10 0.02 0.10 0.8105 0.10 0.7813

HF ms2/Hz
Session 4 0.08 0.11 0.4582 0.11 .2733
Session 7 0.20 0.11 0.0741 0.11 .0238
Session 10 − 0.02 0.11 0.8455 0.10 .8695

LF ms2/Hz
Session 4 0.26 0.10 .0074∗ 0.09 .0137∗

Session 7 0.19 0.10 .0513 0.09 .0632
Session 10 0.04 0.10 .6496 0.09 .6471

VLF ms2/Hz
Session 4 0.17 0.12 0.1537 0.11 .0754
Session 7 − 0.02b 0.12 0.8547 0.12 .0577
Session 10 0.05 0.12 0.6580 0.11 .2658

Heart Rate ms
Session 4 − 2.81b 1.62 .0858 1.65 .0855
Session 7 − 4.57b 1.65 .0068∗ 1.69 .0062∗

Session 10 − 1.01b 1.60 .5311 1.62 .5610

Note. All variables except heart
rate are on a log (base 10) scale.
aThe main values in the table
are the indicated contrasts. The
contrast is (session 4, 7, 10
minus task 1).
bNegative means that the session
1 value was greater than session
4, 7, or 10 value. Significance at
α = .05/3 = .0167,
corresponding to a Bonferroni
correction within the response,
is marked by∗.

As this was a small preliminary and uncontrolled study,
our results do not lead to definitive conclusions. The absence
of a control group allows the possibility that our results were
produced by nonspecific factors, including passage of time
and placebo factors. We also note that we tested a predom-
inantly Caucasian sample and the majority of participants
were females, so the results may not generalize to other pop-
ulations. An additional limitation was that the home prac-
tice protocol was not standardized. Although the biofeed-
back technicians documented frequency of home practice

in their session notes, a standardized method of collecting
information on home practice frequency was not imple-
mented. Definitive conclusions also cannot be made about
the role of autonomic changes in alleviation of depression.
Other possible mechanisms of HRV training include dis-
traction from increased attention to one’s breathing patterns
throughout the day, and increased self-efficacy in controlling
mood.

Our results suggest that further evaluation of this
promising intervention in randomized controlled studies is
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warranted. However, our results do suggest that HRV
biofeedback may be useful for combating loss of energy,
lack of motivation, sleep disturbance or any of the other neu-
rovegetative features of MDD. As an inexpensive, safe, and
noninvasive technique, it may prove to be a useful alterna-
tive to some medical or surgical interventions. The role of
vagus nerve and baroreflex changes in mediating clinical ef-
fects also requires further investigation. The exploration of a
shortened version of this 10-week protocol is also warranted
given our findings of acute HRV changes and changes in
depression occurring within four sessions.
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