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Abstract

Resonance frequency breathing is a technique that involves breathing that maximizes heart rate variability. It is specific to
individuals and is determined through a procedure taking approximately 30 min, using a procedure that is often best carried
out at specialized medical institutions. This is a physical and time-consuming burden because of hospital visits and meas-
urements, particularly for patients with cancer. Therefore it would be beneficial if a procedure can be found to determine
resonance frequency from the patient’s physical characteristics, without the need for special assessment procedures. This
exploratory cross-sectional study examined the correlation between individual characteristics and resonance frequency in
healthy volunteers. Multiple regression analysis was performed with the measured resonance frequency as the target vari-
able and individual characteristic parameters as explanatory variables. The study aims to build an estimation formula for
resonance frequency with some of these parameters and assess its validity. In addition, the validity of the formula’s applica-
bility to patients with incurable cancers is assessed. A total of 122 healthy volunteers and 32 patients with incurable cancers
were recruited as participants. The median resonance frequency of 154 participants was six breaths per min. Sex and height
were selected as explanatory variables associated with the measured resonance frequency in the volunteers. The estimation
formula for resonance frequency using individual characteristics was 17.90—0.07 X height for men and 15.88—0.06 X height
for women. Adjusted R-squared values were 0.55 for men and 0.47 for women. When the measured resonance frequency in
patients with incurable cancers was six breaths per minute or less, the resonance frequency estimated by this formula was
slightly larger than the measured ones. Information on individual characteristics, such as sex and height, which can be easily
obtained, was useful to construct an estimation formula for resonance frequency.
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Introduction

Resonance frequency breathing (RFB), a respiration method
that uses resonance frequency (or the optimal breathing
rate) is a self-care technique to induce relaxation (Shaffer &
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Meehan, 2020). A protocol for heart rate variability biofeed-
back (HRV-BF) with RFB has been established, and some
studies have indicated that HRV-BF with RFB is effective
for blood pressure, mood stability, and sleep disturbance
or depression after traumatic brain injury or for symptoms
associated with bronchial asthma (Lehrer, 2021; Steffen
et al., 2017; Vaschillo et al., 2006; Wearne et al., 2021). In
oncology, RFB is reportedly a useful self-care technique to
improve insomnia among patients with incurable cancers
and their family caregivers, as well as those with decreased
quality of life (Hasuo et al., 2019; Hasuo et al., 2020a; b).
Early specialized palliative care contributes to improving the
mood and quality of life by improving self care in patients
with cancer (Greer et al., 2018).

Resonance frequency refers to the breathing rate at which
heart rate variability (HRV) is maximized. HRV involves the
fluctuation in time intervals between heartbeats measured
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from an electrocardiogram or pulse wave. RFB allows res-
piratory sinus arrhythmia to increase HRV, especially the
low-frequency component (Bernardi et al., 2002; Lehrer,
2021; Vaschillo et al., 2002). The frequency range of the
low-frequency component’s power is 0.04—0.15 Hz (Mon-
tano et al., 1994). Respiratory sinus arrhythmia is a phenom-
enon wherein the heart rate increases during inhalation and
decreases during exhalation. Conversely, blood pressure has
a fluctuation of approximately a 10-s cycle. When the res-
piratory cycle is consciously adjusted to the same frequency
as that produced by blood pressure, the respiratory sinus
arrhythmia produced by breathing becomes resonant with
blood pressure. The phase relationship between respiratory
sinus arrhythmia and blood pressure has been found to be
180° (Vaschillo et al., 2002). In recent years, reportedly,
RFB also positively impacts the cardiovascular mechanisms
of interoceptive awareness (Leganes-Fonteneau et al., 2021).

Resonance frequency is specific to individuals and is
found to be 4.5-7 breaths per min (bpm) (Lehrer et al., 2013;
Lehrer, 2021; Hasuo et al., 2019, 2020a, b; Schwerdtfeger
et al., 2020); resonance effects are smaller when breathing at
frequencies close to, but not exactly at, resonance frequency
(Lehrer, 2021; Steffen et al., 2017). Resonance frequency
calculation is conducted usually by specific professional
medical organizations because monitoring is performed by
a specialized HRV measurement system.

Resonance frequency is determined by specialists over a
20 min period based on synthetic judgments, such as power
or amplitude value in the spectral peak of the HRV low-fre-
quency component and waveform smoothing (Hinterberger
et al., 2019; Lehrer, 2021). A simple method for calculat-
ing resonance frequency using only the spectral peak of the
HRYV low-frequency component has recently been developed
(Sakakibara et al., 2020).

