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Abstract

:

Heart rate asymmetry (HRA) refers to how asymmetrically the acceleration and deceleration patterns in heartbeat fluctuations are distributed. There is limited evidence regarding HRA changes in athletes and their association with autonomic regulation. This study aimed to compare the short-term HRA of high-performance athletes and non-athletes during an autonomic function test by calculating relevant HRA measures. This exploratory study obtained beat-to-beat RR interval time series from 15 high-performance athletes and 12 non-athletes during a standardized autonomic function test. This test includes rest, postural change, controlled respiration, prolonged orthostatism, exercise, and recovery phases. The following HRA parameters were computed from the RR time series for both groups: asymmetric spread index (ASI), slope index (SI), Porta’s index (PI), Guzik’s index (GI), and Ehlers’ index (EI). We found significant differences (p < 0.01) in the mean value of several HRA parameters between athletes and non-athletes and across the autonomic function test phases, mainly in postural change and recovery phases. Our results indicate that high-performance athletes manifest a higher number and magnitude of cardiac decelerations than non-athletes after an orthostatic challenge, as indicated by GI and EI. In addition, lower HRA was found in athletes in the recovery phase than in non-athletes, as indicated by ASI.
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1. Introduction


Heart rate variability (HRV) is defined as the variation in time between consecutive heartbeats [1]. This non-invasive biomarker measures autonomic responsiveness, which is clinically helpful in diagnosing and detecting autonomopathies and neuropathies [2]. HRV is considered a diagnostic and performance monitoring tool in sports and physical activities [3]. Studies indicate that HRV is a reliable means to monitor the physical training of young sportspeople [4] and athletes [5]. According to the literature, HRV could help to assess athletes’ adaptation/maladaptation to training and to set optimal training loads that lead to improved performance [6].



Linear HRV approaches may be insufficient to completely represent the highly complex behavior involved in generating a heart rate that is produced by the intrinsic system’s dynamics, particularly the nonlinear interplay of several physiological regulatory loops [7]. Nonlinear features of HRV are becoming increasingly important in understanding complex biological systems in both health and disease [8]; one relevant feature is the asymmetry of HRV.



The autonomic nervous system (ANS) modifies the heartbeat through heart rate accelerations (AC, shortening of RR intervals) and decelerations (DC, elongation of RR intervals) [9]. Heart rate asymmetry (HRA) refers to the asymmetrical distribution of AC and DC patterns in heartbeat fluctuations. Thus, HRA reflects the role of the sympathetic and parasympathetic nervous systems in balancing regulation of heart rate [10]. Several physiological and pathophysiological phenomena have been explored in the modification of HRA, for example, controlled respiration [9], acute mental stress [11], positive and negative emotions [12], and attention deficit hyperactivity disorder [13].



As a nonlinear technique, HRA provides a novel and verified way to evaluate HRV among the several current linear approaches. Some authors have concluded that nonlinear techniques of HRV analysis outperformed traditional linear time- and frequency-domain approaches in a range of investigations in the field of cardiovascular disorders [14]. Another study found that different breathing patterns significantly impacted HRA in the study population, but not linear HRV parameters [9]. Thus, the authors suggested that HRA analysis may be a more reproducible measure for clinical application because inter-individual differences are inherently more minor than linear HRV parameters [9]. In addition, evidence indicates that short-term HRA has the potential to improve sensitivity in situations when autonomic function tests are used as diagnostic tools [15].



HRV in elite athletes differs significantly from healthy controls [16]. According to recent findings, basal measures employing resting heart rate in one body position do not seem sufficient to monitor the training process for athletes, hence an orthostatic test in conjunction with indices based on HRV is likely to be useful [17]. Despite the abundance of studies investigating the influence of HRV on training and exercise, little is known about whether orthostatic challenges and sports training influence short-term HRA among high-performance athletes.



The primary purpose of this study is to examine whether an autonomic function test leads to changes in HRA between high-performance athletes and non-athletes. Moreover, the central working hypothesis is that short-term HRA differs between athletes and non-athletes in different phases of the autonomic function test.




