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Abstract
Objectives Slow-paced breathing entails voluntarily controlling one’s breathing rate to a frequency close to the oscillation 
frequency of the cardiovascular system. Accumulating evidence indicates slow-paced breathing improves cardiovascular and 
emotion functions. However, there is no meta-analysis that quantifies pooled effect of slow-paced breathing across studies 
with nonclinical populations.
Method In this meta-analysis and systematic review, we synthesized the findings of 31 studies (total n = 1133) which inves-
tigated the effect of slow-paced breathing on cardiovascular and emotion measures. PsycINFO, PubMed, Web of Science, 
and PsycARTICLES electronic databases were searched up to August 1, 2023. Random-effect modelling was conducted to 
compute pooled effect size across studies.
Results Slow-paced breathing showed significant immediate effects in reducing systolic blood pressure (Standardized Mean 
Difference or SMD = -0.45, 95% CI = [-0.86, -0.04], p < 0.01), increasing time-domain heart rate variability (the root-mean-
square-of-successive-differences-between-normal-heartbeats, or RMSSD, SMD = 0.37, 95% CI = [0.16, 0.58], p < 0.01; 
Standard Deviation of NN Intervals, or SDNN, SMD = 0.77, 95% CI = [0.26, 1.28], p < 0.01), and decreasing heart rate 
(SMD = -0.10, 95% CI = [-0.19, -0.01], p < 0.05). The effect in reducing negative emotion, particularly perceived stress, was 
marginal (SMD = -0.51, 95% CI = [-1.06, 0.03], p = 0.06). Limited evidence indicated persistent reduction of blood pres-
sure 3 months post-intervention among prehypertensive samples. Preliminary analysis showed moderate association of the 
physiological and emotion effects of slow-paced breathing.
Conclusions Slow-paced breathing demonstrated reliable effects in inducing short-term improvements in cardiovascular 
functions, and modest effect in reducing negative emotions, but its long-term efficacy in improving cardiovascular functions 
remains to be established. Future studies should continue to investigate the interrelations among the multifaceted effects of 
slow-paced breathing.
Preregistration This review was preregistered on PROSPERO (Ref No: CRD42023450175).

Keywords Slow-paced breathing · Heart rate · Heart rate variability · Blood pressure · Negative emotion · Cardiovascular 
function

Slow-paced breathing (also termed “deep breathing” or 
“slow abdominal breathing”) is a stress reduction practice 
in which the person voluntarily slows down the breathing 

rate to a frequency close to 6 cycles/min. This frequency 
matches the resonance frequency of the cardiovascular sys-
tems with key physiological functions such as heart rate and 
blood pressure (Laborde et al., 2019; Shonin & Van Gordon, 
2015). It is known that heart rate and breathing synchronize 
(i.e., are resonating) at about 6 breaths/min (0.1 Hz) (Steffen 
et al., 2017). Breathing at resonance frequency is consid-
ered to maximize the amplitudes of heart rate oscillations 
and heart rate variability (Vaschillo et al., 2006). Consistent 
with this, slow-paced breathing near resonance frequency is 
considered to produce the greatest heart rate variability and 
baroreflex gain (Lehrer & Gevirtz, 2014).
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While slow breathing is not necessarily an instructed 
component in mindfulness practice, it can happen as a con-
sequence of mindfulness meditation (Wahbeh et al., 2016), 
and had been integrated with mindfulness practice to form 
combined intervention technique (Kim et al., 2013). It has 
been found that slow-paced breathing shows high efficacy in 
reducing daily stress (Balters et al., 2020), and in promoting 
mental wellness under chronic stress (Borges et al., 2021). 
As stress is known to activate the hypothalamus–pitui-
tary–adrenal (HPA) axis that in turn leads to widespread 
physiological consequences particularly in the cardiovas-
cular systems (Golbidi et al., 2015), the effectiveness of 
slow-paced breathing in enhancing cardiovascular health is 
particularly noteworthy. It was theorized that through reso-
nating with heart rate and blood pressure oscillations, slow-
paced breathing positively influences the body’s baroreflex 
system that allows more effective self-regulation of cardio-
vascular functions (Lehrer & Gevirtz, 2014). Accumulating 
evidence supports the efficacy of slow-paced breathing in 
treating hypertension/prehypertension (Cernes & Zimli-
chman, 2017), and in improving cardiovascular control in 
patients with chronic heart failure (Mangin et al., 2001). 
Further, intricate associations exist between cardiovascular 
disease and mood disorders such as depression and anxiety, 
both of which could be triggered by chronic stress (Chaddha, 
2015). In this context, a systematic synthesis of existing lit-
erature on the effects of slow-paced breathing on cardiovas-
cular and emotional processes is important for elucidating 
the psychophysiological mechanisms underlying its thera-
peutic efficacy.

Heart rate (HR) and blood pressure (BP) are core indi-
ces of cardiovascular function. HR refers to the speed of 
the heartbeat. While normal resting HR ranges between 
60–100 beats/min, overly high HR (tachycardia) is associ-
ated with major cardiovascular diseases such as myocardial 
infarction and coronary artery disease (Palatini & Julius, 
2004). HR is modulated by breathing pattern through the 
relative balance of the autonomic nervous system (Eck-
berg et al., 1985). Specifically, during inhalation the vagal 
control is decreased, which allows HR to increase as part 
of the parasympathetic process. In contrast, during exha-
lation the vagal outflow is restored, and the HR decreases 
as a consequence. The individual’s ability to regulate auto-
nomic activity is reflected by heart rate variability (HRV), 
which can be quantified in time or frequency domain. For 
instance, the root-mean-square-of-successive-differences-
between-normal-heartbeats, or RMSSD, reflects the beat-
to-beat interval variance and is a primary time-domain HRV 
measure for vagally mediated changes (Shaffer & Ginsberg, 
2017). On the other hand, HRV could be decomposed into 
a high-frequency (HF, 0.15–0.40 Hz) and a low-frequency 
(LF, 0.04–0.15 Hz) component. It was proposed that both the 
HF and LF components may mainly reflect parasympathetic 

activities (Reyes del Paso et al., 2013). Moreover, HRV has a 
very low frequency component, which is a representation of 
sympathetic activity, as well as an ultra-low frequency com-
ponent. Generally, overly low HRV may indicate hyperactive 
sympathetic system or insufficient parasympathetic modula-
tion, and is associated with increased risk for coronary heart 
disease (Dekker et al., 2000), as well as for dysphoria states 
and mood disorders (Carney & Freedland, 2009; Kawachi 
et al., 1994).

BP refers to arterial pressure related to cardiac output, 
arterial elasticity and peripheral resistance (Shahoud et al., 
2023). Systolic blood pressure (SBP) measures the maximal 
pressure within the arteries as the heart muscle contracts and 
propels blood to the body. Diastolic blood pressure (DBP) 
measures the lowest pressure within the arteries as the heart 
muscle relaxes between heart beats (Shahoud et al., 2023). 
Under natural conditions, BP is under the influence of res-
piratory processes. During inhalation the thoracic pressure 
decreases, which indirectly lead to pulmonary resistance 
increase and the pulmonary venous return decrease, result-
ing in reduced blood in-flow to the heart and decrease in 
BP. Conversely, during exhalation, both ventricular blood 
volume and BP increase. It has been shown that breathing 
characteristics, such as frequency and depth, could influence 
BP (Anderson et al., 2010; Grossman et al., 2001). Further-
more, BP is routinely regulated by the arterial baroreflex, 
which is a negative feedback mechanism that monitors arte-
rial BP through neural and autonomic pathways (Eckberg 
et al., 1980). Past studies showed that slow-paced breath-
ing improved arterial baroreflex sensitivity in both healthy 
individuals and patients with chronic heart failure (Bernardi 
et al., 2002), and in hypertensive patients (Joseph et al., 
2005). Given that baroreflex sensitivity was found to be 
negatively related to BP (Hesse et al., 2007), it could medi-
ate the effect of slow-paced breathing in reducing BP. Both 
SBP and DBP elevations are closely associated with cardio-
vascular diseases and higher mortality (Kannel, 2000; Taylor 
et al., 2011); hence their reductions following slow-paced 
breathing reflect a major therapeutic outcome.