However, the fact that it can be performed only by spe-
cific professional medical organizations and takes approxi-
mately 30 min to measure has affected its widespread use
and implementation. This is a physical and time-consuming
burden in terms of hospital visits and measurements, par-
ticularly for patients with cancer. In addition to the frequent
occurrence of physical function decline in patients with can-
cer, an association between its occurrence and prognosis
has been reported (Ezzatvar et al., 2021). If the resonance
frequency can be estimated simply by developing an esti-
mation formula, it is expected to reduce physical and time-
consuming burden for patients with cancer. However, to the
best of our knowledge, there have been no reports on this.

Some reports that show a relationship between one’s
height and resonance frequency. A first report on five healthy
participants indicated that the higher the height, the more
the resonance frequency may decrease (Shaffer & Meehan,
2020). A report on 32 asthmatic patients and 24 healthy indi-
viduals showed a correlation coefficient of — 0.55 between
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height and resonance frequency, indicating a moderate
inverse correlation (Vaschillo et al., 2006). Furthermore, a
report on 50 patients with incurable cancers with insom-
nia suggested a possible relationship between height, age,
and resonance frequency, such as a correlation coefficient
of — 0.59 (Hasuo et al., 2020b, 2021). Limitations of these
studies existed owing to fewer participants, selection bias
caused by patient background inhomogeneity, and informa-
tion bias in which researchers knew the characteristics of the
participants (Hasuo et al., 2020b, 2021; Shaffer & Meehan,
2020; Vaschillo et al., 2006;).

Therefore, we aimed to build an estimation formula for
resonance frequency with some of the individual character-
istic parameters.

Methods
Study Participants and Eligibility Criteria

Overall, 122 healthy volunteers (men and women, aged
20-85 years) were recruited. Healthy volunteers were
defined as persons who were normal, without any signifi-
cant medical conditions or history, and with no difficulty
in daily living. Participants visited the university’s website
and volunteer recruitment bulletin boards at Kansai Medical
University and its hospital. The exclusion criteria were as
follows: (1) currently taking medication or visiting medical
facilities regularly, (2) having physical diseases, such as lung
diseases, and (3) having experience with yoga and, breathing
techniques. They were recruited to homogenize the number
and sex of each generation.

Second, 32 patients with incurable cancers who under-
went surgery at the Department of Palliative Care at Kan-
sai Medical University Hospital (men and women, aged
20-85 years) were recruited. Exclusion criteria were as fol-
lows: (1) having respiratory-related symptoms (e.g., dysp-
nea, respiratory-induced cough, etc.), (2) having experience
with yoga and, breathing techniques and (3) having mental
disorders (e.g., mood disorder, cognitive impairment, etc.).
Structured clinical interviews for mental disorders were con-
ducted to exclude them. They were not recruited to homog-
enize the number and sex of each generation.

Study Design

After conducting an exploratory cross-sectional study on
individual characteristic parameters that correlated with the
measured resonance frequency in healthy volunteers, we
aimed to build an estimation formula to measure resonance
frequency with these parameters and assess its validity. In
addition, we assessed the validity of the formula’s applica-
bility to patients with incurable cancers.
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This study was approved by the Medical Ethics Com-
mittee of Kansai Medical University (reference number:
2021079) and was performed in accordance with the Dec-
laration of Helsinki (as revised in 2013). Written informed
consent was obtained from all study participants prior to
the commencement of any study procedure. This study was
conducted from January—April 2022.

Measures

The investigator collected basic information from all partici-
pants, including age, sex, height, and weight. The investiga-
tor also collected additional information from participants
with incurable cancers, including the Eastern Cooperative
Oncology Group performance status, primary cancer sites,
treatment options, and medications. Subsequently, the
chest and abdominal circumferences were measured in all
participants.

An HRV measurement device (myBeat WHS-1; Union
Tool Co., Tokyo, Japan) was attached to the dedicated elec-
trode pad. The pad was applied directly to each participant’s
chest for the continuous measurement of HRV. During the
measurement, the participant breathed at a pace of 5 bpm,
5.5 bpm, 6 bpm, 6.5 bpm, and 7 bpm for 3 min each in
a seated position, using the Breath Pacer application (Pro-
Comp Infiniti™/BioGraph Infiniti, Thought Technology
Ltd., Montreal, Canada) as a subsidiary.

