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Background

Although autonomic imbalance is associated with an increased risk for metabolic disease, its effects on nonalcoholic fatty liver disease (NAFLD) remains unclear. We aimed to evaluate whether autonomic dysfunction predicts the risk for nonalcoholic fatty liver disease (NAFLD).



Methods

A total of 33,899 participants without NAFLD who underwent health screening programs between 2011 and 2018 were enrolled. NAFLD was identified by ultrasonography. Autonomic activity was estimated using heart rate variability (HRV). Time domain [standard deviation of the normal-to-normal interval (SDNN) and root mean square difference (RMSSD)]; frequency domain [total power (TP), low frequency (LF), and high frequency (HF), and LF/HF ratio were analyzed.



Findings

A total 6,466 participants developed NAFLD within a median of 5.7 years. Subjects with incident NAFLD showed decreased overall autonomic modulation and vagal activity with lowered SDNN, RMSSD, HF, normalized HF, compared to those without NAFLD. As the SDNN, RMSSD, TP, LF, and HF tertiles increased, the risk of NAFLD decreased with tertile 1 being the reference group [the hazard ratios (95% confidence intervals) of tertile 3 were 0.90 (0.85–0.96), 0.83 (0.78–0.88), 0.91 (0.86-0.97), 0.93 (0.87-0.99) and 0.89 (0.83-0.94), respectively] after adjusting for potential confounders. The risk for NAFLD was significantly higher in subjects in whom sustained elevated heart rate, normalized LF, and LF/HF ratio values than in those with sustained decrease in these parameters during follow-up.



Conclusions

Overall autonomic imbalance, decreased parasympathetic activity, and recently increased sympathetic activity might increase the risk of NAFLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is one of the most common liver diseases in modernized countries and has a rapidly increasing global prevalence (1–3). Therefore, many studies have focused on the pathogenesis and finding the predictive factors of NAFLD. Obesity, dyslipidemia, and insulin resistance have been regarded as well-known risk factors for fatty liver (4).

Recently, we provided evidence that decreased vagal activity and deviations in sympathetic activity were associated with the development of diabetes (5). Imbalance in the autonomic nervous system (ANS) as an early signal of insulin resistance and metabolic diseases has been reported to have clinical implications (6). Previous studies have shown a relationship between hepatic steatosis and autonomic dysfunction (7–10). However, these were small-sized, single-center, and cross-sectional studies.

The aim of the present study was to explore the longitudinal association between heart rate variability (HRV), which is a noninvasive measure of autonomic imbalance, and the risk for NAFLD in Asian adults. We also investigated the relationship between HRV and the possibility of advanced liver fibrosis.



Methods


Study Population and Design

This longitudinal cohort study comprised participants from a Kangbuk Samsung Health Study who underwent comprehensive health examinations annually or biennially at the Kangbuk Samsung Hospital Total Healthcare Centers in Seoul and Suwon, South Korea. In Korea, it is mandatory to participate in regular health check-up programs for every employee and companies to enhance the early detection of disease (11). For this study, we selected subjects who underwent health checkup, aged ≥18 years, including abdominal ultrasonography and HRV measurements, at least twice between January 1, 2011 and December 31, 2018 (Supplementary Figure 1). The initial study population comprised 80,784 subjects. We excluded subjects with fatty liver confirmed by abdominal ultrasonography upon the initial examination (n = 13,281) and positive hepatitis viral serology at the baseline (n = 681); male and female participants with alcohol consumption of >30 g/day and 20 g/day, respectively (n = 7,957); and subjects who self-reported a history of hepatitis and/or liver disease (n = 9,027). To minimize the influence of chronic diseases and medications on HRV, participants who had any of the following conditions at baseline were excluded: age of >65 years (n = 48); anemia (n = 81); estimated glomerular filtration rate (eGFR) <60 mL/min/1.73 m2 (n = 84); serum C-reactive protein (CRP) level >1.0 mg/dL (n = 3); abnormal thyroid function and history of thyroid disease with the related medications (n = 6,012); and history of chronic obstructive pulmonary disease and/or bronchial asthma (n = 1,101), heart disease (n = 351), history of hypertension and/or intake of any antihypertensive agent or individuals with abnormal blood pressure (systolic/diastolic blood pressure of 140/90 mmHg or higher) (n = 4,796), and malignancy (n = 1,361). Heart disease was defined as angina, myocardial infarction, or arrhythmia that needed treatment. Subjects with any missing data were excluded (n = 3,223). Total 33,899 participants were included in final analyses.