2. Materials and Methods


2.1. Participants


Fifteen subjects (twelve men and three women) were recruited from the Colombian Sport Institute and voluntarily participated in this exploratory, comparative, and cross-sectional study. The enrolled high-performance athletes were of Colombian nationality, were aged between 18 and 25 years, and had participated in national and international competitions (elite runners). Inclusion criteria included regular training involving three hours of training each day, five days a week. Athletes were instructed to refrain from physical activity, drinking alcoholic beverages, and using any sympathomimetic substances for at least 24 h before the autonomic function test. The study was carried out as part of the training program under the supervision of the trainers.



Additionally, twelve non-athletes (ten men and two women) were recruited from the University Institution National School of Sports (Institución Universitaria Escuela Nacional del Deporte) and were of similar age and body mass index compared to the athletes’ group. Non-athletes were identified as people who did not participate in any semi-elite, competitive elite, successful elite, or world-class sports. All participants were informed about the possible risks of the study before providing written informed consent to participate. All participants were deemed healthy based on their response to a routine medical screening questionnaire. All procedures were approved by the Ethics Committee (CIREH) of Universidad del Valle (approbation number 018-019) and were conducted in accordance with the Declaration of Helsinki.




2.2. Autonomic Function Test and Recording of RR Interbeat Intervals


All volunteers attended the Exercise Physiology laboratory at the Institución Universitaria Escuela Nacional del Deporte to perform an autonomic function test [18]. It was carried out in a closed room with a temperature between 22 °C and 24 °C and a relative air humidity of 50–60%.



The autonomic function test comprised nine phases with a total duration of 19 min. It began with seven minutes of supine decubitus (clinostatic) on a stretcher (P1). The participants were then asked to complete a controlled respiration exercise for one minute at ten cycles per minute (P2). Then, a 12-cycle controlled ventilation exercise was performed for one minute (P3). The participants’ position was changed from supine to standing upright immediately after P3 was completed (P4). The orthostatism phase lasted 4:15 min, maintaining the participants’ position as in P4 (P5). The participants completed one set of 30 squats for 45 s after the orthostatism period (P6). Finally, for 5 min, the subjects returned to the supine decubitus position, divided into the first minute of recovery (P7), the second minute of recovery (P8), and the last three minutes of recovery (P9). The recording of the beat-to-beat RR interval time series was performed for all the phases using a Polar Vantage V2 (Polar Electro Oy, Kempele, Finland) in conjunction with a Polar H10 (Polar Electro Oy) heart rate chest belt monitor, which has been reported to be highly accurate in the detection of RR intervals at rest and during exercise [19].



The shortest phase (P6, 45 s) was utilized as a reference length to avoid any potential bias resulting from the varying lengths of each phase and to avoid discarding any data. As a result, the RR interbeat intervals of all phases were segmented to 45 s.




2.3. Heart Rate Asymmetry Assessment


The Poincaré plot was used to create the HRA indices. Figure 1 depicts a representative Poincaré plot. The line of identity (LI) is a diagonal line in the plot that separates it into two areas. The points above the LI indicate an elongation of the RR interval or a deceleration in heart rate (  Δ R R > 0  ), whereas the points below the LI indicate a shortening of the RR interval or an acceleration in heart rate (  Δ R R < 0  ). The Di represents the perpendicular distance between a point (Pi) and the LI.  θ i is the phase angle formed by the LI and the line connecting a Pi with the origin. The sectional region corresponding to the point Pi is highlighted in Figure 1. After the data filtering process [20], the following indices of HRA were calculated using Matlab® software (the MathWorks, Inc., Natick, MA, USA) and PyBios [21].



2.3.1. Porta’s Index (PI%)


Porta’s Index denotes asymmetry in the total number of instances of heart rate accelerations and decelerations over a given time interval. The number of points above the LI (  Δ R  R −  )   divided by the total number of points in the plot, excluding points on the LI [22], is defined as PI%.


   PI %  =   N    (  Δ R  R −   )    N    (  Δ R R   ≠ 0  )      · 100  



(1)








2.3.2. Guzik’s Index (GI%)


Guzik’s index (GI%) is defined as the percentage of the distance by the points above LI with respect to the total distance and can be represented as [23].