Two other investigators (who stayed in another room to
avoid facing the participants and being blinded to partici-
pants’ individual information) evaluated various spectra and
waveforms of the participants’ HRV obtained with an HRV
analysis software (RRI Analyzer2; Union Tool Co., Tokyo,
Japan) via Bluetooth, and determined the optimal measured
resonance frequency for the participants. The optimal meas-
ured resonance frequency was defined as the paced breath-
ing rate with the highest low-frequency band power level in
the HRV spectral analysis during each participant’s paced
breathing and smooth waveform of HRV (Hinterberger et al.,
2019; Lehrer, 2021).

Sample Size Calculation

For this prospective study, a larger number of cases
would result in a better estimation formula. Therefore, we
recruited as many participants as possible during the study
period. We considered 8:2 as the split method between the
training and test sets when building an estimation formula
(Fan et al., 2022; Song et al., 2011). The estimated number
of healthy volunteers and patients with incurable cancers
was 120 and 30, respectively. The resonance frequency
(the primary endpoint) is a continuous wave. Multiple lin-
ear regression was used to create an estimation formula for

resonance frequency. The overall numbers of participants
required for the study was set at 150. As for sample size
calculations, we examined them in terms of the rule of 10
and, subsequently, confirmed them based on the maximum
number of variables that can be handled simultaneously.

Statistical Analysis

Data were reported as mean with standard deviation,
median with interquartile range, or frequency (%) with
a 95% confidence interval. Data from healthy volunteers
were used for training to create an estimation formula for
resonance frequency (Armitage et al., 2010). Multiple
regression analysis was performed using the measured
resonance frequency, continuous data (as the target varia-
ble), and sex as categorical data, in addition to age, height,
weight, chest circumference, and abdominal circumfer-
ence, as candidate explanatory variables. First, univari-
ate analyses were performed on resonance frequency and
age, sex, height, body weight, chest circumference, and
abdominal circumference (univariate in Table 2). Then, a
multivariate analysis was performed on the resonance fre-
quency, including sex, height, body weight, chest circum-
ference and abdominal circumference. Model 1 presents
the results. Specifically, sex and height were significant,
so a multivariate analysis was performed on the resonance
respiratory rate including only these two variables. Model
2 presents this result. After obtaining the results of Mod-
els 1 and 2, as presented in Table 2, we discussed how
we would proceed with further analyses. Specifically, we
discussed whether it would be possible to separate the
formulas for male and female participants. Accordingly,
we separated the formulas and created a regression equa-
tion (Model 3) to predict the resonance respiratory rate by
height for male patients only. We created another regres-
sion equation (Model 3) for female patients, which was
the model adopted as the result of the study. After each
analysis, the results were shared among the authors to con-
firm that we adoptd a model that can estimate resonance
frequencies by easily obtainable individual characteris-
tics, rather than a model with high explanatory power and
develop a formula for estimating the optimal resonance
frequency.

To determine whether the created estimation formula
for resonance frequency can also be applied to patients
with incurable cancers, we obtained the predicted reso-
nance frequencies obtained by this estimation formula and
the actual measured resonance frequencies of the patients
and subsequently prepared a box-and-whisker diagram to
show the correlation between the two variables.

Statistical significance was set at p<0.05. The R soft-
ware (ver. 4.0.5) was used for the data analyses.
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Results

Number of Study Participants and Individual
Characteristics

All the recruited 122 healthy volunteers and 32 patients with
incurable cancers completed the study (100%). Table 1 pre-
sents the demographic and clinical characteristics of the
participants. Among patients with incurable cancers, 23
received chemotherapy and 9 received the best supportive
care alone.

Creation of an Estimation Formula for Resonance
Frequency in Healthy Volunteers

Table 2 shows the multiple regression analysis of the meas-
ured resonance frequency as the target variable and other

explanatory variables. Model 1 shows the results of the
multiple regression analysis with all explanatory variables;
Model 2 shows the results of the second analysis performed
with variables that were significant in the first analysis; and
Model 3 shows the results of the analysis using the ulti-
mately selected estimation formula for resonance frequency.
As a result of the regression analysis, point estimates of the
regression coefficients for each variable, standard errors,
upper and lower limits of the 95% confidence intervals,
and p-values were calculated, and the adjusted R-squared
for each model was also obtained. Adjusted R-squared were
0.58 for Model 1; 0.58 for Model 2; and 0.55 and 0.47 for
men and women, respectively, in Model 3.