Several reviews and meta-analyses exist which summa-
rized previous research on the psychophysiological effects 
of slow-paced breathing (Chaddha et al., 2019; Russo et al., 
2017; Sevoz-Couche & Laborde, 2022; Zaccaro et al., 2018). 
The existing reviews suggested that slow-paced breathing 
improves cardiovascular functions such as increasing HRV 
(Zaccaro et al., 2018), BP oscillations (Russo et al., 2017), 
and decreasing SBP and DBP (Chaddha et al., 2019). Slow-
paced breathing additionally promoted positive emotional 
states and reduced negative emotional states such as anxiety 
and depression (Zaccaro et al., 2018). These psychophysi-
ological benefits were further linked with general improve-
ments in stress regulation (Sevoz-Couche & Laborde, 2022). 
On the other hand, meta-analysis is a useful method that 
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pools effects across studies, taking into account heteroge-
neities in study findings. To our awareness, only one meta-
analysis (Chaddha et al., 2019) quantified the effect of slow-
paced breathing on BP and HR, which included hypertensive 
and pre-hypertensive patients only. Thus, this study’s results 
may not generalize to wider nonclinical populations. Also, 
not many existing reviews discussed whether multi-session 
slow-paced breathing training could produce long-term ben-
eficial effects, which is critical for considering it as an effica-
cious intervention. Furthermore, the association between the 
slow-paced breathing effect on physiological and emotion 
functions is still unclear, which is a noteworthy gap since 
it is widely acknowledged that our physiological and emo-
tion systems interact closely with each other in bidirectional 
manners (Pace-Schott et al., 2019).

Therefore, in this meta-analysis and systematic review, we 
aimed to provide an updated synthesis of existing research 
on the cardiovascular and emotional changes following slow-
paced breathing training, including both short- and long-
term effects. Importantly, we explicitly tested whether an 
association existed between the effect of slow-paced breath-
ing on physiological and on emotion measures. Since the 
previous meta-analysis focused on cardiovascular patient 
samples (Chaddha et al., 2019), here we focused on nonclini-
cal samples without known cardiovascular diseases. Based 
on results of previous reviews, we anticipated that slow-
paced breathing would lead to significant short-term, and 
possibly long-term, improvements in major cardiovascular 
indices such as HR, HRV and BP, and in emotional states.

Method

This review was conducted according to the Preferred 
Reporting Items for Systematic Reviews and Meta-Analysis 
(PRISMA) guidelines (Moher et al., 2015). The PRISMA 
checklist is reported in Supplementary Material (Table S1).

Search Strategy and Selection Criteria

Four databases were searched to find any potentially rel-
evant studies, including PubMed, PsycINFO, PsycARTI-
CLES, and Web of Science. The last search was performed 
on August 1, 2023. To search for studies investigating the 
effect of slow-paced breathing on cardiovascular measures, 
we applied the following search terms: (“deep breath*” 
OR “slow breath*” OR “paced breath*” OR slow-paced 
breath*”) AND (practic* OR intervention OR train*) AND 
(“heart rate*” OR “blood pressure”). To search for studies 
that investigated both cardiovascular and emotional changes 
following slow-paced breathing, we applied the follow-
ing search terms: (“deep breath*” OR “slow breath*” OR 
“paced breath*” OR slow-paced breath*”) AND (practic* 

OR intervention OR train*) AND (“heart rate*” OR “blood 
pressure”) AND (emotion OR affect* OR feeling* OR mood 
OR depress* OR anxiety). The latter set of studies was used 
to examine cross-study association between slow-paced 
breathing effect on cardiovascular and emotion measures. 
Since our primary aim was not to examine the slow-paced 
breathing effect on emotion measures per se, we did not 
search for papers which only investigated emotion effects. 
Only articles published after 1980 whose full texts were in 
English were considered.

Studies with a randomized controlled trial or pre-post 
design were included if they met the following criteria: 
(a) included nonclinical adult samples naïve to breathing 
techniques, (b) reported slow-paced breathing interventions 
(duration ≥ 5 min) involving voluntary control of breathing 
to a pace ≤ 10 breaths/min, (c) included comparisons with 
a different intervention, no intervention or baseline, and (d) 
reported cardiovascular data during or immediately after the 
intervention.

Studies were excluded if (a) participants were clinical 
samples with diagnosed psychiatric, neurological or major 
physical (cardiovascular or endocrinological) disorders, (b) 
participants belonged to special populations (e.g., high-alti-
tude populations), or were experts in breathing techniques 
(e.g., experienced pranayama/Qigong practitioners), (c) the 
intervention duration was less than 5 min, (d) the interven-
tion primarily focused on breathing awareness and/or did 
not actively modulate breathing rate, (e) the intervention 
featured mixed techniques (e.g., paced breathing delivered 
with mindfulness) or involved active emotion induction 
(e.g., stress induction), (f) no physiological parameters of 
interest were reported, and (g) no “wash-out” periods were 
inserted between multiple paced breathing sessions. The full 
inclusion and exclusion criteria are detailed in Supplemen-
tary Material (Table S2).

Data Selection, Extraction and Coding

Data Selection

In total, 1421 articles were identified after initial litera-
ture search. After duplicates were removed, a total of 1401 
unique studies were identified. Study selection and screen-
ing procedure were informed by the PRISMA guidelines 
(Fig. 1). Two independent reviewers (R.S. and I.S.C.M.) 
screened the titles and abstracts during the first-stage screen-
ing. Studies that met any exclusion criteria were screened 
out. The remaining studies were passed to the second stage 
for assessment of full text eligibility to resolve any remain-
ing ambiguity. First-stage study screening yielded high level 
of inter-rater agreement (inter-rater agreement = 98.79%, 
Cohen’s kappa = 0.93). Any discrepancies in the screen-
ing results were resolved by discussion, and unresolved 
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discrepancies were referred to a third reviewer (T.M.C.L). 
A total of 139 studies were assessed in full text in the sec-
ond stage. Full-text eligibility assessment yielded high level 
of interrater agreement (inter-rater agreement = 98.56%, 
Cohen’s kappa = 0.96). In the end, 31 papers were included 
in the final analyses, which consisted of 9 studies with rand-
omized control trials (RCTs), and the rest adopted non-rand-
omized designs. Among these papers, 7 studies incorporated 
bio-feedback element in the breathing exercise.

Data Extraction

Data extraction was performed independently by two authors 
(R.S. and I.S.C.M.). Any discrepancies in the extracted data 
were resolved by discussion, and unresolved discrepancies 
were referred to a third author (T.M.C.L). The following 
information was extracted from each study: (1) study charac-
teristics (authors, year, title, country, design), (2) participant 
characteristics (intervention group, sample size, age, sex), 
(3) the paced breathing characteristics (breathing technique, 
inhalation/exhalation ratio, breathing frequency, intervention 
duration & session number, intervention setting, biofeedback 
or not), and (4) the comparison condition or control group 

(control intervention type, duration). For continuous meas-
ures, the mean and standard deviations of each measure were 
extracted to calculate the effect size. In case the target data 
were missing and/or unreported, the authors contacted the 
original investigators via email. If data were only available 
in graphs, a plot digitizer (Getdata Graph Digitizer Version 
2.26, https:// getda ta- graph- digit izer. softw are. infor mer. com/) 
was used to extract the mean and standard deviation values.

