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Abstract

:

Coronavirus disease 2019 (COVID-19) sequelae (or long COVID) has become a clinically significant concern. Several studies have reported the relationship between heart rate variability (HRV) parameters and COVID-19. This review investigates the long-term association between COVID-19 and HRV parameters. Four electronic databases were searched up to 29 July 2022. We included observational studies comparing HRV parameters (measurement durations: 1 min or more) in participants with and without a history of COVID-19. We used assessment tools developed by the National Heart, Lung, and Blood Institute group to evaluate the methodological quality of included studies. Eleven cross-sectional studies compared HRV parameters in individuals who recovered from acute COVID-19 infection to controls (n = 2197). Most studies reported standard deviation of normal-to-normal intervals (SDNN) and root mean square of the successive differences. The methodological quality of the included studies was not optimal. The included studies generally found decreased SDNN and parasympathetic activity in post-COVID-19 individuals. Compared to controls, decreases in SDNN were observed in individuals who recovered from COVID-19 or had long COVID. Most of the included studies emphasized parasympathetic inhibition in post-COVID-19 conditions. Due to the methodological limitations of measuring HRV parameters, the findings should be further validated by robust prospective longitudinal studies.
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1. Introduction


Coronavirus disease 2019 (COVID-19) caused by infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has resulted in a global pandemic after the first outbreak on December 2019. According to a cohort study, the major symptoms of COVID-19 are fever, cough, rhinorrhea with/without nasal congestion, myalgia, headache, and fatigue; loss of taste or smell before the COVID-19 test and emotional disturbance is commonly reported by patients [1]. Some individuals persistently suffer from various symptoms, including dyspnea, fatigue/malaise, myalgia, headache, chest pain, cognitive impairment (i.e., brain fog), depression, and anxiety, after recovery from SARS-CoV-2 infection [2,3,4]. Therefore, a set of persistent or new symptoms after COVID-19 is called “long COVID” or “post-acute COVID-19 syndrome.” According to a WHO-led Delphi consensus, long COVID refers to a complex symptom cluster developing 3 months from the onset of COVID-19 that last more than 2 months and cannot be explained by an alternative diagnosis [5]. Common symptoms include fatigue, shortness of breath, and cognitive dysfunction; these symptoms fluctuate or relapse over time [5]. According to a meta-analysis of 50 studies, the prevalence of the post-COVID-19 condition or long COVID (symptomatic at 28+ days from the infection) reached 43% [6]. Thus, the long-term impact of COVID-19 is a cause for concern.



There is increasing attention on the cardiovascular consequences of COVID-19 after reports of severe cardiovascular manifestations in some COVID-19 patients [7,8]. Some studies found cardiovascular implications associated with prognosis and mortality in COVID-19 [9]. Similar to pulmonary manifestations, COVID-19 may cause acute and chronic damage to the cardiovascular system [10]. According to a US-based cohort study, COVID-19 survivors had significantly higher risks of the following cardiovascular diseases compared to contemporary controls: stroke (hazard ratio (HR) = 1.52 [95% confidence intervals (CIs) 1.43–1.62]); acute coronary disease (HR = 1.72 [1.56–1.90]); myocardial infarction (HR = 1.63 [1.51–1.75]); myocarditis (HR = 5.38 [3.80–7.59]); pericarditis (HR =1.85 [1.61–2.13]); and heart failure (HR = 1.72 [1.65–1.80]) [11]. Palpitations/arrhythmia and dysautonomia are frequently reported cardiovascular symptoms of long COVID [12,13,14]. For example, a case series (n = 20) showed that 75% of COVID-19 survivors had postural orthostatic tachycardia syndrome (POTS) [15], and 85% of patients had residual autonomic symptoms until 6 to 8 months after COVID-19. According to the large-scale online survey mentioned above, 30.65% of the responders experience POTS-like symptoms after COVID-19 [4].



Heart rate variability (HRV) is considered a non-invasive, objective, and validated measurement method for evaluating cardiovascular health and autonomic nervous system (ANS) function [16]. Accordingly, HRV has also been considered as an index for some clinical conditions related to ANS dysfunction, including POTS [17], the posttraumatic stress disorder [18], and the somatic symptom disorders [19]. Additionally, several studies have reported that HRV was associated with health-related outcomes in COVID-19 [20,21,22,23]. In this regard, some studies suggest that monitoring HRV can improve the management of patients with COVID-19 and their clinical outcomes [24,25]. Importantly, it has been hypothesized that the symptoms and signs of long COVID overlap with those of ANS dysfunction, such as POTS, and that this pattern may be explained by the autonomic instability [26]. Although other underlying mechanisms of long COVID include immune dysregulation, gut microbiota imbalance, and autoimmunity, ANS dysfunction is still considered a promising therapeutic target for this clinical condition [27]. Although there has been a recent systematic review investigating changes in HRV parameters in individuals currently positive for SARS-CoV-2 [28], there has been no attempt to comprehensively investigate the relationship between HRV parameters and the long-term effects of SARS-CoV-2 infection, including long COVID.



Therefore, this systematic review of observational studies aimed to investigate the long-term association between COVID-19 and HRV parameters.




2. Materials and Methods


This review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [29] (Supplementary File S1). This research was registered in Open Science Framework (OSF) registries (https://osf.io/xpzw4 accessed on 24 January 2023).



2.1. Search Strategy


We conducted a systematic search of the following electronic bibliographic databases: four electronic databases (MEDLINE [via PubMed]; EMBASE [via Elsevier]; PsycARTICLES [via ProQuest]; and Cumulative Index to Nursing and Allied Health Literature [via EBSCO] on 29 July 2022. The search strategy is presented in Supplementary File S2. Moreover, a manual search on Google Scholar was conducted for the gray and potentially missing literature.




2.2. Eligibility Criteria and Study Selection


The eligibility criteria of this systematic review can be summarized in the following PICOS format: (1) Population: Individuals who recovered from COVID-19 or individuals with long COVID were included as the population of interest in this review. The recovery usually means the negative conversion of SARS-CoV-2 infection. Moreover, long COVID was defined as clinical symptoms developing at usually 3 months from the onset of COVID-19 and existing for more than 2 months [5]. Individuals who reported absent or unclear clinical symptoms after COVID-19 recovery were not excluded, but they were analyzed separately from those with long COVID. There was no restriction on the participant’s clinical condition, language, sex, age, or ethnicity; (2) Intervention: Not applicable; (3) Comparator: Healthy (or uninfected) individuals were included as control groups; (4) Outcome: The outcomes of interest in this review were HRV parameters. The parameters are classified into time-domain measures and frequency-domain measures. The HRV time-domain measures include the standard deviation of normal-to-normal RR intervals (SDNN), root mean square of the successive differences (RMSSD), the standard deviation of the average NN intervals for each 5 min segment of a 24 h HRV recording (SDANN), SDNN index, and percentage of successive RR intervals that differ by more than 50 ms (pMM50) [30]. On the other hand, HRV frequency-domain measures include the low-frequency band (LF), the high-frequency band (HF), and LF/HF ratio [30]. For measurement of HRV, 24-h Holter monitoring is considered the gold standard, but short-term recordings are also acceptable [16]. Nevertheless, given that recordings longer than 1 min are required to assess some HRV frequency-domain measures, including HF [16], studies with HRV measurement durations of less than 1 min were excluded. In addition, studies in which the HRV measurement durations were unclearly described were also excluded; (5) Study design: Observational studies, including observational cohort studies, cross-sectional studies, and case-control studies, were included in this review. However, case reports and case series were excluded. Furthermore, animal studies, reviews, and intervention studies were excluded from this review.



Two independent researchers (C.-Y.K., B.L.) performed the study selection. Disagreements between researchers were resolved by discussion. When two or more documents reported the same study (e.g., conference abstract and journal article) or if the same data was duplicated, a more detailed reference was selected, and if different data were published separately, multiple references were included. Bibliographic information was managed using the software EndNote 20 (Clarivate Analytics, Philadelphia, PA, USA).




2.3. Data Collection and Data Items


Two independent researchers (H.-W.S., C.-Y.K.) performed the data extraction processes. Discrepancies between the extracted data were resolved by agreement between the researchers. We extracted study characteristics, participant characteristics, data for assessing quality assessment, and HRV parameters among the included studies. The extracted data from eligible studies were entered into a Microsoft Excel file (Microsoft, Redmond, WA, USA).




2.4. Study Risk of Bias Assessment


Methodological quality assessments of the studies included in this review were assessed using tools developed by the National Heart, Lung, and Blood Institute group according to the study design: Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies or Quality Assessment Tool of Case-Control Studies [31]. Two independent researchers (H.-W.S., C.-Y.K.) performed the quality assessment process. Disagreements between the researchers were resolved by discussion.




