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Abstract

:

Simple Summary


The clustering of metabolic syndrome (MetS) risk factors is becoming more prevalent in young people (up to the age of 19 years) leading to the development of type 2 diabetes (T2D) and cardiovascular diseases in early adulthood. The impact of MetS risk factors on cardiac autonomic modulation (CAM) or vice versa have been noted to track from childhood to pre-adolescence and adolescence. Understating associations in this age group may help improve the clinical outcomes of the MetS, even when MetS symptoms are not visible. Potential damage from each individual MetS component and the ability to predict early cardiac damage or upcoming cardiovascular events is very important. Therefore, the present systematic review and meta-analysis investigated the associations between CAM and MetS risk factors individually to verify which MetS risk components were significantly correlated with which heart rate variability (HRV) indices before or at the onset of the MetS among young people. The purpose of this review was to outline the importance of potentially screening HRV indices in young people even with only one MetS risk factor, as a pre-indicator for early cardiovascular risk stratification. Cross-sectional studies that examined the relationship of MetS risk factors with HRV indices were searched using four databases including PubMed, the Cochrane clinical trials library, Medline and the Web of Science. Correlation coefficients with 95% confidence intervals (95% CI), and random effects meta-analyses of the association between MetS risk factors with HRV indices were performed. Our results propose that lipid profiles including high density lipoprotein (HDL) and triglycerides (TGs), waist circumference (WC) and blood pressure (BP) are associated with CAM in young people up to the age of 19 years. The use of HRV indices to predict future MetS risk, and relationships with individual risk factors including HDL, BP, WC and TGs, were established. Furthermore, arterial pressure, respiration, stress and physical activity must be taken into consideration for future studies along with CAM related to young people (up to the age of 19 years), and it is recommended to explore further the associations reported here, as CAM is not the only determinant of neurovisceral regulation.




Abstract


Background: the clustering of metabolic syndrome (MetS) risk factors is becoming more prevalent in children, leading to the development of type 2 diabetes (T2D) and cardiovascular diseases in early adulthood. The impact of MetS risk factors on cardiac autonomic modulation (CAM) or vice versa has been noted to track from childhood to pre-adolescence and adolescence. Understating associations in this age group may help to improve the clinical outcomes of the MetS, even when MetS symptoms are not visible. Potential damage from each individual MetS component and the ability to predict early cardiac damage or upcoming cardiovascular events is very important. Therefore, the present systematic review and meta-analysis investigated the associations between CAM and MetS risk factors individually to verify which of the MetS risk components were significantly correlated with heart rate variability (HRV) indices before or at the onset of the MetS among young people. The purpose of this review was to outline the importance of potentially screening HRV indices in young people even with only one MetS risk factor, as a pre-indicator for early cardiovascular risk stratification. Methods: cross-sectional studies that examined the relationship of MetS risk factors with HRV indices were searched using four databases including PubMed, the Cochrane clinical trials library, Medline and the Web of Science. Correlation coefficients with 95% confidence intervals (95% CI), and random effects meta-analyses of the association between MetS risk factors with HRV indices were performed. Results: out of 14 cross-sectional studies and one case-control study, 8 studies (10 data sets) provided association data for the meta-analysis. Our results indicated significant positive correlations for systolic blood pressure (SBP) (correlation coefficient 0.13 (95%CI: 0.06; 0.19), I2 = 47.26%) and diastolic blood pressure (DBP) (correlation coefficient 0.09 (95%CI: −0.01; 0.18), I2 = 0%) with a Low Frequency/High Frequency ratio (LF/HF). Significant negative correlations for waist circumference (WC) (correlation coefficient −0.12 (95%CI: −0.19; −0.04), I2 = 51.50%), Triglycerides (TGs) (correlation coefficient −0.09 (95%CI: −0.15; −0.02), I2 = 0%) and ≥2 MetS risk factors (correlation coefficient −0.10 (95%CI: −0.16; −0.03), I2 = 0%); with high frequency (HF) were revealed. Significant positive correlations for high density lipoprotein (HDL) (correlation coefficient 0.08 (95%CI: 0.05; 0.11), I2 = 0%) and significant negative correlations of ≥2 MetS risk (correlation coefficient −0.04 (95%CI: −0.12; 0.03), I2 = 0.0%) with low frequency (LF) were revealed. Significant negative correlations for TGs (correlation coefficient −0.09 (95%CI: −0.23; 0.05), I2 = 2.01%) with a mean square root of the sum of differences between mean time between two successive intervals (rMSSD) and significant positive correlation of HDL (correlation coefficient 0.09 (95%CI: −0.01; 0.19), I2 = 0.33%) with standard deviation of the time between two successive intervals (SDNN) were also revealed. An Egger’s test indicated that there was no obvious publication bias for any of the above relationships except for TGs and rMSSD. The significance level stipulated for the meta-analysis was p < 0.05. Conclusions: lipid profiles (HDL and TGs), WC and BP were associated with CAM in young people up to the age of 19 years. The use of HRV indices to predict future MetS risk, and relationships with individual risk factors including HDL, BP, WC and TGs, were established. Future studies related to young people (up to the age of 19 years) are recommended to explore the associations reported here further.
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1. Introduction


The cardiovascular system is regulated mainly by the autonomic nervous system [1]. Cardiac autonomic modulation (CAM) is assessed by heart rate variability (HRV) and has been considered as a potent marker of cardiovascular risk [2,3]. HRV is defined as the variability between consecutive heart beats. It is assessed by analyzing heart beat intervals using time and frequency domain techniques [4]. Time domain measures have been described as the heart rate at any point in time or the measure of intervals between successive normal complexes. Frequency domain analysis describes the periodic oscillations of the heart rate signals.



