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Abstract

:

Data linking heart rate variability (HRV) and cognitive status remains controversial and scarce, particularly in cerebral small vessel disease (CSVD) patients. Whether the association between HRV and cognitive performance exists in CSVD patients is unclear. Hence, we aimed to investigate the association between HRV and cognitive performance in patients with CSVD. This cross-sectional study was conducted among 117 CSVD patients. All patients underwent HRV assessment and global cognitive evaluation by the Mini-Mental-State Examination (MMSE) and Montreal Cognitive Assessment (MoCA). Multivariable analyses were performed to evaluate the association between HRV and cognitive status. The mean age of study population was 59.5 ± 11.8 years and 39.3% were female. After adjusting for confounding factors, a higher high frequency (HF) norm was independently associated with better MMSE scores (β = 0.051; 95% confidence interval (CI): 0.012~0.090; p = 0.011) and MoCA scores (β = 0.061; 95% CI: 0.017~0.105; p = 0.007), while a higher low frequency (LF)/HF ratio was independently associated with worse MMSE scores (β = −0.492; 95% CI: −0.893~−0.092; p = 0.017) and MoCA scores (β = −0.691; 95% CI: −1.134~−0.248; p = 0.003). The HF norm was positively associated with global cognitive performance, whereas the LF/HF ratio was negatively associated with global cognitive performance among CSVD patients. Further study of the relationship between autonomic function and cognitive performance is warranted.
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1. Introduction


Globally, more than 40 million people currently live with dementia, and this number is expected to almost double every 20 years [1,2]. As a global health burden, cognitive impairment poses a significant challenge to affected individuals, families, and healthcare systems [1,3,4]. Cerebral small vessel disease (CSVD), a common neuroimaging condition among elderly individuals characterized using the Standards for Reporting Vascular Changes on Neuroimaging (STRIVE) [5], is now recognized as a significant vascular contributor to cognitive decline [6,7]. Given the current aging population with a high prevalence of CSVD [8,9], it is of great significance to identify the novel early biomarkers of cognitive impairment to improve targeted strategies for preventing or intervening in dementia during the preclinical phase.



Heart rate variability (HRV) is a beat-to-beat alteration in the normal sinus rhythm resulting from the constant interaction between the sympathetic and parasympathetic arms of the autonomic nervous system [10,11]. HRV measured using electrocardiogram (ECG) recordings is used as a standard parameter of autonomic function and is correlated with the risk factors of cognitive impairment (e.g., hypertension, diabetes mellitus, and subclinical inflammation) [12,13,14], which indicates that HRV and cognitive impairment have common risk factors. Previous findings regarding the relationship between autonomic function and cognitive performance remain controversial [15,16,17,18] in spite of the well explored association between autonomic dysfunction and increased cardiovascular morbidity and mortality [19], abnormal prefrontal cortical activity [20], and reduced regional cerebral blood flow [21]. A multi-ethnic cohort study conducted among 3018 middle-aged and elderly adults from the Multi-Ethnic Study of Atherosclerosis showed that higher HRV measures were prospectively (β = 0.37, 95% CI: 0.06, 0.67) and cross-sectionally (β = 0.31, 95% CI: 0.04, 0.59) associated with better cognitive performance, independent of cardiovascular risk factors and diseases [16]. Moreover, the Women’s Health and Aging Study I showed that autonomic dysfunction, particularly decreased parasympathetic activity, is independently associated with global cognitive impairment (odds ratio = 6.74, 95% CI: 2.27, 20.0) in community-dwelling women [17]. However, recent data from the elderly population showed that increased sympathetic activity is significantly associated with better cognitive performances (MMSE: β = 0.416, p = 0.028; MoCA: β = 0.613, p = 0.001) [18]. The contrary results indicate that the balance of autonomic system rather than the function of each sub-system may play a more important role in regulating cognitive function. Further observational studies are needed to clarify this issue.



Moreover, although numerous studies have evaluated the relationship between autonomic function and cognitive performance, data linking HRV and cognitive performance in patients with CSVD remain scarce. Patients with CSVD are at high risk for cognitive impairment and vascular dementia, possibly due to disruption of structural and functional network connections [6]. Whether the association between HRV and cognitive status exists in patients with CSVD remains unclear. Therefore, we aimed to investigate the association between HRV and global cognitive performance in patients with CSVD.




2. Materials and Methods


2.1. Subject Recruitment


Patients with CSVD were consecutively recruited from the Neurology Department of Beijing Tiantan hospital between 6 January 2020 and 28 March 2022. This study was approved by the Ethics Committee at Beijing Tiantan Hospital (approval number: KY201914002, approval date: 29 December 2019). All patients had typical magnetic resonance imaging (MRI) features of CSVD. To qualify for enrollment, patients had to meet the following inclusion criteria: (1) patients aged 18 years or older [22]; (2) patients who underwent MRI and had at least one of the typical MRI features of CSVD [23,24]: white matter hyperintensity (WMH) Fazekas scores ≥2 [22], WMH Fazekas scores = 1 combined with at least one lacune or at least two cardiovascular risk factors (including hypertension, dyslipidemia, diabetes mellitus, obesity, current smoking, or history of vascular events except for stroke), or recent subcortical lacunar infarction [22]; (3) patients with independent ability in activities of daily life (modified Rankin Scale<= 2) [22]; (4) informed consent from patients or legally authorized representatives. Patients who had diffusion-weighted imaging signs of recent cerebral infarction (diameter >20 mm), acute hemorrhagic stroke, acute subarachnoid hemorrhage, previous history of cerebrovascular malformation, aneurysmal subarachnoid hemorrhage or untreated aneurysms (>3 mm in diameter), dementia caused by diagnosed neurodegenerative disease (e.g., Alzheimer’s disease, Parkinson’s disease), presence of non-vascular white matter lesions, and diagnosed mental disorders according to the DSM-V were excluded from the study [22]. At least two neurologists reviewed the clinical manifestations, MRI features, and other diagnostic test results before making the diagnosis of CSVD.




