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Abstract

Square and 4-7-8 breathing are popularly promoted by psychotherapists but have little empirical support. We hypothesized
that breathing at 6 breaths per minute (bpm) would improve HRV, reduce blood pressure, and improve mood more than either
square or 4—7-8 breathing. We also hypothesized square and 4—7-8 breathing would increase end-tidal CO, (PETCO,). Eighty-
four college students (60% female) had HRV measured at baseline and during 1) square breathing, 2) 4-7-8 breathing, 3)
6 bpm with a 4:6 inhale-to-exhale ratio, and 4) 6 bpm with a 5:5 ratio. We used a 3-lead electrocardiogram to measure HRV
and a capnometer to measure PETCO,. We measured mood using the Scale of Positive and Negative Experience (SPANE)
after each breathing condition. We used a repeated measures mixed effects model to examine the effects of each breathing
technique on HRYV, blood pressure, mood, and PETCO, levels. Breathing at 6 bpm increased HRV measures more than
square or 4—7-8 breathing with small to medium effects. None of the breathing conditions resulted in meaningful changes in
blood pressure or mood. Unexpectedly, breathing at 6 bpm led to mild over-breathing. While various breathing techniques
are used in psychotherapy, their relative efficacy remains unclear. This study found that breathing at 6 bpm is likely more
effective at increasing HRV than square or 4—7-8 breathing, albeit with a higher risk of over-breathing. Future studies could
examine whether these effects hold over multiple weeks of breathing practice and attend to the effects of different breathing
techniques on CO, levels.
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Introduction variations in heart rate. Heart rate variability is controlled

in large part by the autonomic nervous system (ANS) and,

Breathing is an automatic bodily function strongly influ-
enced by emotional and cognitive states (Del Negro et al.,
2018). Unlike many other autonomic bodily functions, we
can deliberately and directly alter our breathing. Because
breathing is highly connected with emotional reactivity,
breathing conditions are often used in psychotherapeutic
interventions aimed at helping individuals effectively regu-
late their emotions and stress response (Zaccaro et al., 2018).

A common way to assess the effects of breathing on
emotional regulation, stress, and autonomic functioning is
heart rate variability (HRV). HRV refers to the beat-to-beat
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as such, is an excellent index of ANS functioning (Bill-
man, 2011; Task Force, 1996). HRV can also be viewed
as a measure of the autonomic nervous system's ability to
modulate itself to meet environmental demands. It is particu-
larly indicative of parasympathetic functioning, which helps
the body achieve optimal levels of activation and return to
homeostasis (Appelhans & Luecken, 2006; Berntson et al.,
1997).

Low resting HRV and low responsiveness of HRV to
stressors have been consistently implicated in numerous
forms of psychopathology, including depression, anxiety,
and panic disorder, indicating that HRV is a good index of
core self-regulatory functions (Beauchaine & Thayer, 2015).
During slow breathing, low-frequency HRV (LF-HRV) is a
marker of parasympathetic activation and can indicate the
breathing practice is effectively strengthening the body’s
homeostatic reflexes. The root mean square of successive
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differences (RMSSD) is also a good proxy for parasympa-
thetic activity (Lehrer, 2014).

Inconclusive Evidence for Square Breathing

One breathing strategy with substantial anecdotal support
but limited empirical evidence is square breathing (also
referred to as ‘box’ or ‘tactical’ breathing). This technique is
used by Navy Seals and is often promoted in psychotherapy.
It involves inhaling for 4 s, holding the breath for 4 s, exhal-
ing for 4 s, and holding the breath again for 4 s (Deshauer
et al., 2021; Grossman & Christensen, 2007). This technique
has been highlighted in various books and on many popular
health websites but has received relatively little attention in
research.

Besler et al. (2023), studying a sample of 12 soccer play-
ers, found square breathing led to increased HRV. However,
these results are inconclusive due to the lack of a control
group and small sample size. Other studies have found mod-
erate effects on mood and reduced cortisol levels during a
stressful task after square breathing training but not on HRV
or autonomic functioning (Balban et al., 2023; Bouchard
et al., 2012; Rottger et al., 2021). Ahmed et al. (2021) found
that participants had slight increases in lung functioning
after practicing square breathing for 30 days but did not
evaluate the effects of square breathing on HRV, mood, or
stress. Ahmed et al. (2022) also found reductions in pain
among postnatal mothers who practiced square breathing,
though the results from this study are possibly biased due to
a lack of random assignment.

Inconclusive Evidence for 4-7-8 Breathing

Another popularly promoted breathing condition with lit-
tle empirical evidence is 4-7-8 breathing. This technique
involves inhaling through the nose for 4 s, holding the breath
for 7 s, and then exhaling through pursed lips for 8 s (Weil,
2022). There is some evidence that this technique can help
medical patients with anxiety and depression symptoms
(Aktag & Hgin, 2023; Pandekar & Thangavelu, 2019), but
only one study has tested the effects of 4—7-8 breathing on
HRYV, to our knowledge. Vierra et al. (2022) found in a sam-
ple of 21 participants that 4-7-8 breathing led to overall
decreases in HRYV, indicating that 4-7-8 breathing may actu-
ally lead to worsened physiological outcomes and autonomic
functioning.

Slow, Paced Breathing at 6 Breaths per Minute
In contrast to square and 4—7-8 breathing, slow breathing at
around 6 breaths per minute (bpm) has good empirical sup-

port as an effective way to improve HRV and reduce anxiety
and stress levels (Laborde et al., 2022). Slow breathing has
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been used for thousands of years in numerous cultures to
induce peace and well-being (Nestor, 2020). Breathing at
6 bpm, or at a frequency of 0.1 Hz, has high effectiveness
for improving HRV and mood (Steffen et al., 2022). For
most people, breathing 6 times per minute is the breath-
ing rate at which oscillations in heart rate are the greatest
(i.e., resonance frequency; Lehrer et al., 2003). At resonance
frequency (RF), respiratory effects on the heart rate stimu-
late the reflexes that regulate the body's blood pressure (i.e.,
baroreflexes). RF breathing also causes the heart rate to go
up and down in phase with respiration, as well as increas-
ing the efficiency of respiratory gas exchange (Lehrer et al.,
2000, 2013). Thus, when an individual is breathing at around
6 bpm, they generally experience a state in which their heart
rate, blood pressure, and nervous system are being effec-
tively regulated.

Numerous studies have demonstrated that breathing
at~6 bpm improves measures of HRV and decreases blood
pressure, and some studies have shown breathing at this fre-
quency to improve mood and anxiety symptoms (Edmonds
et al., 2009; Grossman et al., 2001; Leyro et al., 2021; Lin
et al., 2014; Steffen et al., 2021; Van Diest et al., 2014).
Other studies have shown HRV biofeedback, in which indi-
viduals breathe at~6 bpm and see their physiological data
on a screen, to significantly improve HRV and mood and
to reduce depressive symptoms (Caldwell & Steffen, 2018;
Gross et al., 2016; Lehrer et al., 2003, 2020).

It is important to note that Fincham et al. (2023) found in
a sample of 400 participants that daily paced breathing at 5.5
breaths per minute did not improve subjective stress, anxi-
ety, depression, or well-being post-intervention compared to
breathing at 12 breaths per minute. Notably, while subjec-
tively reported adherence was adequate, there was no objec-
tive measure of adherence to the protocol or actual breathing
rate. Both groups (5.5 bpm and 12 bpm) reported reduced
subjective stress and anxiety and improved well-being, so
there may be benefits from simply following a paced breath-
ing condition regardless of the specific frequency.

It is inconclusive whether the inhalation-to-exhalation
ratio makes a difference in outcomes when breathing at
6 bpm. Our heart rate tends to increase as we breathe in
and decrease as we breathe out (Billman, 2011). Thus, it
has been hypothesized that breathing with a longer exhale
compared to inhale could help slow the heart rate and induce
relaxation. Some studies have found the breathing ratio
(longer exhales compared to inhales) to make a difference
in HRV measures and mood, while other studies have found
having an equal inhale-to-exhale ratio to be the most effec-
tive (Lin et al., 2014; Meehan & Shaffer, 2024; Van Diest
et al., 2014).

It is also important to measure carbon dioxide levels when
testing the efficacy of breathing conditions, which many
prior studies have failed to do. Partial-pressure end-tidal
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carbon dioxide (PETCO,) is a measure of carbon dioxide
released at the end of an exhalation. PETCO, levels below
the healthy range (35-45 mmHg) signify over-breathing,
while PETCO, levels above the healthy range signify under-
breathing (Gevirtz & Schwartz, 2003). Over-breathing raises
the blood’s pH, reduces blood flow to the brain, and may
cause dizziness, difficulty thinking, and anxiety. Under-
breathing lowers blood pH, impairing oxygen delivery,
and can lead to confusion and shortness of breath (Gilbert,
2005).

