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Background: Sleep deprivation is prevalent in high-pressure environments and among shift workers, and may contribute to autonomic nervous system (ANS) dysregulation, contributing to cardiovascular diseases, mood disorders, and cognitive impairment. Heart rate variability (HRV), an important indicator of ANS function, reflects fluctuations in sympathetic and parasympathetic activity and is commonly used to assess the autonomic effects of sleep deprivation. However, existing studies exhibit considerable heterogeneity due to inconsistencies in HRV measurement methods, variations in deprivation duration, and inadequate control of confounding factors.

Objective: This study aimed to comprehensively evaluate the impact of sleep deprivation on HRV through a systematic review and meta-analysis of randomized controlled trials (RCTs), to elucidate the potential mechanisms underlying sleep deprivation-induced cardiac autonomic dysfunction, and to provide insights for optimizing sleep-related interventions and preventing cardiovascular disease.

Methods: A systematic search was conducted in PubMed, Embase, CNKI, Wanfang, and VIP databases for RCTs investigating the effects of sleep deprivation on HRV, covering the period from January 2010 to May 2024. The Cochrane Risk of Bias tool was used for methodological quality assessment. Meta-analyses were performed using Review Manager 5.4 and Stata 17.0 software.

Results: A total of 11 eligible studies involving 549 participants were included. The meta-analysis revealed that: (1) In the time domain, sleep deprivation was associated with a non-significant reduction in SDNN (p > 0.05), while RMSSD showed a significant decrease (p < 0.05). (2) In the frequency domain, both LF and LF/HF significantly increased after sleep deprivation (p < 0.05), whereas HF showed a decreasing trend that did not reach statistical significance (p > 0.05).

Conclusion: This meta-analysis indicates that sleep deprivation may impair cardiac autonomic function, as evidenced by decreased RMSSD and increased LF and LF/HF, suggesting sympathetic predominance and vagal suppression. However, changes in other HRV indices such as SDNN and HF were not statistically significant. These findings imply a potential disruption of the dynamic balance between sympathetic and parasympathetic activity following sleep deprivation. Future research should adopt standardized HRV measurement protocols to validate these findings and further explore the underlying physiological mechanisms. This study provides important evidence for understanding the dynamic changes in autonomic function associated with sleep deprivation.

Systematic review registration: https://inplasy.com/projects/, identifier INPLASY202560023.
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1 Introduction

Sleep deprivation has been extensively studied and is known to be closely associated with the development of various chronic metabolic diseases, including hypertension, diabetes, cardiovascular disease, and obesity (1, 2). Sleep deprivation leads to multiple physiological disturbances that predispose individuals to metabolic disorders. These include dysregulation of appetite-related hormones, such as increased ghrelin and decreased leptin levels, which promote weight gain (3, 4), and activation of the hypothalamic-pituitary-adrenal (HPA) axis, resulting in elevated cortisol secretion (1, 5). These neuroendocrine disruptions impair glucose metabolism, reduce insulin sensitivity, and compromise endothelial function. Consequently, epidemiological evidence shows that individuals who sleep less than 6 h per day exhibit a significantly increased risk of developing hypertension and other chronic metabolic conditions (6, 7). Chronic sleep deprivation can also impair the function of metabolically relevant organs such as the liver and pancreas, leading to reduced insulin secretion and endothelial dysfunction, thereby increasing the risk of diabetes and cardiovascular disease (2, 5, 8), and further burdening individual health (9).

In the domain of mental health, numerous studies have confirmed a strong association between sleep deficiency and emotional disturbances. Insufficient sleep has been linked to heightened symptoms of depression and anxiety, along with impairments in mood regulation and cognitive performance (10, 81). Li (11) reported that sleep loss may exacerbate negative emotions, thereby worsening emotional well-being. Chang et al. (12) further highlighted a bidirectional relationship between sleep deprivation and affective disorders, suggesting that interventions should simultaneously address both emotional health and sleep quality (82).

Sleep deprivation has also been shown to weaken immune responses. Specifically, it reduces T-cell activity and inhibits the secretion of key cytokines such as IL-1β and TNF-α, which are critical for host defense (13). Consistently, Andani and Arif (14) reported that chronic sleep loss may contribute to decreased mood, reduced energy, and weakened immune defense, increasing susceptibility to infections and disease (84).

Sleep deprivation also significantly impacts cardiac autonomic nervous system (ANS) function. Research has shown that sleep deprivation may alter the density of β1-adrenergic receptors in the heart and reduce the release of vagal neurotransmitter acetylcholine, thereby increasing the risk of arrhythmia (13, 80). Xue et al. (15) confirmed that 24-h sleep deprivation markedly elevates sympathetic nervous system activity, leading to impaired cardiovascular function and increased cardiovascular risk. Similarly, Chen et al. (86) demonstrated that rapid eye movement (REM) sleep deprivation in rats led to significant deterioration in cardiac autonomic regulation, suggesting that sleep quality directly affects cardiac health. Further evidence from microneurography studies in healthy individuals revealed increased sympathetic nerve activity after sleep deprivation, which is significantly associated with arrhythmic risk (16). These findings underscore the clinical relevance of managing sleep patterns to protect cardiovascular health.