2.2. HRV Assessments


All eligible patients received 6-lead, 15-min ECG recording after their enrollment. HRV was computed using time-domain and frequency-domain analysis of 3 consecutive, 5-min resting ECGs obtained by trained technicians using Acqknowledge 4.2.1 software (BIOPAC Systems, Inc., Goleta, CA, USA). ECGs were obtained in the seated position. Artifacts and arrhythmia were detected and removed using visual inspection methods and correction filters provided and incorporated from the Acqknowledge 4.2.1 software. HRV was quantified using time-domain and frequency-domain parameters.



In the time domain, the following parameters were calculated: the standard deviation of the normal/normal intervals (SDNN, in millisecond [ms]) and the root mean squares of successive differences of normal/normal intervals (RMSSD, in ms). In particularly, SDNN represents total variability and thus joint sympathetic and parasympathetic modulation of HRV, whereas RMSSD reflects parasympathetic activity [11].



In the frequency domain, the power spectra of the following frequency bands were calculated: high frequency norm (HF norm, normalized unit, in n.u.), and the low frequency/high frequency ratio (LF/HF ratio). The HF norm and the LF/HF ratio are considered as an index of parasympathetic modulation and an index of global sympatho-vagal balance, respectively [18].




2.3. Clinical and Cognitive Function Assessment


Demographic and clinical information were extracted from original medical records and patient self-report, including vascular risk factors, medical history, and medication use (for definitions, see the Supplementary Methods).



Global cognitive function was measured by trained researchers in a quiet environment using the Mini-Mental-State Examination (MMSE) and the Montreal Cognitive Assessment (MoCA). The total score ranges from 0 to 30, with higher scores indicating better cognitive functioning. Based on the MMSE score and education level, cognitive impairment was defined as an MMSE score of <18 for those without formal education, <21 for those with 1–6 educational years, or <25 for those with over 6 educational years [25,26]. As for the MoCA test, a score of less than 26 is considered as a cognitive impairment [27]. Patients received one additional point if they had 12 years or less of formal school education and a MoCA score of <30 points.




2.4. Brain MRI Acquisition and Assessment


All patients underwent brain MRI scans using a 3.0-Tesla MRI scanner (Siemens MAGNETOM Prisma, Erlangen, Germany) with a Siemens 64-channel Prisma head coil based on a standardized protocol. The primary sequences included the following: whole brain T1-weighted images, T2-weighted fluid-attenuated inversion recovery images, diffusion-weighted imaging sequences, and susceptibility-weighted imaging sequences (for parameters, see the Supplementary Methods). Based on the MRI results, two well-trained raters performed an imaging assessment of the typical CSVD markers, blinded to the patient’s clinical information, and according to the STRIVE criteria [5].




2.5. Statistical Analyses


Shapiro–Wilk test and QQ plot were conducted to assess the normality of our data (Supplementary Figure S1). Continuous variables with normal distribution are shown as mean (standard deviation [SD]), and differences between groups were compared using t-tests; continuous variables with skewed distribution are shown as median (interquartile range [IQR]) and compared using the Wilcoxon rank-sum test; categorical variables are presented as the number (percentage) and compared using chi-square test. Correlation analysis was performed using Spearman’s correlation coefficient. Multivariable linear regression analysis was performed to examine the association between HRV and global cognitive performance, as evaluated using the MMSE and MoCA test. Absolute values of HRV were transformed by natural logarithm before entering the model. Univariate analysis was first performed, and then a multivariable linear regression model was established to adjust for potential confounders, including age, sex, body mass index (BMI), education, hypertension, diabetes mellitus, dyslipidemia, and history of stroke.



Statistical analyses were performed using SAS 9.4 (SAS Institute, Cary, NC, USA) and R software 4.0.1. Two-tailed p values of <0.05 were considered statistically significant.





3. Results


3.1. Baseline Characteristics of Patients


The baseline characteristics of the study population are summarized in Table 1. The mean age of the 117 patients was 59.53 ± 11.79 years; 39.32% were women, and 25.64% completed college. The most frequently reported comorbidities were dyslipidemia (89.74%) and hypertension (81.20%). Almost one-third of the patients (31.62%) were current smokers. Regarding global cognitive assessment, the median of MMSE and MoCA scores were 26.00 and 21.00, respectively. In particular, 41 (35.04%) patients showed impaired cognitive function as defined by the MMSE test, while 98 (83.76%) patients showed impaired cognitive function as defined by the MoCA test.




3.2. Univariate Comparisons of HRV According to Different Cognitive Function


Univariate comparisons of HRV parameters according to different cognitive function were shown in Table 2. By comparing the HRV parameters of patients with the normal and impaired cognitive function defined by MMSE scores, we found significant differences in the HF norm (57.23 [42.68, 67.46] vs. 42.95 [29.05, 52.59], p < 0.001) and the LF/HF ratio (0.75 [0.48, 1.34] vs. 1.33 [0.90, 2.44], p < 0.001), indicating decreased parasympathetic functioning and increased sympathetic functioning in patients with impaired cognitive function. Similar results were observed under the definition of the MoCA scores.




3.3. Spearman Correlation between HRV and Global Cognitive Performance


Spearman correlations between HRV parameters and global cognitive assessment are shown in Figure 1 and Supplementary Table S1. HF norm and LF/HF ratio showed a mild correlation with MMSE (all rs = |0.217|, p = 0.019) and MoCA scores (all rs = |0.252|, p = 0.006) in all study populations. Similar results were also found in subgroups of the study population, including patients with age <75, patients with hypertension, patients without diabetes and patients without history of stroke (Supplementary Table S2).




