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Background: Heart rate variability (HRV) is a critical indicator for assessing autonomic nervous system (ANS) function and is closely associated with both cardiovascular and psychological health. Although previous studies have demonstrated that exercise interventions can improve HRV, their effects vary considerably depending on exercise type, intervention characteristics, and individual differences. This meta-analysis aims to evaluate the impact of long-term exercise interventions on HRV and to explore potential factors that influence these effects.



Methods: A systematic search was conducted in PubMed, Cochrane Library, EBSCO, CINAHL, Web of Science, and Embase up to November 20, 2024, to identify randomized controlled trials (RCTs) examining the effects of long-term exercise interventions on HRV. Studies involving short-term interventions, non-original research, or incomplete data were excluded. Two researchers independently performed data extraction and quality assessment. In total, 34 studies involving 1,434 participants were included.



Results: Long-term exercise interventions significantly reduced the LF/HF ratio (P < 0.05). Subgroup analyses indicated that the intervention effects were more pronounced in populations with existing health conditions and in interventions lasting ≥8 weeks. Aerobic training and resistance training demonstrated significant benefits.



Conclusion: Long-term exercise interventions significantly reduce the LF/HF ratio and improve ANS balance. These effects, however, are influenced by individual health status, intervention design, and control group conditions. The high heterogeneity among the included studies and limited data on certain intervention characteristics warrant cautious interpretation of the findings. Future research should focus on conducting more high-quality RCTs to validate these results.



Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/myprospero, PROSPERO CRD42024541380.
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1 Introduction

Heart Rate Variability (HRV) reflects the functional state of the autonomic nervous system (ANS), particularly the dynamic balance between sympathetic and parasympathetic activity (1). It should be emphasized that HRV does not represent the heart's intrinsic ability to regulate its own rate but rather reflects the regulation of cardiac activity by the ANS under various physiological and pathological conditions. Owing to its non-invasive nature, ease of measurement, and the extensive information it can provide, HRV has been widely applied in fields such as affective science, psychology, and exercise science to evaluate autonomic regulation, cardiovascular health, and the effects of exercise interventions (2, 3).

Studies have demonstrated that reduced HRV is closely associated with an increased risk of various cardiovascular diseases, including hypertension, heart failure, and coronary artery disease (4). Moreover, HRV can be employed to predict risks related to diabetes, autonomic dysfunction, and mental health disorders (5, 6). In the field of exercise science, HRV is regarded as a critical tool for monitoring exercise intensity, evaluating recovery levels, and optimizing training programs (7).

Despite its significant research and application value, existing studies on HRV exhibit notable methodological and outcome-related inconsistencies. Substantial differences exist in the analytical methods used to evaluate HRV, including time-domain analysis, frequency-domain analysis, and nonlinear analysis, each varying in sensitivity and interpretative capacity (7, 8). For example, time-domain indices, such as the standard deviation of NN intervals (SDNN) and the root mean square of successive differences (RMSSD), primarily reflect overall HRV levels and short-term parasympathetic activity. In contrast, frequency-domain indices, such as the low-frequency to high-frequency (LF/HF) ratio, focus on the relative balance between sympathetic and parasympathetic activity (9). However, the selection and interpretation of these indices often vary across studies, thereby limiting the comparability of results (6).

Additionally, factors such as respiratory rate, depth, and rhythm significantly influence HRV measurements (10). The complex coupling between respiration and heart rate means that changes in respiratory patterns can affect HRV, particularly during social, emotional, and cognitive tasks (11). For instance, studies have shown that social-emotional tasks can reduce respiratory variability, even in situations that elicit positive emotions, which may indirectly affect HRV assessments (12).

The effects of different types of exercise interventions on HRV also vary significantly. Aerobic exercise is generally associated with notable improvements in HRV, reflecting enhanced parasympathetic activity (13). In contrast, the effects of resistance training are more complex and may depend on factors such as training intensity and the individual's baseline health status (14). Other forms of exercise, such as interval training, require further investigation to clarify their impact on HRV. Furthermore, individual differences (e.g., age, gender, health status) play a significant role in modulating the effects of exercise interventions on HRV, with distinct patterns of HRV changes observed between healthy individuals and patients with cardiovascular diseases (15).

Recent studies have explored the cumulative effects of exercise interventions on heart rate variability (HRV) through evidence-based methods. Yang et al. conducted a network meta-analysis (NMA) and found that high-intensity interval training (HIIT) had the most significant improvement on SDNN and RMSSD, while combined training (CBT) and resistance training (RT) showed the best effects on LF and HF power, respectively (16). Amekran et al. further demonstrated through a systematic review and meta-analysis that exercise training significantly improved SDNN, RMSSD, and HF power in healthy adults, confirming the positive regulatory role of exercise on the autonomic nervous system (17). Disessa et al. found that exercise interventions significantly improved HRV indicators, particularly SDNN and RMSSD, in hemodialysis patients (15). However, these studies primarily focused on healthy populations or specific disease groups, lacking systematic analysis of the long-term effects of exercise interventions, especially across different ages, genders, and special populations. Additionally, existing research has been insufficient in comparing mind-body exercises (e.g., yoga) with other forms of exercise.