Low HRV indicates that there is a reduction in parasympathetic cardiac control. This has been associated with type 2 diabetes (T2D), with traditional/Metabolic syndrome (MetS) and non-traditional cardiovascular risk factors (stress, cortisol level, inflammatory biomarkers) [5,6]. MetS or pre-diabetes is the clustering of metabolic risk factors (CMRF) including high blood pressure (BP), high triglyceride (TGs) levels, low/high density lipoprotein (HDL), high fasting glucose levels (FGL), high waist circumference (WC) and high/low density lipoprotein (LDL) [7]. The signs and symptoms of T2D appear suddenly, and MetS assessment is a good method to detect people at risk. MetS is defined as a cluster of three or more risk factors [8], and it requires invasive techniques utilizing blood withdrawal and analysis. However, in young people (children, pre-pubertal adolescents and adolescents), the constellation is difficult to define, leading to unclear diagnosis for clinical care [7]. Focusing attention on young people with CMRF should be emphasized over the requirement to define a pediatric MetS condition.



The question arises whether there is potential for early detection of T2D or cardiovascular diseases prior to the signs and symptoms of MetS becoming apparent in young people. Micro-vascular analysis of HRV may be a good prior indicator of future cardiovascular risk [9,10,11]. CAM monitoring is a non-invasive and is a relatively cheap method of analysis. During growth at a young age, hormonal fluctuations promote the growth of lean fat and bone mass, making youth more prone to insulin resistance [12]. The young people are in their sensitive period of physiological and psychological development, which means they are not able to cope with learning stress, sleep deprivation, interpersonal tension, and other external pressures and problems, thus they are more likely to become depressed [13,14]; this may be a contributory factor for future cardiovascular risk. However, it is not well established as an indicator of cardiovascular disease in children and adolescents who are at high risk of T2D and related cardiovascular disorders. Early information about the change in cardiac autonomic control may help predict upcoming CMRF before the MetS develops and shows obvious signs and symptoms among young people.



The relationship between CAM or low HRV and compromised cardiovascular health has been comprehensively studied in adults; however, such studies are scarce in adolescents and children. In a recent meta-analysis comprising millions of subjects, Nanayankkara et al. [15] observed that younger rather than older age people with diabetes were associated with a higher risk of mortality and vascular disease. They also proposed that identification and quantification of the increased risk of mortality and vascular disease conferred by a younger age at T2D diagnosis may enable risk stratification of individuals in the early stages of the condition. This would provide greater opportunities for interventions to reduce the risk of complications, associated morbidity and mortality in this population for developing T2D.



Based on this assumption, some studies have demonstrated correlations between CAM and cardiovascular risk factors early in childhood/adolescence in order to discriminate between young people at increased risk of cardiovascular diseases. Farah et al. in a cross sectional study including 1152 adolescent boys demonstrated that lower HRV measures were associated with CMRF [16]. Rodriguez-Colon et al. [17] also demonstrated the relationship between MetS and CAM in a Penn State Children cohort study of 421 adolescents, and concluded that all MetS components except HDL were associated significantly with reduced HRV. They suggested that CAM could be a predictor of future pre-diabetes in apparently healthy adolescents [17]. Biljon et al. [18] demonstrated that HRV was significantly correlated with HDL levels in 34 South African children [18]. In a Panic Study by Leppänen et al. [19], associations between CMRF with HRV revealed a higher cardio metabolic risk score, and BP and insulin levels were associated with low HRV. They also proposed that monitoring CAM may improve the clinical management of MetS and cardiovascular diseases from an early age [19]. Conversely, Zhou et al. [20] demonstrated that only obesity and elevated systolic BP (SBP) were associated with reduced HRV in 180 Chinese children [20]. Considerable research has focused on these parameters and this systematic review and meta-analysis attempts to compile studies that have observed this concept among children, pre-pubertal populations and adolescents separately. The impact of MetS risk factors on cardiac autonomic nervous system regulation has been noted to track from childhood into pre-adolescence into adolescence, and understating the cumulative impact of their association on this young age group will help to improve the clinical management of MetS even when symptoms are not visible.



Most of the studies examined did not consider maturation variables, which affects the relationship between HRV and individual MetS risk factors. This may be a reason for the variation in results among the associations of HRV indices with MetS risk factors. For instance, significant positive associations between HDL and standard deviation of the time between two successive intervals (SDNN) were reported by van Biljon et al. and Rodriguez-Colon et al. [17,18]. Contrary to these findings, Leppänen et al. [19] and Zhou et al. reported that there were no significant associations between HDL and SDNN. Therefore, this review considered young people up to the age of 19 years as candidates for MetS in order to avoid the confounding effects of maturity status among the population. Cardiovascular disease is rising at an alarming rate in youth, and prior identification of vulnerability is required urgently. Also, there are several studies that show that cardiovascular risk factors are associated with HRV when MetS has been identified in young people [17,19]. Potential damage from each individual MetS component needs to be avoided, and the ability to predict early cardiac damage or upcoming cardiovascular events is very important.



Therefore, the present study comprises a systematic review and meta-analysis investigating associations between CAM and MetS risk factors individually. This was done to verify which cardiovascular risk factors are significantly correlated with HRV indices prior to or during the onset of the MetS in young people.




2. Methodology


This systematic review was conducted and reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [19]. The study has been registered in PROSPERO (CRD42021247766).