2.5. Data Analysis


Considering the heterogeneity of the type of population, time from the COVID-19 outbreak, and potential comorbid diseases, quantitative synthesis was not planned. Instead, changes in HRV parameters in individuals after COVID-19 recovery were qualitatively investigated. The population was classified into the following three categories and analyzed: (1) individuals with long COVID (i.e., symptomatic); (2) post-COVID-19 individuals without long COVID-19 (i.e., asymptomatic); (3) individuals with the uncertain presence of long COVID (i.e., unclear). Classifying the population into these three types was expected to help understand the relationship between the long-term effects of COVID-19 and HRV parameters and the characteristics of long COVID. The differences in HRV parameters for each of these three populations are summarized in a table.





3. Results


3.1. This Study Selection


A total of 376 documents were retrieved from the database. Of these, 117 duplicates were removed. The remaining 259 documents were screened for eligibility based on the titles and abstracts, and 242 irrelevant documents were excluded. The full texts of the remaining 17 documents were reviewed; of these, two were excluded due to duplication [32,33], and the other two were excluded due to the lack of a healthy (or uninfected) control group [34,35]. The last one was excluded because the study did not report HRV parameters [36]. Finally, 11 studies in 12 documents [37,38,39,40,41,42,43,44,45,46,47,48] were included in this review, of which, Mekhael et al. [45] (journal article) and Dagher et al. [48] (conference abstract) reported different outcomes for the same study. In dealing with these two documents, we described characteristics and assessed methodological quality based on Mekhael et al. [45], but we extracted HRV parameters from Dagher et al. [48]. The overall process of study selection is presented in Figure 1.




3.2. Characteristics of the Included Studies


All studies had a cross-sectional design. Of the 11 included studies (except for Dagher et al. [48]), 10 were published as journal articles [38,39,40,41,42,43,44,45,46,47], and 1 was presented as a conference abstract [37]. Two studies were conducted in the USA [37,45], Italy [38,47], Turkiye [40,42], and Brazil [41,44]; the remaining studies were conducted in Spain [39], China [43], and India [46]. The number of participants in each study ranged from 25 to 710. A total of 2197 participants were included; 856 (39.0%) were individuals with previous COVID-19 infection, and 1322 (60.2%) were healthy uninfected controls. The remaining 19 participants fully recovered COVID-19 controls without long COVID symptoms [39]. The mean age of the previous COVID-19 group ranged from 29.17 years to 58.6 years. Six studies evaluated the patients at 3 months or more after an acute SARS-CoV-2 infection [37,39,40,42,44,47]; Freire et al. [41] and Mekhael et al. [45] assessed the participants at 15–180 days and 171 ± 114 days after infection, respectively. The others were unclear when they evaluated HRV parameters [38,43,46]. Among these, Shah et al. [46] included recovered patients from COVID-19 within 30–45 days of enrollment. HRV parameters were analyzed based on 1 or 5-min or 24-h recordings. To assess HRV parameters, four studies used portable twelve-channel tape recorders [38,39,40,42]; three used a commercial wrist-worn sensor [41,44,45]; one used a ballistocardiography-based internet-of-medical-things system [43]; one used standard 12-lead electrocardiography machine [46]; and one used a commercial finger sensor [47]. Among the various parameters, SDNN, RMSSD, LF, and HF were most common (63.6%), followed by LF/HF ratio (54.5%) and pNN50—the proportion of the number of pairs of successive normal-to-normal RR intervals that differ by more than 50 milliseconds divided by the total number of normal-to-normal intervals—(45.5%). The overall characteristics of the included studies are summarized in Table 1. The main results of the included studies are summarized in Supplementary File S3.




3.3. Methodological Quality Assessment


As all studies had a cross-sectional research design, the methodological quality was assessed using Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies [31]. The research question (Q1) was clearly described in all studies. The study population (Q2) was specified and defined in 10 studies, except for Adler et al. [37]. The participation rate of eligible persons (Q3) was more than 50% in six studies [38,39,42,44,45,46]. Participants were recruited from the same population (Q4) by only Acanfora et al. [38]; the other four studies used other cohort databases or recruited controls from different populations [39,40,43,45], and the remaining six studies did not describe the detailed recruitment processes of control groups [37,41,42,44,46,47]. Sample size justification (Q5), exposure assessment (Q6), and sufficient timeframe (Q7) were not conducted in all studies. Furthermore, levels of exposure (Q8) were not defined and classified in all studies. Exposure (i.e., COVID-19) measures and assessment (Q9) were only clearly described in Freire [41]; the others did not report how they confirmed COVID-19. Repeated exposure assessment (Q10) was not applicable in all studies because all studies had a cross-sectional research design. Outcome (i.e., HRV) measures (Q11) were clearly defined and valid in all studies. However, the blinding of outcome assessors (Q12) was not reported in all studies. Follow-up (Q13) was not applicable because the included studies were all cross-sectional. Statistical analyses (Q14) considering confounding variables were conducted in seven studies [39,40,41,43,45,46,47] (Table 2).




3.4. Long-Term Impact of COVID-19 on Heart Rate Variability


3.4.1. HRV Parameters in Individuals with Long COVID (n = 3)


Acanfora et al. [38] evaluated HRV parameters in patients with long COVID symptoms and compared them to individuals without a COVID-19 history; the duration of symptoms was unclear. The SDNN (ms) was significantly lower in the patient group than in the control group (92.3 ± 24.4 vs. 127 ± 36.4, p = 0.0001), but the RMSSD (ms) was not significantly different between the two groups (p > 0.05). The HF (ms2) significantly decreased (4.65 ± 0.9 vs. 5.33 ± 0.9; p = 0.015), and the LF/HF ratio significantly increased (1.46 ± 0.27 vs. 1.23 ± 0.13, p = 0.001) in the patient group compared to the control group. However, the LF (ms2) was not significantly different between the two groups (p > 0.05). The researchers concluded that long COVID correlated with lower parasympathetic function (i.e., lower HF component and high LF/HF ratio). Aranyó et al. [39] compared HRV parameters among three groups: group A, long COVID patients with inappropriate sinus tachycardia (IST) persisting for more than 3 months; group B, recovered COVID-19 patients without IST; group C, uninfected controls. The LF (Hz) and HF (Hz) were significantly lower in group A than in group C (670.2 ± 380 vs. 1801.5 ± 800, p < 0.001; 246.0 ± 179 vs. 1048.5 ± 570, p < 0.001). However, the LF/HF ratio was significantly higher in group A than in group C (3.6 ± 1 vs. 2.0 ± 1, p = 0.040). Notably, there were no significant differences in most HRV parameters between group A and group B (all, p > 0.05), except for daytime pNN50 (%) and VLF (both p > 0.05). These results showed a decrease in most HRV parameters and ANS imbalance with decreased parasympathetic activity in long COVID patients with IST. The researchers concluded that IST was especially associated with pNN50 of individuals. Marques et al. [44] assessed HRV in long COVID patients. Of these, a subgroup with persistent long COVID symptoms for more than 3 months showed a significant increase in the SDNN (ms) compared to uninfected controls (46.83 ± 133.77 vs. 46.50 ± 29.20, p < 0.0001). However, the RMSSD (ms) was significantly lower in the study subgroup than in the control group (38.25 ± 35.68 vs. 54.90 ± 40.64, p < 0.001). However, LF (normalized unit), HF (normalized unit), and the LF/HF ratio did not differ significantly between the two groups (all, p > 0.05). The authors suggested that a relative increase in sympathetic activity supported by low RMSSD in their findings might be related to ANS imbalances, long COVID, and sudden death in patients with a history of COVID-19 (Table 3).




3.4.2. HRV Parameters in Post-COVID-19 Individuals without Long COVID (n = 2)


Aranyó et al. [39] found that individuals without long COVID showed significantly lower daytime pNN50 (%) (10.5 ± 8 vs. 17.3 ± 10, p = 0.019), VLF (ms2) (2415.7 ± 1361 vs. 3931.1 ± 2194, p = 0.007), LF (ms2) (1093.2 ± 878 vs. 1801.5 ± 500, p = 0.015), and HF (ms2) (463.7 ± 295 vs. 1048.5 ± 570, p < 0.001), but not nighttime pNN50 (%) (16.6 ± 15 vs. 21.4 ± 11, p = 0.498) and LF/HF ratio (2.7 ± 1.3 vs. 2.0 ± 1, p = 0.612) compared to healthy controls. Asarcikli et al. [40] reported a significant increase in the SDNN (ms), RMSSD (ms), and HF (ms2). This research analyzed HRV parameters in patients with previous COVID-19 infection more than 12 weeks prior and matched healthy controls. Since the study group consisted of individuals who showed no clinical symptoms during the evaluation period, long COVID was considered non-existent. When comparing the study group and the control group, the SDNN was 155 (interquartile range [IQR], 144–177) vs. 147 (IQR, 126–166) (p = 0.015); the RMSSD was 41 (IQR, 27–61) vs. 31 (IQR, 22–37) (p = 0.002); LF was 712 (IQR, 478–946) vs. 665 (IQR, 561–1065) (p = 0.599); HF was 325 (IQR, 175–540) vs. 148 (IQR, 105–544) (p = 0.037). These results implied parasympathetic overtone and increased HRV in patients with a history of COVID-19 in the post-COVID period (Table 3).