Building on previous research, this study aims to further elucidate the sustained effects of long-term exercise interventions on HRV through a systematic meta-analysis. The research will focus on the specific impacts of different exercise modalities (e.g., aerobic training, resistance training, high-intensity interval training, and mind-body exercises) on HRV, with a particular emphasis on multiple outcome indicators, including SDNN, RMSSD, LF, HF, and the LF/HF ratio. Additionally, the study will incorporate long-term exercise intervention research targeting both healthy individuals and patients to evaluate the effects of exercise interventions in these populations. Moreover, this study will explore the influence of factors such as age heterogeneity and BMI on the research outcomes, providing a more comprehensive evidence base for exercise-induced improvements in cardiac autonomic function and the reduction of cardiovascular risk in adults.



2 Methods


2.1 Protocol and registration

This study conducted a computer-assisted systematic literature search (Register number: CRD42024541380) in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines.



2.2 Study design

This study adopted a systematic meta-analytic approach to comprehensively evaluate the overall impact of long-term exercise interventions on Heart Rate Variability (HRV) indices. The analysis focused on the effects of various exercise modalities, including high-intensity interval training (HIIT), aerobic training (AT), resistance training (RT), and mind-body training (MBT), on multiple HRV parameters, such as SDNN (Standard Deviation of NN intervals), RMSSD (Root Mean Square of Successive RR Interval Differences), LF (Low-Frequency component), HF (High-Frequency component), and the LF/HF ratio. Table 1 provides a summary of the physiological significance of each HRV index, thereby offering insights into their roles in reflecting autonomic nervous system function. By examining changes in these indices, the study thoroughly assessed the influence of exercise interventions on autonomic regulation and explored potential variations across different exercise modalities and health populations.


TABLE 1 Intrinsic physiological significance of heart rate variability (HRV) indices.

[image: Table 1]



2.3 Data sources and search strategy

As of November 20, 2024, a comprehensive and systematic literature search was conducted for this study, utilizing major academic databases including PubMed, The Cochrane Library, EBSCO, CINAHL, Web of Science, and Embase. The objective was to evaluate the impact of various exercise interventions on HRV. The assessment process included a meticulous examination of titles, abstracts, and full texts to ascertain the relevance and eligibility of the identified literature for inclusion in this review. Detailed search methodologies, encompassing specific search terms, Boolean operators, and inclusion/exclusion criteria, are presented in Table 2. This approach facilitates a transparent, systematic, and reproducible literature selection process.


TABLE 2 Literature search strategy.
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2.4 Inclusion and exclusion criteria


2.4.1 Inclusion criteria


2.4.1.1 Population

Studies that evaluated the effects of long-term exercise interventions on HRV in humans, with no restrictions on age, gender, or health status, were included.



2.4.1.2 Interventions

Studies had to evaluate the effects of one of the following training modalities: HIIT, AT, RT, or MBT. The intervention was required to involve a frequency of at least once per week and a minimum duration of two weeks to assess its impact on autonomic nervous function.



2.4.1.3 Control group

The control group consisted of participants who either maintained their usual lifestyle or treatment, or took part in other interventions not primarily targeting cardiovascular or autonomic adaptation.



2.4.1.4 Outcomes

Studies needed to report at least one static HRV measurement lasting a minimum of 5 min. They also had to include at least one HRV domain—time-domain indices (e.g., SDNN, RMSSD) or frequency-domain indices (e.g., LF, HF, LF/HF)—to assess changes in autonomic nervous function.



2.4.1.5 Study design

Only RCTs were included to ensure the quality and reliability of the results.




2.4.2 Exclusion criteria


2.4.2.1 Population restrictions

Studies involving participants with severe mobility impairments were excluded, as their condition could affect their ability to participate in certain training modalities. Additionally, the raw data of individual participants were not directly examined in this analysis, necessitating this exclusion.

Interventions: To more accurately evaluate the effects of single training modalities, studies combining multiple training methods were excluded.



2.4.2.2 Language restrictions

Non-English language articles were excluded to ensure language homogeneity and consistency in research analysis.



2.4.2.3 Study design

Retrospective studies and other non-randomized controlled trial designs were excluded.



2.4.2.4 Acute interventions and data integrity

Studies focusing on acute interventions (i.e., short-term effects of a single training session) were excluded. Additionally, studies with incomplete outcome indicator information or those where the required data could not be obtained through author consultation were excluded.





2.5 Data extraction and processing

In accordance with meta-analysis guidelines, this study implemented a double-blind literature screening process, independently conducted by two researchers. Initially, studies were preliminarily screened based on titles and abstracts to identify those meeting the inclusion criteria or with unclear eligibility. Subsequently, full-text reviews were performed, during which each researcher independently assessed the eligibility of articles for inclusion. At the conclusion of each screening phase, discrepancies were resolved through discussion and consensus. Data were independently extracted from each included study using a standardized extraction form specifically designed for this review. Extracted information encompassed study characteristics (e.g., source, first author, publication year), participant details (e.g., age, gender, sample size), intervention specifics (e.g., type, frequency, intensity, duration, and control group conditions), and outcome measurement tools. Key outcomes, including mean values and standard deviations (SD) for time-domain (e.g., SDNN, RMSSD) and frequency-domain metrics (e.g., LF, HF, LF/HF), were also extracted. For studies with partially reported or graphically presented data, authors were contacted via email to obtain complete original datasets.