Heart rate variability (HRV) is an important quantitative indicator of cardio-autonomic nervous system (ANS) activity and is widely used in sleep research, particularly for analyzing sleep quality and associated health risks (17, 18, 78). Time-domain metrics of HRV, such as the standard deviation of normal-to-normal intervals (SDNN), have been found to correlate significantly with cardiovascular events. A reduction in SDNN is closely associated with increased cardiovascular mortality, suggesting that HRV can serve as an early warning signal for autonomic dysfunction (19, 85).

Frequency-domain indicators of HRV reflect the regulatory states of the sympathetic and parasympathetic nervous systems. Low-frequency power (LF) reflects a mix of both sympathetic and parasympathetic modulation, while high-frequency power (HF) primarily represents parasympathetic (vagal) activity (20). The LF/HF ratio has often been interpreted as a marker of sympathovagal balance. However, this interpretation has been questioned, as the physiological basis of the LF/HF ratio is influenced by numerous confounding factors, including respiratory rate, heart rate, and baroreflex sensitivity. Consequently, over-reliance on LF/HF as a direct measure of autonomic balance should be avoided (21).

Although the interpretation of the LF/HF ratio as an index of sympathovagal balance remains controversial, numerous studies have consistently shown that sleep deprivation significantly alters heart rate variability (HRV) patterns, reflecting autonomic dysregulation (22). These alterations are evident in both frequency-domain indices (e.g., LF, HF, LF/HF) and time-domain measures. In contrast, high-quality sleep is typically associated with elevated HF values and enhanced parasympathetic tone, indicating that adequate sleep contributes to the maintenance of autonomic stability (20). Collectively, these findings underscore the significant influence of sleep status on autonomic nervous system activity and highlight the clinical utility of HRV in evaluating the physiological consequences of insufficient sleep (76).

Despite its utility, existing HRV research on sleep deprivation is characterized by significant methodological heterogeneity, including inconsistencies in measurement techniques, variation in deprivation protocols, and limited control of confounding variables. To address these limitations, the present study conducted a systematic review and meta-analysis of randomized controlled trials (RCTs) assessing the effects of sleep deprivation on five standard HRV indices (SDNN, RMSSD, LF, HF, LF/HF). This approach aimed to synthesize current evidence, identify consistent patterns, and provide a more reliable understanding of the autonomic consequences of sleep loss.



2 Methods


2.1 Protocol registration

This systematic review was registered with the International Platform of Registered Systematic Review and Meta-analysis Protocols (INPLASY) under the registration number INPLASY202560023 (DOI: 10.37766/inplasy2025.6.0023).



2.2 Literature search strategy

A comprehensive search was conducted in the following databases: PubMed, Embase, CNKI (China National Knowledge Infrastructure), Wanfang, and VIPro. The focus was on identifying randomized controlled trials (RCTs) investigating the effects of sleep deprivation on heart rate variability (HRV). The selection of RCTs was based on the following rationale: First, RCTs utilize random assignment to effectively control for confounding variables, thereby providing higher internal validity when assessing the causal relationship between sleep deprivation and changes in HRV. Second, HRV is highly susceptible to a variety of influences, including environmental conditions, body posture, time of day, food intake, and psychological state. RCT designs allow for the standardization of these factors, thereby improving the comparability across studies.

The search covered studies published between January 2010 and May 2024. The actual database searches were executed in May 2024. Both subject headings and free-text terms were used in combination to enhance search sensitivity. The detailed search strategy is presented in Table 1.


TABLE 1 Example of database search strategy.


	Database
	Search strategy
	Search strategy (keywords/subject terms)

 

 	PubMeD and Embase 	Combination of MeSH terms and free-text terms 	((((sleep deprivation) OR (Deprivation, Sleep)) OR (REM Sleep Deprivation)) OR (Deprivation, REM Sleep)) OR (Sleep Deprivation, REM)) OR (Sleep Insufficiency)) OR (Insufficiencies, Sleep)) OR (Insufficiency, Sleep)) OR (Sleep Insufficiencies)) OR (Insufficient Sleep)) OR (Sleep, Insufficient)) OR (Inadequate Sleep)) OR (Sleep, Inadequate)) OR (Sleep Fragmentation)) OR (Fragmentation, Sleep)) OR (Insufficient Sleep Syndrome)) OR (Insufficient Sleep Syndromes)) OR (Syndrome, Insufficient Sleep)) OR (Sleep Debt)) AND (heart rate variability)


 	CNKI 	Combination of MeSH terms and free-text terms 	((Topic: sleep deprivation) OR (Topic: sleep loss)) AND ((Topic: autonomic nervous system) OR (Topic: heart rate variability) OR (Topic: HRV))


 	Wanfang and Wipro 	Combination of MeSH terms and free-text terms 	((Topic: sleep deprivation) OR (Topic: sleep loss)) AND ((Topic: autonomic nervous system) OR (Topic: heart rate variability) OR (Topic: HRV))




 



2.3 Inclusion and exclusion criteria


2.3.1 Inclusion criteria

(1) Study type: Only randomized controlled trials (RCTs) were included. (2) Participants: Healthy individuals without any diagnosed diseases. (3) Intervention: The experimental group received sleep deprivation as the intervention; the control group maintained normal sleep without any intervention.



2.3.2 Exclusion criteria

(1) Conference abstracts and studies for which the full text was unavailable. (2) Studies were excluded if they did not report HRV-related outcome indicators clearly (e.g., missing means and standard deviations, absence of control group data, or data presented only in figures without numerical values), which made it impossible to extract valid endpoint data. (3) Duplicate publications and review articles. (4) Studies involving animal experiments, patient populations, or pharmacological interventions.