Hypotheses

In the current study, we sought to empirically test whether
square and 4—7-8 breathing conditions improve HRV, blood
pressure, carbon dioxide levels, and mood when compared to
breathing at 6 bpm (testing an inhale-to exhale ratio of 4:6 s
and 5:5 s). We built on prior studies by assessing subjective
reports of mood in addition to HRV, as well as by measuring
changes in PETCO, for various breathing conditions. Using
a within-subjects design, we hypothesized that:

H]I. Compared to square and 4—7-8 techniques, breathing
at 6 bpm would increase RMSSD and LF-HRV.

H2. Breathing at 6 breaths per minute would reduce both
diastolic and systolic blood pressure more than 4-7-8 or
square breathing.

H3. 4-7-8 and square breathing would increase CO,
retained in the lungs as measured by end-tidal CO,
(PETCO,) above the healthy range, signifying under breath-
ing. We hypothesized that breathing at 6 breaths per minute
would slightly reduce PETCO, levels.

HA4. Breathing at 6 breaths per minute would increase
mood balance scores on the Scale of Positive and Negative
Experience (SPANE) when compared to square or 4-7-8
breathing, indicating increased positive mood.

H35. There would be no significant PETCO, or HRV dif-
ferences between the two 6 breaths-per-minute conditions
(4-s inhale, 6-s exhale; 5-s inhale, 5-s exhale).

Methods

We ran a power analysis, assuming an effect size of 0.17
and a power of 0.8, for repeated measures within/between
ANOVA with 4 groups. Based on the results of this power
analysis, we needed a minimum of 70 participants in our
sample. We enrolled 84 undergraduate participants to
account for the likelihood of missing physiological data
and to increase power. Participants were enrolled via the
SONA recruitment portal at Brigham Young University.
Participants were compensated with class credit and $30
in cash. Participants were eligible for inclusion if they were
currently attending Brigham Young University, spoke and
understood English, and had typical cardiovascular function-
ing. We excluded participants if they had formal training in
4-7-8, square, or 6 breaths per minute breathing because
prior practice with these techniques can significantly impact
one’s physiological responsiveness. We also excluded par-
ticipants if they had cardiovascular disease or were taking
cardiovascular medications because these conditions can
affect mood HRV and blood pressure measurements.

Our final sample consisted of 84 participants (see Fig. 1
for a flowchart of inclusion/exclusion criteria). Participants
had an average age of 20 (range 17 to 25) and were 60%
female and 86% white. Trained research assistants collected
data between 01/04/2024 and 04/03/2024. A single insti-
tutional review board monitored human subject activities,
and all participants provided written informed consent. We
pre-registered all hypotheses and procedures on the Open
Science Foundation (OSF; https://doi.org/https://doi.org/10.
17605/0SF.IO/VYTSC).

Procedures

Each participant was randomly assigned to one of four coun-
terbalanced conditions by assigning a different number (1-4)
for each participant who signed up, following a Latin square
model. Thus, each participant received each breathing

Fig. 1 Flowchart of exclusion/
inclusion criteria and missing

Participants took initial screening

data survey through SONA (n = 156)
Excluded due to cardiovascular
> issues or prior experience with
breathing techniques
n=126
» | Did not schedule or attend study
visit
n=_84
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condition (5:5, 4:6, square, and 4—7-8), but in a different
order depending on the group to which they were assigned.
We recruited an equal number of participants (n=21) for
each condition (see Table 1). There were no significant
differences in baseline physiology between groups except
for diastolic blood pressure, F(3, 82)=3.22, p=0.03 (see
Table 2). Participants were blinded to the condition that they
were in. However, research assistants could not be blinded
to the study conditions because of the necessity of teach-
ing each breathing condition to participants in a specified
order. Upon arrival, trained research assistants received writ-
ten consent and took each participant’s height and weight.
Participants also answered questions about their average
level of cardiovascular activity. After this, participants
were connected to the physiological recording equipment
described below. Participants breathed at baseline (following
their natural breathing rate) for 10 min, after which they had

Table 1 Latin square breathing groups

a 3-min rest period. They were then instructed in the first
breathing condition, followed by a 3-min rest. This pattern
was continued for each breathing condition. The first 5 min
of each breathing period were used to teach the method and
ensure adherence to protocol, while the last 5 min were used
for data analysis.

Participants were trained to engage in the following
breathing conditions by trained research assistants follow-
ing a script. 5:5 breathing: Participants were instructed to
breathe at a rate of 5 s per inhale and 5 s per exhale follow-
ing a breathing pacer.

4:6 breathing: Participants were instructed to breathe at
arate of 4 s per inhale and 6 s per exhale following a breath-
ing pacer. Square breathing: Participants are instructed to
breathe at a rate of 4 s per inhale, hold for 4 s, 4 s per exhale,
and hold for 4 s following a breathing pacer. 4-7-8 breath-
ing: Participants were instructed to breathe at a rate of 4 s
per inhale, hold for 7 s, and exhale for 8 s following a breath-
ing pacer. For each breathing condition, participants were
instructed not to breathe too deeply and to breathe more
shallowly if they experienced dizziness or lightheadedness.

Group ~ Technique 1~ Technique2  Technique3 ~ Technique 4 They were also instructed to breathe in through the nose and
A 5.5 46 Square 4-7.8 out through the mouth and to breathe so that the abdomen
B 46 Square 4-7.8 5.5 moves with each inhale and exhale.
C Square 4-7-8 5:5 4:6
D 4-7-8 5:5 4:6 Square
Table 2 Baseline characteristics Group A Group B Group C Group D Total
(n=21) (n=21) (n=21) (n=21)
Gender (% female) 52.4% 57.1% 47.6% 81% 59.5%
Age 20.3 (1.3) 20.3 (1.9) 20.4 (1.7) 20.5 (2.1) 20.4 (1.8)
Race (%)
White 90.5% 85.7% 90.5% 76.2% 85.7%
African American 0% 0% 0% 0% 0%
Asian/Pacific Islander 4.8% 9.5% 0% 9.5% 5.95%
Other 4.8% 4.8% 9.5% 14.3% 8.33%
Ethnicity (%)
Hispanic 9.5% 4.8% 19.1% 14.3% 11.9%
Not Hispanic 90.5% 95.2% 81% 86% 88.1%
BMI 22.4(3.2) 24.1(5.2) 22.5(3.0) 24.4 (4.1) 23.3 (4.0)
RMSSD 63.523.6)  71.9(34.1)  702(53.1)  67.0(32.1)  683(36.8)
HF HRV (log) 7.4 (0.74) 7.5 (0.83) 72 (1.4) 7.4 (1.0) 7.36 (1.03)
LF HRV (log) 7.3 (0.86) 7.5 (0.94) 7.2(1.3) 7.2 (0.95) 7.28 (.97)
SBP 108.6 (8.2) 109.2 (8.4) 110.2 (7.8) 107.6 (9.0) 108.9 (8.3)
DBP 59.8 (4.8) 61.3 (5.8) 655@8.1)*  64.7(8.0) 62.9 (7.1)
PETCO, 35.7 (7.1) 34.8 (6.2) 36.0 (7.3) 35.1(7.5) 35.4(6.9)
Positive Mood 17.5 (4.1) 17.5 (4.9) 17.1 (4.0) 18.8 (3.0) 17.7 (4.0)
Negative Mood 8.2(1.9) 8.0 (2.4) 7.9 (2.0) 7.6 2.1) 7.9 2.1)

Results in bold indicate significant baseline differences

*Significant difference at p <0.05

@ Springer



Applied Psychophysiology and Biofeedback

Physiological Measurements

To measure HRV, each participant was connected to a 3-lead
electrocardiogram (ECG; with one lead on the lower left rib,
one on the right collarbone, and one on the left collarbone).
These leads were connected to the NEXUS 4 biofeedback
device which collected data via the BioTrace + software.
This procedure has been used in numerous other studies
evaluating HRV (Steffen et al., 2021, 2022). We extracted
the last five minutes of inter-beat interval data from the base-
line and each breathing condition. These data were cleaned
for artifacts using the Kubios HRV Scientific program with
beat correction set to very low (version 4.1.1; Tarvainen
et al., 2014), after which we calculated measures of root
mean squared stand deviations (RMSSD), high-frequency
HRYV (HF HRV), and low-frequency HRV (LF HRV).

We measured systolic and diastolic blood pressure, as
well as heart rate, at minute 9 of each condition via the
Dinamap Pro v400 automated blood pressure cuft placed
on the participant’s non-dominant arm. The Dinamap Pro
v400 has been deemed sufficiently accurate for clinical
use, though it is slightly less accurate than manual blood
pressure readings (Skirton et al., 2011). We also measured
PETCO, via an oral/nasal cannula connected to the Cap-
notrainer 5.0 and recorded via the Capnotrainer software.
This device has adequate reliability and validity (/CC=0.56
to 0.86; Coleman et al., 2009). PETCO, was collected in
30-min segments, and we averaged the last~5 min of each
condition. Due to some difficulties with airflow, we had
to manually reconnect tubing from nasal cannulas to oral/
nasal cannulas for the last 40 participants. We ensured the
adjusted cannulas accurately measured baseline PETCO,
levels before proceeding.