3.4.3. HRV Parameters in Individuals in Whom the Presence of Long COVID Is Uncertain (n = 7)


Adler et al. [37] investigated HRV parameters in recovered COVID-19 patients at 3 and 6 months post-discharge compared to matched controls. The results were not numerically presented, although statistical significance was tested. At 3 months post-discharge, the SDNN (ms), RMSSD (ms), and pNN50 (%) of the study group were significantly lower than those of the control group (all, p < 0.05). The researchers concluded that COVID-19 infection was associated with impaired parasympathetic modulation of HRV at 6 months post-discharge. Freire et al. [41] conducted a sub-analysis of the Fit-COVID study [49]. This study measured HRV parameters of previous COVID-19 patients at 15–180 days after testing positive and matched healthy controls, and further investigated the impact of body mass and physical activity on HRV. The SDNN (ms) and RMSSD (ms) were significantly lower in the study group than the control group (29.13 ± 9.37 vs. 36.17 ± 9.59, p = 0.0282; 24.45 (IQR, 14.40–28.55) vs. 27.40 (IQR, 23.40–33.15, p = 0.0452). However, LF (normalized unit), HF (normalized unit), and LF/HF ratio were not significantly different between the two groups (all, p > 0.05). The authors concluded that parasympathetic activity was decreased (RMSSD; p = 0.0452) and sympathetic activity was increased (stress index; p = 0.0273) in the post-COVID-19 group. Moreover, overweight/obesity and physical inactivity were associated with a negative impact on ANS activity. Kurtoğlu et al. [42] compared patients with a history of COVID-19 infection at 20.0 ± 11.4 weeks after COVID-19 confirmation and healthy controls without a history of COVID-19 and vaccination. Most HRV parameters, such as SDNN (ms), RMSSD (ms), LF (ms2), and HF (ms2), were significantly decreased in the study group. When comparing the study group and the control group, the SDNN was 122.40 ± 30.90 vs. 161.30 ± 30.80 (p < 0.0001); the RMSSD was 1.45 ± 0.16 vs. 1.62 ± 0.18 (p < 0.0001); LF was 2.71 ± 0.31 vs. 2.95 ± 0.28 (p < 0.0001); HF was 2.29 ± 0.33 vs. 2.62 ± 0.34 (p < 0.0001). LF was not significantly different between the two groups when normalized (69.60 ± 11.60 vs. 67.80 ± 13.90, p = 0.482). These results indicated impaired cardiac parasympathetic function in patients after COVID-19 recovery. Liu et al. [43] compared HRV parameters of discharged patients with COVID-19 and matched healthy controls. The results were not numerically presented, although statistical significance was tested. The SDNN (ms), LH (ms2), and HF (ms2) were significantly lower in the study group than in the control group (all, p < 0.001). Based on the findings, the authors suggested that damage to the heart or ANS caused by SARS-CoV-2 infection could be long-lasting. Mekhael et al. [45] (the HRV data extracted from Dagher et al. [48]) compared individuals with previous COVID-19 infection at 171 ± 114 days and controls who were not diagnosed with COVID-19. They found a significant decrease in mean HRV (ms) in the study group (38.9 ± 614.4 vs. 44.0 ± 619.2, p = 0.01). This result suggested that COVID-19 infection had a long-term effect on cardiovascular and ANS. Shah et al. [46] measured the HRV parameters of individuals who recovered from COVID-19 within 30–45 days and healthy controls. Both RMSSD (ms) and SDNN (ms) were significantly lower in the study group than in the control group (13.9 ± 11.8 vs. 19.9 ± 19.5, p = 0.01; 16.9 ± 12.9 vs. 22.5 ± 17.6, p = 0.01). Specifically, they found that among individuals post-COVID-19, the proportion of individuals with orthostatic hypotension was 13.04%, and both RMSSD and SDNN were significantly lower than in those without orthostatic hypotension (5.3 ± 3.2 vs. 15.2 ± 12.1, p = 0.006; 9.2 ± 6.0 vs. 18.1 ± 13.3, p = 0.02). The authors concluded that cardiovascular dysautonomia with lower HRV was common in COVID-19-recovered subjects, especially individuals with orthostatic hypotension. Zanoli et al. [47] assessed previous COVID-19 infections more than 12 weeks prior and matched controls. Only HRV triangular index and LF/HF ratio were investigated as HRV parameters. However, these parameters did not differ significantly between the two groups (both, p > 0.05) (Table 3).






4. Discussion


4.1. Principal Findings


This systematic review investigated the long-term effect of COVID-19 on HRV parameters. Eleven cross-sectional studies in 12 references [37,38,39,40,41,42,43,44,45,46,47,48] were included by systematic and comprehensive search. This review broadly divided studies under three population conditions: individuals with long COVID (i.e., symptomatic); post-COVID-19 individuals without long COVID (i.e., asymptomatic); and individuals whose presence of long COVID was uncertain (i.e., unclear).



First, changes in HRV parameters in individuals with long COVID were investigated in three studies [38,39,44]. Among them, parameters that showed consistent significant differences in at least two studies included SDNN, VLF, HF, and LF/HF ratio. Specifically, compared to the healthy control group, SDNN, VLF, and HF were significantly lower in individuals with long COVID, and LF/HF ratio was significantly higher. Regarding these differences, the studies suggest the possibility that long COVID is associated with reduced parasympathetic activity [38,39] and increased sympathetic activity [44]. Interestingly, a comparison of HRV parameters in individuals with long COVID and post-COVID-19 individuals without long COVID showed significant differences in only daytime pNN50 and VLF [39]. Based on these findings, Aranyó et al. [39] suggested that pNN50 may be associated with long COVID, especially IST. Second, changes in HRV parameters in post-COVID-19 individuals without long COVID were investigated in two studies [39,40]. Although these two studies reported four common HRV parameters, including pNN50, LF, HF, and LF/HF ratio, both studies consistently found no changes in HRV parameters. Interpretation of the results also showed differences. Aranyó et al. [39] observed reduced parasympathetic activity after COVID-19, while Asarcikli et al. [40] noted parasympathetic overtone. Furthermore, Asarcikli et al. [40] found that SDNN and RMSSD were increased compared to healthy controls in post-COVID-19 individuals without long COVID, and based on the findings, they highlighted an increase in HRV after COVID-19. However, this result contrasts with findings from most other studies included in this review [37,38,41,42,43,46]. Third, changes in HRV parameters of individuals whose presence of long COVID is uncertain were investigated in seven studies in eight documents [37,41,42,43,45,46,47,48]. Among them, parameters that showed consistent significant differences in at least four studies included SDNN and RMSSD. Specifically, compared to the healthy control group, the two parameters were significantly lower in individuals whose presence of long COVID is uncertain. Significant decreases in pNN50, SDANN, LF, and HF were also reported relatively consistently in this population. However, no case showed conflicting differences between studies in the HRV parameters. Similar discussions in most studies indicated autonomic dysfunctions, specifically impaired parasympathetic modulation of HRV [37,41,42,46] and increased sympathetic activity [41] in this population.



However, the methodological quality of the included studies was not optimal. In particular, none of the included studies justified the sample size, and since all studies were cross-sectional, there were limitations in causally investigating the changes in HRV parameters found. One of the important limitations was that among the included studies, only seven [39,40,41,43,45,46,47] were measured and appropriately adjusted for key potential confounding variables.




4.2. Clinical Implications


Several studies have reported an acute effect of COVID-19 on the ANS [24,50]. Specifically, a previous systematic review showed mixed results of changes in SDNN and RMSSD in patients with acute COVID-19 [51], while LF and HF were generally lower in COVID-19 patients compared to healthy controls [51]. However, this review suggests a consistent finding of reduced SDNN in the long-term impact of COVID-19 and no consistent findings in RMSSD, LF, and HF. Given that SDNN is considered a gold standard indicator for the cardiac risk [30], a possible association between the long-term effects of COVID-19 and cardiac risk may be raised. A study that followed more than 150,000 individuals with COVID-19 for one year found that the risks and burdens of cardiovascular disease are substantial in COVID-19 survivors [11]. In addition, some risk factors, including pre-existing cardiovascular comorbidities, may increase cardiovascular risk in these patients [52]. Therefore, HRV parameters, such as SDNN, which can be measured non-invasively and conveniently, are considered clinically worthy of attention for the purpose of monitoring the long-term effects of COVID-19 and the cardiovascular risk of COVID-19 survivors.