To ensure data extraction accuracy and consistency, discrepancies were addressed as follows: First, a standardized extraction form was developed, clearly defining variables to be extracted, and data were independently extracted by two researchers. Following extraction, results were compared, discrepancies were identified, and consensus was reached through discussion. In cases of unresolved disagreements, a third researcher arbitrated. For studies with missing or incomplete data, authors were contacted via email to obtain data information. Additionally, researchers underwent pre-extraction training and calibration exercises to ensure a uniform understanding of extraction protocols. Extracted data were subjected to multiple rounds of verification and cross-validation to ensure reliability. All discrepancies and their resolution methods were meticulously documented. To address potential inconsistencies in data formats and units across studies, the following measures were implemented: Variables were converted to standardized units (e.g., SDNN and RMSSD were converted to milliseconds). For studies with inconsistent or missing data formats, authors were contacted to obtain original datasets, followed by cross-validation. All converted data underwent rigorous verification to ensure accuracy and comparability.



2.6 Quality assessment

Independent researchers were responsible for data extraction and quality assessment. Included studies had to measure time-domain (SDNN, RMSSD) and frequency-domain (LF, HF, LF/HF) indices before and after the intervention. These indices served to assess changes in HRV. Efforts were made to contact authors via email to obtain raw data for studies that reported incomplete data or provided data solely in chart form. Studies that failed to provide these measurements were excluded to ensure the interpretability and significance of the meta-analysis. The assessment focused on the completeness and consistency of data, as well as the rigor of study design. The quality assessment results for each study were used in subsequent data analyses to ensure the accuracy and reliability of the findings.I.



2.7 Data analysis

All statistical analyses were performed using Review Manager (version 5.4, The Nordic Cochrane Centre) and Stata (version 16, StataCorp LLC). The meta-analysis separately measured common time-domain HRV indices (SDNN, RMSSD) and frequency-domain indices (LFnu, HFnu, LF/HF). The primary outcome measures were the mean (M) and standard deviation (SD) of these indices. For each study's intervention and control groups, post-intervention M ± SD and the number of participants were entered into Review Manager 5.4. These data were used to calculate the standardized mean difference between changes in the intervention and control groups for each study. For studies with inconsistent units, conversions were made to milliseconds (ms) for SDNN and RMSSD, and to natural logarithm (Ln) form for LFnu and HFnu, ensuring consistency in the analysis. A fixed-effect model was adopted when p < 0.1 and I2 < 50%; a random-effects model was employed when p ≥ 0.1 and I2 ≥ 50%, accompanied by subgroup analyses to explore sources of heterogeneity. For continuous data, depending on the consistency of measurement tools, either the weighted mean difference (WMD) or standardized mean difference (SMD) was used as the effect size. All effect sizes (ESs) were presented with 95% confidence intervals (95% CI) and interpreted based on the magnitude of the ESs. The level of significance was set at p < 0.05. If more than 10 studies were included, funnel plots were used to assess publication bias, and sensitivity analyses for time-domain and frequency-domain indices were performed using Stata 16 to evaluate the stability of the results.




3 Results


3.1 Study selection

A comprehensive search of the main electronic databases yielded a total of 46,957 research records. After the removal of 1,363 duplicates, the remaining 45,594 articles underwent an initial screening process. This stage primarily involved filtering based on titles and abstracts, leading to the exclusion of 45,455 articles unrelated to the research theme. Consequently, 139 articles were deemed suitable for full-text evaluation. During the full-text review phase, 105 articles were excluded for failing to meet the predetermined inclusion criteria. These excluded articles consisted of studies with acute intervention data (58 articles), non-RCTs (24 articles), studies with incomplete HRV data (18 articles), and studies with unspecified outcome units (5 articles). Ultimately, 34 studies satisfied the established inclusion criteria and were selected for inclusion in this review. The detailed process of the literature search and screening is illustrated in Figure 1.


[image: Figure 1]
FIGURE 1
Procedure for study selection.




3.2 Characteristics of included studies


3.2.1 Study design

This meta-analysis encompasses 34 studies, of which 25 utilized a randomized controlled trial design (7, 15–44), and 5 were multi-arm randomized parallel group controlled interventions (41–43, 45, 46), and 2 were single-blind randomized controlled trials (44, 47). Detailed study designs and control group conditions are presented in Table 3.


TABLE 3 Intervention characteristics.
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3.2.2 Participants

The included studies comprised a total of 1,434 participants, ranging in age from 11 ± 0.6 to 67 ± 7 years. Of these, 5 studies focused on the elderly population (aged ≥65 years) (15, 18, 42, 48, 49), 2 targeted children and adolescents (aged 10–17 years) (22, 39), and 19 aimed at adults (aged 18–65 years) (17, 19, 20, 22, 25, 26, 28, 30, 33, 34, 36, 41, 44–47, 50–52). In terms of gender, 9 were female-only (18, 20, 25, 30, 34, 44, 45, 52, 53), and 15 included both males and females (7, 15, 17, 19, 23, 26, 28, 33, 39, 41, 42, 47, 50, 51). 12 studies involved healthy populations (17, 18, 20, 21, 26, 33, 34, 39, 45, 50, 53), while 14 focused on patients with conditions like hypertension diabetes, various forms of heart failure, and chronic obstructive pulmonary disease, which are often associated with autonomic cardiac dysfunction (19, 22, 25, 28, 30, 41, 42, 44, 46–49, 51, 54).