The respiration rate was counted by two trained research
assistants due to concerns about the Biotrace software not
being calibrated to recognize holds in between breaths.
Each research assistant was blinded to the condition they
were counting and to the other person’s rating. Correla-
tions between research assistants were calculated to ensure
reliability.

Mood

We measured mood using the Scale of Positive and Negative
Experience (SPANE) after the baseline and each breathing
condition. This scale demonstrated good internal consist-
ency in our sample (a = 0.82 for positive emotions and & =
0.68 for negative emotions). It has also demonstrated good
correlations with other constructs measuring mood and well-
being (r=0.68 to 0.91), as well as good discriminant validity
with related constructs (Jovanovic et al., 2020).

Analyses

We used a repeated measures mixed effects model to exam-
ine the effects of each breathing condition on HRV, blood
pressure, mood, and CO? levels. We treated breathing condi-
tion as a fixed effect in the model. We controlled for order
effects by using four counterbalanced groups of 21 partici-
pants each, such that participants received the breathing
conditions in different orders. Counterbalanced group was
also treated as a fixed effect (as a covariate). Participant ID
was included as a random intercept to account for individual
differences in baseline values. We did not allow for ran-
dom slopes in our model because of the assumption that the
effects of predictors would be consistent across participants.
We included the average weekly amount of aerobic exercise,
age, BMI, and sex as fixed effect covariates in each analysis.
We used a Scheffe test to account for multiple comparisons
and run post-hoc pairwise comparisons. All analyses were
run in Stata version 18.0.

We analyzed the difference in RMSSD, HF-HRV, LF-
HRYV, and VLF-HRYV from each participant’s baseline to
each breathing condition (5:5 breathing, 4:6 breathing,
square breathing, and 4-7-8 breathing). We also analyzed
the difference in mean PETCO,, heart rate (in beats per
minute), systolic blood pressure, diastolic blood pressure,
and mood (measured via the SPANE) from baseline to each
breathing condition. Finally, we analyzed the difference in
breathing rate from baseline to each breathing condition to
assess adherence to the protocol. We considered a p-value
lower than 0.05 to be statistically significant. We used two-
tailed tests for each analysis.

We excluded any data in which there was an equipment
malfunction, signified by messy physiological data (impos-
sible HRV values, etc.). Overall, we were missing 6 partici-
pants (7%) for PETCO, analyses and 5 participants (6%) for
HRYV analyses. Since the missing data was minimal, we used
listwise deletion to handle it, removing the participant for
analyses pertinent to that variable (e.g., RMSSD, PETCO,,
etc.).

Results

Baseline Characteristics, Breathing Rate Adherence,
and Counterbalanced Groups

We first calculated breathing rate adherence to ensure par-
ticipants were correctly following each breathing method.
Correlations between raters for breaths per minute ranged
from moderate (r=0.57) to excellent (r=0.94). About 90%
of participants breathed within+ 1 s of 6 breaths per minute,
but this dropped to about 74% for square breathing for 4-7-
8 breathing. Most participants breathed within+2 s of all
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Table 3 Percentage adherence by breathing condition

Technique Target breathing Percent Adher- Percent
rate (BPM) ence Adherence
(£15s) (£25s)
5:5 6.00 92.9% 97.6%
4:6 6.00 86.9% 96.4%
Square 3.75 73.8% 89.3%
4-7-8 3.16 73.8% 78.6%

breathing conditions (see Table 3). In general, participants
breathed more quickly than the indicated pace.

We also tested independent, auto-regressive, compound
symmetry, and Toeplitz structures for modeling covari-
ance. The compound symmetry structure fit the data best,
as evidenced by the Akaike Information Criterion (AIC) and
Bayesian Information Criterion (BIC), and hence was used
in all analyses. Results presented in the text were standard-
ized for interpretability.

Lastly, we included the counterbalanced group as a covar-
iate in each analysis. The group order was not a significant
predictor of any outcome except for PETCO, and diastolic
blood pressure (discussed below), indicating the order in
which people received breathing instructions generally had
no impact on results.

Hypothesis 1 Breathing at 6 BPM Will Result in Higher
RMSSD and LF-HRYV than Square or 4-7-8 Breathing.

We used a logarithmic transformation to ensure our
RMSSD and LF-HRYV data met assumptions of normality.
The log-transformed RMSSD variable did not demonstrate
skewness (p =0.07) or kurtosis (p=0.57). The log-trans-
formed LF-HRYV variable was negatively skewed (p <0.001)
but did not demonstrate kurtosis (p =0.6312). The negative
skew in LF-HRV was a natural result of the breathing inter-
ventions significantly increasing LF-HRYV, and it did not vio-
late mixed model assumptions. We fenced outliers at two
interquartile ranges (IQR) for RMSSD, meaning we adjusted
outliers to fall within a specified range (e.g.,+2 IQR). This
led to four outliers being fenced. We fenced outliers at two-
and-a-half interquartile ranges for LF-HRV owing to there
being significantly more variability in this measure. This led
to one outlier being fenced. RMSSD results are reported in
terms of standard deviations for interpretability.

The mixed effects model revealed significant changes
in RMSSD across the four breathing conditions,
F(13, 90.3)=7.81, p<0.001 (without covariates: F(4,
312)=24.65, p<0.001). No covariates demonstrated sig-
nificant effects. Post-hoc comparisons using the Scheffe
test indicated that all breathing conditions led to sig-
nificant increases in RMSSD compared to baseline (see
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Table 4 and Fig. 2). However, square and 4—7-8 breathing
had wide confidence intervals that nearly crossed 0. 4:6
breathing was significantly better than square breathing
(M-difference =0.40 [0.18, 0.61], p <0.001) and 4-7-
8 breathing (M-diff=0.38 [0.17, 0.60], p <0.001). 5:5
breathing increased RMSSD more than square breathing
(M-diff=0.19 [0.02, 0.41], p=0.1) and 4-7-8 breathing
(M-diff=0.18 [0.03, 0.39], p=0.15), but these differences
were not statistically significant after the log transforma-
tion. Overall, 5:5 and 4:6 breathing increased RMSSD
with medium effects from baseline, with narrow confi-
dence intervals. In contrast, square and 4-7-8 breathing
had smaller increases in RMSSD with much wider confi-
dence intervals.

The mixed effects model also revealed significant vari-
ability in LF-HRV across the four breathing conditions,
F(13,90.3)=73.86, p<0.001 (without covariates: F(4,
312)=238.96, p <0.001). Every breathing condition led
to statistically significant increases in LF-HRV compared
to baseline (see Table 4 and Fig. 3). Post-hoc Scheffé
comparisons indicated 5:5 breathing was significantly
more effective than square breathing (M diff=0.25 [0.04,
0.46], p<0.01) and 4-7-8 breathing (M diff=0.23 [0.02,
0.44], p=0.02). Furthermore, the 4:6 breathing condition
was significantly more effective than square breathing (M
diff=0.29 [0.08, 0.50], p <0.01) and 4-7-8 breathing (M
diff=0.27 [0.06, 0.48], p<0.01) No covariates demon-
strated significant effects.

Hypothesis 2 Breathing at 6 BPM Will Result in Lower
Systolic and Diastolic Blood Pressure than 4—7-8 or Square
Breathing.

SBP had no outliers beyond two interquartile ranges and
was normally distributed. We fenced three outliers beyond
two interquartile ranges for DBP. DBP was positively
skewed (p <0.001) with no significant kurtosis (p =0.73).
Tukey’s ladder did not identify any transformations that
would help with skewness, so we left the DBP data as is.