One study reported an association between the long-term effects of COVID-19 and increased SDNN and overshoot of the parasympathetic activity [40]. They suggest that the overshoot of parasympathetic activity that occurs 12 weeks after COVID-19 is reactive, and the increase in sympathetic tone during acute COVID-19 may have prevented this overshoot of parasympathetic activity [40]. However, this finding contradicts other studies [37,42] on the population during a similar period after COVID-19. Moreover, a significant increase in parasympathetic tone supported by increased SDNN and RMSSD during the acute COVID-19 period has also been reported [24]. This finding suggests that it may be premature to draw consensus conclusions about changes in ANS in the context of COVID-19. A recent review suggested that potential mechanisms of ANS dysfunction after COVID-19 may involve direct invasion of SARS-CoV-2 through neuronal or hematogenous routes, autoimmunity, persistent inflammation, hypoxia, and renin-angiotensin system imbalance [53]. In the context of the diverse mechanisms, whether ANS plays a pivotal role in post-COVID-19 conditions, including long COVID, remains to be elucidated, and the findings in this review provide only fragmented information.



The COVID-19 pandemic is considered to have triggered a huge shift in the popularization of telemedicine in the delivery of healthcare [54,55]. Moreover, the use of wearable health devices plays an important role in terms of telemedicine [54]. Importantly, HRV is one of the popular health indicators for wearable health devices [55]. Therefore, if telemedicine using wearable health devices becomes more popular in the post-COVID-19 era, establishing the clinical significance of HRV parameters from the perspective of evidence-based medicine is clinically relevant. In this context, the findings of this review could be used to promote better patient–doctor communication or to facilitate the successful implementation of wearable health devices [56].



Studies of some established post-COVID-19 conditions can strengthen the methodology of HRV research. For example, in some case reports and case series, POTS was observed in COVID-19 patients [15,57,58,59,60], with significant changes in HRV parameters [61,62]. In this review, Aranyó et al. [39] also diagnosed IST, characterized by elevated heart rate when the patients move from a supine to an upright position; this syndrome is overlapped with POTS [63]. Additionally, a cross-sectional study on 320 patients with long COVID reported that 73.6% of patients suffered from orthostatic intolerance [64]. The cardiovagal baroreflex deficits observed in POTS may be related to reduced parasympathetic withdrawal during supine and sympathetic activation in the upright position [65], which suggests that future studies evaluating HRV in post-COVID-19 conditions should investigate changes in HRV parameters according to body position changes.




4.3. Limitations


There were previous systematic reviews of the associations of HRV parameters with the COVID-19 vaccination [66] and with the acute COVID-19 infection [28,51]. To our knowledge, this review is the first comprehensive review of the long-term effects of COVID-19 based on HRV parameters. However, this review has several limitations. First, this review was not strictly limited to long COVID but comprehensively included the post-COVID-19 population. Since most included studies did not use the strict criteria of long COVID, our findings do not represent HRV parameters in patients with long COVID. Instead, the findings of this study should be used to understand the long-term effects of COVID-19 on HRV parameters, including long COVID. Comparisons between asymptomatic post-COVID-19 conditions and long COVID can further advance our understanding of long COVID. Second, we could not investigate causal relationships because the included studies were cross-sectional. Because the included studies only used uninfected or healthy controls as their control groups, it was not possible to analyze longitudinal changes in HRV parameters in individuals before and after SARS-CoV-2 infection. Additionally, the comparability of the controls and infected patients can also be pointed out as a limitation of this review. Although the majority of included studies adjusted for key potential confounding variables between exposed and control groups [39,40,41,43,45,46,47], there were also some studies that did not. Thus, the authors admit that the findings of this review may have been biased. Some authors of the primary studies concluded that autonomic imbalance could explain the pathology of the long COVID-19 [38,39], but this conclusion would require further longitudinal cohort studies. Third, there is heterogeneity in the devices or recording times of HRV parameter measurements in included studies. Ideally, studies on HRV parameters should use certified medical devices and follow standard guidelines to provide reliable findings [30]. Considering the characteristics of long COVID, including orthostatic intolerance (e.g., POTS), future research should focus on improving HRV measurement methods, such as measurement of HRV parameters according to body position changes. Fourth, the included studies and this review attempted to interpret ANS dysfunction in post-COVID-19 conditions based on changes in HRV parameters. However, HRV parameters, such as LF/HF ratio, do not fully represent the ANS function. Specifically, some variables, such as respiration rate, should be considered for the relationship between HRV parameters and ANS function; however, no study included the relevant variables. Hence, there are limitations in interpreting the findings of this review in relation to the ANS function. Finally, this review does not identify a potentially age-dependent impact of post-COVID-19 conditions on HRV parameters. Depending on the age of individuals included in the studies, it could have been classified as children and adolescents (i.e., under 18), adults (i.e., 18 to 65), and the elderly (i.e., over 65), but among the included studies, there were no studies targeting children, adolescents, or the elderly. As the mean age of individuals in the included studies ranged from 26 to 59 years, age stratification was not possible to allow for analysis by age group. However, the long-term effects of age-dependent SARS-CoV-2 infection deserve further exploration. ANS function was found to decline in old age compared to young adults or middle age [67]. In addition, it is known that SDNN and SDANN show a linear decrease with age, while RMSSD and pNN50 show a reversal increase at the age of 60 or older [68]. Importantly, an analysis of 205 patients referred to the post-COVID-19 service found that the mean age of individuals with dysautonomia was statistically significantly older compared to individuals without dysautonomia (p < 0.001) [69]. Although there is a systematic review investigating long COVID in children and adolescents [70], the difference in long COVID by age group and the potential relevance of HRV or ANS function should be further investigated in the future.





5. Conclusions


Compared to uninfected or healthy controls, decreases in SDNN were observed in individuals who recovered from COVID-19 or had long COVID. On the other hand, consistent differences between the groups were not observed in RMSSD, LF, and HF. Most included studies emphasized parasympathetic inhibition in post-COVID-19 conditions, including long COVID-19. However, the studies included in this review are cross-sectional and do not guarantee causality. Moreover, due to the methodological limitations of studies, including the measurement of HRV parameters, the findings should be further validated by more robustly designed prospective longitudinal studies.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/healthcare11081095/s1, Supplementary File S1: PRISMA 2020 Checklist; Supplementary File S2: Search strategies used in each database; Supplementary File S3: Main findings of included studies.





Author Contributions


Conceptualization, C.-Y.K.; methodology, H.-W.S., C.-Y.K. and B.L.; formal analysis, H.-W.S., C.-Y.K. and B.L.; writing—original draft preparation, H.-W.S. and C.-Y.K.; writing—review and editing, C.-Y.K. and B.L.; supervision, C.-Y.K.; project administration, C.-Y.K.; funding acquisition, C.-Y.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the MSIT (Ministry of Science and ICT), Korea, under the Grand Information Technology Research Center support program (IITP-2023-2020-0-01791) supervised by the IITP (Institute for Information and Communications Technology Planning and Evaluation).




Institutional Review Board Statement


Ethical review and approval were waived for this study due to this study being a systematic review targeting previously published studies.




Informed Consent Statement


Patient consent was waived due to this study being a systematic review targeting previously published studies.




Data Availability Statement


The data used to support the findings of this study are included within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mizrahi, B.; Shilo, S.; Rossman, H.; Kalkstein, N.; Marcus, K.; Barer, Y.; Keshet, A.; Shamir-Stein, N.; Shalev, V.; Zohar, A.E. Longitudinal symptom dynamics of COVID-19 infection. Nat. Commun. 2020, 11, 1–10. [Google Scholar] [CrossRef]

	



Carvalho-Schneider, C.; Laurent, E.; Lemaignen, A.; Beaufils, E.; Bourbao-Tournois, C.; Laribi, S.; Flament, T.; Ferreira-Maldent, N.; Bruyère, F.; Stefic, K. Follow-up of adults with noncritical COVID-19 two months after symptom onset. Clin. Microbiol. Infect. 2021, 27, 258–263. [Google Scholar] [CrossRef]

	



Taquet, M.; Dercon, Q.; Luciano, S.; Geddes, J.R.; Husain, M.; Harrison, P.J. Incidence, co-occurrence, and evolution of long-COVID features: A 6-month retrospective cohort study of 273,618 survivors of COVID-19. PLoS Med. 2021, 18, e1003773. [Google Scholar] [CrossRef]

	



Davis, H.E.; Assaf, G.S.; McCorkell, L.; Wei, H.; Low, R.J.; Re’em, Y.; Redfield, S.; Austin, J.P.; Akrami, A. Characterizing long COVID in an international cohort: 7 months of symptoms and their impact. EClinicalMedicine 2021, 38, 101019. [Google Scholar] [CrossRef]

	



Soriano, J.B.; Murthy, S.; Marshall, J.C.; Relan, P.; Diaz, J.V.; Group, W.C.C.D.W. A clinical case definition of post-COVID-19 condition by a Delphi consensus. Lancet Infect. Dis. 2021, 22, e102–e107. [Google Scholar] [CrossRef]