3.4. Association between HRV Parameters and Global Cognitive Function


The association between HRV and global cognitive function was also tested using multivariable linear regression models and presented as the regression coefficient (β) of the ln-transformed HRV values (Table 3). Univariable analysis showed that the HF norm was associated with better MMSE scores (β = 0.057; 95% CI: 0.010, 0.104; p = 0.018), whereas the LF/HF ratio was associated with worse MMSE scores (β = −0.576; 95% CI: −1.058, −0.093; p = 0.020). After adjusting for age, sex, BMI, education, hypertension, diabetes mellitus, dyslipidemia, and history of stroke, multiple linear regression analyses showed that a higher HF norm was independently associated with better MMSE scores (β = 0.051; 95% CI: 0.012, 0.090; p = 0.011). Conversely, a higher LF/HF ratio was independently associated with worse MMSE scores (β = −0.492; 95% CI: −0.893, −0.092; p = 0.017) (Table 3). Subgroup analyses showed that the significant associations between frequency domain parameters and MMSE scores were only observed in patients with age <75 (HF norm: β = 0.059; 95% CI: 0.015, 0.103; p = 0.009; LF/HF ratio: β = −0.466; 95% CI: −0.901, −0.030; p = 0.036), patients without hypertension (LF/HF ratio: β = −1.195; 95% CI: −2.197, −0.193; p = 0.023), patients without diabetes (HF norm: β = 0.066; 95% CI: 0.025, 0.108; p = 0.002; LF/HF ratio: β = −0.516; 95% CI: −0.951, −0.081; p = 0.021), and patients without history of stroke (HF norm: β = 0.057; 95% CI: 0.017, 0.097; p = 0.006; LF/HF ratio: β = −0.420; 95% CI: −0.811, −0.029; p = 0.036) (Supplementary Table S3). There were no associations between time-domain parameters and MMSE scores (Table 3).



In terms of the MoCA score, univariable analysis showed that the HF norm was associated with a better MoCA score (β = 0.069; 95% CI: 0.014, 0.124; p = 0.014), whereas the LF/HF ratio was associated with a worse MoCA score (β = −0.738; 95% CI: −1.302, −0.174; p = 0.011). After adjusting for age, sex, BMI, education, hypertension, diabetes mellitus, dyslipidemia, and history of stroke, multiple linear regression analyses showed that a higher HF norm was independently associated with a better MoCA score (β = 0.061; 95% CI: 0.017, 0.105; p = 0.007). Conversely, a higher LF/HF ratio was independently associated with worse MoCA scores (β = −0.691; 95% CI: −1.134, −0.248; p = 0.003) (Table 3). Subgroup analyses showed that the significant associations between frequency domain parameters and MoCA score were only observed in patients with age <75 (HF norm: β = 0.063; 95% CI: 0.012, 0.114; p = 0.016; LF/HF ratio: β = −0.619; 95% CI: −1.117, −0.121; p = 0.015), patients with hypertension (HF norm: β = 0.055; 95% CI: 0.005, 0.104; p = 0.031; LF/HF ratio: β = −0.628; 95% CI: −1.108, −0.147; p = 0.001), patients without diabetes (HF norm: β = 0.075; 95% CI: 0.025, 0.125; p = 0.004; LF/HF ratio: β = −0.692; 95% CI: −1.204, −0.180; p = 0.009), and patients without history of stroke (HF norm: β = 0.074; 95% CI: 0.021, 0.128; p = 0.008; LF/HF ratio: β = −0.689; 95% CI: −1.200, −0.179; p = 0.009) (Supplementary Table S3). No significant association was found between time-domain parameters and MoCA scores (Table 3).





4. Discussion


In this study, our findings demonstrate that higher levels of HF norm were independently associated with better performance on the MMSE and MoCA tests, while higher levels of LF/HF ratio were independently associated with worse performance on the MMSE and MoCA tests.



In our study, univariable analysis showed significant differences in HF norm and LF/HF ratio between patients with and without cognitive dysfunction, indicating that patients with cognitive dysfunction had lower parasympathetic tone than those without cognitive dysfunction. Spearman correlation analyses showed that the HF norm was positively correlated with cognitive performance, whereas the LF/HF ratio was negatively correlated with cognitive performance. After adjusting for age, sex, education, and health conditions, the significant associations between frequency domain parameters and cognitive performance still remained, further suggesting better parasympathetic function might be associated with better cognitive performance, while sympatho-vagal imbalance (sympathetic dominance) might be associated with worse cognitive performance.



Previous studies have reported inconsistent results regarding the association between parasympathetic function and cognitive function [17,18,28,29,30]. In our study, the normalized HF, which represents the parasympathetic percentage, was positively and significantly associated with global cognitive function after adjusting for confounding covariates in our study. In line with our findings, a cross-sectional study conducted among 311 adults from the Women’s Health and Aging Study I showed that reduced HF was significantly associated with 6.7 times greater odds of cognitive impairment (odds ratio = 6.74; 95% CI: 2.27, 20.00; p = 0.001) in older disabled women in the community [17]. Nevertheless, some studies have suggested no relationship between vagal activity and cognitive performance. Data consisted of 1685 atrial fibrillation patients from the Swiss Atrial Fibrillation Cohort showed no direct association between HF and MoCA score in patients with atrial fibrillation (β = −0.007; 95% CI: −0.648, 0.634; p = 0.982) and in patients with sinus rhythm (β = 0.047; 95% CI: −0.192, 0.287; p = 0.699) [29]. Similarly, a study on an elderly patient representative of outpatients in a real-life setting reported that HF was not significantly associated with performance on MMSE (β = −0.049, p = 0.602) and MoCA (β = 0.026, p = 0.775) tests [18]. Moreover, cross-sectional analysis of wave 1 data from the Irish longitudinal study on ageing suggested that lower quintiles of HF was not significantly associated with lower MoCA scores (p = 0.7) [28]. In a prospective cohort study of 5375 participants from the Whitehall II Study, the HF was not independently associated with memory (OR = 0.98, 95% CI: 0.88–1.10) and decline in memory (OR = 1.01, 95% CI: 0.91–1.11) in a middle-aged population [30]. These interstudy differences, to a certain extent, may be due to different study populations, different control groups, and different/unstandardized assessments and analytic protocols of HRV data. In this study, we found gentle association between RMSSD and global cognitive function. Although it was discrepant with some previous studies [16,31], it provided evidences to support the conjecture that the balance of the ANS system might be more important than the absolute function of the ANS sub-system to correlate cognitive function. ANS balance reflects the whole homeostasis of the body; however, the absolute value of HRV has not been well defined all along the time because HRV is influenced by many physiological and psychological factors and related with individualized characters. Furthermore, 24 h time-domain analysis of HRV may provide more information including circadian rhythm of HRV to correlate cognitive function. Future studies with standardized designs are urgently needed to explore the association between parasympathetic modulation and cognitive performance.