The mixed effects model showed significant variability
in SBP across the four breathing conditions and covariates,
F(13,96.79)=6.51, p<0.001 (without covariates: F(4,
331.1)=3.03, p=0.02). 5:5 and square breathing lowered
DBP with small effects in the initial model (respectively
f=-0.27 [- 0.46, — 0.08], p=0.01; p=—0.22 [- 0.41,
-0.04], p=0.02). However, these results were not statis-
tically significant after Scheffé corrections. Doing 1-3 h
of aerobic exercise per week (f=— 0.8 [- 1.56, — 0.04]
p=0.04) and 7 + hours per week (f=- 1.13 [- 2.0,
—0.26], p=0.01) was predictive of lower DBP with large
effects. Higher BMI was also associated with higher SBP
(p=0.94 [0.64, 1.25], p<0.001).
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Table 4 Standardized results from mixed effects models and pairwise Scheffé-corrected comparisons

Mixed effect results for RMSSD

B (standardized) SE 95% CI t p
LL UL
Principle Variables
5:5 0.45 0.07 0.31 0.58 6.47 <0.001
4:6 0.65 0.07 0.51 0.78 9.42 <0.001
Square 0.25 0.07 0.12 0.39 3.65 <0.001
4-7-8 0.27 0.07 0.13 0.40 3.86 <0.001
Covariates
Group B* 0.06 0.31 - 0.56 0.68 0.19 0.85
Group C* - 0.02 0.30 - 0.62 0.59 —0.06 0.95
Group D* - 0.07 0.32 —-0.70 0.56 -0.23 0.82
Sex*#** - 0.07 0.24 - 0.54 0.41 -0.28 0.78
BMI —0.01 0.12 -0.25 0.24 - 0.07 0.94
Age —0.01 0.11 -0.23 0.21 -0.10 0.92
1-3 h cardio®* 0.76 0.57 —0.38 1.90 1.33 0.19
4-7 h cardio®* 0.88 0.58 -0.29 2.04 1.50 0.14
7+ hours cardio** 0.89 0.67 - 0.44 223 1.33 0.19
Pairwise comparisons for RMSSD with Schefté corrections
M-diff (standardized) SE 95% C1 t p
LL UL
5:5 vs. baseline 0.45 0.07 0.23 0.66 6.47 <0.001
4:6 vs. baseline 0.65 0.07 0.44 0.86 9.42 <0.001
Square vs. baseline 0.25 0.07 0.04 0.46 3.65 0.01
4-7-8 vs. baseline 0.27 0.07 0.05 0.48 3.86 0.01
4:6 vs. 5:5 0.20 0.07 - 0.01 0.42 2.95 0.07
Square vs. 5:5 -0.19 0.07 - 041 0.02 —-2.82 0.10
4-7-8 vs. 5:5 -0.18 0.07 -0.39 0.03 —-2.61 0.15
Square vs. 4:6 —0.40 0.07 - 0.61 -0.18 -5.77 <0.001
4-7-8 vs. 4:6 -0.38 0.07 —0.60 -0.17 —5.56 <0.001
4-7-8 vs. square 0.01 0.07 - 0.20 0.23 0.21 1.00
Mixed effect results for LF-HRV (log)
f (standardized) SE 95% CI t )4
LL UL
Principle Variables
5:5 1.73 0.07 1.60 1.86 25.69 <0.001
4:6 1.77 0.07 1.64 1.90 26.28 <0.001
Square 1.48 0.07 1.34 1.61 21.96 <0.001
4-7-8 1.50 0.07 1.37 1.63 22.28 <0.001
Covariates
Group B* 0.06 0.22 -0.38 0.51 0.28 0.78
Group C* 0.04 0.22 —0.40 0.48 0.18 0.86
Group D* -0.18 0.23 —0.63 0.28 -0.79 0.44
Sex##* - 0.09 0.09 - 0.26 0.09 -0.99 0.33
BMI —-0.02 0.17 - 0.36 0.32 -0.13 0.90
Age 0.00 0.08 —0.15 0.16 0.03 0.98
1-3 h cardio** 0.27 0.41 —0.55 1.09 0.66 0.51
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Table 4 (continued)

Mixed effect results for LF-HRV (log)

B (standardized) SE 95% CI t p
LL UL
4-7 h cardio** 0.40 0.42 - 0.44 1.24 0.96 0.34
7+ hours cardio** 0.45 0.48 —0.51 1.42 0.94 0.35

Pairwise comparisons for LF-HRV (log) with Scheffé corrections

M-diff (standard-  SE 95% CI t P
ized)
LL UL
5:5 vs. baseline 1.73 0.07 1.52 1.94 25.69 <0.001
4:6 vs. baseline 1.77 0.07 1.56 1.98 26.28 <0.001
Square vs. 1.48 0.07 1.27 1.69 21.96 <0.001
baseline
4-7-8 vs. base- 1.50 0.07 1.29 1.71 22.28 <0.001
line
4:6vs. 5:5 0.04 0.07 -0.17 0.25 0.60 0.99
Square vs. 5:5 —-0.25 0.07 —0.46 —0.04 -3.72 0.01
4-7-8 vs. 5:5 -0.23 0.07 —-0.44 —-0.02 —3.41 0.02
Square vs. 4:6 —-0.29 0.07 -0.50 —0.08 —-4.32 <0.01
4-7-8 vs. 4:6 —-0.27 0.07 —-0.48 —0.06 —-4.00 <0.01
4-7-8 vs. square 0.02 0.07 -0.19 0.23 0.31 1.00
Mixed effect results for SBP
B (standardized) SE 95% CI t p
LL UL
Principle Variables
5:5 —-0.27 0.10 —0.46 —0.08 -2.80 0.01
4:6 -0.10 0.10 —-0.29 0.08 - 1.09 0.28
Square —-0.22 0.10 —0.41 —0.04 -235 0.02
4-7-8 —-0.03 0.10 —-0.22 0.16 -0.32 0.75
Covariates
Group B* -0.19 0.20 —-0.58 0.20 -0.97 0.34
Group C* 0.22 0.20 -0.18 0.61 1.09 0.28
Group D* 0.07 0.20 -0.33 0.48 0.36 0.72
Sex**%* 0.08 0.08 —0.07 0.24 1.07 0.29
BMI 0.94 0.15 0.64 1.25 6.15 <0.001
Age —0.05 0.07 -0.19 0.10 —0.65 0.52
1-3 h cardio** —0.80 0.38 - 1.56 —0.04 -2.10 0.04
4-7 h cardio** -0.35 0.39 -1.12 0.42 —-0.90 0.37
7+ hours car- -1.13 0.44 —2.00 —0.26 —-2.59 0.01
dio**

Pairwise comparisons for SBP with Scheffé corrections

M-diff (standard- ~ SE 95% CI t p
ized)
LL UL
5:5vs. baseline ~ —0.27 0.10 —0.56 0.03 —2.80 0.10
4:6 vs. baseline  —0.10 0.10 - 040 0.19 - 1.09 0.88
Square vs. -0.22 0.10 —0.52 0.07 -2.35 0.24

baseline
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Table 4 (continued)

Pairwise comparisons for SBP with Scheffé corrections

M-diff (standard-  SE 95% CI t p
ized)
LL UL
4-7-8 vs. base- -0.03 0.10 -0.33 0.27 -032 1.00
line
4:6 vs. 5:5 0.16 0.10 -0.13 0.46 1.71 0.57
Square vs. 5:5 0.04 0.10 -0.25 0.34 0.46 1.00
4-7-8 vs. 5:5 0.24 0.10 - 0.06 0.53 2.49 0.19
Square vs. 4:6 -0.12 0.10 - 041 0.18 - 1.26 0.81
4-7-8 vs. 4:6 0.07 0.10 -0.22 0.37 0.77 0.96
4-7-8 vs. square 0.19 0.10 —-0.10 0.49 2.03 0.39
Mixed effect results for DBP
B (standardized) SE 95% CI t )4
LL UL
Principle Variables
5:5 —0.11 0.09 —-0.29 0.07 -1.20 0.23
4:6 0.00 0.09 -0.18 0.18 —-0.01 0.99
Square -0.22 0.09 —0.40 - 0.04 — 240 0.02
4-7-8 —0.03 0.09 -0.21 0.15 -0.29 0.77
Covariates
Group B* 0.07 0.26 - 0.44 0.58 0.27 0.79
Group C* 0.45 0.26 —-0.06 0.96 1.76 0.08
Group D* 0.62 0.26 0.09 1.14 2.33 0.02
Sex*#** -0.03 0.10 -0.24 0.17 —0.33 0.74
BMI 0.08 0.20 -0.32 0.47 0.39 0.70
Age 0.12 0.09 -0.07 0.30 1.25 0.22
1-3 h cardio** -0.53 0.49 - 1.51 0.46 - 1.06 0.29
4-7 h cardio** -0.49 0.50 -1.49 0.51 -0.97 0.34
7+ hours car- - 1.08 0.57 —-2.20 0.05 - 1.90 0.06
dio**
Pairwise comparisons for SBP with Scheffé corrections
M-diff (standard- ~ SE 95% CI t )4
ized)
LL UL
5:5vs. baseline  —0.11 0.09 —0.40 0.17 -1.20 0.84
4:6 vs. baseline 0.00 0.09 -0.29 0.28 —0.01 1.00
Square vs. -0.22 0.09 -0.51 0.06 - 240 0.22
baseline
4-7-8 vs. base- —0.03 0.09 - 0.31 0.26 -0.29 1.00
line
4:6vs. 5:5 0.11 0.09 -0.17 0.39 1.20 0.84
Square vs. 5:5 —0.11 0.09 -0.39 0.17 -1.20 0.84
4-7-8 vs. 5:5 0.08 0.09 -0.20 0.37 0.92 0.93
Square vs. 4:6 -022 0.09 —-0.50 0.06 -2.39 0.22
4-7-8 vs. 4:6 —-0.03 0.09 -0.31 0.26 -0.28 1.00
4-7-8 vs. square 0.19 0.09 —0.09 0.48 2.11 0.35
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Table 4 (continued)