2.1. Search Strategy


The search timeline included studies published until March 2021 and was performed by two researchers using four databases including PubMed, the Cochrane clinical trials library, Medline and the Web of Science. The titles/abstract of the articles were searched using “autonomic nervous system OR cardiac autonomic neuropathy OR heart rate variability OR sympathetic nervous system OR parasympathetic nervous system” and “metabolic syndrome OR pre-diabetes OR MetS OR MetX OR cardiovascular risk factors OR cardio-metabolic risk factors” and “adolescents OR children OR youth OR teenagers OR young people OR students OR primary school students OR secondary school students” as keywords. The publication duration was from the beginning of the scientific platform until March 2021, and language was limited to English.




2.2. Exclusion and Inclusion Criteria


All articles were recovered using the keywords and were screened for title and abstract to assess their eligibility. Inclusion criteria for the selection of studies included (1) the study should be a relationship study, (2) subjects should be children or adolescents (age not more than 19 years), (3) should contain measurement of at least one HRV index, (4) should have measurements of at least two or more cardio-metabolic risk factors (Body Mass index (BMI), WC, BP, TGs, HDL, FGL and LDL). Subjects with diabetes or cardiovascular diseases and neurological or mental disabilities were excluded.




2.3. Quality Assessment


Methodological quality and risk of bias of studies was confirmed using the Joanna Briggs Institute Critical Appraisal Checklist for Prevalence Studies (JBI) [21], from the University of Adelaide, Australia (JBI, 2016). This consists of nine questions facilitating the final methodological quality score. From 0 to 6 is classified as moderate or low quality and from 7 to 9 is classified as high quality. The classification indices were based on the work of Kasten et al. [22].




2.4. Data Extraction and Analysis


Two authors, RS and FL, extracted data independently. The extracted data included the study characteristics e.g., title, author, publication year, country, sample size, sex, age of participants, BMI, SBP, diastolic BP (DBP), WC, TGs, LDL, HDL, FGL, ≥2 MetS risk factors, mean square root of the sum of differences between mean time between two successive intervals (rMSSD), Low Frequency (LF), High Frequency (HF), Low Frequency/High Frequency ratio (LF/HF), SDNN and HRV Z score. We selected time domain and frequency domain HRV parameters. SDNN and rMSSD were the indices selected under the time domain, and LF, HF and LF/HF were selected from the frequency domain HRV indices. The clinical meanings of the HRV indices used have been presented in the synoptic table in the Supplementary Materials (Table S1). Also, BMI, SBP, DBP, WC, TGs, LDL, HDL, FGL, ≥2 MetS risk were selected from MetS risk factor indices for meta-analysis. We extracted the beta coefficient (β) and correlation coefficient (r) between MetS risk factors and HRV indices. Finally, β was converted to r based on the published formula [23]. We further used these HRV indices and MetS risk factors for concluding overall variability, parasympathetic activity, baroreflex activity and sympathovagal balance.



Meta-essential 1.5 software (Copenhagen: The Nordic Cochrane Centre) [24] was used for the data analysis, and a random-effects analysis was performed on data collected from the selected studies. Forest plots were generated and the significant correlated HRV index whose heterogeneity was ≤50% was considered significant in this study. The HRV indices that were reported by less than three studies on data sets were not included for the meta-analysis. HRV indices that were reported by ≥3 studies were included in our meta-analysis. In order to measure effect size, the global Z effect size test was applied, where a 95% confidence interval was used. The Egger’s regression intercept and funnel plot were used to examine publication bias [24]. The I2 tests were used to analyze the homogeneity of the studies. Since we did not find more than six data sets for any of our parameters selected, we did not perform subgroup analysis for our significant relationships with heterogeneity, and we preferred to present the real values of the outcome measures. Only significant results with a low heterogeneity of ≤50% were considered important for discussion in this study; however, we have reported the heterogeneously significant results in the result section. For the meta-analysis, the following variables were used: rMSSD, HF, and LF, LF/HF, SDNN, SBP, DBP, TGs, HDL, FGL, BMI, WC and ≥2 MetS risk factors. The significance level stipulated for the meta-analysis was p < 0.05.





3. Results


Initially, 308 articles from 4 databases including PubMed (n = 39), Medline (n = 96), Web of science (n = 117), and Cochrane clinical trials (n = 53) were found and 176 were considered for inclusion after removing duplicates. Following screening of 176 articles, 17 articles were considered eligible for full text assessment that met the pre-established criteria (Figure 1). Finally, 15 studies were included for qualitative and quantitative synthesis. Only eight studies were association studies and were eligible for meta-analysis, in which two studies had two data sets. Two data sets were extracted from Leppänen et al. 2020 and van Biljon et al. 2019. Therefore, in this meta-analysis, 10 data sets were used.



Studies were assessed for the evaluation of methodological quality and risk of bias, and the “Jonna Briggs” Institute critical appraisal checklist for prevalence studies was applied. All articles selected scored within the stipulated range of high methodological quality and risk of bias (7 to 9) Supplementary Materials (Table S2).