Our findings are consistent with those of previous studies on the association between a higher LF/HF ratio, an index of sympatho-vagal imbalance toward vagal withdraw or sympathetic activation, and cognitive dysfunction [18,28,32,33,34]. For example, cross-sectional results from patients with Alzheimer’s disease showed that the LF/HF ratio was negatively associated with the performance on the MMSE (β = −0.31; 95% CI: −1.52, −0.27; p = 0.006) and cognitive composite scores (β = −0.26; 95% CI: −2.13, −0.17; p = 0.020) [32]. Results from patients with diabetes showed that an increased LF/HF ratio was significantly associated with worse cognitive performance, as assessed by P300 (β = 0.356; 95% CI: 0.012, 2.072; p = 0.007) [33]. Nevertheless, our results differed from those of a recent study conducted among elderly outpatients in a real-life setting, which found a positive correlation between a higher LF/HF ratio and better cognitive performance evaluated by MMSE and MoCA tests, possibly because of the older age of participants (mean age = 73.5 years old) and healthier conditions of control group [18]. In the Irish longitudinal study on aging wave one, which was an older cohort of non-demented community dwelling, there was a dose–response association between a high LF/HF ratio and a high MoCA score during spontaneous and paced breathing periods in community dwelling non-demented people [28]. Possible explanations for those discrepancies were differences in study subjects and control group. In addition, a study conducted among healthy females showed no association between the LF/HF ratio and performance on the Wechsler Memory Scale-Revised, a test of memory [34]; however, this study assessed different domains of memory function than the current, including verbal memory, visual memory, general memory, attention/concentration, and delayed recall. Moreover, the concerned study is composed of healthy female subjects only, unlike our study, which consists of male and female patients with a higher proportion of multiple risk factors (e.g., hypertension, dyslipidemia and diabetes mellitus). Differences in study samples, control groups, and in cognitive domains explored may contribute to the interstudy discrepancy in the association between the LF/HF ratio and cognitive function.



Several mechanisms may contribute to the association between HRV and cognitive performance. The autonomic nervous system is crucial in regulating blood flow and sustaining adequate and constant cerebral perfusion [35]. Altered HRV, as a reflection of autonomic dysfunction, has been associated with poor baroreflex sensitivity [36,37], which may result in increased blood pressure variability and suboptimal cerebral perfusion. Higher blood pressure variability is associated with cognitive decline and with structural brain lesions related to hypertension, such as WMH, and to stroke, such as lacunar infarctions [38,39]. Furthermore, cardiovascular risk factors such as hypertension and diabetes mellitus have been linked to both cognitive decline and depressed HRV [40,41], indicating a possible role in the association between HRV and cognitive impairment. However, the association remained even after adjusting for several cardiovascular risk factors in our study, suggesting that these variables do not account for the observed significant association between HRV and cognitive performance. HRV is also linked to cardiovascular morbidity, which in turn might result in impaired cognition [42]. Moreover, neurodegenerative changes may influence autonomic function through altered autonomic pathways. Abnormal HRV may result from autonomic dysfunction secondary to central nervous system changes during the preclinical phase of dementia [43]. Previous studies have shown that a network comprising the insular cortex, amygdala, hypothalamus, and nucleus tractus solitarius is essential in regulating autonomic function [44] and is also associated with cognitive function [45].



To the best of our knowledge, this is the first report to investigate the association between HRV and cognitive performance among patients with CSVD, a group at a high risk of cognitive decline. We used two reliable and validated screening tools for cognitive impairment that provide a rigorous assessment of global cognitive function. Moreover, we used both time-domain and frequency-domain HRV parameters to reflect the absolute function and balance of autonomic systems. However, the present study has several limitations. First, it is challenging to establish the temporality of the relationship because of the cross-sectional and observational nature of the study. Future study will focus on predictive designs that help examine the causal inference of autonomic function on global cognitive function. Second, this study included a relatively small sample size of participants; therefore, the findings of our study need to be confirmed in larger longitudinal studies in the future. Third, the participants in our study were CSVD population at a high risk of cognitive dysfunction, so we will include healthy age-matched controls in future studies in order to make a solid interpretation. Finally, we used short-term HRV analyses, which is time-consuming and convenient; however, the circadian features of ANS and HRV were not obtained. 24-h or longer time of monitoring are expected in future studies.




5. Conclusions


The HF norm was positively associated with cognitive performance, whereas the LF/HF ratio was negatively associated with cognitive performance among patients with CSVD. Larger-scale prospective studies are warranted to confirm these findings and further clarify the nature of these associations.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/brainsci13020344/s1, Table S1: Spearman correlation between HRV parameters and MMSE and MoCA scores among patients with CSVD; Table S2: Spearman correlation between HRV parameters and MMSE and MoCA scores among different subgroup patients with CSVD; Table S3: Subgroup analyses of associations between HRV parameters and MMSE and MoCA scores; Figure S1: QQ plots of continuous variables.