Mixed effect results for PETCO,

B (standardized) SE 95% CI t p
LL UL
Principle Variables
5:5 —0.56 0.09 —-0.74 -0.39 —6.38 <0.001
4:6 —0.65 0.09 —0.82 —-0.47 -7.31 <0.001
Square 0.01 0.09 —-0.17 0.18 0.08 0.94
4-7-8 0.18 0.09 0.01 0.36 2.08 0.04
Covariates
Group B* 0.11 0.26 - 041 0.63 0.43 0.67
Group C* 0.55 0.26 0.03 1.07 2.09 0.04
Group D* 0.09 0.27 —0.46 0.63 0.31 0.76
Sex**%* 0.16 0.21 -0.25 0.57 0.76 0.45
BMI -0.02 0.11 -0.23 0.19 -0.17 0.87
Age —0.06 0.10 -0.25 0.13 —0.64 0.53
1-3 h cardio** —0.63 0.49 —1.61 0.35 -1.29 0.20
4-7 h cardio** —-0.45 0.50 —1.45 0.54 —-0.91 0.37
7+ hours car- —-0.04 0.56 - 1.16 1.08 - 0.07 0.94
dio**

Pairwise comparisons for PETCO, with Scheffé corrections

M-diff (standard- ~ SE 95% CI t )4
ized)
LL UL
5:5vs. baseline  —0.56 0.09 -0.83 -0.29 - 6.38 <0.001
4:6 vs. baseline  — 0.65 0.09 —0.92 -0.37 —17.31 <0.001
Square vs. 0.01 0.09 -0.27 0.28 0.08 1.00
baseline
4-7-8 vs. base- 0.18 0.09 - 0.09 0.46 2.08 0.36
line
4:6 vs. 5:5 —0.08 0.09 —-0.36 0.19 —0.95 0.93
Square vs. 5:5 0.57 0.09 0.30 0.84 6.44 <0.001
4-7-8 vs. 5:5 0.75 0.09 0.47 1.02 8.45 <0.001
Square vs. 4:6 0.65 0.09 0.38 0.93 7.37 <0.001
4-7-8 vs. 4:6 0.83 0.09 0.55 1.10 9.35 <0.001
4-7-8 vs. square 0.18 0.09 -0.10 0.45 2.00 0.41
Mixed effect results for SPANEB
B (standardized) SE 95% CI t 4
LL UL
Principle Variables
5:5 - 0.05 0.09 -0.22 0.12 - 0.56 0.57
4:6 0.03 0.09 -0.13 0.20 0.40 0.69
Square -0.19 0.09 —-0.36 -0.02 —-2.20 0.03
4-7-8 -0.24 0.09 - 041 -0.08 -2.87 <0.001
Covariates
Group B* 0.31 0.27 -0.22 0.85 1.16 0.25
Group C* 0.30 0.27 -0.24 0.84 1.10 0.27
Group D* 0.33 0.28 -0.22 0.89 1.20 0.23
Sex*** 0.09 0.11 -0.12 0.31 0.88 0.38
BMI 0.01 0.21 - 041 0.42 0.03 0.97
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Table 4 (continued)

Mixed effect results for SPANEB

B (standardized) SE 95% CI t p
LL UL
Age 0.01 0.10 —-0.18 0.21 0.12 0.91
1-3 h cardio** 0.68 0.52 —0.36 1.71 1.30 0.20
4-7 h cardio** 0.97 0.53 —0.08 2.02 1.83 0.07
7+ hours car- 1.45 0.60 0.26 2.63 243 0.02
dio**
Pairwise comparisons for SPANEB with Schefté corrections
M-diff (standard- ~ SE 95% CI t p
ized)
LL UL
5:5vs. baseline  — 0.05 0.09 —0.31 0.22 -0.56 0.99
4:6 vs. baseline 0.03 0.09 -0.23 0.30 0.40 1.00
Square vs. -0.19 0.09 - 045 0.08 —-2.20 0.31
baseline
4-7-8 vs. base- -0.24 0.09 - 051 0.02 -2.87 0.09
line
4:6 vs. 5:5 0.08 0.09 -0.18 0.35 0.96 0.92
Square vs. 5:5 -0.14 0.09 -0.40 0.12 - 1.64 0.61
4-7-8 vs. 5:5 -0.20 0.09 —0.46 0.07 -2.30 0.26
Square vs. 4:6 -0.22 0.09 —-0.49 0.04 —-2.60 0.15
4-7-8 vs. 4:6 -0.28 0.08 -0.54 - 0.02 -3.28 0.03
4-7-8 vs. square  — 0.06 0.09 -032 0.21 —0.66 0.98

*Reference group was A
**Reference group was 0 cardio hours per week

***Reference group was female

The mixed effects model showed significant variability
in DBP across the four breathing conditions and covari-
ates, F(13, 96.84)=1.96, p=0.03. Without covariates,
variability across breathing conditions was no longer
significant, F(4, 331.1)=2.13, p=0.08. Square breath-
ing lowered DBP with a small effect in the initial model
(p=- 0.22 [- 0.40, — 0.04], p=0.02), but post-hoc
Scheffe comparisons indicated none of the breathing con-
ditions significantly predicted SBP. Results indicated par-
ticipants who started with 4-7-8 breathing (i.e., group D)
had higher DBP during the study (f=0.62 [0.09, 1.14]
p=0.02).

Hypothesis 3 Square and 4-7-8 Breathing will Increase
PETCO,; Breathing at 6 BPM Will Not.

PETCO, had 7 outliers, which we fenced at two interquar-
tile ranges. We used Tukey’s ladder to select a square root
transformation to help PETCO, fit assumptions of normality.
After this transformation, there was no significant skewness
(p=0.83) or kurtosis (p=0.88).

There was significant variability in PETCO, across
breathing conditions, F(13, 94.38)=11.83, p <0.001
(without covariates: F(4, 303.4)=35.77, p<0.001).
Contrary to our hypotheses, both 5:5 and 4:6 breathing
resulted in lower PETCO, levels, on average placing par-
ticipants in the mild over-breathing range (30-35 mmHg;
see Fig. 4). Specifically, 5:5 breathing resulted in stand-
ardized M diff=— 0.56 [- 0.83, — 0.29], p <0.001, and
4:6 breathing resulted in standardized M diff=— 0.65
[-0.92, — 0.37], p<0.001. Square breathing did not result
in any change to PETCO, levels (M diff=0.01 [—- 0.27,
— 0.28], p=1.00), and 4-7-8 resulted in a small but sta-
tistically insignificant increase in PETCO, (M diff=0.18
[-0.09, 0.46], p=0.36). No covariates were significant in
the analysis other than breathing condition C. Overall, par-
ticipants in the 6 bpm conditions tended to overbreathe.

Participants who received square breathing first (i.e.,
group C) had significantly higher PETCO, levels than
other groups (f=0.55[0.03, 1.07] p=0.04). As such,
we ran a sensitivity analysis for PETCO, removing par-
ticipants from group C. The results did not significantly
change (see Supplemental Table 1). We also noticed many
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of our participants had baseline PETCO, levels slightly
outside of the typical range (35-45 mmHg). This could
be due to true baseline differences in PETCO, but was
most likely due to inaccurate zeroing of the capnometer
at baseline. Inaccurate zeroing would theoretically result
in an inaccurate baseline score, yet with accurate change
scores between baseline and each breathing condition.
We performed another sensitivity analysis, removing any
participants with baseline PETCO, levels outside of the
35-45 mmHg range to test this. This sensitivity analy-
sis also did not significantly alter our results, other than
square breathing now being associated with slight reduc-
tions in PETCO, (B=—-0.26 [- 0.51, — 0.01] p=0.04; see
Supplemental Table 2).

Hypothesis 4 There will be no significant PETCO, or HRV
differences between the two 6 breaths-per-minute conditions.

Pairwise comparisons did not indicate any significant dif-
ferences in PETCO, between 5:5 and 4:6 breathing (stand-
ardized M diff=— 0.08 [- 0.36, 0.19], p=0.93), supporting
our hypothesis. There was a small but significantly insignifi-
cant advantage in RMSSD for 4:6 compared to 5:5 breathing
(standardized M diff=0.20 [— 0.01, 0.42], p=0.07). There
was no difference in LF-HRV between 5:5 and 4:6 breathing
(standardized M diff=0.04 [— 0.17, 0.25], p=0.99).