Summary of the studies selected for this systematic and meta-analysis are presented and are available in the Supplementary Materials (Table S3). Fifteen studies were published between 2009 to 2021. Among these, only eight studies were association studies and were published between 2012 to 2020. Regions of publications were from South America (n = 5), all from Brazil [16,25,26,27,28]; North America (n = 2), including Pennsylvania (n = 1) [17] and Tennessee (n = 1) [29]; Asia (n = 1), including only Mainland China (n = 1) [20]; Europe (n = 5) including Finland (n = 1) [19], Greece (n = 1) [30], Spain (n = 1) [31] and Holland (n = 1) [32], and from Africa (n = 1), including only South Africa [18]. Sample size per association study ranged from 39 to 1152, with a total of 3745 subjects. Among 6767 subjects, 5120 were boys that comprised 75% of the total subjects. Also, total subjects taken in the meta-analysis were 3745. Among 3745 subjects, 3035 were boys, that comprised 81% of the total population. The mean age ranged from 5.6 ± 0.4 to 16.9 ± 2.24 years.



3.1. SBP Association with CAM


For SBP, five studies showed significant negative associations with HF [16,19,20,27,28]. Three studies showed significant negative associations with SDNN and rMSSD [16,19,20]. Three studies showed significant positive associations with the LF/HF ratio [6,16,20]. On the other hand, two studies [16,27] showed significant positive and two studies [19,20] reported negative significant associations with LF.



For SBP, our results indicate LF/HF was only significantly correlated without heterogeneity with six datasets and 3723 subjects analyzed (Z = 5.30, p < 0.00001, correlation coefficient 0.13 (95%CI: 0.06; 0.19), I2 = 47.26%) (Figure 2A). An Egger’s test (t = 1.26, p = 0.27) indicated that there was no significant publication bias for this relationship (Figure 2A). Also, HF and rMSSD were found to be significantly correlated but with high heterogeneity. HF with five datasets and 3289 subjects was analyzed (Z = −5.03, (p < 0.00001), correlation coefficient −0.15 (95%CI: −0.24; 0.07), I2 = 65.03%). rMSSD with four datasets and 2137 subjects was analyzed (Z = −2.25, (p = 0.025), correlation coefficient −0.20 (95%CI: −0.45; 0.08), I2 = 95.54%).




3.2. DBP Association with CAM


For DBP, two studies reported significant negative associations with SDNN and rMSSD [16,19]. Only one study reported significant negative associations with HF. Also, only one study reported significant positive associations with LF/HF and LF [16].



For DBP, our results indicate that the LF/HF variable was only found significantly correlated without heterogeneity with a total number of three datasets and 2038 subjects analyzed (Z = 4.04, (p < 0.00001), correlation coefficient 0.09 (95%CI: −0.01; 0.18), I2 = 0%) (Figure 2B). An Egger’s test (t = 2.10, p = 0.28) indicated that there was no significant publication bias for this relationship (Figure 2B). Also, SDNN was significantly correlated but with high heterogeneity with three datasets and 2038 subjects analyzed (Z = −1.96, (p = 0.05), correlation coefficient −0.18 (95%CI: −0.51; 0.21), I2 = 94.48%).




3.3. WC Association with CAM


For WC, four studies reported significant positive associations with LF/HF [16,17,18,27]. Three studies [17,18,27] reported significant negative associations and one study [16] reported a positive association with HF. Two studies [17,18] reported significant negative associations and one study [16] reported a significant positive association with rMSSD. Also, one study [17] reported significant negative associations and one study [16] reported a significant positive association with SDNN. Plaza-Florido et al. reported that WC was negatively associated with a cumulative HRV score. On the contrary, a HRV score has been shown to have no impact on high BP, pre-diabetes in overweight obese youth by Lee et al.



For WC, we found that HF was only found significantly correlated without heterogeneity with five datasets and 3202 subjects analyzed (Z = −4.29, (p < 0.00001), correlation coefficient −0.12 (95%CI: −0.19; −0.04), I2 = 51.50%) (Figure 2C). An Egger’s test (t = 0.63, p = 0.57) indicated that there was no significant publication bias for this relationship (Figure 2C). Also, LF/HF was found significantly correlated but with heterogeneity; six datasets and 3555 subjects were analyzed (Z = 1.98, (p = 0.047), correlation coefficient 0.07 (95%CI: −0.02; 0.15), I2 = 62.41%).




3.4. TGs Association with CAM


For TGs, three studies reported significant negative associations with both HF and rMSSD [17,19,28]. Two studies reported significant negative associations with both LF and SDNN [17,19]. Two studies [17,19] reported a significant positive association and one study [6] reported a significant negative association with LF/HF.



For TGs, our results indicated that HF and rMSSD were found significantly correlated with no heterogeneity. HF with four datasets and 1406 subjects was analyzed (Z = −3.99, (p < 0.00001), correlation coefficient −0.09 (95%CI: −0.15; −0.02), I2 = 0%) (Figure 2D). An Egger’s test (t = 0.51, p = 0.66) indicated that there was no obvious publication bias for this relationship (Figure 2D). rMSSD with three datasets and 985 subjects was analyzed (Z = −2.77 (p = 0.006), correlation coefficient −0.09 (95%CI: −0.23; 0.05), I2 = 2.01%) (Figure 2E). An Egger’s test (t = −9.53, p = 0.07) indicated that there was publication bias for this relationship (Figure 2E).




3.5. HDL Association with CAM


For HDL, three studies [17,18,19] reported significant positive associations and one study [28] reported a significant negative association with HF. Two studies [18,19] reported significant positive associations and one study [28] reported a significant negative association with rMSSD. Two studies reported significant positive associations with SDNN [18,19]. Two studies [6,17] reported significant positive associations and one study [19] reported a significant negative association with LF/HF [18,19]. Two studies reported significant positive associations with LF [17,19]. Consistently, Plaza-Florido et al. reported that HDL was positively correlated with a HRV Z score.