All participants provided written informed consent for the use of their data in this study. This study was approved by the institutional review board of Kangbuk Samsung Hospital (IRB No. KBS12089).



Anthropometric and Laboratory Measurements

Data on medical history, medication use, and health-related behaviors were collected through a self-administered questionnaire. Physical measurements and serum biochemical parameters were obtained by trained staff after 12 hours of fasting. The questionnaire was based on the fourth Korea National Health and Nutritional Examination Surveys (12) and the Korean version of International Physical Activity Questionnaire short form (13). Body mass index (BMI) was defined as body weight in kilograms divided by height in meters squared. A BMI cutoff of 25 kg/m2 was used to define obesity in this Korean study population. Systolic and diastolic blood pressures (BPs) were measured with a standardized sphygmomanometer.

Glycated hemoglobin (HbA1c), fasting plasma glucose (FPG), aspartate aminotransferase (AST), alanine aminotransferase (ALT), total cholesterol, triglyceride, high-density lipoprotein cholesterol(HDL-C), and low-density lipoprotein cholesterol (LDL-C) levels were measured after 12 hours of fasting. Dyslipidemia was defined as total cholesterol level of ≥240 mg/dL (≥6.21 mmol/L) or intake of antihyperlipidemic medications. Diabetes was defined as FPG level ≥126 mg/dL, HbA1c level ≥6.5%, and/or current use of antihyperglycemic medications (14). eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation (15). Serum hs-CRP level was analyzed by a BNII nephelometer (Dade Behring, Deerfield, IL, USA). Insulin resistance was assessed with the homeostatic model assessment–insulin resistance (HOMA-IR) equation (16).



Measurement of Heart Rate Variability

As a component of the health screening exam, HRV was measured by three-minute recordings using a 3000P analyzer (Medicore Co., Ltd., Seoul, Korea), while the subject was seated in a quiet room. Participants were asked to stay still with their eyes open, remain silent, and breathe normally during the procedure. According to the methodological standards recommended by the Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology for Heart Rate Variability, HRV was analyzed in both the time and frequency domains (17).

The time domain parameters included standard deviation of the normal-to-normal interval (SDNN; ms) and the square root of the mean squared difference of successive RR intervals.



Diagnosis of Nonalcoholic Fatty Liver Disease and Advanced Liver Fibrosis

(RMSSD; ms). SDNN is a marker of overall autonomic modulation, whereas RMSSD reflects cardiac parasympathetic drive (18). For the spectral (frequency) domain, total power (TP) (0–0.4 Hz, ms2), low frequency (LF) (0.04–0.15 Hz, ms2), and high frequency (HF) (0.15–0.4 Hz, ms2) were analyzed. LF is generally considered an index of both sympathetic and parasympathetic activities, whereas HF represents parasympathetic activity in the sinus node. Normalized LF norm and HF norm were calculated from the LF/(LF + HF) and HF/(LF + HF) percentile units, with emphasis on changes in sympathetic and parasympathetic (vagal) regulation, respectively. Moreover, the LF/HF ratio, which represents sympathovagal balance was calculated (19).

The study endpoint was development of the first NAFLD diagnosis by abdominal ultrasonography (Logic Q700 MR; GE, Milwaukee, WI, USA) or December 31, 2018. NAFLD was identified based on known standard criteria, including hepatorenal echo contrast, liver brightness, and vascular blurring using a 3.5-MHz probe. Eleven experienced radiologists who were unaware of this study and were blinded to the clinical status of the subjects performed the ultrasound examinations. The inter- and intraobserver reliabilities for fatty liver diagnosis were high, with kappa statistics of 0.74 and 0.94, respectively (20). The follow-up period was designated as the time from the baseline examination to the first diagnosis of NAFLD or December 31, 2018. As a surrogate marker for advanced liver fibrosis, NAFLD Fibrosis Score (NFS) and Fibrosis 4 (FIB 4) index were used (21, 22). NFS of less than −1.455 or FIB 4 index of less than 1.3 excluded advanced liver fibrosis with high accuracy.



Statistical Analysis

Continuous variables were presented as mean ± standard deviation. Categorical variables were expressed as numbers (percentages). Right-skewed variables (i.e., HOMA–IR, hs-CRP, AST, ALT, alcohol intake, TSH, free T4, and free T3) underwent logarithmic transformation for analysis. Student’s t-test for continuous variables and chi-square test for categorical variables were used to compare the baseline characteristics between subjects who developed NAFLD and those who did not.