Finally, the estimation formula for the resonance fre-
quency (Model 3) was as follows:

Table 1 Demographic and basic

s Variable
characteristics of the study

Patients with incur-
able cancer

Healthy volunteers

participants
Age (years), mean (SD) 46.5 (17.6) 68.4 9.5)
Sex, male, n (%) 61 (50.0) 16 (50.0)
Height (cm), mean (SD) 163.9 8.7) 159.1 (7.4)
Body weight (kg), mean (SD) 58.1 9.8) 50.7 9.5)
Chest circumference (cm), mean (SD) 87.5 6.7) 84.8 (6.9)
Abdominal circumference (cm), mean (SD) 79.3 9.8) 81.4 9.8)
In-room oxygen saturation (%), median (IQR) 98.0 (97-99) 98 (97-99)
Resonant frequency (bpm), median (IQR) 6 (5.5-6.0) 6.25 (6.0-6.5)
Resonant frequency (bpm), n (%)
5.0 12 9.8) 0 (0.0)
5.5 21 17.2) 2 6.3)
6.0 34 (27.9) 14 43.7)
6.5 26 (21.3) (28.1)
7.0 29 (23.8) 7 (21.9)
Primary cancer site, n (%)
Lung 4 (12.5)
Gastrointestinal 14 (43.7)
Breast 3 9.3)
Liver, pancreas 2 (6.3)
Gynaecological 2 (6.3)
Urological 2 (6.3)
Head and neck 5 (15.6)
ECOG PS, n (%)
0 3 9.3)
1 7 21.9)
2 15 (46.9)
3 7 (21.9)
4 0 (0.0)

SD standard deviation, /QR interquartile range; bpm, breaths per minute, ECOG PS Eastern Cooperative

Oncology Group performance status
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WWEXxtrapolation of an Estimation Formula
for Resonance Frequency in Healthy Volunteers
to Patients with Incurable Cancers

In patients with incurable cancers, a box-and-whisker dia-
gram showing the relationship between the final estima-
tion formula for resonance frequency (Model 3) obtained
from healthy volunteers and the actual resonance frequency
measured by the HRV measurement device is shown in
Fig. 1. When the actual measured resonance frequency in
patients with incurable cancers was higher than 6 bpm, the
resonance frequency estimated by this estimation equation
approximated the actual measured ones. Contrarily when the
actual measured resonance frequency was less than 6 bpm,
the resonance frequency estimated by this estimation equa-
tion was slightly higher than the measured ones.

Discussion

To the best of our knowledge, this is the first report on the
establishment of an estimation formula for resonance fre-
quency with individual characteristics.

In this study, notably, that height had the most signifi-
cant correlation with resonance frequency among individual
characteristics, which aligns with previous studies (Hasuo,
et al., 2021, 2020b; Vaschillo, et al., 2006). This study had
high reliability because of the relatively large number of
participants, and fewer selection and information biases. The
correlation between the two was very strong, and it was pos-
sible to build an estimation formula for resonance frequency
centered on height. Sex was included in this estimation for-
mula because it also slightly correlated with the partial cor-
relation which considered height as a control variable. Reso-
nance frequency was lower in men than in women, which
aligns with previous studies (Hasuo, et al., 2021; Vaschillo,
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Fig. 1 Box-whisker diagram showing the relationship between esti-
mated resonance frequency and measured resonance frequency in
patients with incurable cancers. *bpm, breaths per minute
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et al., 2006). We believe that height and sex are significant
in that they are factors that change little over time and in
terms of disease.

Compared with other parameters, participants’ height was
significantly correlated with resonance frequency. To the
best of our knowledge, no report explains the reason for this
strong correlation between height and resonance frequency.
The reasons for this correlation were not determined in this
study and will need to be investigated from respiratory and
circulatory dynamics in the future. Considering circula-
tory dynamics, one predictor of circulatory blood volume
is height (Brown et al., 1962). It is related to the amount of
time it takes for blood pressure to change after the baroreflex
causes the heart rate to change. This is related to inertia in
the blood supply.