2.4 Outcome measures

Heart rate variability (HRV) includes time-domain, frequency-domain, and nonlinear indices. In this study, five widely accepted “gold-standard” HRV metrics were selected for analysis, based on previous literature (23).

Time-domain analysis primarily uses statistical methods to assess the variability in successive R–R intervals. The most commonly used indicators include the standard deviation of normal-to-normal intervals (SDNN) and the root mean square of successive differences between adjacent R–R intervals (RMSSD) (24). Although RMSSD is highly correlated with SD1 derived from Poincaré plot analysis—a nonlinear method—and can sometimes be considered approximately equivalent, other geometric HRV metrics such as the HRV triangular index, the triangular interpolation of NN interval histogram (TINN), and SD2 should be classified and interpreted independently of time-domain measures (25).

Frequency-domain analysis involves decomposing electrocardiographic signals into sinusoidal waves of different amplitudes and frequencies, either via analog or digital signal processing techniques. Common frequency-domain indices include low-frequency power (LF), high-frequency power (HF), and the LF/HF ratio (26). While the LF/HF ratio has been widely used as an indicator of sympathovagal balance, its physiological interpretation has been increasingly questioned due to potential oversimplification and methodological limitations. As Billman (21) emphasized, the validity of LF/HF relies on several assumptions: that LF reflects mainly sympathetic activity and HF reflects parasympathetic activity. However, evidence suggests that LF is modulated by both sympathetic and parasympathetic influences, and its correlation with actual sympathetic nerve activity is inconsistent. Moreover, non-neural factors such as respiratory frequency, heart rate levels, and baroreflex sensitivity can significantly affect both LF and HF values (21). Therefore, the interpretation of the LF/HF ratio should be approached with caution and should not be used as a simplistic marker of cardio-autonomic balance (83).



2.5 Quality assessment of included studies

At present, several tools are available for evaluating the methodological quality of studies, including the Cochrane Risk of Bias tool, the modified Jadad scale, the Newcastle–Ottawa Scale (NOS), the MINORS criteria, and the QUADAS instrument.

Given that all studies included in this review were randomized controlled trials (RCTs), the Cochrane Risk of Bias (RoB) tool—developed to assess methodological quality across multiple domains—was selected for quality assessment (27).

The Cochrane RoB tool evaluates methodological quality across six domains: (1) random sequence generation, (2) allocation concealment, (3) blinding, (4) completeness of outcome data, (5) selective reporting, and (6) other potential sources of bias.

Based on the number of domains fully met, studies were classified into three levels of methodological quality (28): Grade A (low risk of bias): Studies that fully satisfied four or more domains; Grade B (moderate risk of bias): Studies that fully satisfied two or three domains; Grade C (high risk of bias): Studies that satisfied only one or none of the domains.



2.6 Study selection and data extraction

The initial screening of the retrieved studies was conducted using EndNote X9 software (Clarivate Analytics, Philadelphia, PA, United States). For each included study, a standardized data extraction form was used to collect the following information: (1) basic characteristics (title, author, publication year, region); (2) subject characteristics (sample size, gender, health status, and duration of sleep deprivation); and (3) reported outcome indicators.

Data extraction was performed independently by two researchers. After completion, the extracted data were cross-checked for consistency. In cases of disagreement, the two researchers discussed the discrepancies. If a consensus could not be reached, a third reviewer was consulted to determine whether the study should be included.



2.7 Statistical analysis

Meta-analyses were conducted using Review Manager (RevMan) version 5.4 and Stata version 17.0 to calculate the pooled effect sizes from the included studies. As the outcomes were continuous variables, effect sizes were expressed as standardized mean differences (SMDs) with corresponding 95% confidence intervals (CIs).

Assessment of heterogeneity was performed using both the chi-squared (χ2) test and the I2 statistic: If p < 0.05 and I2 ≥ 50%, significant heterogeneity was indicated, and a random-effects model was applied. If p > 0.05 and I2 < 50%, heterogeneity was considered low, and a fixed-effects model was used.

In cases of high heterogeneity, subgroup analyses or sensitivity analyses were conducted to explore potential sources of variability. Egger’s regression test was performed to detect small-study effects, which may indicate potential publication bias.




3 Results


3.1 Literature search results

A preliminary search across both Chinese and English databases yielded a total of 515 articles, including 161 in Chinese and 354 in English. All references were imported into EndNote software for screening. After removing 83 duplicates, 167 records were excluded for being reviews, conference papers, animal experiments, studies involving patients with existing diseases, or self-controlled trials. An additional 254 articles were excluded after abstract screening due to irrelevance to the study topic, unavailability of full text, or lack of extractable outcome indicators. Ultimately, 11 eligible studies were included in the final meta-analysis. The detailed study selection process is presented in Figure 1, following the PRISMA 2020 guidelines (29).

[image: Flowchart depicting a literature selection process for a meta-analysis. Initial database searches yielded 515 articles from five sources: China Knowledge, Wanfang, Wipro, PubMed, and Embase. After removing duplicates, 432 articles were screened by titles and abstracts. Exclusions were made for reviews, conferences, animal experiments, diseased patients, and self-controls, narrowing the count to 265. Further exclusions for topics, full text unavailability, or validity issues reduced the final count to 11 articles included in the meta-analysis.]