To estimate hazard ratios (HRs) and 95% confidence intervals (95% CI) for the development of NAFLD, Cox proportional hazards models were used according to tertiles of HRV variables at baseline, with tertile 1 being the reference group. Model 1 was adjusted for age, sex, body mass index, current smoking, alcohol intake, regular exercise, aspartate transaminase, low-density lipoprotein cholesterol levels, and systolic blood pressure. Model 2 was adjusted for the same parameters as model 1 plus high-sensitivity C-reactive protein, homeostasis model assessment for insulin resistance score, and presence of diabetes.

A sensitivity analysis was performed on 9,673 individuals in whom HRV examination was repeated within two years. These subjects were stratified into four groups, based on the median value of each HRV variable, as follows:

	Group 0: V1 exam (baseline) < median, V2 exam (follow-up) < median: reference group;

	Group 1: V1 exam < median, V2 exam ≥ median;

	Group 2: V1 exam ≥ median, V2 exam < median; and

	Group 3: V1 exam ≥ median, V2 exam ≥ median.



Future risk for NAFLD was explored using the above-mentioned cox analysis. In addition, subgroup analysis was conducted according to sex and the presence of diabetes or dyslipidemia.

All reported p values were two-tailed, and p values <0.05 were considered statistically significant. Bonferroni correction was performed for multiple comparisons. Statistical analyses were performed using STATA version 16.0 (StataCorp, College Station, TX, USA).




Results


Baseline Characteristics and HRV Indices of the Participants

During 168,413 person-years of follow-up [median (interquartile range) 5.7 (4.3–6.3) years], a total of 6,466 subjects developed NAFLD. As shown in Table 1, compared with the subjects in the control group, the subjects who developed NAFLD were more likely to be obese, had higher levels of liver enzymes, and had metabolically worse lipid levels. The proportion of subjects with comorbid diabetes and obesity was higher in the NAFLD group than in the control group.


Table 1 | Baseline characteristics of participants according to development of non-alcoholic fatty liver disease.



The HRV indices SDNN, RMSSD, HF, and HF norm were lower, whereas heart rate, LF, LF norm, and LF/HF ratio were higher in the NAFLD group than in the control group (Table 2). Among the participants who were grouped according to the NFS and FIB 4 index (21, 22), those who had advanced liver fibrosis according to NFS showed significantly lower SDNN, RMSSD, TP, LF, and HF, compared with the values in the participants who did not have advanced liver fibrosis. The heart rate was higher in participants with advanced liver fibrosis defined by NFS than in the control group, not reaching statistical significance. Those who had advanced liver fibrosis according to FIB 4 index, showed lower heart rate, SDNN, TP, LF, and HF compared with the values in the control group.


Table 2 | Comparison of heart rate variability indices in participants according to development of non-alcoholic fatty liver disease and possibility of advanced liver fibrosis.





Relationship Between HRV Indices and the Risk for NAFLD

We investigated the risk for NAFLD according to the tertile of HRV variables. As shown in Figures 1, 2, the fully adjusted HRs (Model 2) of the highest tertiles of SDNN, RMSSD, TP, LF, and HF were significantly decreased, compared with those of the lowest tertiles. For heart rate, a positive relationship between each tertile and the risk for incident NAFLD was observed.




Figure 1 | Risk of incident non-alcoholic fatty liver disease according to tertiles of heart rate variability indices.






Figure 2 | Kaplan–Meier curves for the risk for incident NAFLD according to HRV measurement. Each curves represent the risk for incident NAFLD according to tertiles of (A) heart rate, (B) root mean square difference (RMSSD), (C) low frequency (LF), and (D) high frequency (HF). Original data shown in the is included in supplemental materials (Supplementary Table 4).



In the sensitivity analysis for subjects who had follow-up HRV measurements within two years, the risk for NAFLD was significantly higher in those who had sustained elevations in heart rate, LF norm, and LF/HF ratio (group 3) than in those who had sustained decrease in heart rate, LF norm, and LF/HF ratio (reference group, group 0); individuals who had continuously increased HF norm (group 0) exhibited lower risk (Figure 3). The subjects who had follow-up heart rate, LF norm, and LF/HF ratio that were newly elevated, compared with the median values (group 1), showed higher risk for NAFLD, compared with the risk of group 0. The HRs of group 1 were higher, compared with those of group 3. The risk for NAFLD group was significantly lower in those with sustained elevation of HF norm (group 3) than in group 0 (Figure 3). Original data shown in the Figures 2, 3 is included in supplemental materials (Supplementary Tables 4, 5, respectively).