Hypothesis 5 Breathing at 6 BPM Will Increase Overall
Positive Mood More than Square or 4—7-8 Breathing.

The SPANE data was normally distributed and had no
significant outliers, W(84)=0.997, p=0.57. There was
significant variability in mood balance across breathing
conditions, F(13, 96.68)=2.19, p=0.02 (without covari-
ates: F(4, 329.1)=4.05, p= <0.01), with a higher mood
balance indicating a more positive mood. Square breathing
and 4-7-8 breathing decreased positive mood with small
effects (respectively f=— 0.19 [- 0.36, — 0.02], p=0.03;
p=—0.24 [- 0.41, — 0.08], p<0.001). However, after
Scheffe corrections, the only statistically significant differ-
ence was between 4:6 and 4-7-8 breathing (standardized
M difference=— 0.28 [— 0.54, — 0.02], p=0.03). 5:5 and
4:6 breathing did not alter mood (respectively p=— 0.05
[-0.22, - 0.12], p=0.57; p=0.03 [- 0.13, 0.20], p=0.69).
Doing 7 +hours of aerobic exercise a week was predictive
of a much higher positive mood (f=1.45 [0.26, 2.63],
p=0.02).
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Discussion

We compared the efficacy of two popular breathing tech-
niques, square and 4—7-8 breathing, to breathing at 6 breaths
per minute, which has well-established efficacy (Edmonds
et al., 2009; Leyro et al., 2021; Steffen et al., 2021). We
hypothesized that breathing at 6 breaths per minute would
improve HRV more than square or 4-7-8 breathing. This
hypothesis was supported, with breathing at 6 bpm increas-
ing measures of HRV more than square or 4-7-8 breath-
ing, with small to medium effects. We also hypothesized
that breathing at 6 bpm would reduce blood pressure and
increase positive mood compared to square or 4—7-8 breath-
ing. This hypothesis was not supported. Lastly, we hypoth-
esized that square and 4-7-8 breathing would result in under
breathing as evidenced by increases in end-tidal CO,. This
hypothesis was also not supported.

Breathing at 6 breaths per minute led to significant
increases in RMSSD with medium to large effect sizes,
indicating this technique is effective at increasing HRV.
This suggests higher emotion regulation and parasympa-
thetic activation (Lehrer et al., 2013). Slow breathing is, in
essence, an effective way to practice stimulating bodily sys-
tems and brain structures associated with adaptability and
self-regulation, stress reduction, and allostasis (Lehrer &
Gevirtz, 2014). Like lifting weights to engage and strengthen
muscle groups, slow breathing at 6 bpm can engage and
strengthen autonomic nervous system function and help
bring the body to a state of homeostasis and calm. Thus,
breathing at 6 bpm could be an effective psychotherapeutic
intervention.

In contrast, square and 4-7-8 breathing demonstrated
only small effects for increasing RMSSD, a primary index
of parasympathetic functioning (Shaffer & Ginsberg, 2017).
This indicates these techniques were not achieving the
same resonance within the body (i.e., synchrony of breath-
ing and heart rate oscillations) as 6 bpm breathing. Nota-
bly, every breathing technique in our study demonstrated
large increases in LF-HRV on average. This is in line with
the research literature, given that participants were breath-
ing at a rate within the low-frequency band. However, LF-
HRYV was higher for participants breathing at 6 bpm than
for square or 4-7-8 breathing with small to medium effects,
indicating better effectiveness.

Regarding breathing ratios, we found no significant dif-
ferences in any outcome for the ratio of inhale to exhale.
Whether participants breathed in for 4 s and out for 6,
or if they breathed in for 5 s and out for 5, there were no
statistically significant differences in HRV, blood pres-
sure, PETCO,, or mood. These results are in line with the
most recent literature examining the inhale-to-exhale ratio
(Meehan & Shaffer, 2024). Importantly, our study was not
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powered to detect effects smaller than 0.17, and there were
small but statistically insignificant improvements in RMSSD
while doing 4:6 breathing compared with 5:5 breathing.
Thus, if there is an impact of longer exhalations, it is quite
small. Our results suggest that there is no meaningful dif-
ference in the exhale ratio and that the choice depends on
individual preferences.

While breathing at 6 bpm had large advantages over
square and 4-7-8 breathing in terms of increased HRYV,
participants breathing at 6 bpm tended to over-breathe, as
signified by reduced PETCO, levels. Over-breathing hap-
pens when too much carbon dioxide is exhaled too quickly,
resulting in increased alkalinity in the blood (Gilbert, 2005).
This can result in feelings of lightheadedness, dizziness,
and discomfort. While most participants did not drop below
more than a mild level of over-breathing (30-35 mmHg),
this finding is still notable. Contrary to hypotheses, square
and 4-7-8 breathing did not result in significant changes
in carbon dioxide levels. This is likely because participants
were holding their breath between inhalations and exhala-
tions, leading them not to exhale too much carbon diox-
ide. Thus, it appears that even while breathing at or close
to their resonance frequency, an individual can simultane-
ously be over-breathing, potentially due to breathing out too
deeply. In clinical practice, it would be important to instruct
individuals on proper breathing mechanics (e.g., breathing
out slowly) and slowly progress down to 6 bpm breathing
rather than immediately jumping to that rate, as we did in
our study. It could also be beneficial to monitor CO, levels
during paced breathing sessions.

We saw no significant decreases in blood pressure in
any of the breathing conditions, whereas other studies have
demonstrated lowered blood pressure due to paced breathing
(Grossman et al., 2001). There are several possible expla-
nations for this. One is that it takes more than one session
of paced breathing to see improvements in blood pressure.
Another could be that our participants were healthy college
students with low baseline blood pressure to start with, so
there was little room for blood pressure to drop. Another
could be that our sample was not powered enough to detect
small drops in blood pressure. Lastly, it could be that slow-
paced breathing truly does not alter blood pressure. Future
studies will need to confirm whether slow-paced breathing
reduces blood pressure over multiple sessions.

Contrary to our hypotheses, breathing at 6 bpm did not
increase positive mood, which conflicts with prior studies
(Caldwell & Steffen, 2018; Gross et al., 2016; Lehrer et al.,
2020). However, most previous studies on mood measured
it across multiple sessions of slow-paced breathing. It is
possible that participants were not consciously aware of the
positive internal effects of 6 bpm breathing after only one
session, leading them to report minimal changes in mood.
Over time, people seem to grow more aware of the positive
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mood effects of slow breathing. Square breathing and 4—7-
8 breathing resulted in small decreases in positive mood,
indicating these techniques were potentially uncomfortable
and resulted in lower positive emotions.

Limitations

Our study has several important limitations. Firstly, we only
measured the effects of each breathing condition throughout
one session. To truly determine whether 6 bpm breathing is
more effective than square of 4-7-8 breathing, it would be
important to measure RMSSD, HF-HRV, mood, and other
variables before and after multiple weeks of practicing each
breathing technique. While 6 bpm, according to our results,
would result in more efficacious practice of strengthening
the nervous system, a longitudinal study would provide addi-
tional clarity.

Additionally, our sample size of 84 may not have been
large enough to detect smaller effects, so future studies
should include larger samples. Our sample was also homog-
enous in terms of age and race, so future studies should
expand to other age groups and include more cultural diver-
sity to increase generalizability. We also had some equip-
ment issues leading to about 7% missing data and some
inaccurate baseline readings of PETCO,, though sensitiv-
ity analyses indicated these issues likely did not mood our
results. Lastly, it may be advantageous to use continuous
blood pressure monitoring rather than only measuring blood
pressure once per breathing condition.

Conclusions

Our results indicate breathing at 6 bpm increases HRV more
than square or 4—7-8 breathing with small to medium effects,
suggesting that 6 bpm breathing is likely a more effective
intervention to use in psychotherapy (see Caldwell, 2018 as
an example of integrating breathing with psychotherapy).
Effects were not seen in the anticipated direction for blood
pressure and mood. It would be beneficial for future stud-
ies to investigate longitudinally whether practicing 6 bpm
breathing is more effective than practicing square or 4-7-8
breathing over time. In addition, our study suggests it may be
beneficial to monitor CO, levels and teach proper breathing
mechanics during slow breathing to reduce the likelihood
of over-breathing.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10484-025-09688-z.

Author Contributions LK., P.S., and J.M. designed the study. J.M. and
M.K. wrote study protocols and acquired study data. J.M. ran study

@ Springer

analyses and wrote the main manuscript text. All authors reviewed and
revised the manuscript.

Funding Brigham Young University

Data Availability All data generated or analyzed during this study are
included in this published article [and its supplementary information
files].

Declarations

Conflict of interest The authors have no financial or other conflict of
interest to disclose.