FIGURE 1
 Literature screening flowchart.




3.2 Basic characteristics of included studies

A total of 11 studies were included, consisting of four articles published in Chinese and seven in English. The study populations were from various backgrounds, including healthy individuals, shift workers, astronauts, and university students. The basic characteristics of the included studies are summarized in Table 2.


TABLE 2 Basic characteristics of included studies.


	Author and year
	District
	Age
	Genders
	Design
	Research object
	Sample size
	Deprivation of time
	Deprivation of location
	Indicators of outcome



	SD group
	Control group

 

 	Vierra et al. (1) 	Thailand 	19–25 	Male/female 	RCT 	Healthy population 	22 	21 	<7 h 	Laboratory 	a, b, c, d, e


 	Liu et al. (69) 	China 	18–30 	Male 	RCT 	Astronauts 	6 	6 	72 h 	Laboratory 	c, d


 	Tobaldini et al. (41) 	Italian 	18–40 	Male/female 	RCT 	Healthy population 	8 	9 	6 h 	Laboratory 	d, e


 	Wehrens et al. (42) 	UK 	25–45 	Male 	RCT 	Shift worker 	11 	14 	8 h 	Laboratory 	b, c, d, e


 	Morales et al. (70) 	Spanish 	26–55 	Male/female 	RCT 	Resident doctor 	40 	18 	24 h 	Hospital 	c, d, e


 	van Leeuwen et al. (71) 	Suomi 	19–29 	Male 	RCT 	Healthy population 	15 	8 	<4 h 	Laboratory 	c, d, e


 	Kunikullaya et al. (72) 	Indian 	18–55 	Male/female 	RCT 	Shift worker 	36 	36 	8 h 	Corporation 	c, d, e


 	Li et al. (13) 	China 	35–36 	Male 	RCT 	Miners 	36 	36 	24 h 	Laboratory 	e


 	Ma et al. (73) 	China 	19–52 	Male/female 	RCT 	Naval personnel 	78 	97 	24 h 	Laboratory 	a, b


 	Guan et al. (74) 	China 	21–24 	Male 	RCT 	University student 	20 	20 	24 h 	Laboratory 	a, b, c, d, e


 	Wu et al. (75) 	China 	24–29 	Male 	RCT 	University student 	6 	6 	12 h 	Laboratory 	a, c, d, e





RCT indicates randomized controlled trial. (a) Denotes SDNN (standard deviation of R–R intervals). (b) Denotes RMSSD (root mean square of successive differences between adjacent R–R intervals). (c) Represents LF (low-frequency power). (d) Represents HF (high-frequency power). (e) Represents LF/HF (the ratio of low-frequency power to high-frequency power).
 



3.3 Quality assessment of included studies

The methodological quality of the included studies was assessed using the Cochrane Risk of Bias tool. Among the 11 included studies, 7 reported the use of random sequence generation, 10 had complete outcome data, and none exhibited selective reporting. One study was identified as having other potential sources of bias. Detailed results of the quality assessment are shown in Figure 2.

[image: Bar and matrix charts showing risk of bias across several studies. The bar chart uses green for low risk, yellow for unclear risk, and red for high risk across different types of biases like selection and performance biases. The matrix chart below lists individual studies with color-coded circles to represent the risk level for each type of bias mentioned in the bar chart.]

FIGURE 2
 Cochrane risk of bias assessment chart. “+” Indicates low risk of bias. “−” Indicates high risk of bias. “?” Indicates unclear risk of bias.




3.4 Meta-analysis results


3.4.1 SDNN

The pooled result for SDNN (standard deviation of normal-to-normal intervals, an indicator of overall HRV) was based on 4 studies, with 126 participants in the sleep deprivation groups and 144 in the control groups. As shown in Figure 3, the heterogeneity analysis yielded χ2 = 3.84, df = 3, p = 0.28 (>0.05), and I2 = 22% (<50%), indicating acceptable homogeneity among studies. Therefore, a fixed-effects model was applied.

[image: Forest plot comparing experimental and control groups across four studies: Vierra J 2022, Chenchen Guan 2020, Jianfeng Wu 2010, and Lu Ma 2014. Each study's mean, standard deviation, total, and weight are given. The graph shows standard mean differences with confidence intervals. Overall effect shows no significant difference, with a Chi-squared heterogeneity of 3.84 and an I-squared of 22%. The total standard mean difference is -0.06 with a confidence interval of [-0.30, 0.18].]

FIGURE 3
 Forest plot of SDNN changes between sleep deprivation and control groups.


The meta-analysis yielded Z = 0.50, p = 0.62, with an SMD of −0.06 and a 95% confidence interval (−0.30, 0.18), indicating that sleep deprivation had no statistically significant effect on SDNN. The detailed results are illustrated in the forest plot in Figure 3.



3.4.2 RMSSD

The pooled result for RMSSD (root mean square of successive differences, an index of parasympathetic activity) was based on 4 studies, including 131 participants in the sleep deprivation groups and 152 in the control groups. As shown in Figure 4, the heterogeneity analysis yielded χ2 = 3.83, df = 3, p = 0.28, and I2 = 22% (<50%), indicating low heterogeneity; therefore, a fixed-effects model was applied.