Figure 3 | Risk of incident diabetes according to change of HRV measurement in the participants who underwent follow-up HRV exam within two years. Data shown in this figure is included in supplemental materials (Supplementary Table 5).





Subgroup Analyses

In the subgroup analyses, there was a significant interaction between sex or presence of diabetes and the risk for incident NAFLD for all HRV indices (Supplementary Tables 1, 2). In cases with dyslipidemia, incident NAFLD had a significant interaction with heart rate, SDNN, RMSSD, TP, LF, and HF (Supplementary Table 3). The relatively low risk for NAFLD in tertiles 3 of SDNN, RMSSD, TP, LF, and HF and the high risk in heart rate were consistently observed in men and in subjects without diabetes or dyslipidemia. In women and in subjects with diabetes and dyslipidemia, this trend was not observed, except for heart rate, RMSSD, HF (only in patients with dyslipidemia), and LF/HF ratio (only in patients with diabetes).




Discussion

This longitudinal cohort study revealed that decreased overall autonomic function and parasympathetic activity were associated with the development of NAFLD and liver fibrosis in Asian participants, even after adjusting for potential confounders. This significance was especially observed in men and in subjects without diabetes or dyslipidemia. Also, we observed recent autonomic imbalance, especially increased sympathetic activity, might be related to the development of NAFLD.

Previous studies have suggested that autonomic imbalance might be a component in the pathogenesis of NAFLD (23, 24). In 497 Taiwanese who had health checkups, SDNN showed a negative correlation with the presence NAFLD (25). Several cross-sectional studies have suggested that the grade of NAFLD and diabetic status contributed to the decrease in cardiovascular autonomic function and overall activity (7). Consistent with these results, lower cardiovagal tone was found to be associated with hepatic steatosis in patients with recent-onset T2DM (8). In addition, a small cohort study based on magnetic resonance spectroscopy and liver biopsy reported that compared with controls, individuals with hepatic steatosis had higher proportion of autonomic dysfunction and that inflammation was independently related with autonomic dysfunction (9). However, all these previous studies were conducted with a small number of subjects and had a cross-sectional design. The findings of this present study were in line with those of previous studies mentioned above. In addition, our study extended the previous findings by investigating the longitudinal association between autonomic imbalance, based on HRV measurements, and the risk for incident NAFLD.

A diagram describing the hypothetical mechanisms of this study is shown in Supplementary Figure 2. The mechanisms linking autonomic dysfunction with NAFLD are not yet fully elucidated. However, there had been several laboratory findings that described the role of ANS in hepatic lipid metabolism (26). The pathophysiology of NAFLD is closely related with insulin resistance (27). Subjects with insulin resistance exhibit a defect in suppression of lipolysis in adipose tissue, resulting in increased free fatty acid efflux from adipose tissue to the liver (28). Zeng et al. (29) have shown that direct SNS innervation of adipocytes can stimulate lipolysis, thereby, possibly contributing to insulin resistance from the elevated free fatty acid levels. About 60% of liver triglycerides in patients with NAFLD are known to be derived from white adipose tissue lipolysis, which is stimulated by sympathetic activation and insulin resistance (23, 30). In rats, excessive elevations in efferent hepatic sympathetic outflow promoted hepatic steatosis, whereas hepatic sympathetic denervation reduced obesity-induced hepatic steatosis (31). On the other hand, several studies have reported anti-inflammatory properties of vagus nerve stimulation (32) and suggested that vagus nerve mediated cholinergic activation had anti-infprotective effects against obesity-related inflammation and other metabolic complications (33, 34). Nishio et al. (35) have shown that vagus nerve-mediated cholinergic signaling played a key role in regulating inflammatory responses in Kupffer cells and eventually contributed to the suppression of nonalcoholic steatohepatitis progression. In addition, the hepatic parasympathetic branch could inhibit the secretion of very low-density lipoprotein and might contribute to hepatic steatosis in the early stages of NAFLD (23, 26). Consistent with laboratory data, our study showed that decreased vagal activity and recently increased sympathetic activity might lead to the development of NAFLD. Furthermore, the degree of the fatty liver condition, which was determined by elevated markers of liver fibrosis, was relatively severe in subjects with overall autonomic imbalance and decreased vagal activity.