For HDL, we found that LF and SDNN were significantly correlated without heterogeneity. LF with three data sets and 1307 subjects was analyzed (Z = 12.38, (p < 0.00001), correlation coefficient 0.08 (95%CI: 0.05; 0.11), I2 = 0%) (Figure 2F). An Egger’s test (t = 0.57, p = 0.67) indicated that there was no significant publication bias for this relationship (Figure 2F). SDNN with four datasets and 954 subjects was analyzed (Z = 2.82, (p = 0.005), correlation coefficient 0.09 (95%CI: −0.01; 0.19), I2 = 0.33%) (Figure 2G). An Egger’s test (t = 1.95, p = 0.19) indicated that there was no obvious publication bias for this relationship (Figure 2G).




3.6. LDL Association with CAM


For LDL, one study reported that there was no correlation with any of the HRV indices [28]. However, both adjusted data sets from one study reported a significant positive association and a significant negative association with HF and LF, respectively [18]. We did not find any significant correlation between LDL and any of the HRV indices.




3.7. BMI Association with CAM


For BMI, three studies reported significant negative associations with HF [16,18,27]. Two studies reported significant negative associations with rMSSD [16,18]. Two studies reported significant positive associations with LF/HF [16,27]. One study [16] reported a significant positive and one study [27] reported a significant negative association with LF. Only one study reported a significant negative association with SDNN [16]. We did not find any significant correlation between BMI and any of the HRV indices.




3.8. FGL Association with CAM


For FGL, three studies unanimously reported that there was no relationship between FGL and HRV indices [19,29,30]. We had two data sets only for all HRV indices. Therefore, we did not perform any quantitative analyses.




3.9. Cluster of ≥2 MetS Risk Factors Association with CAM


Farah et al. aimed to establish cutoffs of HRV parameters for examining their association with cardiovascular risk factors in adolescents from Brazil. Their binary logistic regression analysis showed that HRV indices including SDNN, rMSSD, LF, HF were independently associated with the clustering of MetS risk factors (sum of abdominal obesity, high blood pressure, overweight and low physical activity level) [26]. They proposed that HRV cutoff points have moderate to high sensitivity in predicting cardiovascular risk and proposed that HRV frequency are a better domain than time domain indices. Plaza-Florido et al. studied the impact of different Kubios threshold-based artifact correction levels on the relationship between MetS risk factors and HRV scores, to explain the inconsistencies in results of associations between MetS risk factors and HRV. They reported that only WC and HRV scores were negatively associated with HRV scores using medium and strong kubios filters in children (β = −0.22 and −0.24, p = 0.03 and 0.02, respectively). They also included heart rate as a covariate, especially in children and adults. They reported that most associations disappeared after including heart rate as a covariate. Zhou et al. have reported that as the number of MetS risk factors increases, the HRV decreases.



For ≥2 MetS risk factors, we found that HF and LF were significantly correlated with no heterogeneity. HF with three data sets and 1307 subjects were analyzed (Z = −6.56, (p < 0.00001), correlation coefficient −0.10 (95%CI: −0.16; −0.03), I2 = 0%) (Figure 2H). An Egger’s test (t = −0.11, p = 0.93) indicated that there was no obvious publication bias for this relationship (Figure 2H). LF with three data sets and 1307 number of subjects were analyzed [Z = −2.43 (p = 0.015), correlation coefficient −0.04 [95%CI: −0.12; 0.03], I2 = 0.0%] (Figure 2I). Egger’s test (t = −1.14, p = 0.46) indicated that there was no obvious publication bias for this relationship (Figure 2I).





4. Discussion


This study summarizes the studies that focused on individual associations between MetS risk factors and CAM among young people aged up to 19 years of age. The mean of the effect size of studies in the random-effect model obtained for all HRV indices with CMRF ranged from −0.12 to 0.13, and were significant at p = 0.001; they are considered small, based on Cohen criteria [33]. Our results are aligned with other study results [6,19,27,28]. However, van Biljon et al. [18] reported that rMSSD was correlated significantly with WC (r = −0.45) and with HDL (r = 0.42) among black South African Children (age = 11.85 ± 0.89 years) and falls under a moderate effect size [18]. It has been suggested that specific WC cut-off points for South African black people are needed for correct identification of metabolic conditions [34]. Also, black Africans exhibit a higher propensity towards insulin resistance, and a higher prevalence of hypertension and low HDL cholesterol levels, in contrast to lower rates of hypertriglyceridemia compared to Caucasians [35]. It has also been shown that for black South African diabetic men, cardiovascular disease risks were substantially increased with a WC >90 cm. The waist circumference cut off point of >94 cm has the potential to misclassify many black South African diabetic men at risk of cardiovascular diseases. The prevalence of hypertension, dyslipidemia, and insulin resistance were progressively greater among black South Africans at higher waist circumferences [36]. Farah et al. [16] reported that BMI was significantly correlated with HF and LF by −0.41, 0.46, respectively, and is classified under a moderate effect size [16]. This may be related to the population recruited, as 28.5% had abnormal CMRF, and 56.7% and 14.9% had 1 risk factor and 2 or more risk factors, respectively.



Pascol et al. [25] have proposed that obese children with decreased HDL, increased TGs and presence of higher cardiac sympathetic activity in the standing position (with decrease in SDNN, rMSSD, LF, LF:HF and increase in HF) and significant decrease in physical activity levels were among the key factors for future progression of cardiovascular diseases among children [25]. Stefanaki et al. [30] proposed an interesting finding that HRV indices (decrease in SDNN, rMSSD, HF and increase in mean of LF/HF ratio) were impaired in females irrespective of their glycemic status. They concluded that this may be due to stress disorders prevailing in females even from a young age, because they found no significant difference in body composition parameters between the pre-diabetic and euglycemic groups [30]. Another interesting study by Lee et al. [29] showed the effect of glucose regulation, BP and their combined effect on cardiac autonomic function in overweight obese 11–18 year old young people. They found no significant difference in the HRV parameters based on BP, glucose or interaction of both in overweight obese young people, even after adjustment of age and sex [29].