   GI %  =     ∑   i = 1   N    (  Δ R  R +   )    Δ R  R +      ( i )  2      ∑   i = 1   N    (  Δ R R  )    Δ R R     ( i )  2      · 100  



(2)








2.3.3. Ehler’s Index (EI)


Ehler’s index (EI) is calculated based on the skewness of the distribution of   Δ R R  . If EI > 0, the distribution is skewed to the right, and if EI < 0, the distribution is skewed to the left [24].


  EI =     ∑   i = 1   N    (  Δ R R  )    Δ R R     ( i )  3       (    ∑   i = 1   N    (  Δ R R  )    Δ R R     ( i )  2   )    3 / 2      



(3)








2.3.4. Slope Index (SI)


The slope angles between the LI and the line joining the point Pi were first determined using the    θ i  = t a  n  − 1     R  R i    R  R  i − 1       formula. Based on the placements of the points in the plot, the slope angles were then classified as negative or positive. If a point is above the LI, the associated slope angle is positive, and the corresponding slope angle is negative below the LI. Finally, the SI was calculated by dividing the total of positive slope angles by the sum of all slope angles [25,26] as follows:


  SI =     ∑   j = 1  m   θ j      ∑   k = 1  n   θ k  +   ∑   j = 1  m   θ j     



(4)




where m is the number of points above the LI, and n is the number of points below the LI.




2.3.5. Asymmetric Spread Index (ASI)


The ASI measures asymmetry in the Poincaré plot spread above and below the LI. First, as shown in Figure 1, the slope of each scatter point    (   θ i   )    from the origin and its distance from the origin (   d i   ) were calculated. After this, the arc length of each scatter point was calculated as    a i  =  θ i  ·  d i   . The ASI was calculated by dividing the standard deviation of arc length for points above the LI by twice the standard deviation of arc length for all points, excluding those on the LI [26]. ASI is defined mathematically as:


  ASI =       ∑   j = 1  m       (   a j  −  a ¯   )   2   m    2 ·   ∑   k = 1   m + n        (   a k  −  a ¯   )   2    m + n        



(5)




where    a ¯  =     ∑   j = 1  m   a j   m   .



Notably, physiologic RR series show more asymmetry if median GI%, PI%, SI, and ASI values are far from symmetry (50%).




2.3.6. Statistical Analysis


The data were analyzed using GraphPad Prism software (version 8.02, by Dotmatics, San Diego, CA, USA). The Shapiro-Wilk test assessed the normality of the distributions of HRA indices. Normally distributed data are descriptively presented with means and standard error of the mean (SEM). Group and phase differences were assessed using a two-way repeated-measures ANOVA with post hoc Holm-Sidak correction for multiple comparisons. P-values less than 0.01 were considered statistically significant.






3. Results


Figure 2 shows the mean values ± SEM (standard error of the mean) of HRA indices for each group for the nine phases of the autonomic function test. We found statical differences in mean values of ASI between non-athletes and athletes in the recovery phase (P8) (Figure 2a; 68.3 ± 5.0 vs. 59.5 ± 8.0, p = 0.003, respectively). The differences were not statistically significant for SI and PI% between the groups in any phase (Figure 2b,c). Interestingly, both GI% and EI revealed statistical differences in mean values between non-athletes and athletes in the orthostatic challenge phase (P4); GI%: Figure 2d; 54.1 ± 21.9 vs. 67.8 ± 7.6, p < 0.001, and EI: Figure 2e; 0.7 ± 27.8 vs. 18.7 ± 11.9, p < 0.0001, respectively.