Considering previous studies, weight and age showed a
less significant correlation with resonance frequency (Hasuo,
et al., 2021; Vaschillo, et al., 2006). Weight is difficult to use
as a parameter because the weight loss percentage is high
owing to cancer cachexia, which develops in 25% of patients
with incurable cancers (Vagnildhaug et al., 2019). Adipose
data has little blood supply. Thus, it does not contribute to
resonance frequency. For age, caution is required because it
is difficult to identify resonance frequency. In older adults,
despite the exception of in-phase relationships, breathing
reportedly stimulates baroreflex and generates high-ampli-
tude heartbeat vibrations (Lehrer et al., 2020).

The second important aspect of this study is the success-
ful establishment of an estimation formula for resonance
frequency with individual characteristics. No correlation
was found between the measured resonance frequency and
age; moreover, a previous report on resonant frequency
showed no changes before and after ten biofeedback sessions
(Vaschillo et al., 2006). In other words, because it is identi-
fied by individuals (and remains unchanged), an estimation
formula for the resonance frequency that can be created only
from individual characteristics is significant. In addition, an
estimation formula for resonance frequency constructed
only from easily obtainable individual characteristics (such
as height and sex) is also significant. The existence of this
estimation formula may positively impact the widespread
implementation of the resonance breathing method. Con-
trarily, the adjusted R-squared for Model 3 was not substan-
tially large. The emphasis of this study was not to propose a
highly explanatory model, but rather to show that resonance
frequency can be estimated by easily obtainable individual
characteristics.

In recent years, devices for measuring HRV have been
developed. With this development, HRV-BF with RFB can
now be performed at home (Hasuo et al., 2019, 2020a, b).
However, as in our study of patients with incurable cancer
(Hasuo et al., 2020b), RFB identification must be performed
at the outpatient department of a professional medical
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organization. In a report on HRV-BF sessions with RFB in
patients with incurable cancers with insomnia, participants
were limited to those who could see a doctor regularly in
a professional medical organization (Hasuo, Kanbara, Shi-
zuma, et al., 2020). However, an estimation formula for
resonance frequency made it possible to identify resonance
frequency at home and contributed to the widespread use of
HRV-BF with RFB in the primary region.

Based on the box-and-whisker diagram (Fig. 1), it is rea-
sonable to extrapolate the estimation formula for the reso-
nance frequency calculated in healthy volunteers to patients
with incurable cancers. However, for patients with incurable
cancers, whose measured resonance frequency was 6 bpm or
less, the resonance frequency estimated by this formula was
slightly higher than the measured frequency. This may be
because of the small number of patients with incurable can-
cers enrolled in this study, especially those with measured
resonance frequency of 6 bpm or less: none with a meas-
ured resonance frequency of 5 bpm, two with 5.5 bpm, and
14 with 6 bpm. In the future, larger patient population data
will be required to extrapolate this estimation formula to
patients with incurable cancers. In addition, information on
pulmonary function, such as lung capacity and auxiliary res-
piratory muscle function, would be desirable. In an in-vivo
study, cachexia, common in patients with incurable cancers,
caused respiratory failure and loss of auxiliary respiratory
muscle function, such as that of the diaphragm (Fields et al.,
2019). However, there is no evidence to show that asthma
severity is related to resonance frequency (Vaschillo et al.,
2006), and whether pulmonary function influences an esti-
mation formula for resonance frequency remains unclear.

This study had three limitations. First, the participants
in this study underwent resonance frequency assessment
for paced breathing at 5 bpm, 5.5 bpm, 6 bpm, 6.5 bpm,
and 7 bpm, respectively. However, the standard protocol for
identifying resonance frequency includes a rate of 4.5 bpm
(Lehrer et al., 2013). Second, the study did not use the uni-
variate p-value screening and multivariate analysis method
commonly used in clinical articles. Although such a method
is arbitrary, the study could suggest the possibility of creat-
ing an estimation formula that could predict resonance fre-
quency from only simple variables. Third, from the perspec-
tive of dissemination and implementation, the explanatory
variables were limited to information that was readily availa-
ble and relatively stable. The adjusted R-squared value could
have been significant if the explanatory variables included
information on lung function, such as lung capacity and
function of the ventilatory assist muscles, which were not
evaluated in this study. However, there is no evidence that
asthma severity is related to resonance frequency (Vaschillo
et al, 2006), and it is unclear whether pulmonary function
influences an estimation formula for resonance frequency.
Finally, the number of patients with incurable cancers was

low, which may have affected the extrapolation of the esti-
mation formula for resonance frequency in healthy volun-
teers to patients with incurable cancers.
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