Meta-analysis was performed for each measure if ≥ 5 
studies were available, while systematic reviews were 
conducted to summarize the findings when fewer than 5 
studies were available. Meta-regression analyses were con-
ducted in case there were at least 10 papers (Higgins et al., 
2019). Meta-analyses were run on the following cardiovas-
cular measures: time-domain HRV (Standard Deviation 
of NN Intervals or SDNN, Root Mean Square of Succes-
sive Differences between Normal Heartbeats or RMSSD), 
frequency-domain HRV (Low-frequency, high-frequency, 
low-frequency/high-frequency ratio), HR and BP (SBP and 
DBP), as well as on negative emotion measure. Due to insuf-
ficient number of papers, the long-term effects of slow-paced 
breathing on cardiovascular measures were systematically 
reviewed.

Fig. 1  The PRISMA flow chart

https://getdata-graph-digitizer.software.informer.com/
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Data Coding

This meta-analysis included studies which compared cardio-
vascular and emotion measures before and after slow-paced 
breathing intervention, or before and during intervention 
(i.e., when participants were practising slow-paced breath-
ing). We denoted measurements at different time points 
using the following terms: (1)  TPRE refers to cardiovascular 
measurements prior to intervention, (2)  TPOST refers to car-
diovascular measurements immediately after intervention, 
and (3)  TINTERVENTION refers to measurements taken dur-
ing the intervention period. Please note that since HF-HRV 
is mostly manifested during breathing at rates between 9 
and 24 cycles/min (0.15–0.4 Hz), which exceeded the slow-
paced breathing frequency included in our meta-analysis 
(≤ 0.1 Hz) (Laborde et al., 2017), we did not analyse HF-
HRV during intervention. Following similar reasoning, we 
also did not include the LF/HF ratio in during-intervention 
analyses.

Study Quality Assessment

Quality assessment was conducted by two independent 
raters. The risk of bias for each study was evaluated with an 
assessment form modified from the Risk of Bias in Non-ran-
domized Studies of Interventions (ROBINS-I) (Sterne et al., 
2016) as recommended by the Cochrane collaboration. Disa-
greement on the quality scores were resolved through discus-
sion between the raters (R.S. and I.S.C.M.). The interrater 
reliability of quality rating was high (agreement = 93.55%, 
Cohen’s kappa = 0.87).

Statistical Analysis

All statistical analyses were performed with R statisti-
cal software (version 4.1.1) using packages “meta” and 
“dmetar” (Schwarzer et al., 2015). To synthesize the effect 
size, within-group standardized mean differences (SMD) 
and standard error (SE) were pre-calculated based on the 
means and standard deviations for each timepoint in each 
individual study. The SMD was equivalent to Cohen’s d for 
repeated measures when the correlation between measures 
was accounted for (Lakens, 2013). Equation 1 for calcula-
tion is as follows:

In the top equation, within-subject SMD for each 
study was computed as the difference between the two 
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timepoints divided by the standard deviation of Time 1. In 
the bottom equation, the standard error (SE) of the within-
subject SMD was computed using additional information 
about between-time correlation, which was assumed to be 
0.5 based on recommendation from the R meta-analysis 
guidebook (Harrer et al., 2021) and previous studies in this 
field (Laborde et al., 2022a; You et al., 2021), and sample 
size of the study.

To synthesize the effect sizes across studies, we adopted 
the random-effect model to account for the heterogeneity 
across studies (Eq. 2). This random-effect model incor-
porated a random factor of study, which assumed that the 
sample of studies included in our analysis were drawn 
from a large normally distributed population of studies. 
This random-effect model assumed two levels of vari-
ances: (1) the “true” effect size of a given study (θk) dif-
fers from the “grand” population mean (μ) as a result of 
between-study heterogeneity (ζk); (2) the observed effect 
size of a given study (^θk) differs from the study’s “true” 
effect size (θk) due to sampling error.

Using the adjusted random-effects weights, the pooled 
effect size was calculated using the inverse variance 
method. The restricted maximum-likelihood estimator was 
used to calculate the heterogeneity variance (Viechtbauer, 
2005). In order to reduce the probability of false positive 
outcomes, Hartung-Knapp adjustments were applied to 
control for the uncertainty in the estimate of heterogeneity, 
and to calculate the confidence interval of the pooled effect 
(IntHout et  al., 2014). The Hartung-Knapp procedure 
mainly adjusts for unequal sample sizes across studies and 
between-study heterogeneity, and was previously found to 
outperform other methods such as the DerSimonian and 
Laird approach, especially when the number of studies in 
each analysis is relatively small (Inthout et al., 2014). The 
overall summary effect sizes were reported as SMD value 
with 95% confidence interval (95% CI). The SMD effect 
sizes 0.2, 0.5 and 0.8 were interpreted as small, medium, 
and large respectively (Cohen, 1988). Additionally, an out-
lier analysis test was implemented using an outlier removal 
algorithm (“find.outliers”). The outlier removal procedure 
is a standard step in the meta-analysis package of R, which 
was implemented to prevent the results to be biased by 
single study results that substantially deviated from the 
other studies, and to reduce publication bias (Viechtbauer 
& Cheung, 2010). Furthermore, influence diagnostics 
were run to assess if the pooled effect was potentially dis-
torted by some highly influential study (Viechtbauer & 
Cheung, 2010). This examination additionally considers 
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studentized deleted residuals, DFFITS metric, Cook’s Dis-
tance and covariance ratio to identify an influential case.

Forest plots were generated to provide a graphic display 
of the pooled effect for each meta-analysis, containing the 
observed effect, confidence interval, and weight of each 
study. Between-study heterogeneity was systematically 
evaluated using the I2 statistics (Higgins & Thompson, 
2002). In the context of meta-analysis, I2 quantifies the 
variances in findings across studies that were due to dif-
ferences in study-specific “true” effect size, rather than 
simple sampling errors (i.e., the uncertainty of effect size). 
Following this, low I2 or heterogeneity indicates consist-
ent inferences of effect size across studies and high con-
fidence, whereas high I2 or heterogeneity indicates large 
discrepancy of effect size inference across studies and low 
confidence. The percentages 25%, 50% and 75% represent 
low, moderate, and high heterogeneity respectively. Fun-
nel plots were generated for every analysis to illustrate 
potential publication bias (Supplementary Fig. S1-S11).

In cases when the number of studies equalled to or 
exceeded 10, meta-regression analyses were additionally 
performed to examine the potential modulating effects of 
four factors, namely mean age of participants, sex ratio 
(female-to-male), whether the study was a randomized 
controlled trial, and whether any biofeedback technique 
was implemented, on main effect sizes. The intercept of 
the model indicated the pooled affect size after control-
ling the modulators, which were demeaned before entering 
the model. The modulating effects were investigated with 
t-statistics and 95% CI of the β-value.

Results

Sample and Study Characteristics

The characteristics of the included studies are reported 
in Table 1. The total sample size of participants included 
in the meta-analyses was 1133. Sample size per study 
ranged from 6 to 112. Publication year spanned from 
2009 to 2022. Most studies featured mixed male and 
female studies, except for four male-only samples and two 
female-only samples. Among all studies, 9 studies adopted 
an RCT design. Twenty-five studies administered slow-
paced breathing practice in laboratory setting, no study 
instructed participants to practise at home only, while 6 
studies involved practice in both laboratory and home set-
tings. Seven studies administered the practice with bio-
feedback element. The average number of practice sessions 
was 11.3.

The meta-analysis results are included in Table 2.