3.2.3 Interventions

The analyzed studies implemented at least one of the training modalities such as HIIT, AT, RT, or MBT. HIIT was the primary intervention in 8 studies (22, 23, 25, 26, 28, 39, 41, 50), encompassing regular circuit training, power cycling, treadmill exercises, etc.; 3 studies used AT (15, 17, 48), primarily in the form of brisk walking or jogging; 7 studies adopted RT (18–20, 42, 47, 49, 52); and 7 studies incorporated MBT (33, 34, 44–46, 51, 53), such as yoga or Tai Chi. The majority of studies had an intervention frequency of ≥3 times per week and a duration of ≥8 weeks.



3.2.4 Outcome measures

All studies reported at least one objective HRV measurement. 19 studies involved SDNN (7, 15, 17, 18, 20, 21, 23, 24, 26, 28, 29, 33, 35, 39, 40, 47, 48, 50, 53), 21 addressed RMSSD (15, 18, 21–26, 29, 30, 33, 35, 39–41, 44, 46–50), twenty-three focused on LF and HF (15–19, 23, 25, 27, 28, 30–32, 34, 35, 38, 42, 43, 45, 46, 49, 53), and 23 included LF/HF ratio (15, 17–19, 23, 25, 26, 28, 30, 32, 34, 35, 38, 39, 42–44, 46–51, 53). The majority of the studies used Polar Pro straps or other Polar devices for measurement, a few employed Suunto devices, while others utilized computer and commercial systems (Oxford Instruments, Excel ECG Playback System-Rel8.5), portable ECG Holter monitors worn for 24 h (Tracker, Reynolds Medical Ltd., Hertfordshire, UK), ultrasonic monitors (HRV, 8Z11, Wegene Technology, Taiwan), Powerlab data acquisition systems (Data Acquisition Corporation, Colorado Springs, CO, USA), digital ECGs (Micromed, sampling rate: 250 Hz), (UFI, Pneumotrace 2, 1998, California, USA), among other instruments for sampling. One study did not specify the measurement tool used.




3.3 Risk of bias

The quality of the included studies was assessed using the Cochrane Collaboration's tool in Review Manager 5.4. This process was independently conducted by two reviewers and covered seven domains (Figure 2): selection bias, performance bias, detection bias, attrition bias, reporting bias, and other potential sources of bias. The risk of bias in each domain was categorized as “low risk,” “high risk,” or “unclear risk.”


[image: Figure 2]
FIGURE 2
Proportion chart of literature quality assessment.


The criteria for “low risk” included the following: clear randomization methods and allocation concealment to ensure the grouping process was not compromised; the use of double-blind designs, where both investigators and participants were blinded to group assignments; clear blinding of outcome assessors to prevent subjective judgments from influencing results; complete follow-up data with low attrition rates (typically below 20%) or sensitivity analyses indicating that attrition had no significant impact; pre-registration of study protocols with all pre-specified outcomes reported, avoiding selective reporting; and no other sources of bias that could affect results, such as imbalances in baseline characteristics or undisclosed conflicts of interest. Domains meeting these criteria were rated as “low risk,” while those failing to meet the criteria were rated as “high risk” or “unclear risk.”

The results of the risk of bias assessment are presented in Figure 3.


[image: Figure 3]
FIGURE 3
Illustration of literature quantity assessment. Note: A plus sign (+) indicates high methodological quality (low risk of bias); a minus sign (−) indicates low methodological quality (high risk of bias); a question mark (?) indicates unclear methodological quality (insufficient reporting on what occurred during the study).




3.4 Main research findings


3.4.1 Time-Domain analysis

In the analysis of changes in SDNN (see Figure 4), a total of 19 studies involving 749 participants were included to compare post-intervention SDNN changes between the exercise intervention group and the control group. The meta-analysis indicated that the improvement in SDNN in the intervention group was minimal compared to the control group and did not reach statistical significance (SMD = 0.06, 95% CI: −0.09 to 0.20, P = 0.43). Moreover, the overlapping confidence intervals between groups suggested that the difference may not be significant. Heterogeneity analysis revealed low variability among the included studies (I2 = 0%).


[image: Figure 4]
FIGURE 4
Forest plot of the meta-analysis on the effects of long-term exercise intervention on SDNN.


Regarding changes in RMSSD in HRV (see Figure 5), this meta-analysis included 21 studies involving 829 participants. The results showed that the effect of exercise intervention on RMSSD was small compared to the control group (SMD = 0.09, 95% CI: −0.05 to 0.23), and it did not reach statistical significance (P = 0.20).Heterogeneity analysis indicated low variability among the included studies (I2 = 0%).


[image: Figure 5]
FIGURE 5
Forest plot of the meta-analysis on the effects of long-term exercise intervention on RMSSD.