Furthermore, our results show significant differences in HRA among several phases of the autonomic function test only for the athletes group: ASI exhibited differences (p < 0.01) in the following phases, P1 vs. P8 (69.5 ± 4.7 vs. 59.5 ± 8.0); P5 vs. P8 (72.0 ± 4.5 vs. 59.5 ± 8.0); P6 vs. P8 (69.3 ± 5.4 vs. 59.5 ± 8.0), Figure 2a. SI indicated differences between P6 vs. P7 (41.6 ± 4.8 vs. 52.3 ± 6.4), Figure 2b; PI% showed differences between P6 vs. P7 (58.2 ± 4.9 vs. 47.3 ± 6.3), Figure 2c; GI% revealed differences between P1 vs. P4 (49.8 ± 7.8 vs. 67.8 ± 7.6) and P4 vs. P6 (67.8 ± 7.6 vs. 49.6 ± 9.1), Figure 2d. Finally, EI exhibited differences between P1 vs. P4 (-0.5 ± 8.0 vs. 18.7 ± 11.9), Figure 2e. Notably, no significant differences were found among phases in the non-athletes group.



Figure 3 depicts typical RR interval traces for one participant from each group in P4 (A and B). Subplots C–D show the Poincaré plots that correspond to the RR intervals, and subplots E–F show the distance (Di) of each point in the plot. These distances are used to calculate the HRA index GI%, obtained using Equation (2). The number of points above and below the LI in subplots G–H corresponds to Poincaré plots in subplots C–D.




4. Discussion


The present study evaluated short-term HRA differences between athletes and non-athletes under an autonomic function test. This test included a postural change from supine to standing upright (P4). It is known that this postural maneuver produces a natural stimulus that leads to sympathetic excitation and vagal withdrawal in the heart [27]. Our results indicate that changing position from supine to standing upright has a different effect on short-term HRA in athletes compared to non-athletes. This change is reflected in the increased number and magnitude of decelerations (indicated by higher GI% and EI values, Figure 2d,e) in athletes compared to non-athletes. Our results suggest that athletes may manifest increased vagal activity compared with non-athletes [28]. The typical example presented in Figure 3G,H aligns with this assumption because the number of points below the LI (accelerations) in athletes is less than that in non-athletes. Furthermore, the number of points above the LI (decelerations) in athletes is consistently higher than the number of points in non-athletes.



Exercise interventions in healthy young volunteers increase vagal influences during supine, rising, and standing maneuvers [29]. Moreover, evidence has shown that exercise induces changes in parasympathetic and sympathetic outflow, which can be extracted through orthostatic response measurements when changing from supine to standing position, thereby detecting changes in the cardiovascular autonomic response of the ANS [29]. Evidence has revealed that sympathetic regulation is activated in response to an orthostatic challenge in athletes [30]. In addition, findings have shown that during an orthostatic challenge, athletes exhibit higher values in the time domain indices of HRV than controls [25], which may be related to increased HRA.



According to Mendes et al., regular physical activity causes an increase in HRV, indicating that athletes have a reduced risk of cardiovascular illness compared to sedentary people who have a higher risk [31]. Additional studies suggest that lower values of GI% are associated with physical stress phases, and that signals become more random (show a reduction in asymmetry).



Another relevant result is the ASI mean values in the second minute of recovery after exercise (P8). Our results reveal that lower short-term HRA is manifested in athletes compared to non-athletes. Rohila and Sharma reported that asymmetry in subjects with congestive heart failure and arrhythmia was higher than normal sinus rhythm [26]. They proposed that an ASI value of 50 indicates a balanced response by both sympathetic tone and parasympathetic tone. Thus, high-performance athletes may exhibit a more stable sympathetic and parasympathetic response post-exercise compared to non-athletes. Previous evidence consistently indicates a positive connection with combined sympathetic–parasympathetic modulation in the 3rd and 5th minutes after exercise in healthy men [32].



Comparisons between the phases showed that only athletes manifested significant differences in the autonomic function test phases. For example, sympathetic cardiac activity (indicated by PI%) was increased in exercise (P6) compared to recovery (P7). Contrary to our expectations, parasympathetic cardiac activity (indicated by GI% and EI) was increased in the standing position (P4) compared to the supine position (P1). Evidence indicates that vagally mediated HRV during standing increases in response to functional overreaching in athletes (indicating potential parasympathetic hyperactivity) and improves athletes’ performance [33]. The ASI index could indicate a more balanced response by both sympathetic activity and parasympathetic activity compared to the supine position (P1), prolonged standing (P5), and exercise (P6) in athletes.