Physiological Markers (Pre‑Intervention vs. Post/
During‑Intervention)

Heart Rate (HR)

Eight studies (total n = 866) reported HR at baseline  (TPRE) 
and following intervention  (TPOST). No outlier was detected 
by outlier analysis. Random-effects meta-analysis revealed 
a small but significant decrease in HR at  TPOST compared 
to  TPRE (SMD = -0.10, 95% CI = [-0.19, -0.01], p < 0.05). 
Between-study heterogeneity was low (I2 = 0.0%, 95% 
CI = [0.0%, 67.6%]). Results are depicted in Supplementary 
Fig. S1.

Eleven studies (total n = 998) reported HR at  TPRE and 
 TINTERVENTION. No outlier was detected by outlier analy-
sis. Random-effects meta-analysis revealed no signifi-
cant difference in HR at  TINTERVENTION compared to  TPRE 
(SMD = -0.09, 95% CI = [-0.28, 0.09], p = 0.27). Between-
study heterogeneity was moderate (I2 = 64.0%, 95% 
CI = [31.3%, 81.2%]). Meta-regression analysis showed that 
the effect sizes remained insignificant after controlling for 
the covariates (b = -0.10, 95%CI = [-0.27, 0.07], t(6) = -1.48, 
p = 0.19). None of the controlled variables showed signifi-
cant modulating effect on the effect size (p ≥ 0.18). Results 
are depicted in Supplementary Fig. S2.

Root Mean Square of Successive Differences 
between Normal Heartbeats (RMSSD)

Ten studies (total n = 924) reported RMSSD levels at  TPRE 
and  TPOST. No outlier was detected by outlier analysis. 
Random-effects meta-analysis revealed a significant and 
moderate increase in RMSSD at  TPOST compared to  TPRE 
(SMD = 0.37, 95% CI = [0.16, 0.58], p < 0.01). Between-
study heterogeneity was relatively high (I2 = 71.0%, 95% 
CI = [44.6%, 84.8%]). Meta-regression analysis showed that 
the effect sizes remained significant after controlling for the 
four covariates (b = 0.37, 95%CI = [0.20, 0.55], t(4) = 5.95, 
p < 0.01). RCT studies tended to produce larger effect 
sizes (b = 0.26, 95%CI = [0.03, 0.48], t(4) = 3.11, p < 0.05). 
Results are depicted in Supplementary Fig. S3.

Twelve studies (total n = 1112) reported RMSSD at  TPRE 
and  TINTERVENTION. Random-effects meta-analysis revealed 
a large increase in RMSSD at  TINTERVENTION compared 
to  TPRE (SMD = 1.11, 95% CI = [0.65, 1.57], p < 0.001). 
Outlier analysis detected two studies as outliers (Laborde 
et al., 2022a; Melo et al., 2018). Random-effects meta-
analysis from the remaining ten studies (total n = 848) 
revealed a large increase in RMSSD at  TINTERVENTION 
compared to  TPRE (SMD = 0.90, 95% CI = [0.54, 1.25], 
p < 0.001). Between-study heterogeneity was moderately 
high (I2 = 82.8%, 95% CI = [69.8%, 90.2%]). Meta-regres-
sion analysis on the remaining ten studies showed that the 
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Table 1  Characteristics of all included studies

Author 
(Year)
Country

Study 
design

Sample size Age (SD) Intervention (number 
of breath/min)

Intervention 
duration

Biofeed-
back

F/M Time labels Physiological 
measures

Adler et al. 
(2019)

Canada

Non-ran-
domized 
pre-post

22 22.55(2.6) Slow breathing
(< 10 bpm)

15 min Yes 10/12 Tpre vs 
 Tduring

HR, SBP, DBP

Chaitanya 
et al. 
(2022)

India

Rand-
omized 
controlled 
trial

25 24(3.11) Resonance frequency 
breathing

(4.5 ~ 7 bpm)

20 min No 0/25 Tpre vs  Tpost RMSSD, 
SDNN, HR, 
SBP, DBP, 
LF/HF Ratio

Coovadia 
et al. 
(2020)

Canada

Non-ran-
domized 
pre-post

18 22/23
(2/3)

Slow breathing below 
0.16 Hz

(< 10 bpm)

 > 10 min No 9/9 Tpre vs 
 Tduring

HR

Dick et al. 
(2014)

U.S. A.

Non-ran-
domized 
pre-
during

10 26.7(1.4) Slow breathing
(6 ~ 8 bpm)

20 min No 0/10 Tpre vs 
 Tduring

HR

Ghiya 
and Lee 
(2012)

U.S. A.

Non-ran-
domized 
pre-post

20 22.3 (2.9) Paced breathing
(5 bpm)

30 min No 12/8 Tpre vs  Tpost SBP, DBP, LF/
HF Ratio

Gholam-
rezaei 
et al. 
(2019)

Belgium

Non-ran-
domized 
pre-
during

29 21.3(4.2) Slow-paced breathing
(6 bpm)

5 min No 20/9 Tpre vs 
 Tduring

RMSSD, SBP, 
DBP

Gholam-
rezaei 
et al. 
(2021a)

Belgium

Non-ran-
domized 
pre-
during

35 21.7(4) Slow-paced breathing
(6 bpm)

120 min No 20/15 Tpre vs 
 Tduring

RMSSD, SBP, 
DBP

Gholam-
rezaei 
et al. 
(2021b)

Belgium

Non-ran-
domized 
pre-
during

44 22(4) Slow-paced breathing
(6 bpm)

45 min No 27/17 Tpre vs 
 Tduring

RMSSD, HR, 
SBP, DBP

Laborde 
et al. 
(2019)

Germany

Rand-
omized 
controlled 
trial

32 21.81 
(2.81)

Slow-paced breathing
(6 bpm)

15 min No 15/17 Tpre vs  Tpost HR, SDNN, 
RMSSD, LF, 
HF, LF/HF 
Ratio

Laborde 
et al. 
(2022b)

Germany

Non-ran-
domized 
pre-
during& 
pre-post

78 23.22 Slow-paced breathing
(6 bpm)

17 min Yes 37/41 Tpre vs  Tpost
Tpre vs 

 Tduring

RMSSD, HR

Laborde 
et al. 
(2022a)

Germany

Non-ran-
domized 
pre-
during& 
pre-post

112 21.6 Slow-paced breathing
(6 bpm)

N/A Yes 60/52 Tpre vs  Tpost
Tpre vs 

 Tduring

RMSSD, 
SDNN, HR, 
LF, HF, LF/
HF Ratio

Lin  (2018)
China

Rand-
omized 
controlled 
trial

27 25.3(6.86) Slow-paced breathing
(6.5,6,5.5,5,4.5 bpm)

60 min No 24/3 Tpre vs  Tpost RMSSD,SDNN

Lin et al. 
(2020)

China

Non-ran-
domized 
pre-
during& 
pre-post

30 22.63
(1.92)

Slow-paced breathing
(6 bpm)

15 min Yes 22/8 Tpre vs  Tpost
Tpre vs 

 Tduring

RMSSD, 
SDNN, LF, 
HF, LF/HF 
Ratio
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Table 1  (continued)

Author 
(Year)
Country

Study 
design

Sample size Age (SD) Intervention (number 
of breath/min)

Intervention 
duration

Biofeed-
back

F/M Time labels Physiological 
measures

Lin et al. 
(2012)

China

Rand-
omized 
controlled 
trial

18 22.3 Slow abdominal 
breathing

(6.5,6,5.5,5,4.5 bpm)

20 min Yes N/A Tpre vs  Tpost lgSDNN, 
lgRMSSD, 
lgLF, lgHF, 
LF/HF Ratio

Melo et al. 
(2018)