[image: Forest plot from a meta-analysis showing standardized mean differences and confidence intervals for four studies. The study names are Vierra J 2022, Wehrens SM 2012, Chenchen Guan 2020, and Lu Ma 2014. The overall effect size is -0.24 with a 95% confidence interval of -0.47 to -0.00. Heterogeneity is indicated by Chi-squared equals 3.83, degrees of freedom equals 3, P equals 0.28, and I-squared equals 22 percent. The plot favored the experimental group slightly less than the control group.]

FIGURE 4
 Forest plot of RMSSD changes between sleep deprivation and control groups.


The meta-analysis showed Z = 1.98, p < 0.05, with an SMD of −0.24 and a 95% confidence interval (−0.47, −0.00). These results indicate that sleep deprivation significantly reduces RMSSD. The 95% confidence interval lies entirely to the left of the null line, suggesting that the RMSSD values in the sleep deprivation groups were significantly lower than those in the control groups. Detailed results are shown in the forest plot in Figure 4.



3.4.3 LF

The pooled result for LF (low-frequency power, reflecting both sympathetic and parasympathetic modulation) was based on 8 studies, with 156 participants in the sleep deprivation groups and 129 in the control groups. As shown in Figure 5, the heterogeneity test yielded χ2 = 7.92, df = 7, p = 0.34, and I2 = 12% (<50%), indicating low heterogeneity; thus, a fixed-effects model was applied.

[image: Forest plot illustrating the standardized mean differences and confidence intervals for various studies comparing experimental and control groups. The analysis includes eight studies, with weights ranging from 2.5% to 27.1%. The total standardized mean difference across all studies is 0.39 with a confidence interval of 0.15 to 0.63, favoring the experimental group. Heterogeneity statistics show Chi² = 7.92, I² = 12%.]

FIGURE 5
 Forest plot of LF changes between sleep deprivation and control groups.


The meta-analysis produced Z = 3.16, p = 0.002, with an SMD of 0.39 and a 95% confidence interval of (0.15, 0.63), suggesting a significant increase in LF following sleep deprivation. The 95% confidence interval lies entirely to the right of the null line, indicating that LF values in the sleep deprivation group were significantly higher than those in the control group.

Detailed results are presented in the forest plot in Figure 5.



3.4.4 HF

The pooled result for HF (high-frequency power, primarily reflecting parasympathetic activity) was based on 9 studies, including 164 participants in the sleep deprivation groups and 138 in the control groups. The results in Figure 6 show that χ2 = 14.89 (df = 8, p = 0.06) and I2 = 46% (<50%), indicating acceptable homogeneity. Therefore, a fixed-effects model was applied. The pooled standardized mean difference (SMD) was −0.23 (95% CI, −0.46 to 0.01), with a Z value of 1.90 and p = 0.06. These findings suggest that sleep deprivation was associated with a non-significant reduction in HF. Although the confidence interval lies mostly to the left of the null line, it crosses zero, indicating uncertainty in the direction and significance of the effect.

[image: Forest plot showing a meta-analysis of several studies comparing experimental and control groups. Each study lists means, standard deviations, totals, weights, and standardized mean differences with confidence intervals. The plot visualizes these differences, indicating overall heterogeneity with Chi² = 14.89, degrees of freedom = 8, and I² = 46 percent. The overall effect test is Z = 1.90, P = 0.06, with a mean difference of -0.23 favoring the control group, as shown by the diamond at the bottom.]

FIGURE 6
 Forest plot of HF changes between sleep deprivation and control groups.




3.4.5 LF/HF

A total of 9 studies reported the effects of sleep deprivation on the LF/HF ratio, including 194 participants in the sleep deprivation groups and 168 in the control groups. As shown in Figure 7, the heterogeneity test yielded χ2 = 93.57, df = 8, p < 0.00001, and I2 = 91%, indicating substantial heterogeneity among the included studies. Therefore, a random-effects model was used for the meta-analysis.

[image: Forest plot from a meta-analysis shows standardized mean differences between experimental and control groups, across nine studies. Individual study results are plotted with effect sizes and confidence intervals, ranging from negative to positive values. The overall effect, illustrated by a diamond shape, indicates a standardized mean difference of 1.47 with confidence intervals from 0.62 to 2.33, favoring the experimental group. Statistical heterogeneity values are Tau-squared 1.49, Chi-squared 93.57, degrees of freedom 8, p less than 0.00001, and I-squared 91 percent.]

FIGURE 7
 Forest plot of LF/HF changes between sleep deprivation and control groups.


The analysis produced Z = 3. 38, p = 0.0007, with an SMD of 1.47 and a 95% confidence interval of (0.62, 2.33), indicating that sleep deprivation significantly increased the LF/HF ratio. The 95% confidence interval lies entirely to the right of the null line, suggesting that the LF/HF values in the sleep deprivation group were significantly higher than those in the control group. Detailed results are illustrated in the forest plot in Figure 7.




3.5 Subgroup analysis results

To explore potential sources of heterogeneity, subgroup analyses were conducted for the LF/HF outcome indicator using two covariates: sleep deprivation duration and type of study population. For sleep deprivation duration, studies were divided into two subgroups: <24 h and ≥24 h. For participant type, five subgroups were defined: healthy individuals, shift workers, university students, resident physicians, and miners.

As shown in Table 3, participant type appears to be a major source of heterogeneity. Among the subgroups, university students exhibited the lowest heterogeneity (I2 = 0%), whereas healthy individuals showed the highest heterogeneity (I2 = 91%). Moreover, the effect size in the healthy population subgroup was greater than that in the university student subgroup, suggesting greater variability in cardio-autonomic responses among the broader healthy population.