	



Chen, C.; Haupert, S.R.; Zimmermann, L.; Shi, X.; Fritsche, L.G.; Mukherjee, B. Global Prevalence of Post-Coronavirus Disease 2019 (COVID-19) Condition or Long COVID: A Meta-Analysis and Systematic Review. J. Infect. Dis. 2022, 226, 1593–1607. [Google Scholar] [CrossRef]

	



Fried, J.A.; Ramasubbu, K.; Bhatt, R.; Topkara, V.K.; Clerkin, K.J.; Horn, E.; Rabbani, L.; Brodie, D.; Jain, S.S.; Kirtane, A.J. The variety of cardiovascular presentations of COVID-19. Circulation 2020, 141, 1930–1936. [Google Scholar] [CrossRef]

	



Inciardi, R.M.; Lupi, L.; Zaccone, G.; Italia, L.; Raffo, M.; Tomasoni, D.; Cani, D.S.; Cerini, M.; Farina, D.; Gavazzi, E. Cardiac involvement in a patient with coronavirus disease 2019 (COVID-19). JAMA Cardiol. 2020, 5, 819–824. [Google Scholar] [CrossRef]

	



Guo, T.; Fan, Y.; Chen, M.; Wu, X.; Zhang, L.; He, T.; Wang, H.; Wan, J.; Wang, X.; Lu, Z. Cardiovascular implications of fatal outcomes of patients with coronavirus disease 2019 (COVID-19). JAMA Cardiol. 2020, 5, 811–818. [Google Scholar] [CrossRef]

	



Zheng, Y.-Y.; Ma, Y.-T.; Zhang, J.-Y.; Xie, X. COVID-19 and the cardiovascular system. Nat. Rev. Cardiol. 2020, 17, 259–260. [Google Scholar] [CrossRef]

	



Xie, Y.; Xu, E.; Bowe, B.; Al-Aly, Z. Long-term cardiovascular outcomes of COVID-19. Nat. Med. 2022, 28, 583–590. [Google Scholar] [CrossRef]

	



Coromilas, E.J.; Kochav, S.; Goldenthal, I.; Biviano, A.; Garan, H.; Goldbarg, S.; Kim, J.-H.; Yeo, I.; Tracy, C.; Ayanian, S. Worldwide survey of COVID-19–associated arrhythmias. Circ. Arrhythmia Electrophysiol. 2021, 14, e009458. [Google Scholar] [CrossRef]

	



Oronsky, B.; Larson, C.; Hammond, T.C.; Oronsky, A.; Kesari, S.; Lybeck, M.; Reid, T.R. A review of persistent post-COVID syndrome (PPCS). Clin. Rev. Allergy Immunol. 2021, 64, 66–74. [Google Scholar] [CrossRef]

	



Ormiston, C.K.; Świątkiewicz, I.; Taub, P.R. Postural orthostatic tachycardia syndrome as a sequela of COVID-19. Heart Rhythm. 2022, 19, 1880–1889. [Google Scholar] [CrossRef]

	



Blitshteyn, S.; Whitelaw, S. Postural orthostatic tachycardia syndrome (POTS) and other autonomic disorders after COVID-19 infection: A case series of 20 patients. Immunol. Res. 2021, 69, 205–211. [Google Scholar] [CrossRef]

	



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. Circulation 1996, 93, 1043–1065. [Google Scholar]

	



Swai, J.; Hu, Z.; Zhao, X.; Rugambwa, T.; Ming, G. Heart rate and heart rate variability comparison between postural orthostatic tachycardia syndrome versus healthy participants; a systematic review and meta-analysis. BMC Cardiovasc. Disord. 2019, 19, 320. [Google Scholar] [CrossRef]

	



Schneider, M.; Schwerdtfeger, A. Autonomic dysfunction in posttraumatic stress disorder indexed by heart rate variability: A meta-analysis. Psychol. Med. 2020, 50, 1937–1948. [Google Scholar] [CrossRef]

	



Ying-Chih, C.; Yu-Chen, H.; Wei-Lieh, H. Heart rate variability in patients with somatic symptom disorders and functional somatic syndromes: A systematic review and meta-analysis. Neurosci. Biobehav. Rev. 2020, 112, 336–344. [Google Scholar] [CrossRef]

	



Mol, M.B.; Strous, M.T.; van Osch, F.H.; Vogelaar, F.J.; Barten, D.G.; Farchi, M.; Foudraine, N.A.; Gidron, Y. Heart-rate-variability (HRV), predicts outcomes in COVID-19. PLoS ONE 2021, 16, e0258841. [Google Scholar] [CrossRef]

	



Hasty, F.; García, G.; Dávila, H.; Wittels, S.H.; Hendricks, S.; Chong, S. Heart rate variability as a possible predictive marker for acute inflammatory response in COVID-19 patients. Mil. Med. 2021, 186, e34–e38. [Google Scholar] [CrossRef] [PubMed]

	



Pan, Y.; Yu, Z.; Yuan, Y.; Han, J.; Wang, Z.; Chen, H.; Wang, S.; Wang, Z.; Hu, H.; Zhou, L. Alteration of autonomic nervous system is associated with severity and outcomes in patients with COVID-19. Front. Physiol. 2021, 12, 630038. [Google Scholar] [CrossRef] [PubMed]

	



Ponomarev, A.; Tyapochkin, K.; Surkova, E.; Smorodnikova, E.; Pravdin, P. Heart rate variability as a prospective predictor of early COVID-19 symptoms. medRxiv 2021. [Google Scholar] [CrossRef]

	



Kaliyaperumal, D.; Karthikeyan, R.; Alagesan, M.; Ramalingam, S. Characterization of cardiac autonomic function in COVID-19 using heart rate variability: A hospital based preliminary observational study. J. Basic Clin. Physiol. Pharmacol. 2021, 32, 247–253. [Google Scholar] [CrossRef] [PubMed]

	



Khalpey, Z.I.; Khalpey, A.H.; Modi, B.; Deckwa, J. Autonomic dysfunction in COVID-19: Early detection and prediction using heart rate variability. J. Am. Coll. Surg. 2021, 233, e20–e21. [Google Scholar] [CrossRef]

	



Dani, M.; Dirksen, A.; Taraborrelli, P.; Torocastro, M.; Panagopoulos, D.; Sutton, R.; Lim, P.B. Autonomic dysfunction in ‘long COVID’: Rationale, physiology and management strategies. Clin. Med. (Lond.) 2021, 21, e63–e67. [Google Scholar] [CrossRef] [PubMed]

	



Davis, H.E.; McCorkell, L.; Vogel, J.M.; Topol, E.J. Long COVID: Major findings, mechanisms and recommendations. Nat. Rev. Microbiol. 2023, 21, 133–146. [Google Scholar] [CrossRef]

	



Kwon, C.Y. The Impact of SARS-CoV-2 Infection on Heart Rate Variability: A Systematic Review of Observational Studies with Control Groups. Int. J. Environ. Res. Public Health 2023, 20, 909. [Google Scholar] [CrossRef]

	



Page, M.J.; Moher, D.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.; Brennan, S.E. PRISMA 2020 explanation and elaboration: Updated guidance and exemplars for reporting systematic reviews. BMJ 2021, 372, n160. [Google Scholar] [CrossRef]

	



Shaffer, F.; Ginsberg, J.P. An Overview of Heart Rate Variability Metrics and Norms. Front. Public Health 2017, 5, 258. [Google Scholar] [CrossRef]

	



National Heart Lung, and Blood Institute (NHLBI), Study Quality Assessment Tools. Available online: https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools (accessed on 10 April 2023).