Brazil

Non-ran-
domized 
pre-
during

20 23.65 
(3.24)

Slow-paced breathing
(6 bpm)

6 min No N/A Tpre vs 
 Tduring

RMSSD, 
SDNN, LF, 
HF, LF/HF 
Ratio

Naik (2018)
India

Rand-
omized 
controlled 
trial

49 24.45(1.6) Slow-paced breathing
(3.3 bpm)

30 min No N/A Tpre vs  Tpost HR, SBP, DBP

Nilsen et al. 
(2009)

Norway

Non-ran-
domized 
pre-post

14 22.8(1.5) Paced breathing
(10 bpm)

10 min No 14/0 Tpre vs  Tpost RMSSD, 
SDNN, HR, 
SBP, DBP

Paprika 
et al. 
(2014)

Hungary

Non-ran-
domized 
pre-
during

27 32(8) Slow-paced breathing
(6 bpm)

3 min No 17/10 Tpre vs 
 Tduring

RMSSD, SBP, 
DBP

Park & Park 
(2012)

South 
Korea

Non-ran-
domized 
pre-post

58 24.5/24.8
(2/1.8)

Paced breathing
(10 bpm)

15 min No 22/36 Tpre vs 
 Tduring

HR, HF, LF, 
LF/HF Ratio

Pramanik 
et al. 
(2009)

Nepal

Non-ran-
domized 
pre-post

39 N/A Pranayama (6 bpm) 15 min No N/A Tpre vs  Tpost HR, SBP, DBP

Pramanik 
et al. 
(2010)

Nepal

Non-ran-
domized 
pre-post

50 N/A Bhramari pranayama
(3 bpm)

5 min No 25/25 Tpre vs  Tpost HR, SBP, DBP

Sasaki & 
Maruy-
ama 
(2014)

Japan

Non-ran-
domized 
pre-post

20 22.8 (3.13) Paced breathing
(6 bpm)

5 min No 0/20 Tpre vs 
 Tintervention

SBP, DBP

Sheiko & 
Feketa 
(2019)

Ukraine

Non-ran-
domized 
pre-post

35 N/A Respiratory exercises 
of pranayama

(5-6 bpm)

15 min Yes 0/35 Tpre vs  Tpost SDNN, 
RMSSD, LF, 
HF, LF/HF 
Ratio

Smith & 
Norman 
(2017)

U.S.A

Rand-
omized 
controlled 
trial

17 N/A Deep breathing
(5 bpm)

10 min No 8/9 Tpre vs 
 Tintervention

HF

Stark et al. 
(2000)

Germany

Non-ran-
domized 
pre-post

40 24.33
(N/A)

Paced breathing
(9 bpm)

5 min No 20/20 Tpre vs 
 Tintervention

LF, HF, LF/HF 
Ratio

Sürücü 
et al. 
(2021)

Turkey

Rand-
omized 
controlled 
trial

11 21.36 
(1.56)

Diaphragmatic 
breathing

(6 bpm)

15 min No 5/6 Tpre vs  Tpost SDNN, 
RMSSD, LF, 
HF, LF/HF 
Ratio

Szulcze-
wski & 
Rynk-
iewicz 
(2018)

Poland

Non-ran-
domized 
pre-post

27 21.18 
(2.02)

Paced breathing
(10 bpm)

5 min No 13/14 Tpre vs  Tpost HR, RMSSD, 
HF
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Table 1  (continued)

Author 
(Year)
Country

Study 
design

Sample size Age (SD) Intervention (number 
of breath/min)

Intervention 
duration

Biofeed-
back

F/M Time labels Physiological 
measures

Turankar 
et al. 
(2013)

India

Rand-
omized 
controlled 
trial

6 27.83
(.91)

Pranayama
(~ 3.33 bpm)

20 min No 0/6 Tpre vs  Tpost HR, SBP, DBP

Wang et al. 
(2010)

China

Rand-
omized 
controlled 
trial

10 53.51 
(4.14)

Simple abdominal 
breathing

(6 bpm)

25 min Yes 10/0 Tpre vs  Tpost SBP, DBP

You et al
(2021a)
Germany

Non-ran-
domized 
pre-post& 
pre-
during

59 21.4 Slow-paced breathing
(6 bpm)

5, 10,15, 
20 min

No N/A Tpre vs  Tpost
Tpre vs 

 Tduring

RMSSD, HR

You et al
(2021b)
Germany

Non-ran-
domized 
pre-post& 
pre-
during

61 22.1 Slow-paced breathing
(6 bpm)

15 min No 25/36 Tpre vs  Tpost
Tpre vs 

 Tduring

HR, SDNN, 
RMSSD, LF, 
HF, LF/HF 
Ratio

HR heart rate, SDNN standard deviation of intervals between normal beats, RMSSD root mean square of successive differences between normal 
heartbeats, LF low frequency heart rate variability, HF high frequency heart rate variability, SBP systolic blood pressure, DBP diastolic blood 
pressure, F/M female-to-male ratio

Table 2  Meta-analysis results

HR hear rate, SDNN standard deviation of NN intervals, RMSSD root mean square of successive differ-
ences between normal heartbeats, LF-HRV heart-rate variability in low frequency band, HF-HRV heart-rate 
variability in high frequency band, BP blood pressure, k number of studies, N number of participants, SMD 
standardized mean difference, CI confident interval
* p < 0.05; **p < 0.01; ***p < 0.001
# : the values presented correspond to analysis results before outlier removal, as no meta-analysis could be 
conducted after outlier removal due to insufficient study number

Pre- vs Post-intervention
Studies Participants Effect size Heterogeneity
k n SMD 95% CI I2 (%)

HR 8 866 -0.10* [-0.19, -0.01] 0.0 [0.0, 67.6]
RMSSD 10 924 0.37* [0.16, 0.58] 71.0 [44.6, 84.8]
SDNN 8 650 0.77* [0.26, 1.28] 91.5 [85.7, 95.0]
LF-HRV 7 560 0.32 [-0.22, 0.86] 81.6 [60.6, 91.4]
HF-HRV 6 456 0.32 [-0.17, 0.82] 78.4 [52.4, 90.2]
LF/HF Ratio 6 456 0.08 [-1.01, 1.16] 92.0 [85.4, 95.6]
SBP 7 376 -0.45* [-0.86, -0.04] 64.1[18.9, 84.1]
DBP 7 376 -0.44 [-1.02, 0.13] 77.7 [53.6, 89.3]
Pre- vs During-intervention

Studies Participants Effect size Heterogeneity
k n SMD 95% CI I2 (%)

HR 11 998 -0.09 [-0.23, 0.09] 64.0 [31.3, 81.2]
RMSSD 10 848 0.90* [0.54, 1.25] 82.8 [69.8, 90.2]
SDNN# 5# 486 1.81* [0.14, 3.49] 96.9 [94.8, 98.1]
LF-HRV 6 566 3.20* [1.64, 4.75] 96.5 [94.4, 97.8]
SBP 5 310 0.34 [-1.55, 2.24] 95.8 [92.7, 97.6]
DBP 5 310 0.03 [-0.78, 0.83] 88.7 [76.4, 94.6]
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effect size remained large after controlling for the four 
covariates (b = 0.89, 95%CI = [0.49, 1.29], t(5) = 5.74, 
p < 0.01). None of the controlled variables showed signifi-
cant modulating effect on the effect size (p ≥ 0.16). Results 
are depicted in Supplementary Fig. S4.