TABLE 3 Subgroup analysis of the effect of sleep deprivation on LF/HF.


	Subgroup
	Classifications
	Number of publications/article
	Sample size/person
	Combined effect size
	Heterogeneity test



	SMD
	95% CI
	
p

	I2 (%)
	
p


 

 	Deprivation of time 	<24 h 	6 	192 	1.15 	0.32, 1.97 	0.007 	83 	<0.0001


 	≥24 h 	3 	170 	2.04 	−0.14, 4.21 	0.07 	97 	<0.00001


 	Research object 	Healthy population 	3 	83 	1.77 	−0.18, 3.73 	0.08 	91 	<0.0001


 	Shift worker 	2 	97 	0.88 	−0.41, 2.18 	0.18 	84 	0.01


 	University student 	2 	52 	0.16 	−0.39, 0.71 	0.57 	0 	0.63


 	Resident doctor 	1 	58 	5.11 	4.00, 6.23 	<0.00001 	— 	—


 	Miners 	1 	72 	1.09 	0.60, 1.59 	<0.0001 	— 	—




 



3.6 Small-study effect analysis

Egger’s regression tests were performed using the “metabias” command to assess potential small-study effects for each of the HRV outcome indicators included in this meta-analysis. The results were as follows: SDNN (t = 0.85, p = 0.484), RMSSD (t = −1.41, p = 0.295), LF (t = −0.07, p = 0.945), HF (t = −0.51, p = 0.624), LF/HF (t = 2.33, p = 0.053).

These findings suggest that no significant small-study effects were detected for any of the outcome indicators, although the LF/HF result was close to the significance threshold. Detailed results are presented in Table 4.


TABLE 4 Results of Egger’s regression analysis.


	Indicators of outcome
	Standard efficiency
	Regression coefficient
	Standard error
	t
	p > |t|
	95% CI

 

 	SDNN 	Slope 	−0.326 	0.350 	−0.93 	0.450 	[−1.831, 1.180]


 	Bias 	1.213 	1.424 	0.85 	0.484 	[−4.916, 7.342]


 	RMSSD 	Slope 	0.163 	0.314 	0.52 	0.655 	[−1.188, 1.514]


 	Bias 	−1.835 	1.304 	−1.41 	0.295 	[−7.448, 3.777]


 	LF 	Slope 	0.431 	0.499 	0.86 	0.421 	[−0.791, 1.652]


 	Bias 	−0.103 	1.435 	−0.07 	0.945 	[−3.614, 3.409]


 	HF 	Slope 	0.056 	0.592 	0.09 	0.927 	[−1.345, 1.456]


 	Bias 	−0.848 	1.655 	−0.51 	0.624 	[−4.763, 3.066]


 	LF/HF 	Slope 	−1.103 	0.921 	−1.20 	0.270 	[−3.281, 1.074]


 	Bias 	5.960 	2.559 	2.33 	0.053 	[−0.090, 12.011]




 




4 Discussion


4.1 Methodological quality of included studies

A total of 11 studies were included in this meta-analysis. Among them, 8 studies were rated as Grade A and 5 as Grade B, indicating an overall acceptable methodological quality. Given the potential harm of sleep deprivation to human subjects, all participants signed informed consent forms and voluntarily participated in the experiments. As a result, it was difficult to implement full blinding procedures in most of the included studies.

The pooled results demonstrated statistical significance with low heterogeneity, suggesting that the findings are methodologically robust and likely to be reliable.



4.2 Effects of sleep deprivation on heart rate variability

This study systematically reviewed and meta-analyzed the effects of sleep deprivation on heart rate variability (HRV) indicators. Regarding time-domain HRV indices, the results showed that while SDNN exhibited a downward trend following sleep deprivation, the change was not statistically significant (SMD = −0.06, 95% CI: −0.30 to 0.18, p = 0.62). In contrast, RMSSD showed a significant reduction (SMD = −0.24, 95% CI: −0.47 to −0.00, p < 0.05). This finding is consistent with previous studies, which have highlighted that sleep deprivation may contribution to a decline in parasympathetic activity, thereby impairing autonomic nervous system (ANS) function (30, 31).

RMSSD is widely recognized as a key metric for evaluating parasympathetic regulation. A significant reduction in RMSSD indicates that parasympathetic activity may be suppressed during acute physiological stress, such as sleep deprivation (32, 33). Research has shown that sleep deprivation may activate the hypothalamic-pituitary-adrenal (HPA) axis, resulting in the release of catecholamines, which in turn inhibits vagal activity to the heart (34). This shift may also be associated with hormonal imbalances, including increased levels of ghrelin and decreased levels of leptin, which are known to regulate appetite and energy balance (35, 79).

Other studies have linked short sleep duration, poor sleep efficiency, and insomnia symptoms to increased cardio-autonomic tone, typically characterized by reduced parasympathetic tone and enhanced sympathetic tone. Epidemiological research has reported that partial sleep deprivation for as few as five consecutive nights can significantly decrease vagal activity, increase overall sympathetic output, and impair endothelial function (36). These physiological changes may, in part, explain the observed association between sleep deprivation and elevated cardiovascular risk (37–39). For instance, increased sympathetic activity under sleep-deprived conditions has been associated with elevated heart rate and vasoconstriction, which may alter vascular hemodynamics and further increase the likelihood of cardiovascular events (40).