During growth in young age, hormonal fluctuations promote the growth of lean fat and bone mass, making youth more prone to insulin resistance [12]. Throughout adolescence, it seems to play a pivotal, reciprocal role in influencing changes in body composition [12]. Numerous studies have found that there is a correlation between the hypothalamic–pituitary–adrenal (HPA) axis hyperactivity, weight gain, and fat storage [37,38]. A hyperactive stress system may thus contribute to fat gain, particularly through a rise in HPA axis activity. On the flip side, increased fat mass seems to be a chronic pro-inflammatory, stressful state that affects the HPA axis as well. It is also thought that the presence of subclinical inflammation in obesity contributes to the disruption of metabolic equilibrium, suggesting that pro-inflammatory cytokines secreted by the adipocytes can play a potentially important pathogenic part [39]. In young people, whether they are released by adipocytes or they are induced by stress, pro-inflammatory molecules contribute to body composition disorders and adverse health outcomes in adulthood [40]. The young people are in the sensitive period of their physiological and psychological development, which means they are not able to deal with learning stress, sleep deprivation, interpersonal tension, and other external pressures and problems; thus, they are more likely to become depressed [13,14]. This may be the very important reason of neurovisceral regulation that may predict future cardiovascular risk among young people. It has already been shown that young people with depression also show impairment of autonomic nervous system functions, high levels of stress, and have slow fatigue recovery. Researchers have proposed that there are numerous metabolic pathways disrupted in young people with depression, including coenzyme Q biosynthesis, steroid metabolism, tyrosine metabolism, glycine-serine-threonine metabolism and pyrimidine metabolism [41].



The physiological effects of Coenzyme Q include reducing free radical production in the myocardium and muscle, and improving physical performance in people with heart disease [41,42]. A study found that the relative level of 4-hydroxyphenyl lactic acid, the key metabolite in the pathway of coenzyme Q biosynthesis, was significantly decreased in the depression group, indicating that metabolic deficiencies may contribute to depression [41]. Corticosterone is a key substance in the steroid hormone biosynthesis pathway and has been associated with obesity and metabolic disorders [43]. Previous studies have suggested that corticosterone levels are negatively related to depression severity [41,44]. Also, according to LC-MS studies, patients with depression exhibit differential plasma metabolites primarily associated with lipid metabolism, (such as LDL, unsaturated lipids, and cholesterol), amino acid metabolic pathways (such as alanine, taurine and glycine) and energy metabolic pathways (such as glucose, lactic acid and pyruvate) [41]. The di-hydro thymine biomarker is often used to assess the amount of thymine present in the body [45]. Thymine is an important physiological base unit of DNA and RNA. Research suggests that the rate of thymine metabolism is lower in depressed students than in healthy students, which could be due to insufficient sleep leading to myocardial fatigue. Dysregulation of stress reactivity may represent a mechanism by which psychological stress contributes to the development of future health and diseases [38]. It is possible that impaired sympathetic tone could be caused by increased central sympathetic tone or increased cardiovascular responsiveness to autonomic regulation, and may contribute to increased cardiovascular risk observed in patients [46].



Therefore, it can be deduced that even during the onset of MetS or prior to confirmation of a MetS state, we may screen young people at risk by monitoring their HRV to commence early prevention of future morbidities and mortalities in an efficient cost-effective way without the use of invasive methodologies.



4.1. SDNN and LF Associated Positively with HDL


The SDNN index may indicate overall variability. SDNN has been found to be significantly positively associated with HDL. Significant positive associations of HDL with SDNN were consistent with the results of three data sets [17,18]. On the contrary, Leppänen et al. [19] and Zhou et al. [20] reported that there was no significant association between HDL and SDNN [19,20]. Children aged between 5–6 years were only included in the study by Leppänen et al. and this may be the reason for a non-significant result [19]. Variations in the results presented by Zhou et al. [20] might be related to the fact that they completed the association study using male subjects only [20].



We found that HDL has been reported to correlate with HRV indices only in pre-pubertal age groups [18,28,47], and no association has been reported in children [6,19] and adolescents [17,27]. However, maturity parameters were not taken into consideration for most of the studies. The role of the maturational process is noteworthy in analyzed outcomes [48]. Also, interaction between prematurity and genetics/behavioral factors on HRV is still unclear. Paschol et al. [25] reported increased sympathetic activity to be negatively associated with HDL, but was not correlated to total cholesterol or LDL in Brazilian obese children (age = 9 to 11 years) [25]. Cardiovascular diseases are the primary cause of mortality worldwide [49]. The root pathophysiological mechanisms behind these diseases is atherosclerosis that starts developing during the early years of life [50,51]. Lipid-modifying therapy has been shown to prevent the progression of coronary atherosclerosis, confirming that abnormalities in plasma lipid concentrations are strongly associated with the progression of coronary artery disease and the occurrence of adverse clinical events [52]. Huikuri et al. [53] studied heart rate and its variability, measured by ambulatory electrocardiogram, and the angiographic progression of coronary artery disease in patients with reduced HDL cholesterol concentrations. In their multiple regression analysis including HRV, minimum heart rate, demographic and clinical variables, smoking, blood pressure, glucose, lipid measurements and lipid-modifying therapy, progression of focal coronary atherosclerosis were independently predicted by SDNN (beta = 0.24; p = 0.0001) [53]. Therefore, more studies focusing on SDNN measurements in younger populations are needed to explore further any relationships observed.