Standard Deviation of N–N Intervals (SDNN)

Eight studies (total n = 650) reported SDNN at  TPRE and 
 TPOST. No outlier was detected by outlier analysis. Ran-
dom-effects meta-analysis revealed a moderately high 
increase in SDNN at  TPOST compared to  TPRE (SMD = 0.77, 
95% CI = [0.26, 1.28], p < 0.01). Between-study heteroge-
neity was substantially high (I2 = 91.5%, 95% CI = [85.7%, 
95.0%]). Results are depicted in Supplementary Fig. S5.

Five studies (total n = 486) reported SDNN at  TPRE and 
 TINTERVENTION. Random-effects meta-analysis revealed a 
large increase in SDNN at  TINTERVENTION compared to  TPRE 
(SMD = 1.81, 95% CI = [0.14, 3.49], p < 0.05). Between-
study heterogeneity was substantially high (I2 = 96.9%, 
95% CI = [94.8%, 98.1%]). Outlier analysis detected one 
study as outlier (Melo et al., 2018). After removing the 
outlier, meta-analysis could not be conducted due to an 
insufficient study number (< 5). Results before removing 
outlier are depicted in Supplementary Fig. S6.

Low Frequency Heart Rate Variability (LF‑HRV)

Seven studies (total n = 596) compared LF-HRV levels at 
 TPRE and  TPOST. Random-effects meta-analysis revealed 
no significant difference in LF-HRV at  TPOST compared 
to  TPRE (SMD = 0.55, 95% CI = [-0.21, 1.32], p = 0.13). 
Outlier analysis detected one study as outlier (Lin et al., 
2012). Random-effects meta-analysis from the remaining 
six studies (total n = 560) revealed no significant difference 
in LF-HRV at  TPOST compared to  TPRE (SMD = 0.32, 95% 
CI = [-0.22, 0.86], p = 0.19). Between-study heterogeneity 
was high (I2 = 81.6%, 95% CI = [60.6%, 91.4%]). Results 
are depicted in Supplementary Fig. S7.

Seven studies (total n = 682) reported LF-HRV at  TPRE 
and  TINTERVENTION. Random-effects meta-analysis revealed 
a large increase in LF-HRV at  TINTERVENTION compared to 
 TPRE (SMD = 2.72, 95% CI = [1.02, 4.43], p < 0.01). Out-
lier analysis detected one study as outlier (Park & Park, 
2012). Random-effects meta-analysis from the remaining 
six studies (total n = 566) revealed a large increase in LF-
HRV at  TINTERVENTION compared to  TPRE (SMD = 3.20, 
95% CI = [1.64, 4.75], p < 0.01). Between-study heteroge-
neity was substantially high (I2 = 96.5%, 95% CI = [94.4%, 
97.8%]). Results are depicted in Supplementary Fig. S8.

High Frequency Heart Rate Variability (HF‑HRV)

Seven studies (total n = 596) compared HF-HRV levels at 
 TPRE and  TPOST. Random-effects meta-analysis revealed 
no significant difference in HF-HRV at  TPOST compared to 
 TPRE (SMD = 1.38, 95% CI = [-1.18, 3.93], p = 0.24). Out-
lier analysis detected one study as outlier (Sheiko & Feketa, 
2019). Random-effects meta-analysis from the remaining 
six studies (total n = 456) revealed no significant difference 
of HF-HRV at  TPOST compared to  TPRE (SMD = 0.32, 95% 
CI = [-0.17, 0.82], p = 0.15). Between-study heterogeneity 
was moderately high (I2 = 78.4%, 95% CI = [52.4%, 90.2%]). 
Results are depicted in Supplementary Fig. S9.

Low Frequency/High Frequency Heart Rate Variability ratio 
(LF/HF Ratio)

Seven studies (total n = 596) reported LF/HF ratio levels at 
 TPRE and  TPOST. Random-effects meta-analysis revealed no 
significant difference in LF/HF Ratio at  TPOST compared to 
 TPRE (SMD = -1.11, 95% CI = [-4.23, 2.00], p = 0.42). Out-
lier analysis detected one study as outlier (Sheiko & Feketa, 
2019). Random-effects meta-analysis from the remaining six 
studies (total n = 456) revealed no significant difference of 
LF/HF ratio at  TPOST compared to  TPRE (SMD = 0.08, 95% 
CI = [-1.01, 1.16], p = 0.86). Between-study heterogeneity 
was high (I2 = 92.0%, 95% CI = [85.4%, 95.6%]). Results are 
depicted in Supplementary Fig. S10.

Systolic Blood Pressure (SBP)

Seven studies (total n = 376) reported SBP at  TPRE and 
 TPOST. No outlier was detected by outlier analysis. Random-
effects meta-analysis revealed a moderate decrease in SBP 
at  TPOST compared to  TPRE (SMD = -0.45, 95% CI = [-0.86, 
-0.04], p < 0.01). Between-study heterogeneity was moderate 
(I2 = 64.1%, 95% CI = [18.9%, 84.1%]). Results are depicted 
in Supplementary Fig. S11.

Five studies (total n = 310) reported SBP at  TPRE and 
 TINTERVENTION. No outlier was detected by outlier analy-
sis. Random-effects meta-analysis revealed no significant 
difference in SBP at  TINTERVENTION compared to  TPRE 
(SMD = 0.34, 95% CI = [-1.55, 2.24], p = 0.64). Between-
study heterogeneity was substantially high (I2 = 95.8%, 95% 
CI = [92.7%, 97.6%]). Results are depicted in Supplementary 
Fig. S12.

Diastolic Blood Pressure (DBP)

Seven studies (total n = 376) reported DBP at  TPRE and 
 TPOST. No outlier was detected by outlier analysis. Ran-
dom-effects meta-analysis revealed no significant differ-
ence in DBP at  TPOST compared to  TPRE (SMD = -0.44, 95% 
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CI = [-1.02, 0.13], p = 0.11). Between-study heterogeneity 
was substantial (I2 = 77.7%, 95% CI = [53.6%, 89.3%]). 
Results are depicted in Supplementary Fig. S13.

Five studies (total n = 310) reported DBP at  TPRE and 
 TINTERVENTION. No outlier was detected by outlier analy-
sis. Random-effects meta-analysis revealed no significant 
difference in DBP at  TINTERVENTION compared to  TPRE 
(SMD = 0.03, 95% CI = [-0.78, 0.83], p = 0.93). Between-
study heterogeneity was substantially high (I2 = 88.7%, 95% 
CI = [76.4%, 94.6%]). Results are depicted in Supplementary 
Fig. S14.

Physiological Markers (Pre‑Intervention vs. 
Follow‑Up)

Two studies included follow-up measurements of SBP and 
DBP to assess long-term effects of multi-session slow-paced 
breathing intervention (Lin et al., 2012; Wang et al., 2010). 
Due to the small number of studies, these findings were 
narratively reviewed. In brief, Wang et al. (2010) reported 
among prehypertensive women that 10-session slow-paced 
breathing coupled with muscle relaxation significantly 
decreased SBP and DBP at 1-month follow-up, while Lin 
et al. (2012) reported among prehypertensive college stu-
dents that slow-paced breathing significantly decreased SBP 
and DBP at 3-month follow-up. However, given both studies 
utilized prehypertensive samples, their findings need to be 
replicated in normotensive individuals. Knowing whether 
slow-paced breathing can significantly reduce BP even 
among healthy, normotensive individuals is important, 
according to recent evidence that lower SBP was associ-
ated with reduced cardiovascular risks even within ranges 
far lower than the hypertension threshold (e.g., as low as 
90 mm Hg) (Bundy et al., 2017; Whelton et al., 2020). Also, 
it remains to be clarified whether additional relaxation com-
ponents need to be added to slow-paced breathing to boost 
its effect on reducing BP. Please refer to Supplementary 
Material 2 for detailed descriptions of these 2 studies.