Author Contributions


Conceptualization, G.H. and Y.W.; methodology, G.H.; software, G.H.; formal analysis, G.H.; investigation, G.H., M.Z., Y.L. and Y.W.; data curation, G.H., M.Z., Y.L. and Y.W.; writing—original draft preparation, G.H. and Y.W.; writing—review and editing, G.H. and Y.W.; supervision, J.-P.C. and Y.W.; project administration, Y.W.; funding acquisition, Y.W. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the National Natural Science Foundation of China (No. 81825007), Beijing Outstanding Young Scientist Program (No. BJJWZYJH01201910025030), Capital’s Funds for Health Improvement and Research (2022-2-2045), National Key R&D Program of China (2022YFF1501500, 2022YFF1501501, 2022YFF1501502, 2022YFF1501503, 2022YFF1501504, 2022YFF1501505), Youth Beijing Scholar Program (No. 010), Beijing Talent Project-Class A: Innovation and Development (No. 2018A12), “National Ten-Thousand Talent Plan”-Leadership of Scientific and Technological Innovation and National Key R&D Program of China (No. 2017YFC1307900, 2017YFC1307905).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee at Beijing Tiantan Hospital (approval number: KY201914002, 29 December 2019).




Informed Consent Statement


Written informed consent was obtained from all participants or their legal representatives.




Data Availability Statement


The data are available to researchers on reasonable request from the corresponding author for the purpose of reproducing results or replicating the procedure.




Acknowledgments


We sincerely appreciate the contributions of all patients recruited in this study. We also express gratitude to all physicians and nurses in the Department of Neurology of Beijing Tiantan Hospital.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


BMI, body mass index; CI: confidence interval; CSVD, cerebral small vessel diseases; ECG, electrocardiogram; HF, high frequency; HRV, heart rate variability; IQR, interquartile range; LF, low frequency; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; MRI, magnetic resonance imaging; RMSSD, root mean squares of successive differences of normal-normal intervals; SDNN, standard deviation of the normal-normal intervals; STRIVE, Standards for Reporting Vascular Changes on Neuroimaging; WMH, white matter hyperintensity.




References


	



Nichols, E.; Szoeke, C.E.I.; Vollset, S.E.; Abbasi, N.; Abd-Allah, F.; Abdela, J.; Aichour, M.T.E.; Akinyemi, R.O.; Alahdab, F.; Asgedom, S.W.; et al. Global, regional, and national burden of Alzheimer’s disease and other dementias, 1990–2016: A systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2019, 18, 88–106. [Google Scholar] [CrossRef] [PubMed]

	



Prince, M.; Bryce, R.; Albanese, E.; Wimo, A.; Ribeiro, W.; Ferri, C.P. The global prevalence of dementia: A systematic review and metaanalysis. Alzheimers Dement. 2013, 9, 63–75.e62. [Google Scholar] [CrossRef] [PubMed]

	



Jia, J.; Wei, C.; Chen, S.; Li, F.; Tang, Y.; Qin, W.; Zhao, L.; Jin, H.; Xu, H.; Wang, F.; et al. The cost of Alzheimer’s disease in China and re-estimation of costs worldwide. Alzheimers Dement. 2018, 14, 483–491. [Google Scholar] [CrossRef] [PubMed]

	



Davis, M.A.; Chang, C.-H.; Simonton, S.; Bynum, J.P.W. Trends in US Medicare Decedents’ Diagnosis of Dementia From 2004 to 2017. JAMA Health Forum 2022, 3, e220346. [Google Scholar] [CrossRef]

	



Wardlaw, J.M.; Smith, E.E.; Biessels, G.J.; Cordonnier, C.; Fazekas, F.; Frayne, R.; Lindley, R.I.; O’Brien, J.T.; Barkhof, F.; Benavente, O.R.; et al. Neuroimaging standards for research into small vessel disease and its contribution to ageing and neurodegeneration. Lancet Neurol. 2013, 12, 822–838. [Google Scholar] [CrossRef]

	



Ter Telgte, A.; van Leijsen, E.M.C.; Wiegertjes, K.; Klijn, C.J.M.; Tuladhar, A.M.; de Leeuw, F.E. Cerebral small vessel disease: From a focal to a global perspective. Nat. Rev. Neurol. 2018, 14, 387–398. [Google Scholar] [CrossRef]

	



Consortium, M. METACOHORTS for the study of vascular disease and its contribution to cognitive decline and neurodegeneration: An initiative of the Joint Programme for Neurodegenerative Disease Research. Alzheimers Dement. 2016, 12, 1235–1249. [Google Scholar] [CrossRef]

	



Cannistraro, R.J.; Badi, M.; Eidelman, B.H.; Dickson, D.W.; Middlebrooks, E.H.; Meschia, J.F. CNS small vessel disease: A clinical review. Neurology 2019, 92, 1146–1156. [Google Scholar] [CrossRef]

	



Han, F.; Zhai, F.F.; Wang, Q.; Zhou, L.X.; Ni, J.; Yao, M.; Li, M.L.; Zhang, S.Y.; Cui, L.Y.; Jin, Z.Y.; et al. Prevalence and Risk Factors of Cerebral Small Vessel Disease in a Chinese Population-Based Sample. J. Stroke 2018, 20, 239–246. [Google Scholar] [CrossRef]

	



Draghici, A.E.; Taylor, J.A. The physiological basis and measurement of heart rate variability in humans. J. Physiol. Anthropol. 2016, 35, 22. [Google Scholar] [CrossRef]

	



Task Force of ESC. Heart rate variability. Standards of measurement, physiological interpretation, and clinical use. Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. Eur. Heart J. 1996, 17, 354–381. [Google Scholar] [CrossRef]

	



Singh, J.P.; Larson, M.G.; Tsuji, H.; Evans, J.C.; O’Donnell, C.J.; Levy, D. Reduced heart rate variability and new-onset hypertension: Insights into pathogenesis of hypertension: The Framingham Heart Study. Hypertension 1998, 32, 293–297. [Google Scholar] [CrossRef]