	



Arano Llach, J.; Victor Bazan, V.B.G.; Gemma Llados, G.L.L.; Raquel Adelino, R.A.; Maria Jesus Dominguez, M.J.; Marta Massanella, M.M.; Felipe Bisbal, F.B.; Axel Sarrias, A.S.; Antoni Bayes-Genis, A.B.G.; Lourdes Mateu, L.M.; et al. Inappropriate sinus tachycardia in post-covid-19 Syndrome. Europace 2021, 23, iii126. [Google Scholar] [CrossRef]

	



Aranyo, J.; Md, V.B.; Bisba, F.; Sarrias, A.; Adelino, R.; Lladós, G.; Mateu, L.; Bayés-Genís, A.; Villuendas, R. B-PO02-167 inappropriate sinus tachycardia in post-covid-19 syndrome. Heart Rhythm 2021, 18, S166. [Google Scholar] [CrossRef]

	



Lewek, J.; Jatczak-Pawlik, I.; Maciejewski, M.; Jankowski, P.; Banach, M. COVID-19 and cardiovascular complications—preliminary results of the LATE-COVID study. Arch. Med. Sci. AMS 2021, 17, 818–822. [Google Scholar] [CrossRef] [PubMed]

	



Bai, T.; Zhou, D.; Yushanjiang, F.; Wang, D.; Zhang, D.; Liu, X.; Song, J.; Zhang, J.; Hou, X.; Ma, Y. Alternation of the Autonomic Nervous System Is Associated With Pulmonary Sequelae in Patients With COVID-19 After Six Months of Discharge. Front. Physiol. 2021, 12, 805925. [Google Scholar] [CrossRef]

	



Barizien, N.; Le Guen, M.; Russel, S.; Touche, P.; Huang, F.; Vallée, A. Clinical characterization of dysautonomia in long COVID-19 patients. Sci. Rep. 2021, 11, 14042. [Google Scholar] [CrossRef]

	



Adler, T.E.; Norcliffe-Kaufmann, L.; Condos, R.; Fishman, G.; Kwak, D.; Talmor, N.; Reynolds, H. Heart rate variability is reduced 3-and 6-months after hospitalization for COVID-19 infection. J. Am. Coll. Cardiol. 2021, 77, 3062. [Google Scholar] [CrossRef]

	



Acanfora, D.; Nolano, M.; Acanfora, C.; Colella, C.; Provitera, V.; Caporaso, G.; Rodolico, G.R.; Bortone, A.S.; Galasso, G.; Casucci, G. Impaired vagal activity in long-COVID-19 patients. Viruses 2022, 14, 1035. [Google Scholar] [CrossRef]

	



Aranyó, J.; Bazan, V.; Lladós, G.; Dominguez, M.J.; Bisbal, F.; Massanella, M.; Sarrias, A.; Adeliño, R.; Riverola, A.; Paredes, R. Inappropriate sinus tachycardia in post-COVID-19 syndrome. Sci. Rep. 2022, 12, 1–9. [Google Scholar] [CrossRef]

	



Asarcikli, L.D.; Hayiroglu, M.İ.; Osken, A.; Keskin, K.; Kolak, Z.; Aksu, T. Heart rate variability and cardiac autonomic functions in post-COVID period. J. Interv. Card. Electrophysiol. 2022, 63, 715–721. [Google Scholar] [CrossRef]

	



Freire, A.P.C.F.; Lira, F.S.; Morano, A.E.v.A.; Pereira, T.; Coelho-E-Silva, M.-J.; Caseiro, A.; Christofaro, D.G.D.; Marchioto Júnior, O.; Dorneles, G.P.; Minuzzi, L.G. Role of body mass and physical activity in autonomic function modulation on post-COVID-19 condition: An observational subanalysis of Fit-COVID study. Int. J. Environ. Res. Public Health 2022, 19, 2457. [Google Scholar] [CrossRef]

	



Kurtoğlu, E.; Afsin, A.; Aktaş, İ.; Aktürk, E.; Kutlusoy, E.; Çağaşar, Ö. Altered cardiac autonomic function after recovery from COVID-19. Ann. Noninvasive Electrocardiol. 2022, 27, e12916. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Miao, F.; Yin, L.; Pang, Z.; Li, Y. A noncontact ballistocardiography-based IoMT system for cardiopulmonary health monitoring of discharged COVID-19 patients. IEEE Internet Things J. 2021, 8, 15807–15817. [Google Scholar] [CrossRef] [PubMed]

	



Marques, K.C.; Silva, C.C.; da Silva Trindade, S.; de Souza Santos, M.C.; Rocha, R.S.B.; da Costa Vasconcelos, P.F.; Quaresma, J.A.S.; Falcão, L.F.M. Reduction of cardiac autonomic modulation and increased sympathetic activity by heart rate variability in patients with long COVID. Front. Cardiovasc. Med. 2022, 9, 862001. [Google Scholar] [CrossRef] [PubMed]

	



Mekhael, M.; Lim, C.H.; El Hajjar, A.H.; Noujaim, C.; Pottle, C.; Makan, N.; Dagher, L.; Zhang, Y.; Chouman, N.; Li, D.L. Studying the effect of long COVID-19 infection on sleep quality using wearable health devices: Observational study. J. Med. Internet Res. 2022, 24, e38000. [Google Scholar] [CrossRef]

	



Shah, B.; Kunal, S.; Bansal, A.; Jain, J.; Poundrik, S.; Shetty, M.K.; Batra, V.; Chaturvedi, V.; Yusuf, J.; Mukhopadhyay, S. Heart rate variability as a marker of cardiovascular dysautonomia in post-COVID-19 syndrome using artificial intelligence. Indian Pacing Electrophysiol. J. 2022, 22, 70–76. [Google Scholar] [CrossRef]

	



Zanoli, L.; Gaudio, A.; Mikhailidis, D.P.; Katsiki, N.; Castellino, N.; Lo Cicero, L.; Geraci, G.; Sessa, C.; Fiorito, L.; Marino, F. Vascular dysfunction of COVID-19 is partially reverted in the long-term. Circ. Res. 2022, 130, 1276–1285. [Google Scholar] [CrossRef]

	



Dagher, L.; El Hajjar, A.H.; Mekhael, M.; Noujaim, C.; Lim, C.H.; Marrouche, N.F. Digital health device demonstrates the long-term impact of COVID-19 on the cardiovascular and autonomic system. Heart Rhythm 2022, 19, S446. [Google Scholar] [CrossRef]

	



Lira, F.S.; Pereira, T.; Guerra Minuzzi, L.; Figueiredo, C.; Olean-Oliveira, T.; Figueira Freire, A.P.C.; Coelho-e-Silva, M.J.; Caseiro, A.; Thomatieli-Santos, R.V.; Dos Santos, V.R. Modulatory effects of physical activity levels on immune responses and general clinical functions in adult patients with mild to moderate SARS-CoV-2 Infections—A protocol for an observational prospective follow-up investigation: Fit-COVID-19 study. Int. J. Environ. Res. Public Health 2021, 18, 13249. [Google Scholar] [CrossRef]

	



Goldstein, D.S. The extended autonomic system, dyshomeostasis, and COVID-19. Clin. Auton. Res. 2020, 30, 299–315. [Google Scholar] [CrossRef]

	



Scala, I.; Rizzo, P.A.; Bellavia, S.; Brunetti, V.; Colò, F.; Broccolini, A.; Della Marca, G.; Calabresi, P.; Luigetti, M.; Frisullo, G. Autonomic dysfunction during acute SARS-CoV-2 infection: A systematic review. J. Clin. Med. 2022, 11, 3883. [Google Scholar] [CrossRef]

	



Sabatino, J.; De Rosa, S.; Di Salvo, G.; Indolfi, C. Impact of cardiovascular risk profile on COVID-19 outcome. A meta-analysis. PLoS ONE 2020, 15, e0237131. [Google Scholar] [CrossRef]

	



Jammoul, M.; Naddour, J.; Madi, A.; Reslan, M.A.; Hatoum, F.; Zeineddine, J.; Abou-Kheir, W.; Lawand, N. Investigating the possible mechanisms of autonomic dysfunction post-COVID-19. Auton. Neurosci. 2022, 245, 103071. [Google Scholar] [CrossRef] [PubMed]

	



Mobbs, R.J.; Ho, D.; Choy, W.J.; Betteridge, C.; Lin, H. COVID-19 is shifting the adoption of wearable monitoring and telemedicine (WearTel) in the delivery of healthcare: Opinion piece. Ann. Transl. Med. 2020, 8, 1285. [Google Scholar] [CrossRef] [PubMed]

	



Seshadri, D.R.; Davies, E.V.; Harlow, E.R.; Hsu, J.J.; Knighton, S.C.; Walker, T.A.; Voos, J.E.; Drummond, C.K. Wearable Sensors for COVID-19: A Call to Action to Harness Our Digital Infrastructure for Remote Patient Monitoring and Virtual Assessments. Front. Digit. Health 2020, 2, 8. [Google Scholar] [CrossRef]

	



Smuck, M.; Odonkor, C.A.; Wilt, J.K.; Schmidt, N.; Swiernik, M.A. The emerging clinical role of wearables: Factors for successful implementation in healthcare. NPJ Digit. Med. 2021, 4, 45. [Google Scholar] [CrossRef]

	



Johansson, M.; Ståhlberg, M.; Runold, M.; Nygren-Bonnier, M.; Nilsson, J.; Olshansky, B.; Bruchfeld, J.; Fedorowski, A. Long-haul post–COVID-19 symptoms presenting as a variant of postural orthostatic tachycardia syndrome: The Swedish experience. Case Rep. 2021, 3, 573–580. [Google Scholar] [CrossRef]

	



Kanjwal, K.; Jamal, S.; Kichloo, A.; Grubb, B.P. New-onset postural orthostatic tachycardia syndrome following coronavirus disease 2019 infection. J. Innov. Card. Rhythm Manag. 2020, 11, 4302. [Google Scholar] [CrossRef]

	