There are some potential limitations to our study that should be considered. We did not consider sex differences in HRV calculations due to sample size limitations; however, evidence shows that male athletes constantly demonstrate higher sympathetic activity markers after an orthostatic challenge than female athletes [34]. In addition, we did not examine the menstrual cycle of female athletes in the autonomic function test, however it is known that HRV indices can be affected by the menstrual cycle [35].



We suggest that widely recognized autonomic tests (e.g., deep breathing, cold pressure tests, and handgrip) should be applied in future studies for a more comprehensive understanding of the physiological meaning of HRA in athletes. Nevertheless, the autonomic function test used in this exploratory study contains relevant well-known maneuvers widely applied for cardiovascular autonomic control evaluation, such as controlled ventilation (P2 and P3) related to cardiac vagal activation [36] and the transition from supine to standing position (P4) that initiates parasympathetic withdrawal and activation of the sympathetic nervous system [37].



From a clinical standpoint, researchers suggest that novel HRA indices are more suitable for short-term applications and have greater robustness compared to existing methods [38]. Moreover, studies recommend using HRA in any HRV-based study as an additional marker that is capable of highlighting a unique feature of cardiac regulation that is not fully addressed by other traditional HRV markers [39]. Given that HRA is a novel feature for exploring cardiac autonomic changes, no special considerations have been made to standardize its application. However, it is known that the length of RR interbeat intervals is crucial in the analysis of HRA [26]. Relevant studies have suggested that novel and more robust HRA indices must be analyzed because they are not affected by signal length [26].



Our research, which focused on short-term HRA analysis, might open the possibility of incorporating real-time HRV monitoring into modern wearable devices, such as wristwatches or cell phones with integrated ECG/heart rate measurement modules for the daily monitoring of HRV in athletes. Nonetheless, more evidence is needed to elucidate the physiological processes involved in HRA changes. Future research should focus on HRA on multiple scales in order to better understand the physiological mechanisms in athletes.



Finally, translational research investigating the autonomic nervous system’s control and regulatory mechanisms on athletes’ cardiovascular function is urgently desired, preferably with a multidisciplinary approach involving biomedical engineers, physicians, exercise physiologists, and coaches [40].




5. Conclusions


Changes in heart rate asymmetry between high-performance athletes and non-athletes were found under an autonomic function test. Specifically, high-performance athletes manifested a higher number and magnitude of cardiac decelerations than non-athletes after an orthostatic challenge (indicated by GI% and EI). These results suggest that athletes may manifest increased vagal activity compared with non-athletes. Moreover, a lower HRA was found in athletes in the recovery phase compared to non-athletes (indicated by ASI). Thus, changes in short-term HRA probably reflect the adaptation of the autonomic nervous system to sporting activity in high-performance athletes. Differences in short-term HRA across phases of the autonomic function test may suggest that the analysis of heart rate asymmetry is a potential complementary tool for monitoring the health status of athletes.
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Figure 1. Poincaré plot of RR interval signal. 
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Figure 2. Mean values ± SEM of heart rate asymmetry (HRA) indices for athlete and non-athlete groups during the nine phases of the autonomic function test (P1 to P9); (a) asymmetric spread index (ASI), (b) slope index (SI), (c) Porta’s Index (PI%), (d) Guzik’s index (GI%) and (e) Ehler’s index (EI). * p < 0.01 between non-athletes vs. athletes; + p < 0.01 between P1 vs. P8 (athletes); ++ p < 0.01 between P5 vs. P8 (athletes); +++ p < 0.01 between P6 vs. P8 (athletes); # p < 0.01 between P6 vs. P7 (athletes); ° p < 0.01 between P1 vs. P4 (athletes); ^ p < 0.01 between P4 vs. P6 (athletes). Differences in means were analyzed using a Holm-Sidak post hoc test. 
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Figure 3. A representative example of RR interval time series (A,B) for the two groups during the orthostatic challenge phase (P4); corresponding Poincaré plots (C,D); distance from the line of identity (E,F); and distribution of points below and above the line of identity (G,H). 
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