	



Carnethon, M.R.; Golden, S.H.; Folsom, A.R.; Haskell, W.; Liao, D. Prospective investigation of autonomic nervous system function and the development of type 2 diabetes: The Atherosclerosis Risk In Communities study, 1987–1998. Circulation 2003, 107, 2190–2195. [Google Scholar] [CrossRef] [PubMed]

	



Sajadieh, A.; Nielsen, O.W.; Rasmussen, V.; Hein, H.O.; Abedini, S.; Hansen, J.F. Increased heart rate and reduced heart-rate variability are associated with subclinical inflammation in middle-aged and elderly subjects with no apparent heart disease. Eur. Heart J. 2004, 25, 363–370. [Google Scholar] [CrossRef]

	



Forte, G.; Favieri, F.; Casagrande, M. Heart Rate Variability and Cognitive Function: A Systematic Review. Front. Neurosci. 2019, 13, 710. [Google Scholar] [CrossRef]

	



Schaich, C.L.; Malaver, D.; Chen, H.; Shaltout, H.A.; Zeki Al Hazzouri, A.; Herrington, D.M.; Hughes, T.M. Association of Heart Rate Variability With Cognitive Performance: The Multi-Ethnic Study of Atherosclerosis. J. Am. Heart Assoc. 2020, 9, e013827. [Google Scholar] [CrossRef]

	



Kim, D.H.; Lipsitz, L.A.; Ferrucci, L.; Varadhan, R.; Guralnik, J.M.; Carlson, M.C.; Fleisher, L.A.; Fried, L.P.; Chaves, P.H. Association between reduced heart rate variability and cognitive impairment in older disabled women in the community: Women’s Health and Aging Study I. J. Am. Geriatr. Soc. 2006, 54, 1751–1757. [Google Scholar] [CrossRef]

	



Dalise, A.M.; Prestano, R.; Fasano, R.; Gambardella, A.; Barbieri, M.; Rizzo, M.R. Autonomic Nervous System and Cognitive Impairment in Older Patients: Evidence From Long-Term Heart Rate Variability in Real-Life Setting. Front. Aging Neurosci. 2020, 12, 40. [Google Scholar] [CrossRef]

	



Thayer, J.F.; Yamamoto, S.S.; Brosschot, J.F. The relationship of autonomic imbalance, heart rate variability and cardiovascular disease risk factors. Int. J. Cardiol. 2010, 141, 122–131. [Google Scholar] [CrossRef]

	



Thayer, J.F.; Ahs, F.; Fredrikson, M.; Sollers, J.J.; Wager, T.D. A meta-analysis of heart rate variability and neuroimaging studies: Implications for heart rate variability as a marker of stress and health. Neurosci. Biobehav. Rev. 2012, 36, 747–756. [Google Scholar] [CrossRef]

	



Jennings, J.R.; Allen, B.; Gianaros, P.J.; Thayer, J.F.; Manuck, S.B. Focusing neurovisceral integration: Cognition, heart rate variability, and cerebral blood flow. Psychophysiology 2015, 52, 214–224. [Google Scholar] [CrossRef]

	



Chinese Stroke Association; Chinese Society of Cerebral Small Vessel Diseases. Expert consensus on the design of clinical trials of drugs for the treatment of cerebral small vessel diseases. Chin. J. Stroke 2021, 16, 288–297. [Google Scholar] [CrossRef]

	



Pantoni, L. Cerebral small vessel disease: From pathogenesis and clinical characteristics to therapeutic challenges. Lancet Neurol. 2010, 9, 689–701. [Google Scholar] [CrossRef] [PubMed]

	



Yamauchi, H.; Fukuda, H.; Oyanagi, C. Significance of white matter high intensity lesions as a predictor of stroke from arteriolosclerosis. J. Neurol. Neurosurg. Psychiatry 2002, 72, 576–582. [Google Scholar] [CrossRef] [PubMed]

	



Duan, J.; Lv, Y.B.; Gao, X.; Zhou, J.H.; Kraus, V.B.; Zeng, Y.; Su, H.; Shi, X.M. Association of cognitive impairment and elderly mortality: Differences between two cohorts ascertained 6-years apart in China. BMC Geriatr. 2020, 20, 29. [Google Scholar] [CrossRef]

	



Cui, G.H.; Yao, Y.H.; Xu, R.F.; Tang, H.D.; Jiang, G.X.; Wang, Y.; Wang, G.; Chen, S.D.; Cheng, Q. Cognitive impairment using education-based cutoff points for CMMSE scores in elderly Chinese people of agricultural and rural Shanghai China. Acta Neurol. Scand. 2011, 124, 361–367. [Google Scholar] [CrossRef]

	



Nasreddine, Z.S.; Phillips, N.A.; Bédirian, V.; Charbonneau, S.; Whitehead, V.; Collin, I.; Cummings, J.L.; Chertkow, H. The Montreal Cognitive Assessment, MoCA: A brief screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 2005, 53, 695–699. [Google Scholar] [CrossRef]

	



Frewen, J.; Finucane, C.; Savva, G.M.; Boyle, G.; Coen, R.F.; Kenny, R.A. Cognitive function is associated with impaired heart rate variability in ageing adults: The Irish longitudinal study on ageing wave one results. Clin. Auton. Res. 2013, 23, 313–323. [Google Scholar] [CrossRef]

	



Hammerle, P.; Aeschbacher, S.; Springer, A.; Eken, C.; Coslovsky, M.; Dutilh, G.; Moschovitis, G.; Rodondi, N.; Chocano, P.; Conen, D.; et al. Cardiac autonomic function and cognitive performance in patients with atrial fibrillation. Clin. Res. Cardiol. 2021, 111, 60–69. [Google Scholar] [CrossRef]

	