References

Ahmed, A., Devi, R. G., & Priya, A. J. (2021). Effect of box breath-
ing technique on lung function test. Journal of Pharmaceutical
Research International. https://doi.org/10.9734/jpri/2021/v33i5
8A34085

Ahmed, A., Hassan, S., & Elsaba, H. (2022). Effect of four-square
breathing exercise on after pains, initiation of breastfeeding, and
satisfaction with intervention among postpartum mothers. Assiut
Scientific Nursing Journal, 10(29), 11-22. https://doi.org/10.
21608/asnj.2022.120643.1319

Aktas, G. K., & Hgin, V. E. (2023). The effect of deep breathing exer-
cise and 4-7-8 breathing techniques applied to patients after bari-
atric surgery on anxiety and quality of life. Obesity Surgery, 33(3),
920-929. https://doi.org/10.1007/s11695-022-06405-1

Appelhans, B. M., & Luecken, L. J. (2006). Heart rate variability as
an index of regulated emotional responding. Review of General
Psychology, 10(3), 229-240. https://doi.org/10.1037/1089-2680.
10.3.229

Balban, M. Y., Neri, E., Kogon, M. M., Weed, L., Nouriani, B., Jo, B.,
Holl, G., Zeitzer, J. M., Spiegel, D., & Huberman, A. D. (2023).
Brief structured respiration practices enhance mood and reduce
physiological arousal. Cell Reports Medicine, 4(1), 100895.
https://doi.org/10.1016/j.xcrm.2022.100895

Beauchaine, T. P., & Thayer, J. F. (2015). Heart rate variability as
a transdiagnostic biomarker of psychopathology. International
Journal of Psychophysiology: Official Journal of the International
Organization of Psychophysiology, 98(2 Pt 2), 338-350. https://
doi.org/10.1016/j.ijpsycho.2015.08.004

Berntson, G. G., Thomas Bigger, J., Jr., Eckberg, D. L., Grossman, P.,
Kaufmann, P. G., Malik, M., Nagaraja, H. N., Porges, S. W., Saul,
J. P, Stone, P. H., & Van Der Molen, M. W. (1997). Heart rate
variability: origins, methods, and interpretive caveats. Psycho-
physiology, 34(6), 623-648. https://doi.org/10.1111/j.1469-8986.
1997.tb02140.x

Besler, H. K. (2023). The acute effect of zero gravity chair and breath-
ing exercises on soccer players HRV. Performance Analysis in
Sport and Exercise, 2(1), 1-10.

Billman, G. E. (2011). Heart rate variability—a historical perspective.
Frontiers in Physiology. https://doi.org/10.3389/fphys.2011.00086

Bouchard, S., Bernier, F., Boivin, E., Morin, B., & Robillard, G.
(2012). Using biofeedback while immersed in a stressful vide-
ogame increases the effectiveness of stress management skills in
soldiers. PLoS ONE, 7(4), e361609. https://doi.org/10.1371/journ
al.pone.0036169

Caldwell, Y. T., & Steffen, P. R. (2018). Adding HRV biofeedback to
psychotherapy increases heart rate variability and improves the
treatment of major depressive disorder. International Journal of


https://doi.org/10.1007/s10484-025-09688-z
https://doi.org/10.9734/jpri/2021/v33i58A34085
https://doi.org/10.9734/jpri/2021/v33i58A34085
https://doi.org/10.21608/asnj.2022.120643.1319
https://doi.org/10.21608/asnj.2022.120643.1319
https://doi.org/10.1007/s11695-022-06405-1
https://doi.org/10.1037/1089-2680.10.3.229
https://doi.org/10.1037/1089-2680.10.3.229
https://doi.org/10.1016/j.xcrm.2022.100895
https://doi.org/10.1016/j.ijpsycho.2015.08.004
https://doi.org/10.1016/j.ijpsycho.2015.08.004
https://doi.org/10.1111/j.1469-8986.1997.tb02140.x
https://doi.org/10.1111/j.1469-8986.1997.tb02140.x
https://doi.org/10.3389/fphys.2011.00086
https://doi.org/10.1371/journal.pone.0036169
https://doi.org/10.1371/journal.pone.0036169

Applied Psychophysiology and Biofeedback

Psychophysiology, 131, 96-101. https://doi.org/10.1016/j.ijpsy
¢ho.2018.01.001

Coleman, K. W., Millar, L. A., Boothby, M., Currier, E., Eno, C., &
Monsma, K. (2009). Reliability and validity of the end tidal CO2
from the capnotrainer. Cardiopulmonary Physical Therapy Jour-
nal, 20(4), 31.

Del Negro, C. A., Funk, G. D., & Feldman, J. L. (2018). Breathing
matters. Nature Reviews Neuroscience. https://doi.org/10.1038/
s41583-018-0003-6

Deshauer, S., McQueen, S., Hammond Mobilio, M., Mutabdzic, D., &
Moulton, C. E. (2021). Mental skills in surgery: Lessons learned
from virtuosos, olympians, and navy seals. Annals of Surgery,
274(1), 195-198. https://doi.org/10.1097/SLA.0000000000
003573

Edmonds, W. A., Kennedy, T. D., Hughes, P. A., & Calzada, P. J.
(2009). A single-participants investigation of the effects of various
biofeedback-assisted breathing patterns on heart rate variability:
A practitioner’s approach. Biofeedback, 37(4), 141-146. https://
doi.org/10.5298/1081-5937-37.4.141

Fincham, G. W., Strauss, C., & Cavanagh, K. (2023). Effect of coherent
breathing on mental health and wellbeing: A randomised placebo-
controlled trial. Scientific Reports, 13(1), 22141. https://doi.org/
10.1038/s41598-023-49279-8

Gevirtz, R. N., & Schwartz, M. S. (2003). The respiratory system in
applied psychophysiology. In Biofeedback: A practitioner’s guide
(pp. 212-214).

Gilbert, C. (2005). Better chemistry through breathing: The story of
carbon dioxide and how It can go wrong. Biofeedback, 33(Fall),
100-104.

Gross, M. J., Shearer, D. A., Bringer, J. D., Hall, R., Cook, C. J., &
Kilduff, L. P. (2016). Abbreviated resonant frequency training to
augment heart rate variability and enhance on-demand emotional
regulation in elite sport support staff. Applied Psychophysiol-
ogy and Biofeedback, 41(3), 263-274. https://doi.org/10.1007/
$10484-015-9330-9

Grossman, D., & Christensen, L. W. (2007). On combat: The psychol-
ogy and physiology of deadly conflict in war and in peace. PPCT
Research Publications.

Grossman, E., Grossman, A., Schein, M., Zimlichman, R., & Gavish,
B. (2001). Breathing-control lowers blood pressure. Journal of
Human Hypertension, 15(4), 263-269. https://doi.org/10.1038/
8j.jhh.1001147

Jovanovié, V., Lazié, M., Gavrilov-Jerkovié, V., & Molenaar, D. (2020).
The scale of positive and negative experience (SPANE): Evalua-
tion of measurement invariance and convergent and discriminant
validity. European Journal of Psychological Assessment, 36(4),
694-704. https://doi.org/10.1027/1015-5759/a000540

Laborde, S., Allen, M. S., Borges, U., Iskra, M., Zammit, N., You, M.,
Hosang, T., Mosley, E., & Dosseville, F. (2022). Psychophysi-
ological effects of slow-paced breathing at six cycles per minute
with or without heart rate variability biofeedback. Psychophysiol-
ogy, 59(1), €13952. https://doi.org/10.1111/psyp.13952

Lehrer, P. M., & Gevirtz, R. (2014). Heart rate variability biofeedback:
How and why does it work? Frontiers in Psychology. https://doi.
org/10.3389/fpsyg.2014.00756

Lehrer, P., Kaur, K., Sharma, A., Shah, K., Huseby, R., Bhavsar, J.,
Sgobba, P., & Zhang, Y. (2020). Heart rate variability biofeed-
back improves emotional and physical health and performance:
A systematic review and meta analysis. Applied Psychophysiol-
ogy and Biofeedback, 45(3), 109-129. https://doi.org/10.1007/
$10484-020-09466-z

Lehrer, P., Vaschillo, B., Zucker, T., Graves, J., Katsamanis, M., Aviles,
M., & Wamboldt, F. (2013). Protocol for heart rate variability
biofeedback training. Biofeedback, 41(3), 98—109. https://doi.org/
10.5298/1081-5937-41.3.08

Lehrer, P. M., Vaschillo, E., & Vaschillo, B. (2000). Resonant fre-
quency biofeedback training to increase cardiac variability:
Rationale and manual for training. Applied Psychophysiology and
Biofeedback. https://doi.org/10.1023/a:1009554825745