3.4.2 Frequency-domain analysis

In the analysis of post-intervention LF changes (see Figure 6), a total of 26 studies involving 1,254 participants were included. The meta-analysis indicated a very small SMD between the intervention and control groups (SMD = −0.03, 95% CI: −0.16 to 0.09), which did not reach statistical significance (P = 0.60). Heterogeneity analysis revealed low variability among the included studies (I2 = 12%).


[image: Figure 6]
FIGURE 6
Forest plot of the meta-analysis on the effects of long-term exercise intervention on LF.


In the analysis of post-intervention HF changes (see Figure 7), a total of 26 studies involving 1,254 participants were included. The results showed an SMD of 0.03 (95% CI: −0.12 to 0.18) between the intervention and control groups, which did not reach statistical significance (P = 0.72). The heterogeneity among studies was 39%, indicating a moderate level of variability.


[image: Figure 7]
FIGURE 7
Forest plot of the meta-analysis on the effects of long-term exercise intervention on HF.


In the analysis of post-intervention LF/HF changes, a total of 26 studies involving 967 participants were included (see Figure 8). The meta-analysis showed that LF/HF in the intervention group was significantly lower than in the control group (SMD = −0.54, 95% CI: −0.83 to −0.25, P = 0.0002). A reduction in LF/HF indicates decreased sympathetic nervous system activity relative to parasympathetic nervous system activity, suggesting that exercise interventions may improve the balance of the autonomic nervous system. However, despite the significant mean difference observed in the intervention group, heterogeneity among studies was high (I2 = 77%). Therefore, further subgroup or sensitivity analyses are planned to identify sources of heterogeneity and to explore the effects of different intervention types, sample characteristics, or study designs on the results.


[image: Figure 8]
FIGURE 8
Forest plot of the meta-analysis on the effects of long-term exercise intervention on LF/HF ratio.





3.5 Subgroup analysis of LF/HF ratio


3.5.1 Individual factors

Table 4 presents the effects of different subgroups on LF/HF and their heterogeneity.


TABLE 4 Subgroup analysis results.
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A total of 24 studies were included in the subgroup analysis of age effects on LF/HF. In the 18–65 age group, SMD = −0.57 (95% CI: −0.94 to −0.20, P = 0.003, I2 = 82%). In the 65+ age group, SMD = −0.60 (95% CI: −1.11 to −0.08, P = 0.02, I2 = 53%). Although the exercise intervention showed a significant effect on the LF/HF ratio in the 18–65 age group and the group over 65 years, the between-group comparison with a p-value of 0.94 indicates that the impact of the exercise intervention on the two age groups is not significantly different.

A total of 26 studies were included in the subgroup analysis of health status effects on LF/HF. In healthy individuals, SMD = −0.14 (95% CI: −0.38 to 0.11, P = 0.27, I2 = 39%). In individuals with illnesses, SMD = −0.87 (95% CI: −1.31 to −0.43, P < 0.001, I2 = 80%). The study results indicate that the exercise intervention effect in the healthy group is not significant compared to the control group, whereas the effect in the disease group is significant. The between-group comparison yielded a p-value of 0.004, and the confidence intervals for the two groups do not overlap, indicating a significant difference in the intervention outcomes between the healthy and disease groups.

A total of 24 studies were included in the subgroup analysis of gender effects on LF/HF. In the female group, SMD = −0.56 (95% CI: −1.19 to 0.08, P = 0.09, I2 = 88%). In the mixed-gender group, SMD = −0.60 (95% CI: −1.11 to −0.08, P = 0.002, I2 = 67%). The study results showed that the exercise intervention had a significant effect on the LF/HF ratio in the mixed-gender group, but the effect was not statistically significant in the female group.

A total of 20 studies were included in the subgroup analysis of BMI effects on LF/HF. In the normal group, SMD = −0.37 (95% CI: −0.75 to 0.01, P = 0.06, I2 = 46%). In the overweight group, SMD = −0.63 (95% CI: −1.26 to 0.00, P = 0.05, I2 = 88%). In the obese group, SMD = −0.95 (95% CI: −1.74 to −0.15, P = 0.02, I2 = 67%). The study results showed that the exercise intervention had a significant effect on the LF/HF ratio in the obesity group, but did not demonstrate significant effects in the normal weight and overweight groups.

A total of 22 studies were included in the subgroup analysis of regional effects on LF/HF. In South America, SMD = −0.52 (95% CI: −1.07 to 0.02, P = 0.06). In Asia, SMD = −0.62 (95% CI: −1.18 to −0.06, P = 0.03). In North America, SMD = −1.10 (95% CI: −1.52 to −0.69, P < 0.001). In Europe, SMD = −0.63 (95% CI: −1.27 to 0.00, P = 0.05). In Oceania, SMD = −0.06 (95% CI: −0.68 to 0.56, P = 0.85). The study results showed that the exercise intervention had statistically significant effects in the Asian and North American subgroups, but did not reach statistical significance in the South American, Oceania, and European subgroups.