Emotion Measures

Seven studies (total n = 700) reported emotion measures 
at  TPRE and  TPOST. Among these, five studies reported per-
ceived stress levels (Chaitanya et al., 2022; Laborde et al., 
2022a; Naik, 2018; Smith & Norman, 2017; You et al., 
2021). One study reported subjective relaxation score, thus 
we reversed the score to derive a stress/tense level (Lin 
et al., 2020). One study reported unpleasant arousal lev-
els at  TPRE and  TPOST (Szulczewski & Rynkiewicz, 2018). 
Random-effects meta-analysis revealed no significant dif-
ference in negative emotion level at  TPOST compared to 
 TPRE (SMD = -0.55, 95% CI = [-1.35, 0.26], p = 0.15). Two 
outliers were detected by outlier analysis (Lin et al., 2020; 

You et  al., 2021). Random-effects meta-analysis using 
the remaining five studies (total n = 518) revealed a mar-
ginal difference in emotional responses at  TPOST compared 
to  TPRE (SMD = -0.51, 95% CI = [-1.06, 0.03], p = 0.06). 
Between-study heterogeneity was substantial (I2 = 81.0%, 
95% CI = [55.6%, 91.9%]). Results are depicted in Supple-
mentary Fig. S15.

Physiology‑Emotion Correlation

We also correlated the effect sizes of slow-paced breathing 
on physiological and negative emotion measures across the 
above 7 studies which reported results on both physiologi-
cal and emotion indices. Among these 7 studies, 5 reported 
effect sizes of HR changes, and 5 reported effect sizes of 
RMSSD changes. To generate a composite index that reflects 
a “good” change of physiological measures, we reversed the 
sign of HR change to combine it with the RMSSD change, 
such that larger magnitude of this composite index reflects 
greater “good” physiological changes after slow-paced 
breathing exercise. Given the number of studies was small, 
we conducted Spearman’s correlation analysis and found 
that reduction of negative emotions was moderately (albeit 
non-significantly) correlated with larger “good” change of 
physiological measures (i.e., larger RMSSD increase and 
HR decrease) (rho = 0.324, p = 0.478).

Discussion

We conducted a meta-analysis of existing literature on the 
effects of slow-paced breathing on cardiovascular indices, 
including HR, HRV and BP, as well as on negative emotions. 
The results were that slow-paced breathing training showed 
a moderate effect in reducing SBP, a moderate-to-large effect 
in increasing time-domain HRV, and a small effect in reduc-
ing HR. However, slow-paced breathing did not significantly 
change frequency-domain HRV, or DBP. We also obtained 
modest evidence suggesting that slow-paced breathing may 
reduce negative emotions such as perceived stress. While 
preliminary evidence supports long-term (3 months) effect 
of slow-paced breathing in reducing both SBP and DBP 
among prehypertensive individuals, the results remained to 
be replicated among normotensive populations. Also, it was 
unclear whether slow-paced breathing alone could lead to 
robust and persistent reductions in BP, or complementary 
relaxation procedures are needed to produce the desirable 
outcomes. Furthermore, preliminary evidence indicated a 
moderate association between the physiological effects of 
slow-paced breathing and its effect in reducing negative 
emotions.

HR is controlled by activity of cardioinhibitory parasym-
pathetic neurons located in the brain stem, and is modulated 
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during the processes of inhalation and exhalation through 
the activity shifting between sympathetic and parasym-
pathetic systems (Neff et al., 2003). It is considered that 
slow-paced breathing at a rhythm close to the resonating 
frequency of the HR promotes self-regulation of cardiovas-
cular functions (Lehrer & Gevirtz, 2014), such as decreased 
HR. Since abnormally high HR is frequently associated with 
major cardiovascular diseases (Palatini & Julius, 2004), 
reduction in HR may be linked to improvements in cardio-
vascular health. While our observed effect size on HR was 
small in magnitude, the heterogeneity in findings across 
studies was low, suggesting that this effect was consistent. 
Notably, in the only existing meta-analysis on the cardiovas-
cular effects of slow-paced breathing, it was reported that 
device-guided slow-paced breathing had no significant effect 
on HR, and between-study heterogeneity was high (Chad-
dha et al., 2019). Given that the study selectively included 
hypertensive and prehypertensive individuals, it could be 
that the slow breathing effect on HR is more variable among 
those with existing cardiovascular symptoms. Some of those 
patients were also on antihypertensive drugs, which may 
further contribute to the heterogeneous findings. Our meta-
analysis is the first to quantify the slow breathing effect on 
HR among non-hypertensive individuals, and the findings 
revealed a small but reliable effect.

We found that slow-paced breathing resulted in a post-
intervention increase of time-domain HRV, namely RMSSD 
and SDNN, with a moderate effect size. The RMSSD 
reflects short-term changes in instantaneous HR (or inter-
beat interval), and reflects vagus-mediated regulation of 
the heart function (Stein et al., 1994). Similarly, the SDNN 
is often considered to be reflective of vagal nerve activity 
level (Cherifi et al., 2022). The vagus nerve exerts protective 
influence over heart function by release of acetylcholine at 
postganglionic muscarinic receptors and the sinoatrial node, 
and by inhibition of presynaptic norepinephrine release 
(Verrier & Antzelevitch, 2004). Substantial evidence indi-
cates an association between low RMSSD and heart failure 
(Drawz et al., 2013), carotid artery disease (Kadoya et al., 
2015), high plasma cholesterol level (Christensen et al., 
1999), as well as with Major Depression Disorder (Ohira 
et al., 2008). Similarly, low SDNN had been linked with 
first occurrence of cardiovascular episode (Hillebrand et al., 
2013) and coronary artery disease (Evrengul et al., 2006). 
The current meta-analysis results indicated a medium effect 
of slow-paced breathing in increasing RMSSD, with low 
between-study heterogeneity suggesting stability of the 
effect, while slow-paced breathing exerted a moderately 
high effect in increasing SDNN despite high between-study 
heterogeneity.

On the other hand, the meta-analysis revealed no signifi-
cant effect of slow-paced breathing on frequency-domain 
HRV measures. It is considered that both the HF and LF 

components may mainly reflect parasympathetic activities 
(Reyes del Paso et al., 2013). Some argued that the HF-HRV 
is highly correlated with RMSSD (Laborde et al., 2017). 
However, unlike RMSSD, HF-HRV showed no significant 
increase following slow-paced breathing, although a tenta-
tive trend was revealed (p = 0.15). The lack of statistically 
significant effect on HF-HRV measured post intervention 
could be due to the high between-study heterogeneity in this 
measure. Indeed, one previous simulation study found that 
due to inherent difficulty in frequency-based analysis, statis-
tical errors in frequency-domain HRV analysis were much 
larger than those in time-domain HRV analysis, resulting in 
up to tenfold variability associated with the former measure-
ment (Kuss et al., 2008). This may explain why the observed 
effect on post-intervention HF-HRV (and LF-HRV) was not 
significant. The ratio of LF and HF HRV used to be consid-
ered as reflecting the autonomic balance of sympathetic and 
parasympathetic activities (e.g., Ghiya & Lee, 2012). How-
ever, later research indicates that the meaning of the LF/HF 
ratio is more ambiguous, as the sympathetic contribution of 
LF HRV was called into question (Shaffer et al., 2014). The 
ambiguous physiological implication of the LF/HF ratio may 
be one reason that we found no significant effect of slow-
paced breathing on this index.