Lehrer, P. M., Vaschillo, E., Vaschillo, B., Lu, S.-E., Eckberg, D. L.,
Edelberg, R., Shih, W. J., Lin, Y., Kuusela, T. A., Tahvanainen,
K. U. O., & Hamer, R. M. (2003). Heart rate variability biofeed-
back increases baroreflex gain and peak expiratory flow. Psycho-
somatic Medicine, 65(5), 796. https://doi.org/10.1097/01.PSY.
0000089200.81962.19

Leyro, T. M., Versella, M. V., Yang, M.-]., Brinkman, H. R., Hoyt, D.
L., & Lehrer, P. (2021). Respiratory therapy for the treatment of
anxiety: Meta-analytic review and regression. Clinical Psychology
Review, 84, 101980. https://doi.org/10.1016/j.cpr.2021.101980

Lin, I. M., Tai, L. Y., & Fan, S. Y. (2014). Breathing at a rate of
5.5breaths per minute with equal inhalation-to-exhalation ratio
increases heart rate variability. International Journal of Psycho-
physiology, 91(3), 206-211. https://doi.org/10.1016/].ijpsycho.
2013.12.006

Meehan, Z. M., & Shaffer, F. (2024). Do longer exhalations increase
HRV during slow-paced breathing? Applied Psychophysiol-
ogy and Biofeedback, 49(3), 407-417. https://doi.org/10.1007/
$10484-024-09637-2

Nestor, J. (2020). Breath. Penguin Publishing. https://www.penguinran
domhouse.com/books/547761/breath-by-james-nestor/

Pandekar, P. P., & Thangavelu, P. D. (2019). Effect of 4-7-8 breathing
technique on anxiety and depression in moderate chronic obstruc-
tive pulmonary disease patients. International Journal of Health
Sciences, 5,209-17.

Rottger, S., Theobald, D. A., Abendroth, J., & Jacobsen, T. (2021). The
effectiveness of combat tactical breathing as compared with pro-
longed exhalation. Applied Psychophysiology and Biofeedback,
46(1), 19-28. https://doi.org/10.1007/s10484-020-09485-w

Shaffer, F., & Ginsberg, J. P. (2017). An overview of heart rate vari-
ability metrics and norms. Frontiers in Public Health, 5, 258.
https://doi.org/10.3389/fpubh.2017.00258

Skirton, H., Chamberlain, W., Lawson, C., Ryan, H., & Young, E.
(2011). A systematic review of variability and reliability of man-
ual and automated blood pressure readings. Journal of Clinical
Nursing, 20(5-6), 602-614. https://doi.org/10.1111/j.1365-2702.
2010.03528.x

Steffen, P., Bartlett, D., Channell, R., Parsell, K., Giordano, N., & Bran-
son, K. (2022). How to breathe to improve HRV: Low and slow
breathing improves HRV more than deep breathing except when
using a pacer [Preprint]. In Review. https://doi.org/10.21203/rs.3.
rs-1394127/v1

Steffen, P. R., Bartlett, D., Channell, R. M., Jackman, K., Cressman,
M., Bills, J., & Pescatello, M. (2021). Integrating breathing tech-
niques into psychotherapy to improve HRV: Which approach is
best? Frontiers in Psychology. https://doi.org/10.3389/fpsyg.2021.
624254

Tarvainen, M. P., Niskanen, J.-P., Lipponen, J. A., Ranta-aho, P. O.,
& Karjalainen, P. A. (2014). Kubios HRV — heart rate variability
analysis software. Computer Methods and Programs in Biomedi-
cine, 113(1), 210-220. https://doi.org/10.1016/j.cmpb.2013.07.
024

Task Force Of The European Society Of Cardiology, & The North
American Society of Pacing Electrophysiology. (1996). Heart rate
variability: Standards of measurement, physiological interpreta-
tion, and clinical use. Circulation, 93(5), 1043—1065. https://doi.
org/10.1161/01.CIR.93.5.1043

Van Diest, 1., Verstappen, K., Aubert, A. E., Widjaja, D., Vansteen-
wegen, D., & Vlemincx, E. (2014). Inhalation/exhalation ratio
modulates the effect of slow breathing on heart rate variability and
relaxation. Applied Psychophysiology and Biofeedback, 39(3-4),
171-180. https://doi.org/10.1007/s10484-014-9253-x

@ Springer


https://doi.org/10.1016/j.ijpsycho.2018.01.001
https://doi.org/10.1016/j.ijpsycho.2018.01.001
https://doi.org/10.1038/s41583-018-0003-6
https://doi.org/10.1038/s41583-018-0003-6
https://doi.org/10.1097/SLA.0000000000003573
https://doi.org/10.1097/SLA.0000000000003573
https://doi.org/10.5298/1081-5937-37.4.141
https://doi.org/10.5298/1081-5937-37.4.141
https://doi.org/10.1038/s41598-023-49279-8
https://doi.org/10.1038/s41598-023-49279-8
https://doi.org/10.1007/s10484-015-9330-9
https://doi.org/10.1007/s10484-015-9330-9
https://doi.org/10.1038/sj.jhh.1001147
https://doi.org/10.1038/sj.jhh.1001147
https://doi.org/10.1027/1015-5759/a000540
https://doi.org/10.1111/psyp.13952
https://doi.org/10.3389/fpsyg.2014.00756
https://doi.org/10.3389/fpsyg.2014.00756
https://doi.org/10.1007/s10484-020-09466-z
https://doi.org/10.1007/s10484-020-09466-z
https://doi.org/10.5298/1081-5937-41.3.08
https://doi.org/10.5298/1081-5937-41.3.08
https://doi.org/10.1023/a:1009554825745
https://doi.org/10.1097/01.PSY.0000089200.81962.19
https://doi.org/10.1097/01.PSY.0000089200.81962.19
https://doi.org/10.1016/j.cpr.2021.101980
https://doi.org/10.1016/j.ijpsycho.2013.12.006
https://doi.org/10.1016/j.ijpsycho.2013.12.006
https://doi.org/10.1007/s10484-024-09637-2
https://doi.org/10.1007/s10484-024-09637-2
https://www.penguinrandomhouse.com/books/547761/breath-by-james-nestor/
https://www.penguinrandomhouse.com/books/547761/breath-by-james-nestor/
https://doi.org/10.1007/s10484-020-09485-w
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.1111/j.1365-2702.2010.03528.x
https://doi.org/10.1111/j.1365-2702.2010.03528.x
https://doi.org/10.21203/rs.3.rs-1394127/v1
https://doi.org/10.21203/rs.3.rs-1394127/v1
https://doi.org/10.3389/fpsyg.2021.624254
https://doi.org/10.3389/fpsyg.2021.624254
https://doi.org/10.1016/j.cmpb.2013.07.024
https://doi.org/10.1016/j.cmpb.2013.07.024
https://doi.org/10.1161/01.CIR.93.5.1043
https://doi.org/10.1161/01.CIR.93.5.1043
https://doi.org/10.1007/s10484-014-9253-x

Applied Psychophysiology and Biofeedback

Vierra, J., Boonla, O., & Prasertsri, P. (2022). Effects of sleep depriva-
tion and 4-7-8 breathing control on heart rate variability, blood
pressure, blood glucose, and endothelial function in healthy young
adults. Physiological Reports, 10(13), €15389. https://doi.org/10.
14814/phy2.15389

Weil, A. (2022). Breathing exercises: Three to try | 4—7-8 breath |
Andrew Weil, M.D. DrWeil. Com. https://www.drweil.com/health-
wellness/body-mind-spirit/stress-anxiety/breathing-three-exerc
ises/

Zaccaro, A., Piarulli, A., Laurino, M., Garbella, E., Menicucci, D.,
Neri, B., & Gemignani, A. (2018). How breath-control can change
your life: A systematic review on psycho-physiological correlates

@ Springer

of slow breathing. Frontiers in Human Neuroscience, 12, 353.
https://doi.org/10.3389/fnhum.2018.00353

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.14814/phy2.15389
https://doi.org/10.14814/phy2.15389
https://www.drweil.com/health-wellness/body-mind-spirit/stress-anxiety/breathing-three-exercises/
https://www.drweil.com/health-wellness/body-mind-spirit/stress-anxiety/breathing-three-exercises/
https://www.drweil.com/health-wellness/body-mind-spirit/stress-anxiety/breathing-three-exercises/
https://doi.org/10.3389/fnhum.2018.00353

	Comparing the Effects of Square, 4–7-8, and 6 Breaths-per-Minute Breathing Conditions on Heart Rate Variability, CO2 Levels, and Mood
	Abstract
	Introduction
	Inconclusive Evidence for Square Breathing
	Inconclusive Evidence for 4–7-8 Breathing
	Slow, Paced Breathing at 6 Breaths per Minute
	Hypotheses

	Methods
	Procedures
	Physiological Measurements
	Mood
	Analyses

	Results
	Baseline Characteristics, Breathing Rate Adherence, and Counterbalanced Groups

	Discussion
	Limitations

	Conclusions
	References