3.5.2 Intervention characteristics

A total of 25 studies were included in the subgroup analysis of training methods on LF/HF. For HIIT, SMD = −0.36 (95% CI: −0.80 to 0.09, P = 0.11, I2 = 55%). For aerobic training, SMD = −0.57 (95% CI: −1.04 to −0.11, P = 0.02, I2 = 0%). For resistance training, SMD = −0.56 (95% CI: −0.93 to −0.19, P = 0.003). For mind-body training, SMD = −0.71 (95% CI: −1.50 to 0.09, P = 0.08, I2 = 93%). The study results indicated that compared to the control group, High-Intensity Interval Training (HIIT) and mind-body interventions did not show significant effects. In contrast, aerobic training and resistance training demonstrated positive intervention outcomes.

A total of 26 studies were included in the subgroup analysis of intervention duration on LF/HF. For interventions ≥8 weeks, SMD = −0.63 (95% CI: −0.96 to −0.31, P < 0.001, I2 = 79%). For interventions <8 weeks, SMD = −0.04 (95% CI: −0.42 to 0.34, P = 0.84, I2 = 7%). The study results indicate that, compared to the control group, exercise interventions lasting ≥8 weeks significantly influenced the LF/HF ratio, whereas interventions lasting <8 weeks showed no significant effect. The between-group comparison yielded a p-value of 0.02; however, due to partial overlap in the confidence intervals, the results should be interpreted with caution.

A total of 26 studies were included in the subgroup analysis of intervention frequency on LF/HF. For interventions ≥3 times/week, SMD = −0.52 (95% CI: −0.90 to −0.15, P = 0.006, I2 = 81%). For interventions <3 times/week, SMD = −0.57 (95% CI: −0.98 to −0.16, P = 0.007, I2 = 61%). The study results indicate that, compared to the control group, exercise interventions with frequencies of ≥3 times per week and <3 times per week both significantly influenced the LF/HF ratio. The between-group comparison yielded a p-value of 0.39, suggesting that the differences in the effects of intervention frequency on the LF/HF ratio were not statistically significant.

A total of 26 studies were included for subgroup analysis against control groups. For the intervention group compared to the “No Exercise Interventions” control group, the standardized mean difference (SMD) was −0.61 (95% CI: −0.93 to −0.29, P < 0.001, I2 = 78%). For the intervention group compared to the “low-intensity activities” control group, the SMD was 0.01 (95% CI: −0.32 to 0.33, P = 0.97, I2 = 5%). The results indicate that the effect of exercise intervention on the LF/HF ratio was significantly more pronounced compared to the “No Exercise Interventions” control group. However, no significant effect was observed when compared to the “low-intensity activities” control group. Although the between-group comparison yielded a p-value of 0.008, the partial overlap in the confidence intervals suggests that the results should be interpreted with caution




3.6 Sensitivity analysis

Sensitivity analysis was conducted for the five HRV indices (RMSSD, SDNN, LF, HF, LF/HF) (Figures 9–13). The analysis showed that after sequentially excluding each study, the combined effect size estimates of the remaining studies all fell within the 95% confidence interval of the overall combined effect size. This finding indicates that the exclusion of any single study does not significantly alter the overall conclusions, thus confirming the robustness of the results for these five HRV indices. The sensitivity analysis charts for each index are as follows:


[image: Figure 9]
FIGURE 9
Sensitivity analysis chart of SDNN.



[image: Figure 10]
FIGURE 10
Sensitivity analysis chart of RMSSD.



[image: Figure 11]
FIGURE 11
Sensitivity analysis chart of LF.



[image: Figure 12]
FIGURE 12
Sensitivity analysis chart of HF.
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FIGURE 13
Sensitivity analysis chart of LF/HF.




3.7 Publication bias

Funnel plots (Figures 14–18) were used to analyze the relationship between the standard error (s.e.) of SMD and SMD for different HRV outcomes, to assess the potential for publication bias. Ideally, study points should be evenly distributed around the central axis of the funnel plot, forming a symmetrical inverted funnel shape. However, the observed distribution exhibited a certain degree of asymmetry, suggesting the potential presence of publication bias. To further quantitatively evaluate bias, Begg's and Egger's tests were performed.


[image: Figure 14]
FIGURE 14
Funnel plot of SDNN.
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FIGURE 15
Funnel plot of RMSSD.
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FIGURE 16
Funnel plot of LF.
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FIGURE 17
Funnel plot of HF.
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FIGURE 18
Funnel plot of LF/HF.


According to the Begg's and Egger's test results, no evidence of publication bias was found in the analyses of SDNN, LF, and HF, indicating relatively robust results. For RMSSD and LF/HF, the P-values were close to the significance threshold of 0.05, suggesting weak statistical evidence of publication bias. Although the asymmetry of the funnel plots does not completely rule out publication bias, its impact on the overall findings appears minimal.