High SBP is a major risk factor for cardiovascular disease 
and mortality. According to one study, SBP in the range of 
120-124 mm Hg was associated with 64% reduced chance of 
developing cardiovascular disease, and 53% reduced chance 
of death, relative to SBP of 160 mm Hg or above (Bundy 
et al., 2017). Moreover, even among healthy individuals with 
normal range of SBP (90-129 mm Hg), every 10 mm Hg 
increase of SBP was associated with 53% higher likelihood 
to develop atherosclerotic cardiovascular disease (Whelton 
et al., 2020). In this context, our finding that slow-paced 
breathing significantly reduced post-intervention SBP at 
moderate-to-high effect size supported its beneficial effect 
on cardiovascular health. Furthermore, two longitudinal 
studies using prehypertensive samples showed that slow-
paced breathing with or without muscle relaxation compo-
nent significantly reduced SBP up to 3 months later (Lin 
et al., 2012; Wang et al., 2010), which provided prelimi-
nary support for using multisession slow-paced breathing 
to achieve long-term SBP decrease. On the other hand, the 
current meta-analysis revealed no significant change in DBP 
following slow-paced breathing. Substantial between-study 
heterogeneity was also observed, suggesting the effect on 
DBP may show considerable individual difference. One 
previous meta-analysis revealed significant reduction of 
DBP following slow-paced breathing among hypertensive 
and prehypertensive individuals (Chaddha et al., 2019). 
In contrast, our results suggested that among nonclinical 
populations, slow-paced breathing may not have consistent 
effect on DBP. Existing evidence suggests that high SBP 
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may convey greater risk for major cardiovascular diseases 
and death than high DBP (Glynn et al., 2002; Williams et al., 
2008), and some considered SBP as the primary target for 
antihypertensive therapy (Strandberg & Pitkala, 2003). It 
remains to be determined whether slow-paced breathing may 
significantly decrease DBP among special populations (e.g., 
those with pre/hypertension).

It is well accepted that the physiological and emo-
tion systems are closely related. According to the classic 
James-Lange theory, emotions emerge from the perception 
of physiological changes (Fehr & Stern, 1970; Pace-Schott 
et al., 2019). Conversely, brain regions involved in emotion 
functions, such as the amygdala, innervate the brain stem 
and the hypothalamus, and in turn influence the autonomic 
nervous system and HPA system under stress (Flandreau 
et al., 2012; Price & Drevets, 2010). Therefore, slow-paced 
breathing was expected to also influence emotional states. 
In this meta-analysis, we obtained limited evidence sup-
porting the efficacy of slow-paced breathing in reducing 
negative emotions, particularly perceived stress. It is well-
known that stress activates the body’s sympathetic nervous 
system, which constitutes the physiological component of 
the overarching stress responses (Hering et al., 2015). Given 
slow-paced breathing is considered to shift the autonomic 
balance towards greater parasympathetic dominance over 
sympathetic activity (Russo et al., 2017), it is possible that 
slow-paced is particularly effective in reducing perceived 
stress via enhancing parasympathetic-sympathetic domi-
nance. Since high stress levels, particularly in the long term, 
is known to lead to major affective disorders such as major 
depression and anxiety (e.g., Hammen et al., 2009; Husseno-
eder et al., 2022), it is also likely that slow-paced breathing 
reduces depressive and anxiety symptoms through decreas-
ing perceived stress and its associated sympathetic nervous 
activity. On the other hand, the between-study heterogeneity 
level was high, which could be partly due to sex differences 
in the slow-paced breathing effect. Past evidence indicated 
that females tended to show more prolonged reactivity to 
negative emotions than males, which may explain their gen-
erally high state negative arousal (Gard & Kring, 2007). This 
may contribute to the observed sex difference in the effect 
of slow breathing effect on negative arousal (Szulczewski & 
Rynkiewicz, 2018). Future research may separately investi-
gate the slow-paced breathing effect in reducing negative 
emotions in males and females.

Importantly, we assessed the association between physi-
ological and negative emotion changes following slow-paced 
breathing training across studies, which to our knowledge 
had not been attempted previously. While the available 
number of studies was limited, we showed that the effect of 
slow-paced breathing in reducing negative emotions, par-
ticularly subjective stress, was moderately associated with 
its effect in reducing HR and boosting RMSSD measures. 

This result was consistent with a great body of past literature 
on the intimate link between the human physiological and 
emotion systems (Pace-Schott et al., 2019), and highlights 
the possibility that slow-paced breathing might reduce nega-
tive emotions via its physiological benefits, and vice versa. 
Clearly, more future studies need to further investigate the 
association between the physiological and emotion effects 
of slow-paced breathing, towards elucidating the compre-
hensive psychophysiological mechanisms of its multifaceted 
effects.

The current findings on the effects of slow-paced breath-
ing can also be viewed in relation to the broader field of 
mindfulness practice effects. While not being an instructed 
component of mindfulness, slow-paced breathing can take 
place during mindfulness practice (Wahbeh et al., 2016), be 
integrated with mindfulness components to form combined 
intervention (Kim et al., 2013), and is more often observed 
in long-term meditation practitioners (Wielgosz et al., 2016). 
Existing evidence indicates that mindfulness-based interven-
tions resulted in reductions in HR, SBP and negative emo-
tion symptoms (Christodoulou et al., 2020; Pascoe et al., 
2017; Scott-Sheldon et al., 2020). On the other hand, the 
effect of mindfulness on HRV measures including HF-HRV, 
LF-HRV, LF/HF ratio, RMSSD and SDNN were inconclu-
sive (Brown et al., 2021; Rådmark et al., 2019). Thus, while 
previous findings on the physiological and emotional effects 
of mindfulness largely overlapped with our current results 
regarding the beneficial effects of slow-paced breathing, it 
appeared that slow-paced breathing may show greater effects 
on vagally-mediated HRV measures that reflect parasympa-
thetic modulations (e.g., RMSSD), compared to mindfulness 
practice (Brown et al., 2021). Notwithstanding, further well-
controlled RCT studies on both mindfulness meditation and 
slow-paced breathing are needed to draw firmer conclusions.

Limitations and Future Research

Several major questions remain unanswered based on the 
existing literature. First, the long-term effect of slow-paced 
breathing on cardiovascular functions remained largely 
unclear. More longitudinal studies are needed to establish 
whether multisession slow-paced breathing can induce 
long-lasting benefits in major physiological measures. 
Second, future studies should standardize the intervention 
design, such as whether the comparison/control group is 
instructed to perform natural breathing, other distraction 
tasks, or simply “do nothing” (Sevoz-Couche & Laborde, 
2022). Also, the timing of outcome measurement could 
affect the results, given the current findings indicate that 
outcomes measured during intervention could differ from 
those measured post-intervention. Fourth, the majority of 
existing studies measured slow-paced breathing outcomes 
during “resting” states, while only a few studies delivered 
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stress-induction procedures and measured changes in par-
ticipants’ physiological and emotional stress reactivity. It 
is still unclear whether slow-paced breathing has differ-
ent effects on “resting” versus “stress-reactive” processes. 
Lastly, considerable individual differences in responding 
to slow-paced breathing intervention could mask a sam-
ple-average effect. The current review suggests that indi-
vidual characteristics such as sex may modulate the effect 
of slow-paced breathing in reducing negative emotional 
states. These individual differences may also contribute to 
the between-study heterogeneity in findings. Future studies 
should further explore other physical and psychological 
traits that may modulate the slow-paced breathing effect.

In conclusion, the current meta-analysis showed that 
slow-paced breathing had significant immediate benefi-
cial effects on SBP, HR and time-domain HRV (RMSSD 
and SDNN), but not on DBP or frequency-domain HRV. 
Slow-paced breathing also had a modest effect in reduc-
ing negative emotions, particularly perceived stress. The 
long-term effects on cardiovascular functions remained 
largely unclear, particularly for normotensive populations. 
Preliminary evidence indicated a moderate association of 
the slow-paced breathing effect in causing physiological 
changes and in reducing negative emotions.
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