Miglis, M.G.; Prieto, T.; Shaik, R.; Muppidi, S.; Sinn, D.-I.; Jaradeh, S. A case report of postural tachycardia syndrome after COVID-19. Clin. Auton. Res. 2020, 30, 449–451. [Google Scholar] [CrossRef]

	



Umapathi, T.; Poh, M.Q.; Fan, B.E.; Li, K.F.C.; George, J.; Tan, J.Y. Acute hyperhidrosis and postural tachycardia in a COVID-19 patient. Clin. Auton. Res. 2020, 30, 571–573. [Google Scholar] [CrossRef]

	



Sumiyoshi, M.; Nakata, Y.; Mineda, Y.; Yasuda, M.; Nakazato, Y.; Yamaguchi, H. Analysis of heart rate variability during head-up tilt testing in a patient with idiopathic postural orthostatic tachycardia syndrome (POTS). Jpn. Circ. J. 1999, 63, 496–498. [Google Scholar] [CrossRef]

	



Inbaraj, G.; Udupa, K.; Vasuki, P.P.; Nalini, A.; Sathyaprabha, T.N. Resting heart rate variability as a diagnostic marker of cardiovascular dysautonomia in postural tachycardia syndrome. J. Basic Clin. Physiol. Pharmacol. 2022, 34, 103–109. [Google Scholar] [CrossRef]

	



Brady, P.A.; Low, P.A.; Shen, W.K. Inappropriate sinus tachycardia, postural orthostatic tachycardia syndrome, and overlapping syndromes. Pacing Clin. Electrophysiol. 2005, 28, 1112–1121. [Google Scholar] [CrossRef] [PubMed]

	



Eldokla, A.M.; Mohamed-Hussein, A.A.; Fouad, A.M.; Abdelnaser, M.G.; Ali, S.T.; Makhlouf, N.A.; Sayed, I.G.; Makhlouf, H.A.; Shah, J.; Aiash, H. Prevalence and patterns of symptoms of dysautonomia in patients with long-COVID syndrome: A cross-sectional study. Ann. Clin. Transl. Neurol. 2022, 9, 778–785. [Google Scholar] [CrossRef]

	



Stewart, J.M.; Warsy, I.A.; Visintainer, P.; Terilli, C.; Medow, M.S. Supine Parasympathetic Withdrawal and Upright Sympathetic Activation Underly Abnormalities of the Baroreflex in Postural Tachycardia Syndrome: Effects of Pyridostigmine and Digoxin. Hypertension 2021, 77, 1234–1244. [Google Scholar] [CrossRef]

	



Kwon, C.-Y.; Lee, B. Impact of COVID-19 Vaccination on Heart Rate Variability: A Systematic Review. Vaccines 2022, 10, 2095. [Google Scholar] [CrossRef] [PubMed]

	



Parashar, R.; Amir, M.; Pakhare, A.; Rathi, P.; Chaudhary, L. Age Related Changes in Autonomic Functions. J. Clin. Diagn. Res. 2016, 10, CC11–CC15. [Google Scholar] [CrossRef] [PubMed]

	



Geovanini, G.R.; Vasques, E.R.; de Oliveira Alvim, R.; Mill, J.G.; Andreão, R.V.; Vasques, B.K.; Pereira, A.C.; Krieger, J.E. Age and Sex Differences in Heart Rate Variability and Vagal Specific Patterns - Baependi Heart Study. Glob. Heart 2020, 15, 71. [Google Scholar] [CrossRef]

	



Ladlow, P.; O’Sullivan, O.; Houston, A.; Barker-Davies, R.; May, S.; Mills, D.; Dewson, D.; Chamley, R.; Naylor, J.; Mulae, J.; et al. Dysautonomia following COVID-19 is not associated with subjective limitations or symptoms but is associated with objective functional limitations. Heart Rhythm 2022, 19, 613–620. [Google Scholar] [CrossRef]

	



Lopez-Leon, S.; Wegman-Ostrosky, T.; Ayuzo Del Valle, N.C.; Perelman, C.; Sepulveda, R.; Rebolledo, P.A.; Cuapio, A.; Villapol, S. Long-COVID in children and adolescents: A systematic review and meta-analyses. Sci. Rep. 2022, 12, 9950. [Google Scholar] [CrossRef]








[image: Healthcare 11 01095 g001 550] 





Figure 1. PRISMA flow diagram of the review. 
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Table 1. Characteristics of the included studies.
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	Author
	Country
	Comparison
	Population (Mean Age)
	Assessment Time Point
	Assessment Duration (Device)
	HRV Parameters





	Adler 2021 [37]
	USA
	G1: Previous COVID-19 infection (at 3- and 6-months post-discharge) (n = 18)

G2: Matched controls (n = 7)
	G1: 50 ± 16

G2: 50 ± 14
	3 months (12 weeks) or more
	1-min HRV (unclear) responses to orthostatic stress (3-min active standing)
	1. SDNN (ms); 2. RMSSD (ms); 3. pNN50 (%)



	Acanfora 2022 [38]
	Italy
	G1: Long COVID patients (n = 30)

G2: No-COVID-19 patients (n = 20)
	G1: 58.6 ± 17.6

G2: 56.3 ± 14.7
	unclear
	24-h ECG monitoring (portable twelve-channel tape recorder)
	1. SDNN (ms); 2. SDANN (ms); 3. RMSSD (ms); 4. SDNN Index (ms); 5. pNN50 (%); 6. total power (ms2); 7. VLF (ms2); 8. LF (ms2); 9. HF (ms2); 10. LF/HF ratio



	Aranyó 2022 [39]
	Spain
	G1: Long COVID patients with IST) (n = 40)

G2: Fully recovered COVID-19 patients (n = 19)

G3: Uninfected controls (n = 17)
	G1: 40.1 ± 10

G2: 42.2 ± 11

G3: 39.5 ± 13
	3 months (12 weeks) or more
	24-h ECG monitoring (AFT 1000 + B recorder)
	1. Daytime SD (ms); 2. Daytime pNN50 (%); 3. Nighttime SD (ms); 4. Nighttime pNN50 (%); 5. VLF (Hz); 6. LF (Hz); 7. HF (Hz); 8. LF/HF ratio



	Asarcikli 2022 [40]
	Turkiye
	G1: Previous COVID-19 infection (>12 weeks) and no current clinical symptoms (n = 60)

G2: Matched healthy controls (n = 33)
	G1: 39 (range 31–49)

G2: 30 (range 26–42)
	3 months (12 weeks) or more
	24-h ECG monitoring (DMS300-4A Holter ECG recorder)
	1. SDNN (ms); 2. SDANN (ms); 3. RMSSD (ms); 4. SDNN Index (ms); 5. pNN50 (%); 6. total power (ms2); 7. LF (ms2); 8. HF (ms2); 9. LF/HF ratio; 10. SDNN > 60 ms; 11. RMSSD > 40 ms



	Freire 2022 [41]
	Brazil
	G1: Previous COVID-19 infection (at 15–180 days) (n = 20)

G2: Matched healthy controls (n = 18)
	G1: 29.17 ± 6.32

G2: 26.22 ± 5.22
	15–180 days
	5-min HRV (Polar RS800CX)
	1. SDNN (ms); 2. RMSSD (ms); 3. pNN50 (%); 4. LF (nu); 5. HF (nu); 6. LF/HF ratio; 7. Triangular index; 8. TINN (ms)



	Kurtoğlu 2022 [42]
	Turkiye
	G1: Patients with a confirmed history of COVID-19 (at 20.0 ± 11.4 weeks) (n = 50)

G2: Healthy controls without a history of COVID-19 and vaccination (n = 50)
	G1: 40.82 ± 10.31

G2: 38.24 ± 12.02
	3 months (12 weeks) or more
	24-h ECG monitoring (iH-12Plus Holter System)
	1. SDNN (ms); 2. SDANN (ms); 3. RMSSD (ms); 4. SDNN Index (ms); 5. pNN50 (%); 6. total power (ms2); 7. VLF (ms2); 8. LF (ms2); 9. HF (ms2); 10. LF (nu); 11. HF (nu); 12. Triangular index (HRVI)



	Liu 2021 [43]
	China
	G1: Discharged COVID-19 patients (n = 186 → 164 analyzed)

G2: Matched healthy controls (n = 186 → 166 analyzed)
	Not reported
	unclear
	more than 10-h recording (ballistocardiography-based internet-of-medical-things system)
	1. SDNN (ms); 2. SDANN (ms); 3. LF (ms2); 4. HF (ms2)



	Marques 2022 [44]
	Brazil
	G1: Long COVID clinical group (n = 155 → 81 analyzed)

G2: Uninfected controls (n = 94)
	G1: 43.88 ± 10.03

G2: 40.69 ± 6.35
	3 months (12 weeks) or more
	5-min HRV (Polar RS800CX)
	1. SDNN (ms); 2. RMSSD (ms); 3. LF (nu); 4. HF (nu); 5. LF/HF ratio; 6. SD1 (ms); 7. SD2 (ms)