4 Discussion

The meta-analysis indicated that long-term exercise interventions significantly reduced the LF/HF ratio, highlighting exercise's positive regulatory effects on ANS balance. A reduction in LF/HF typically reflects either inhibition of sympathetic nervous activity and/or enhancement of parasympathetic nervous activity, both of which are crucial for cardiovascular and mental health (4, 55, 56). This finding aligns with previous research. For instance, Sandercock et al.'s meta-analysis on long-term interventions involving aerobic training, resistance training, and combined training showed that exercise interventions significantly improved frequency-domain heart rate variability (HRV) metrics, particularly the LF/HF ratio (12). Similarly, Shaffer and Ginsberg (2) noted that a reduction in LF/HF not only marks decreased sympathetic activity but may also reflect enhanced vagal activation, which is essential for lowering cardiovascular disease risk and improving mental health. Furthermore, Deng et al. (57) demonstrated that exercise interventions, especially in individuals with heightened sympathetic activity or cardiovascular diseases, significantly improved HRV indices by enhancing vagal tone and inhibiting sympathetic excitability.

Despite the overall significant effects, substantial heterogeneity was observed among the studies (I2 = 77%). Therefore, this study further conducted subgroup and sensitivity analyses to explore potential sources of heterogeneity and examine the influence of different intervention types, participant characteristics, or study designs on the outcomes.

The study found that the effects of exercise interventions on LF/HF differed significantly between healthy and disease populations. Compared to the control group, the exercise intervention showed no significant effect in the healthy group, while it was markedly effective in the disease group. The between-group comparison yielded a P-value of 0.004, and the non-overlapping confidence intervals indicated a significant difference in intervention outcomes between the two groups. This suggests that the efficacy of exercise interventions in improving ANS function may depend on participants' baseline health status. Specifically, the pronounced improvement in the disease group may reflect more evident baseline autonomic dysfunction, such as excessive sympathetic activity or suppressed vagal tone. Exercise interventions effectively restored ANS balance in the disease group by enhancing vagal tone, suppressing sympathetic excitability, and improving metabolic health (4). For example, individuals with cardiovascular diseases, diabetes, or obesity typically exhibit lower baseline HRV and higher LF/HF ratios, making them more responsive to exercise-induced improvements (12). Additionally, exercise interventions may further optimize ANS function in the disease group by reducing chronic inflammation, improving insulin sensitivity, and enhancing cardiovascular adaptability (58). In contrast, the lack of significant effects in the healthy group may reflect their relatively balanced ANS function at baseline. Healthy individuals generally exhibit higher HRV and lower LF/HF ratios, indicating a more balanced sympathetic-parasympathetic activity (59). Thus, the limited room for improvement in ANS function in the healthy group may explain the less pronounced effects of exercise interventions. Moreover, the already healthy lifestyle and exercise habits of this population may further constrain the additional benefits of interventions.

Although significant improvements in the LF/HF ratio were observed across different age groups, the between-group comparison yielded a P-value of 0.94, indicating no statistically significant difference in the effects of exercise on LF/HF across age groups. This suggests that long-term exercise interventions may have a universal effectiveness in improving ANS balance across ages. However, it is noteworthy that the heterogeneity was higher in the 18–65 age group (I2 = 82%) compared to the over-65 age group (I2 = 53%). This difference in heterogeneity may reflect the diversity of participant characteristics and variability in intervention effects within different age groups. While exercise interventions were effective across age groups, the heterogeneity highlights the need for cautious interpretation of the results. For the 18–65 age group, future studies may need to refine subgroup analyses to explore the influence of participant characteristics (e.g., health status, exercise habits) on intervention outcomes. For the over-65 age group, despite lower heterogeneity, individual differences should still be considered, particularly when designing exercise interventions to ensure safety and efficacy in older adults (56).

In the mixed-gender subgroup, significant changes were observed (SMD = −0.51, 95% CI: −0.83 to −0.19, P = 0.002). However, in the female subgroup, the confidence interval included zero, indicating no significant effect of exercise interventions. This may be related to factors such as age, health status, or exercise type among female participants. Carter et al. (6) reported that women generally exhibit lower sympathetic responses to stress, which may result in smaller improvements in HRV following exercise interventions. This finding is consistent with Koenig et al. (60), who noted that women typically exhibit higher baseline vagal activity, potentially limiting further HRV improvements through exercise.

In the obesity subgroup, a significant reduction in the LF/HF ratio was observed, indicating that exercise interventions positively modulate ANS function in obese individuals. Obesity is often associated with excessive sympathetic activity and suppressed vagal tone, an autonomic imbalance linked to metabolic inflammation and increased cardiovascular risk (61). Exercise interventions may improve ANS function through multiple mechanisms, such as reducing metabolic inflammation, enhancing vagal tone, and suppressing sympathetic excitability, thereby restoring ANS balance. Koenig et al. (6) further supported this observation, noting that individuals with higher BMI typically exhibit lower baseline HRV, making them more sensitive to exercise-induced improvements in LF/HF. This underscores the potential importance of exercise interventions in obese populations, particularly for improving autonomic function and reducing cardiovascular risk.

However, moderate heterogeneity was observed in the obesity subgroup (I2 = 67%), suggesting variability among studies. This heterogeneity may reflect differences in health status, exercise types, and intervention adherence among obese participants. For example, obese individuals may have varying comorbidities (e.g., diabetes, hypertension) that could influence the effects of exercise interventions. Thus, while exercise interventions significantly improved the LF/HF ratio in the obesity subgroup, the heterogeneity calls for cautious interpretation of the results.