LF may be an indicator of baroreflex activity modulated by both the parasympathetic and sympathetic nervous systems. HDL was found to be significantly positively correlated with LF in young adults [54]. A study on young adults found that HDL was associated with high LF even after adjustment for T2D, depression and smoking [55]. Rodriguez-Colon et al.’s [56] results were similar to our results. This may be because the population included in their study was young adolescents with a mean age of 16.9 ± 2.24 years. However other studies did not report significant associations. This may be related to the fact that all studies had a mean age less than 16 years. A study including nine obese, dyslipidemic hypertensive and seven healthy normotensive individuals were studied. They reported a reduction in baroreflex activity, which was correlated with the rise in non-esterified fatty acids (r = −0.59, p = 0.02) but not with triglycerides [56].




4.2. rMSSD and HF Associated Negatively with TGs and WC


rMSSD and HF may reflect parasympathetic activity. Parasympathetic action helps in digestion and absorption of food by increasing the activity of the intestinal musculature, increasing gastric secretion and relaxing the pyloric sphincter. It is called the “rest and digest” division of the autonomic nervous system. Parasympathetic activity acts quickly in a matter of seconds. rMSSD captures fast changes in the instantaneous heart rate and reflects parasympathetic activity.



We found that TGs was negatively significantly associated with both indices of parasympathetic activity, including HF and rMSSD, and are consistent with Rodriguez-Colon et al.’s [17] findings among adolescents and Cayres et al.’s [28] findings among pre-pubertal adolescents. Interestingly, no studies have reported significant associations of HF with TGs among young people. A study reported that T2D patients with parasympathetic neuropathy had elevated fasting plasma C-peptide (p < 0.001) and TGs (p < 0.05) levels compared with patients without parasympathetic neuropathy. In addition, the age corrected E/I ratio correlated inversely with TGs (r = −0.31, p < 0.01) and fasting plasma C peptide in the T2D patients. Parasympathetic activity degrades with age. However, the findings of the study observed that most of the patients were younger who had parasympathetic neuropathy [57]. Parasympathetic neuropathy has been associated with coronary heart disease in T2D patients. Therefore, reduction in rMSSD and HF might be an indicator of high TGs levels with a need for screening for diabetes or pre-diabetes [58]. The link between hyperlipidemia and depressed HRV is not well studied. The possible hypothesis linking the association between TGs and HRV could be mediated by the role of catecholamines. Epinephrine and norepinephrine are not only known to increase heart rate but also increase lipolysis and free fatty-acid production, thereby increasing hepatic uptake. The blunting in the sympathetic response due to cardiac autonomic neuropathy may alter this pathway in addition to reducing heart rate. Hence, changes in the catecholamine response in cardiac autonomic neuropathy may be an important link explaining the association between these two clinical variables. Hypertriglyceridemia in patients with T2D is very hazardous and is negatively associated with HRV [59].



We found that WC was significantly associated with HF. WC has been correlated to parasympathetic activity in pre-pubertal adolescents [18,20], except in a study reported by Cayres et al. [28]. It is worth noting that only Cayres et al. [28] used maturation variables in their analysis for calculating associations between MetS risk factors and HRV indices [28]. Rodriguez-Colon et al. [17] have previously reported that an increase in one standard deviation in WC was significantly associated with lower HF, rMSSD and was also correlated with other HRV indices in children [17]. Associations between obesity and parasympathetic neuropathy is well established in non-diabetic [60] and T2D patients. A study reported that central adiposity and aging were associated with autonomic nervous system dysfunction in obese individuals. WC could be a marker of autonomic nervous system dysfunction in obese individuals without any MetS risk factors [61]. A study conducted on 159 participants (age = 29 to 96 years) reported that increasing WC was associated with decreasing SDNN and rMSSD in younger but not in older participants (p value for WC-by-age interaction  =  0.003) [62]. The literature shows that increased adipose tissue has been related to inferior autonomic modulation [63]. This pathway can be explained, at least partially, by the function of the sympathetic nervous system on the adrenal gland, stimulating the secretion of catecholamines: adrenaline and noradrenaline, which are responsible for lipolysis in adipose tissue via adrenoceptors β1 and β2 [64]. This pathway can be directly associated with triacylglycerol serum, as well as sympathetic hyperactivity stimulating the absorption of LDL in endothelial cells, contributing to atherosclerotic formation [64].




4.3. LF/HF Associated Positively with SBP and DBP


LF/HF may be an indicator of sympathovagal balance between sympathetic and vagal nerve activities [65]. SBP and DBP were found to be significantly positively correlated with LF/HF, consistent with Farah et al. [16]. Similar to Farah et al. another study among young people, with an average age above 19 years, reported that vagal inhibition plays an important role in addition to sympathetic activation in the alteration of sympathovagal imbalances in the genesis of prehypertension, especially in males. Gender and prehypertension status play an important role in the causation of sympathovagal imbalance. They suggested that the vagal tone in pre-hypertensives should be maintained at a higher level to prevent a further rise in blood pressure [66]. The reason for the consistent results with Farah et al. may be because their study participants were boys. Similarly, in this meta-analysis, the largest population included was also boys. BP was found to be significantly correlated with LF/HF in adolescents [17,27] and children [6,19], but not in pre-adolescents [18,28,47].