	Mekhael 2022 [45];

Dagher 2022 [48]
	USA
	G1: Previous COVID-19 infection (at 171 ± 114 days) (n = 122)

G2: Controls who were not diagnosed with COVID-19 (n = 588)
	G1: 41.32 ± 15.7

G2: 45.99 ± 14.0
	171 ± 114 days
	5-min HRV (PPG-based smartband)
	1. Mean HRV day/person (ms)



	Shah 2022 [46]
	India
	G1: Previous COVID-19 infection (recovered within 30–45 days) (n = 92)

G2: Healthy volunteer controls (n = 120)
	G1: 50.6 ± 12.1

G2: 51.8 ± 4.2
	unclear (recovered within 30–45 days)
	1-min HRV (VESTA 301i) responses to orthostatic stress (3-min active standing)
	1. RMSSD (ms)



	Zanoli 2022 [47]
	Italy
	G1: Previous COVID-19 infection (>12 weeks) (n = 92)

G2: Matched controls (n = 180)
	G1: 55 ± 12

G2: 55 ± 13
	3 months (12 weeks) or more
	5-min HRV (Finometer Midi device)
	1. LF/HF ratio; 2. Triangular index







Abbreviations. COVID-19, Coronavirus disease 2019; ECG, electrocardiogram; G, group; HF, high-frequency band; HRV, heart rate variability; IST, inappropriate sinus tachycardia; LF, low-frequency band; nu, normalized unit; pNN50, proportion of the number of pairs of successive normal-to-normal RR intervals that differ by more than 50 milliseconds divided by the total number of normal-to-normal RR intervals; RMSSD, root mean square of the successive differences; SD, standard deviation of the interbeat interval; SDANN, standard deviation of the averages of normal-to-normal RR intervals; SDNN, standard deviation of normal-to-normal RR intervals; SDNN index, mean of the standard deviations of all normal-to-normal RR intervals for all 5 min segments of the entire recording; TINN, triangular interpolation of normal-to-normal RR intervals; VLF, very low-frequency band.
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Table 2. Methodological quality of the included studies.
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	Author
	Q1
	Q2
	Q3
	Q4
	Q5
	Q6
	Q7
	Q8
	Q9
	Q10
	Q11
	Q12
	Q13
	Q14





	Adler 2021 [37]
	Y
	N
	NR
	CD
	N
	N
	N
	NA
	NR
	NA
	Y
	NR
	NA
	NR



	Acanfora 2022 [38]
	Y
	Y
	Y
	Y
	N
	N
	N
	NA
	NR
	NA
	Y
	NR
	NA
	N



	Aranyó 2022 [39]
	Y
	Y
	Y
	N
	N
	N
	N
	NA
	NR
	NA
	Y
	NR
	NA
	Y



	Asarcikli 2022 [40]
	Y
	Y
	NA
	N
	N
	N
	N
	NA
	NR
	NA
	Y
	NR
	NA
	Y



	Freire 2022 [41]
	Y
	Y
	N
	CD
	N
	N
	N
	NA
	Y
	NA
	Y
	NR
	NA
	Y



	Kurtoğlu 2022 [42]
	Y
	Y
	Y
	CD
	N
	N
	N
	NA
	NR
	NA
	Y
	NR
	NA
	NR



	Liu 2021 [43]
	Y
	Y
	NR
	N
	N
	N
	N
	NA
	NR
	NA
	Y
	NR
	NA
	Y



	Marques 2022 [44]
	Y
	Y
	Y
	CD
	N
	N
	N
	NA
	NR
	NA
	Y
	NR
	NA
	NR



	Mekhael 2022 [45]; Dagher 2022 [48]
	Y
	Y
	Y
	N
	N
	N
	N
	NA
	NR
	NA
	Y
	NR
	NA
	Y



	Shah 2022 [46]
	Y
	Y
	Y
	CD
	N
	N
	N
	NA
	NR
	NA
	Y
	NR
	NA
	Y



	Zanoli 2022 [47]
	Y
	Y
	NA
	CD
	N
	N
	N
	NA
	NR
	NA
	Y
	NR
	NA
	Y







Abbreviations. CD, cannot determine; N, no; NA, not applicable; NR, not reported; Y, yes. Note: Q1. Was the research question or objective in this paper clearly stated?; Q2. Was the study population clearly specified and defined?; Q3. Was the participation rate of eligible persons at least 50%?; Q4. Were all the subjects selected or recruited from the same or similar populations (including the same time period)? Were inclusion and exclusion criteria for being in the study prespecified and applied uniformly to all participants?; Q5. Was a sample size justification, power description, or variance and effect estimates provided?; Q6. For the analyses in this paper, was the exposure(s) of interest measured prior to the outcome(s) being measured?; Q7. Was the timeframe sufficient so that one could reasonably expect to see an association between exposure and outcome if it existed?; Q8. For exposures that can vary in amount or level, did the study examine different levels of exposure as related to the outcome (e.g., categories of exposure or exposure measured as continuous variable)?; Q9. Were the exposure measures (independent variables) clearly defined, valid, reliable, and implemented consistently across all study participants?; Q10. Was the exposure(s) assessed more than once over time?; Q11. Were the outcome measures (dependent variables) clearly defined, valid, reliable, and implemented consistently across all study participants?; Q12. Were the outcome assessors blinded to the exposure status of participants?; Q13. Was loss to follow-up after baseline 20% or less?; Q14. Were key potential confounding variables measured and adjusted statistically for their impact on the relationship between exposure(s) and outcome(s)?
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Table 3. Long-term impact of COVID-19 on heart rate variability.
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Study

	
Time Domain

	
Frequency Domain




	
SDNN

(ms)

	
RMSSD

(ms)

	
pNN50

(%)

	
SDANN

(ms)

	
SDNN Index

(ms)

	
Triangular Index

	
Mean HRV (ms)

	
VLF

(ms2)

	
LF

(ms2)

	
LF

(nu)

	
HF

(ms2)

	
HF

(nu)

	
LF/HF Ratio

	
Total Power

(ms2)






	
Individuals with long COVID vs. healthy controls (vs. post-COVID-19 individuals without long COVID)




	
Acanfora 2022 [38] *

	
−

	
NS

	
NS

	
−

	
−

	

	

	
−

	
NS

	

	
−

	

	
+

	
−




	
Aranyó 2022 [39] *

	

	

	
D: −, N: − (D: −, N: NS)

	

	

	

	

	
− (−)

	
− (NS)

	

	
− (NS)

	

	
+ (NS)

	




	
Marques 2022 [44]

	
−

	
+

	

	

	

	

	

	

	

	
NS

	

	
NS

	
NS

	




	
Post-COVID-19 individuals without long COVID vs. healthy controls




	
Asarcikli 2022 [40] *

	
+

	
+

	
+

	
+

	
+

	

	

	

	
NS

	

	
+

	

	
−

	
NS




	
Aranyó 2022 [39] *

	

	

	
D: −, N: NS

	

	

	

	

	
−

	
−

	

	
−

	

	
NS

	




	
Individuals whose presence of long COVID is uncertain vs. healthy controls




	
Adler 2021 [37]

	
−

	
−

	
−

	

	

	

	

	

	

	

	

	

	

	




	
Freire 2022 [41]

	
−

	
−

	
NS

	

	

	
NS

	

	

	
NS

	

	
NS

	

	
NS

	




	
Kurtoğlu 2022 [42] *

	
−

	
−

	
−

	
−

	
−

	
−

	

	
−

	
−

	
NS

	
−

	
−

	

	




	
Liu 2021 [43]

	
−

	

	

	
−

	

	

	

	

	
−

	

	
−

	

	

	




	
Mekhael 2022 [45];

Dagher 2022 [48]

	

	

	

	

	

	

	
−

	

	

	

	

	

	

	




	
Shah 2022 [46]

	

	
−

	

	

	

	

	

	

	

	

	

	

	

	




	
Zanoli 2022 [47]

	

	

	

	

	

	
NS

	

	

	

	

	

	

	
NS

	








Abbreviations. COVID-19, coronavirus disease 2019; D, daytime; ECG, electrocardiogram; HF, high-frequency band; HRV, heart rate variability; LF, low-frequency band; N, nighttime; NS, not significant; nu, normalized unit; pNN50, proportion of the number of pairs of successive normal-to-normal RR intervals that differ by more than 50 milliseconds divided by the total number of normal-to-normal RR intervals; RMSSD, root mean square of the successive differences; SDANN, standard deviation of the averages of normal-to-normal RR intervals; SDNN, standard deviation of normal-to-normal RR intervals; VLF, very low-frequency band. Note: ‘+’ means a statistically significant increase compared to the control, while ‘−’ means a statistically significant decrease compared to the control. ‘*’ indicates a study in which HRV was recorded using 24-h ECG monitoring.
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