The results of sensitivity analysis is quite interesting. The subjects with recently elevated HR, LF norm, and LF/HF ratio, showed higher HRs for NAFLD, compared with those with sustained elevated HR, LF norm and LF/HF ratio. Recent deviation in sympathovagal imbalance to sympathetic activity and decreased parasympathetic activity might be related to increased risk of developing NAFLD. To our knowledge, no studies have investigated whether recent alterations in HRV variables have different effects on clinical outcomes than sustained alterations in HRV variables.

In the subgroup analysis by sex, the more significant findings in men than in women might be explained by the higher incidence rate of NAFLD in men than in women and the suggested susceptibility of men to autonomic dysfunction (36). Prior studies reported that sex difference in HRV indices correlated with insulin resistance and diabetic neuropathy (36, 37). Interestingly, compared with individuals without diabetes or dyslipidemia, those with diabetes or dyslipidemia had less association with incident NAFLD, despite the higher incidence. Either hyperglycemia or dyslipidemia, might have played more critical roles in the development of NAFLD rather than autonomic imbalance (7).

This present study had several distinguishing features. To the best of our knowledge, this was the first longitudinal study that examined the association between autonomic imbalance and incident NAFLD. Our robust investigation with a relatively large sample and a long follow-up period provided strong evidence that overall autonomic imbalance, decreased parasympathetic activity, and recently increased sympathetic activity might predict the risk for incident NAFLD. Moreover, we assessed the relationship between noninvasive indices of hepatic fibrosis and autonomic dysfunction.

However, this study had several limitations. First, fatty liver was diagnosed by abdominal ultrasonography not by liver biopsy. Therefore, we could not assess the severity of fatty liver in this study. Although liver biopsy is the gold standard method for the diagnosis of fatty liver, it is invasive and unsuitable as a screening tool, especially in a large-scale cohort study. On the other hand, diagnosis of fatty liver by ultrasonography has been widely used both clinically and in population-based studies because of its noninvasive nature and acceptable degree of diagnostic accuracy for steatosis (38). Second, we conducted three-minute not five-minute HRV measurements, and we did not perform repeated measurements during the health checkup program because of the standardized short-term HRV measurement protocols (17). Nevertheless, a previous study demonstrated that three minutes was the required minimal recording period that would correlate with five-minute HRV measurements (39). Regarding information on the physical activity, history of comorbidities and medication was based on a self-reported questionnaire, which is subject to recall response bias. Regarding the issue of implementation of repeated HRV measurements, we showed consistent results for individuals who had prospective follow-up HRV tests within two years. Finally, our results were derived from a sample of relatively healthy young and middle-aged educated Koreans who participated in a health checkup program regularly. Those who regularly receive a health checkup are likely to have healthier lifestyles involving good diets. We included smoking status, alcohol consumption and levels of physical activity in regression models but diet is another important factor related with pathogenesis of NAFLD; therefore, the lack of data regarding calorie intake and diet is another limitation of our study. Therefore, generalization of our results to other ethnicities or age groups might be limited. Additional studies should be performed in multiple institutes and on different ethnicities in the future.

Although the causal relationship between altered HRV and risk for fatty liver development could not be fully addressed in the present study, we observed that autonomic imbalance preceded incident NAFLD. These findings have clinical implications, possibly extending the utility of HRV measurement for risk assessment of NAFLD. Given the complexity of the pathophysiology of NAFLD, no pharmacological agents has been approved by regulatory authorities and organizations. At present, lifestyle modifications including weight reduction is recommended for prevention and treatment of NAFLD. There are increasing numbers of researches reporting the risk of various diseases and mortality among patients with NAFLD, even with mild, early stages of the disease (40–42). Therefore, detecting the alterations in HRV in advance or at patients’ earlier stages of NAFLD would be helpful for clinicians identifying patients who need interventions such as lifestyle modifications. Though additional studies are needed to clarify the roles of autonomic imbalance in the development of NAFLD, our study further suggests a new perspective for therapeutic potential of bioelectrical medicine for NAFLD.



Conclusions

Autonomic imbalance was associated with an increased risk for incident NAFLD. In addition, decreased parasympathetic activity or recently increased sympathetic activity increased the risk for the development of NAFLD. These findings suggested that ANS impairment might play a role in the pathogenesis of NAFLD.
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