Tanaka et al. [67] demonstrated a significant correlation between resting arterial BP and Sympathovagal balance (n = 56, age = 13 to 16 years) among adolescents, but not among pre-pubertal adolescents (n = 71, age = 6 to 12 years) [67]. The results were not consistent; for instance, results from adolescents [16,27,28] and pre-adolescents [6] reported that sympathovagal balance is significantly correlated with BP. However, results among pre-adolescents in other studies [18,19] reported no association between BP and LF/HF. This is supported by the results of Tanaka et al. [67], and they suggested that BP levels may only be associated with cardiac autonomic nervous activity during puberty but not during pre-adolescence. However, our meta-analysis that combined the data from young people aged up to 19 years indicates that SBP and DBP are significantly positively correlated with LF/HF with a small effect. Our results specify that the association of BP with LF/HF is similar to that in adults, but that the association is low compared to adults. For instance, a study investigated the association of sympathovagal imbalance with CMRF in young subjects (age = 20.95 ± 2.56 to 21.28 ± 3.10 years), demonstrating an independent contribution of LF/HF ratio to prehypertension status (standardized β = 0.415, p < 0.001). The sympathovagal balance contributes to prehypertension status [68]. However, Lee et al. reported that there is no impact of high BP or pre-diabetes on HRV among overweight obese youth [29]. Therefore, we suggest that the relationship between BP and LF/HF still needs to be explored among adolescents.



As a matter of fact, HRV is not the only determinant of neurovisceral regulation: arterial pressure, respiration, stress and physical activity must be taken into consideration along with HRV. Normally, arterial blood pressure is controlled by altering parameters such as heart rate and stroke volume, arterial vascular resistance, and venous capacitance. Control of arterial blood pressure is carried out by both divisions of the autonomic nervous system. Parasympathetic stimulation affects only heart rate while sympathetic stimulation affects heart activity and blood vessel function. Increasing sympathetic nervous activity generally results in an increase in vascular tone as noradrenaline acts on vascular α-adrenoreceptors. Both β2- and α-adrenoreceptors are activated by circulatory adrenaline, causing respective vasodilation and vasoconstriction. As a negative feedback system, the arterial baroreceptor reflex controls arterial blood pressure under resting conditions [69]. Furthermore, respiratory sinus arrhythmia is characterized by heart rate variability in response to respiration. It is also accepted as a peripheral marker of cardiac-linked parasympathetic regulation, and as the index of emotion regulation [70]. Also, stress level and physical activity level must be considered along with HRV. As discussed, young people generally suffer from learning stress, sleep deprivation, interpersonal tension, and other external pressures and problems. It has already been shown that young people with depression also show impairment of autonomic nervous system functions, high levels of stress, and slow fatigue recovery leading to metabolic disturbances. Research also demonstrates that aerobic fitness enhances the integration of autonomic and cognitive functions [71]. Further, neurovisceral mechanisms are linked to emotion regulation, according to research. The results of a study show that yoga practitioners regulate their neurovisceral reactions differently from recreational athletes without yoga practice [72]. Therefore, we suggest that upcoming cardiovascular risk factors among young people can be easily altered by various functional factors or can be favorably reprogrammed by lifestyle modifications, including stress control and an increase in physical activity level, especially yoga or Tai chi that includes mind, body and breathing exercises. This study is an additional confirmation that functional elements, specifically indirect indexes of integrated regulation of bodily functions (HRV), are important in the modern approach to personalized-precision medicine, where prevention outperforms treatment among young population.



There are a few limitations in the present meta-analysis, including the results of heterogeneity (I2 > 50%). These were not further analyzed for subgroup analysis because of the limited numbers of included studies for each relationship. Also, we failed to investigate certain relationships such as associations between FGL and HRV indices or LDL and HRV indices because of the limited number of studies. Since only cross-sectional studies were selected for this review, the relationships proposed in this study do not establish a cause-effect relationship.





5. Conclusions


Lipid profile (HDL and TGs), WC and BP are associated with CAM in young people up to the age of 19 years. The use of HRV indices to predict future MetS risk factors including HDL, BP, WC and TGs in further studies related to young people (up to the age of 19 years) is recommended. However, due to the low number of association studies and the heterogeneity in the associated results of some of the variables such as BMI, FGL, LDL with HRV indices, more research is needed to explore their relationships with CAM.
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Figure 1. Flowchart of the selection of studies for the systematic review and meta-analysis (2 data sets taken from Leppänen et al. 2020 and 2 data sets from van Biljon et al. 2019. 
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Figure 2. (A–I) are Forest plots and Funnel plots of pooled significant correlations between cardio metabolic risk factors and heart rate variabilty indices along with its publication bias, respectively including (A). (A). Correlation of systolic blood pressure with low frequency: high frequency index; (B). Correlation of diastolic blood pressure with low frequency: high frequency index; (C). Correlation of waist circumference with high frequency index; (D). Correlation of Triglycerides with high frequency index; (E). Correlation of triglycerides with rMSSD index; (F). Correlation of high density lipoprotein with Low frequency index; G. Correlation of high density lipoprotein with SDNN index; (H). Correlation of 2 or >2 CVD risk factors with high frequency index; (I). Correlation of 2 or >2 CVD risk factors with low frequency index. All the correlations charts are accompanied by their Eggers test graph, rMSSD is mean square root of the sum of differences between mean time between two successive intervals, SDNN is standard deviation of the time between two successive intervals and CVD is cardio-vascular disease. 
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