The findings of this meta-analysis support these observations: following sleep deprivation, cardiac vagal activity appears to be suppressed, as evidenced by a significant reduction in RMSSD. However, it is noteworthy that the literature on this topic remains somewhat inconsistent. During prolonged sleep deprivation, studies consistently show that sleep deprivation contributes to increased heart rate and enhanced sympathetic nervous system activity (1, 41, 42). However, in some studies, participants exhibited decreased heart rate and reduced cardiac sympathetic activity following sleep deprivation (43). These conflicting results may reflect individual differences in physiological adaptation and stress responses (44). For example, elevated psychological stress following prolonged sleep loss may increase cardiovascular reactivity, especially in older adults. This suggests that although sympathetic activity may decline in some cases, long-term stress adaptation may still result in a gradual reduction in heart rate over time.

In contrast, SDNN, as a comprehensive HRV parameter, reflects the overall cardio-autonomic modulation but is influenced by multiple factors, including experimental design, baseline physiological state, and individual compensatory mechanisms (45, 46). For example, some studies suggest that short-term sleep deprivation may not be sufficient to induce significant alterations in the overall fluctuations of sympathetic and parasympathetic activity, which may explain the non-significant changes in SDNN observed in this study (47).

From a mechanistic perspective, the HRV changes induced by sleep deprivation suggest that RMSSD is more sensitive in detecting acute physiological stress (44, 48). Unlike SDNN, the statistically significant reduction in RMSSD observed in this analysis highlights its superior sensitivity in capturing short-term autonomic nervous system responses, particularly in the context of acute sleep deprivation (49). However, despite reaching statistical significance, the effect size for RMSSD (SMD = −0.24) was relatively modest, indicating that the physiological impact of sleep deprivation on HRV may be limited or only significant under specific conditions (50, 77).

In summary, the results of this study support the use of RMSSD as a sensitive marker for detecting cardio-autonomic dysfunction induced by sleep deprivation, especially in acute physiological settings. Nevertheless, further research is needed to elucidate individual variability in HRV responses to sleep loss, as well as the cumulative effects of chronic sleep deprivation on cardiac autonomic regulation.

This study further analyzed the effects of sleep deprivation on frequency-domain HRV indicators. The results revealed that low-frequency power (LF) significantly increased following sleep deprivation (SMD = 0.39, 95% CI: 0.15–0.63, p = 0.002), and the LF/HF ratio also showed a significant rise (SMD = 1.47, 95% CI: 0.62–2.33, p = 0.0007). In contrast, high-frequency power (HF) demonstrated a downward trend, although the result did not reach statistical significance (SMD = −0.23, 95% CI: −0.46 to 0.01, p = 0.06).

Existing evidence suggests that an increase in LF is generally associated with enhanced sympathetic nervous activity, while changes in HF may be influenced by a variety of factors, including measurement conditions and individual variability (51–53). The significant elevation of the LF/HF ratio indicates a shift toward sympathovagal imbalance, reflecting relatively greater sympathetic dominance over vagal modulation. This pattern has been supported by prior studies, which showed that sympathetic activity increases markedly after 24 h of total sleep deprivation, leading to a notable rise in the LF/HF ratio (52, 54). The large effect size for LF/HF observed in this study further supports its sensitivity and utility in assessing dynamic autonomic alterations induced by sleep deprivation (51, 55). These results are consistent with the significant decrease in RMSSD observed in our analysis, together suggesting that sleep deprivation induces sympathetic predominance and remodeling of cardio-autonomic function.

However, it is important to note that non-neural factors—such as respiratory frequency, heart rate, and baroreflex sensitivity—can significantly influence both LF and HF values (21). Therefore, interpretations of the LF/HF ratio should be made with caution and should not be taken as a simple or direct measure of cardio-autonomic balance.

The meta-analysis for LF/HF revealed substantial heterogeneity across studies, prompting further subgroup analyses to identify potential sources. Subgrouping by sleep deprivation duration (<24 h vs. ≥24 h) showed high heterogeneity in both groups (I2 = 83 and 97%, respectively), suggesting that duration alone does not fully explain the observed inconsistency. Specifically, the <24 h subgroup yielded a significant effect size (SMD = 1.15, 95% CI: 0.32–1.97, p = 0.007), indicating that even short-term sleep deprivation can induce notable cardio-autonomic imbalance. The ≥24 h subgroup had an even larger effect size (SMD = 2.04), but the wide confidence interval (95% CI: −0.14 to 4.21, p = 0.07) and lack of statistical significance suggest instability in the pooled result, possibly due to one or two studies with disproportionate weight. This trend implies that longer durations of sleep deprivation do not necessarily amplify the sympathetic response in HRV, highlighting the need for further investigation into moderating variables.

Previous research has shown that following sleep deprivation, HF components (high-frequency power)—a marker of parasympathetic activity—tend to decrease significantly, while LF components (low-frequency power) may increase, indicating enhanced sympathetic nervous system activity (56). However, it is inappropriate to directly correlate the degree of sympathetic activation with the duration of sleep deprivation in a linear manner. Studies have demonstrated that prolonged sleep deprivation does not necessarily further amplify sympathetic responses, and may instead trigger other physiological adaptation mechanisms (57–59). In this study, although the ≥24-h subgroup had a larger effect size, its lack of statistical significance and high heterogeneity suggest that further investigation is needed to better understand how different durations of sleep deprivation affect cardio-autonomic function, both physiologically and psychologically.