Britton, A.; Singh-Manoux, A.; Hnatkova, K.; Malik, M.; Marmot, M.G.; Shipley, M. The association between heart rate variability and cognitive impairment in middle-aged men and women. The Whitehall II cohort study. Neuroepidemiology 2008, 31, 115–121. [Google Scholar] [CrossRef]

	



Zeki Al Hazzouri, A.; Elfassy, T.; Carnethon, M.R.; Lloyd-Jones, D.M.; Yaffe, K. Heart Rate Variability and Cognitive Function In Middle-Age Adults: The Coronary Artery Risk Development in Young Adults. Am. J. Hypertens. 2017, 31, 27–34. [Google Scholar] [CrossRef] [PubMed]

	



Nonogaki, Z.; Umegaki, H.; Makino, T.; Suzuki, Y.; Kuzuya, M. Relationship between cardiac autonomic function and cognitive function in Alzheimer’s disease. Geriatr. Gerontol. Int. 2017, 17, 92–98. [Google Scholar] [CrossRef]

	



Auroprajna, P.; Naik, B.M.; Sahoo, J.P.; Keerthi, G.S.; Pavanya, M.; Pal, G.K. Association of Sympathovagal Imbalance With Cognitive Impairment in Type 2 Diabetes in Adults. Can. J. Diabetes 2018, 42, 44–50. [Google Scholar] [CrossRef]

	



Morandi, G.N.; Lin, S.H.; Lin, C.W.; Yeh, T.L.; Chu, C.L.; Lee, I.H.; Chi, M.H.; Chen, K.C.; Chen, P.S.; Yang, Y.K. Heart Rate Variability is Associated with Memory in Females. Appl. Psychophysiol. Biofeedback 2019, 44, 117–122. [Google Scholar] [CrossRef]

	



van Buchem, M.A.; Biessels, G.J.; Brunner la Rocca, H.P.; de Craen, A.J.; van der Flier, W.M.; Ikram, M.A.; Kappelle, L.J.; Koudstaal, P.J.; Mooijaart, S.P.; Niessen, W.; et al. The heart-brain connection: A multidisciplinary approach targeting a missing link in the pathophysiology of vascular cognitive impairment. J. Alzheimers Dis. 2014, 42 (Suppl. S4), S443–S451. [Google Scholar] [CrossRef]

	



Sloan, R.P.; DeMeersman, R.E.; Shapiro, P.A.; Bagiella, E.; Chernikhova, D.; Kuhl, J.P.; Zion, A.S.; Paik, M.; Myers, M.M. Blood pressure variability responses to tilt are buffered by cardiac autonomic control. Am. J. Physiol. 1997, 273, H1427–H1431. [Google Scholar] [CrossRef]

	



Sloan, R.P.; Demeersman, R.E.; Shapiro, P.A.; Bagiella, E.; Kuhl, J.P.; Zion, A.S.; Paik, M.; Myers, M.M. Cardiac autonomic control is inversely related to blood pressure variability responses to psychological challenge. Am. J. Physiol. 1997, 272, H2227–H2232. [Google Scholar] [CrossRef]

	



Gomez-Angelats, E.; de La Sierra, A.; Sierra, C.; Parati, G.; Mancia, G.; Coca, A. Blood pressure variability and silent cerebral damage in essential hypertension. Am. J. Hypertens. 2004, 17, 696–700. [Google Scholar] [CrossRef]

	



Kukla, C.; Sander, D.; Schwarze, J.; Wittich, I.; Klingelhöfer, J. Changes of circadian blood pressure patterns are associated with the occurence of lucunar infarction. Arch. Neurol. 1998, 55, 683–688. [Google Scholar] [CrossRef]

	



Whitmer, R.A.; Sidney, S.; Selby, J.; Johnston, S.C.; Yaffe, K. Midlife cardiovascular risk factors and risk of dementia in late life. Neurology 2005, 64, 277–281. [Google Scholar] [CrossRef]

	



Yaffe, K.; Vittinghoff, E.; Pletcher, M.J.; Hoang, T.D.; Launer, L.J.; Whitmer, R.; Coker, L.H.; Sidney, S. Early adult to midlife cardiovascular risk factors and cognitive function. Circulation 2014, 129, 1560–1567. [Google Scholar] [CrossRef] [PubMed]

	



Muller, M.; Grobbee, D.E.; Aleman, A.; Bots, M.; van der Schouw, Y.T. Cardiovascular disease and cognitive performance in middle-aged and elderly men. Atherosclerosis 2007, 190, 143–149. [Google Scholar] [CrossRef] [PubMed]

	



Femminella, G.D.; Rengo, G.; Komici, K.; Iacotucci, P.; Petraglia, L.; Pagano, G.; de Lucia, C.; Canonico, V.; Bonaduce, D.; Leosco, D.; et al. Autonomic dysfunction in Alzheimer’s disease: Tools for assessment and review of the literature. J. Alzheimers Dis. 2014, 42, 369–377. [Google Scholar] [CrossRef]

	



Verberne, A.J.; Owens, N.C. Cortical modulation of the cardiovascular system. Prog. Neurobiol. 1998, 54, 149–168. [Google Scholar] [CrossRef]

	



Kirchhoff, B.A.; Wagner, A.D.; Maril, A.; Stern, C.E. Prefrontal-temporal circuitry for episodic encoding and subsequent memory. J. Neurosci. 2000, 20, 6173–6180. [Google Scholar] [CrossRef]








[image: Brainsci 13 00344 g001 550] 





Figure 1. Spearman correlation between HRV parameters and MMSE and MoCA scores among patients with CSVD. (a). Spearman correlation between HRV parameters and MMSE scores. (b) Spearman correlation between HRV parameters and MoCA scores. CSVD, cerebral small vessel disease; HF, high frequency; HRV, heart rate variability; LF, low frequency; MMSE, Mini-Mental-State Examination; MoCA, Montreal Cognitive Assessment; RMSSD, root mean squares of successive differences of normal/normal intervals; SDNN, standard deviation of the normal/normal intervals. 