The effects of exercise interventions on LF/HF did not differ significantly across regions (P = 0.08). Nonetheless, I2 = 51.3% indicates moderate heterogeneity, which may reflect differences in cultural habits, exercise practices, healthcare systems, and participant characteristics (e.g., diet, physical activity levels, comorbidities) across regions.

Additionally, the results suggest that aerobic and resistance training may yield better intervention outcomes. As long as weekly exercise is maintained and the intervention duration is sufficient (≥8 weeks), both exercise types significantly improved the LF/HF ratio (aerobic training: SMD = −0.57, P = 0.02; resistance training: SMD = −0.56, P = 0.003). This indicates that aerobic and resistance training have unique advantages in modulating ANS balance. Aerobic training may optimize ANS function by enhancing cardiorespiratory fitness, improving blood circulation, and promoting vagal activity (62), while resistance training may achieve similar effects by increasing muscle mass, improving metabolic health, and reducing sympathetic excitability (12). Notably, although both exercise types showed significant effects, no significant difference was found between them (P = 0.84). This suggests that as long as exercise interventions meet certain frequency and duration thresholds, both aerobic and resistance training can effectively improve ANS function. This finding provides flexibility for personalized exercise intervention designs, allowing for the selection of exercise types based on participant preferences, health status, and physical capabilities.

The type of control group significantly influenced changes in LF/HF. The meta-analysis results showed that for intervention groups with a “no exercise intervention” control, the LF/HF ratio decreased significantly (SMD = −0.61, P < 0.001), whereas no significant change was observed for intervention groups with a “low-intensity activity” control (SMD = 0.01, P = 0.97). This result suggests that the improvement in LF/HF ratio when comparing exercise intervention groups to control groups may differ depending on the type of control group.Specifically, when the control group received “no exercise intervention,” the intervention group's LF/HF ratio decreased significantly, indicating a clear effect of exercise interventions on ANS balance. This significant difference may reflect the baseline state of the “no exercise intervention” control group, which was unaffected by any external intervention, thereby more clearly highlighting the positive effects of exercise interventions.When the control group engaged in “low-intensity activity,” the difference in LF/HF changes between the intervention and control groups was not statistically significant. This may be because low-intensity activity itself exerts positive effects on ANS function, thereby narrowing the gap between the two groups. This finding suggests that low-intensity exercise may, to some extent, produce effects similar to higher-intensity exercise on the LF/HF ratio. Moreover, low-intensity exercise typically has higher adherence and acceptability, making it a feasible ANS modulation strategy, particularly for older adults or individuals with poor health.


4.1 Study strengths and limitations

This study exhibits several strengths. First, it utilized a comprehensive and systematic approach, integrating data from multiple studies to thoroughly explore the effects of long-term exercise interventions on HRV, particularly the LF/HF ratio. Such an approach not only provides an assessment of the overall effects but also underscores the clinical significance of exercise interventions in promoting ANS balance and enhancing cardiovascular health. Second, the study analyzed not only the overall effects of exercise interventions but also systematically examined various potential moderating factors, including health status, gender, BMI, geographic location, and intervention characteristics (e.g., exercise type, duration, frequency). This multidimensional analysis offers valuable theoretical insights for designing personalized exercise intervention programs. Additionally, by conducting an in-depth analysis of intervention characteristics, the study clarified the differential effects of various intervention methods (e.g., aerobic exercise, resistance training) and intervention durations on LF/HF, thereby emphasizing the importance of careful intervention design.

However, this study has several limitations, and the findings should be interpreted with caution. First, significant heterogeneity was observed among the included studies (e.g., high I2 values), which may stem from differences in participant characteristics (e.g., health status) and intervention protocols (e.g., exercise type, intensity, frequency). This heterogeneity limits the generalizability of the results. Therefore, caution is warranted when interpreting the findings, particularly when applying them to different populations or intervention contexts. Second, although multiple methods were employed to reduce bias (e.g., sensitivity analysis, subgroup analysis), potential publication bias cannot be entirely ruled out, especially given the possible underreporting of negative results. Additionally, it is important to acknowledge that HRV, particularly the LF/HF ratio, serves only as an indirect indicator of ANS activity, reflecting correlations rather than causality, and may be influenced by other confounding factors. Finally, in the subgroup analyses, the limited number of studies in certain subgroups may have resulted in insufficient statistical power, thereby reducing the reliability of the findings. Future research should include more high-quality randomized controlled trials (RCTs) and mechanistic studies to validate these findings and further elucidate the specific mechanisms through which exercise interventions influence the ANS. Moreover, it is recommended that future studies standardize intervention protocols and measurement methods during the design and implementation phases to reduce heterogeneity and enhance the comparability of results.




5 Conclusion

The present study indicates that long-term exercise interventions significantly reduce the LF/HF ratio, with particularly pronounced effects observed in populations with diseases and in interventions lasting ≥8 weeks. Aerobic exercise and resistance training demonstrate strong potential for improvement.

However, these findings should be interpreted with caution. On the one hand, there is substantial heterogeneity among the included studies; on the other hand, data on certain intervention characteristics remain limited. Moreover, since the LF/HF ratio is only an indirect indicator of ANS activity, the observed correlations cannot directly establish causality. Therefore, future research should focus on conducting more high-quality studies to confirm these conclusions.
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LE/HF ratio
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