In contrast, participant type appeared to be a more critical source of heterogeneity. The subgroup of university students showed no heterogeneity (I2 = 0%) and had the smallest effect size (SMD = 0.16, p = 0.57), whereas the subgroup of healthy general populations exhibited the highest heterogeneity (I2 = 91%) and a larger effect size (SMD = 1.77, p = 0.08). This notable difference indicates that sample homogeneity is key to ensuring the stability of meta-analytic results.

University student populations typically have narrow age ranges and similar lifestyle patterns, contribution to more consistent cardio-autonomic responses to acute sleep deprivation, reflected in smaller LF/HF elevations and lower data variability. In contrast, the “healthy population” subgroup encompasses a broader range of ages, occupations, and lifestyles, resulting in greater variability in sympathetic responses, which contributes to higher heterogeneity and larger effect sizes. However, due to incomplete data in the original studies, this meta-analysis could not formally assess other potential influencing factors such as age or lifestyle. Future studies are recommended to explore these aspects more thoroughly.

Special occupational groups such as resident physicians and miners also exhibited significantly elevated LF/HF ratios, indicating a strong cardio-autonomic activation response to sleep deprivation. This may be attributable to a baseline state of heightened sympathetic tension associated with long-term high-stress work environments, leading to an exaggerated or “overshooting” response when acute sleep deprivation is superimposed (60). Such activation may negatively impact cardiovascular function, including significant increases in heart rate and blood pressure (44). Furthermore, chronic sleep disruption inherent to these professions may have already reshaped their cardio-autonomic regulatory mechanisms, making their physiological responses to deprivation more pronounced.

This exaggerated response may also be partially explained by fluctuations in stress-related hormones, such as cortisol. Sleep deprivation is often accompanied by elevated levels of such hormones, which can disturb the balance of inflammatory markers (61). Chronic sleep loss may also alter the interplay between the central nervous system and the cardio-autonomic nervous system, making sympathetic activity even more sensitive to changes after deprivation (62). A key factor in this dynamic is the body’s acute stress response to occupational pressure and environmental demands. High-pressure work environments can result in a heightened endocrine and neural response to stressors. For example, one study found that within 24 h of sleep deprivation, endogenous levels of epinephrine and norepinephrine significantly increased, correlating with elevated heart rate and blood pressure—signs of a sustained state of sympathetic activation (63). This phenomenon is particularly evident in high-stress occupational groups who are chronically exposed to both stress and inadequate sleep. Such cumulative exposure may make their physiological responses to acute deprivation even more intense (64).

Although HF, as a specific marker of vagal (parasympathetic) activity, showed a declining trend, it did not reach statistical significance in this study. It is worth noting that HF is highly sensitive to respiratory rhythms, and thus may be indirectly influenced by changes in breathing patterns during sleep deprivation (65, 66). In addition, subtle differences in experimental design and implementation across studies may have contributed to the variability in HF findings, which warrants caution in interpretation (67, 68).

In summary, sleep deprivation was found to significantly affect frequency-domain HRV indicators—particularly LF and LF/HF—indicating enhanced sympathetic activity and suppressed parasympathetic tone. Participant-related heterogeneity appears to be the primary source of LF/HF variability, while the duration of sleep deprivation, though relevant, may not be the decisive factor. These findings highlight the need for stricter control of participant characteristics in future meta-analyses, as well as more nuanced interpretation that accounts for individual background and occupational exposure to avoid overgeneralization and result bias.




5 Limitations of this study

The number of included studies reporting HRV time-domain indicators such as SDNN and RMSSD was relatively limited, which may affect the reliability of the results. Some of the included studies had small sample sizes, which may lack sufficient statistical power to provide robust evidence. There was a wide age range among participants across studies, making it difficult to accurately assess the effects of sleep deprivation across different age groups. This study included only English and Chinese publications. Grey literature (e.g., military databases, dissertations, conference proceedings) was not included, due to both access limitations and concerns regarding peer-review quality and data consistency. This may have affected the completeness and reproducibility of the findings.



6 Conclusion

This meta-analysis provides evidence that sleep deprivation significantly affects autonomic nervous system regulation, as reflected in multiple HRV domains. (1) The time-domain indicator RMSSD showed a significant decrease following sleep deprivation, indicating suppression of cardiac vagal activity and increased sympathetic drive. (2) Frequency-domain indicators LF and LF/HF were significantly elevated, suggesting a disruption of sympatho-vagal balance and functional dysregulation of cardiac autonomic control.

However, divergent findings across studies—particularly regarding HF and other non-linear metrics—highlight the complexity of interpreting HRV under sleep-deprived conditions. These inconsistencies may stem from differences in computational approaches (e.g., time-domain vs. frequency-domain models), variations in physiological sensitivity among HRV parameters, and confounding factors such as sleep deprivation type (total vs. partial), measurement timing, and participant characteristics.

Therefore, while the current findings underscore the vulnerability of autonomic function to sleep deprivation, future research should consider integrating multi-dimensional HRV analysis and mechanistic physiological modeling to reconcile these conflicting results. This will enhance the translational value of HRV in evaluating cardiovascular risk under conditions of sleep loss.
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