Figure 1. Spearman correlation between HRV parameters and MMSE and MoCA scores among patients with CSVD. (a). Spearman correlation between HRV parameters and MMSE scores. (b) Spearman correlation between HRV parameters and MoCA scores. CSVD, cerebral small vessel disease; HF, high frequency; HRV, heart rate variability; LF, low frequency; MMSE, Mini-Mental-State Examination; MoCA, Montreal Cognitive Assessment; RMSSD, root mean squares of successive differences of normal/normal intervals; SDNN, standard deviation of the normal/normal intervals.



[image: Brainsci 13 00344 g001]







[image: Table] 





Table 1. Baseline characteristics of patients with CSVD.
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	All CSVD (n = 117)





	Age, mean (SD)
	59.53 (11.79)



	Women, n (%)
	46 (39.32)



	BMI, mean (SD)
	25.32 (3.29)



	Education, n (%)
	



	 College degree or above
	30 (25.64)



	 Middle school
	69 (58.97)



	 Elementary school or below
	18 (15.38)



	Risk factors, n (%)
	



	 Hypertension
	95 (81.20)



	 Diabetes mellitus
	48 (41.03)



	 Dyslipidemia
	105 (89.74)



	 Current smoking
	37 (31.62)



	 Drinking
	29 (24.79)



	Medical history, n (%)
	



	 Stroke
	52 (44.44)



	 Coronary heart disease
	17 (14.53)



	MMSE, median (Q1, Q3)
	26.00 (22.00, 27.00)



	MoCA, median (Q1, Q3)
	21.00 (17.00, 25.00)







BMI, body mass index; CSVD, cerebral small vessel disease; MMSE, Mini-Mental-State Examination; MoCA, Montreal Cognitive Assessment; SD, standard deviation.













[image: Table] 





Table 2. HRV parameters of patients with CSVD [Median (Q1, Q3)].
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All CSVD

(n = 117)

	
Normal Cognitive Function Defined by MMSE

(n = 76)

	
Impaired Cognitive Function Defined by MMSE

(n = 41)

	
p Value

	
Normal Cognitive Function Defined by MoCA

(n = 18)

	
Impaired Cognitive Function Defined by MoCA

(n = 98)

	
p Value






	
Time domain

	

	

	

	

	

	

	




	
 SDNN (ms)

	
17.98

(12.31, 23.52)

	
17.79

(12.71, 23.11)

	
17.98

(11.27, 26.35)

	
0.882

	
20.10

(15.44, 25.59)

	
17.27

(12.05, 23.52)

	
0.250




	
 RMSSD (ms)

	
19.37

(12.25, 28.20)

	
19.23

(12.86, 27.94)

	
19.85

(10.73, 28.77)

	
0.656

	
22.97

(17.03, 28.20)

	
18.96

(11.25, 28.37)

	
0.234




	
Frequency domain

	

	

	

	

	




	
 HF norm (n.u.)

	
50.13

(39.46, 64.99)

	
57.23

(42.68, 67.46)

	
42.95

(29.05, 52.59)

	
<0.001

	
56.31

(45.39, 68.75)

	
48.22

(39.35, 64.08)

	
0.225




	
 LF/HF ratio

	
0.99

(0.54, 1.53)

	
0.75

(0.48, 1.34)

	
1.33

(0.90, 2.44)

	
<0.001

	
0.78

(0.45, 1.20)

	
1.07

(0.56, 1.54)

	
0.225








CSVD, cerebral small vessel disease; HF, high frequency; HRV, heart rate variability; LF, low frequency; RMSSD, root mean squares of successive differences of normal/normal intervals; SDNN, standard deviation of the normal/normal intervals.
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Table 3. Associations between HRV parameters and MMSE and MoCA scores among total CSVD patients.
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MMSE Scores

	
MoCA Scores




	

	
Unadjusted

	
Adjusted

	
Unadjusted

	
Adjusted




	

	
β (95% CI)

	
p Value

	
β (95% CI)

	
p Value

	
β (95% CI)

	
p Value

	
β (95% CI)

	
p Value






	
Time domain

	

	

	

	

	

	

	

	




	
SDNN (ms)

	
−0.520

(−1.925, 0.884)

	
0.465

	
−0.610

(−1.832, 0.613)

	
0.325

	
−0.167

(−1.833, 1.498)

	
0.843

	
−0.534

(−1.918, 0.850)

	
0.446




	
RMSSD (ms)

	
−0.106

(−1.301, 1.090)

	
0.861

	
−0.061

(−1.109, 0.986)

	
0.908

	
0.110

(−1.304, 1.524)

	
0.878

	
0.049

(−1.132, 1.231)

	
0.934




	
Frequency domain

	

	

	

	

	

	

	




	
HF norm (n.u.)

	
0.057

(0.010, 0.104)

	
0.018

	
0.051

(0.012, 0.090)

	
0.011

	
0.069

(0.014, 0.124)

	
0.014

	
0.061

(0.017, 0.105)

	
0.007




	
LF/HF ratio

	
−0.576

(−1.058, −0.093)

	
0.020

	
−0.492

(−0.893, −0.092)

	
0.017

	
−0.738

(−1.302, −0.174)

	
0.011

	
−0.691

(−1.134, −0.248)

	
0.003








Absolute values of HRV were transformed by natural logarithm before entering model. Values were adjusted for age, gender, BMI, education, hypertension, diabetes mellitus, dyslipidemia, and history of stroke. CI: confidence interval; CSVD, cerebral small vessel disease; HF, high frequency; HRV, heart rate variability; LF, low frequency; MMSE, Mini-Mental-State Examination; MoCA, Montreal Cognitive Assessment; RMSSD, root mean squares of successive differences of normal/normal intervals; SDNN, standard deviation of the normal/normal intervals.
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