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Abstract:

 Nonlinear parameters of heart rate variability (HRV) have proven their prognostic value in clinical settings, but their physiological background is not very well established. We assessed the effects of low intensity isometric (ISO) and dynamic (DYN) exercise of the lower limbs on heart rate matched intensity on traditional and entropy measures of HRV. Due to changes of afferent feedback under DYN and ISO a distinct autonomic response, mirrored by HRV measures, was hypothesized. Five-minute inter-beat interval measurements of 43 healthy males (26.0 ± 3.1 years) were performed during rest, DYN and ISO in a randomized order. Blood pressures and rate pressure product were higher during ISO vs. DYN (p < 0.001). HRV indicators SDNN as well as low and high frequency power were significantly higher during ISO (p < 0.001 for all measures). Compared to DYN, sample entropy (SampEn) was lower during ISO (p < 0.001). Concluding, contraction mode itself is a significant modulator of the autonomic cardiovascular response to exercise. Compared to DYN, ISO evokes a stronger blood pressure response and an enhanced interplay between both autonomic branches. Non-linear HRV measures indicate a more regular behavior under ISO. Results support the view of the reciprocal antagonism being only one of many modes of autonomic heart rate control. Under different conditions; the identical “end product” heart rate might be achieved by other modes such as sympathovagal co-activation as well.
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1. Introduction

Biological time series like the normal heartbeat-to-heartbeat fluctuation demonstrate complex dynamics [1–4]. Based on their potential to give additional information beyond traditional heart rate variability (HRV) indices [1], nonlinear parameters have been applied for investigating short and long term effects of exercise on heart rate (HR) control [5–8]. However, despite their diagnosticity and their clinical significance [9–16], the physiological background of their behavior is not very well established. It is assumed that complexity and regularity measures are fundamentally different from traditional HRV indices [17] and show no correlation to these measures [12,18]. However, many researchers found at least modest correlations for some nonlinear measures and traditional HRV indices under different conditions [5,9,19,20]. It has also been shown that complexity of short-term HRV is under control of the autonomic nervous system [21,22]. Currently, there are only few studies available that compared the cardiovascular response pattern to different exercise modes at similar HR. Lindquist et al. found a stronger increase of systolic (SBP) and diastolic arterial blood pressure (DBP) during isometric handgrip compared to cycling at comparable HR of 90 bpm [23]. Leicht and his associates compared the cardiovascular response to dynamic muscular activity of different muscle groups at 50% maximum HR (HRmax) and 65% HRmax, respectively. They have found greater HRV despite lower oxygen consumption during upper body dynamic exercise compared to lower or whole body dynamic exercise at similar HR and concluded that greater HRV may represent increased vagal or dual autonomic modulation [24]. Cottin et al. compared HRV indices during a judo randori vs. ergometer cycling eliciting the same HR level [25]. Assumptions drawn by these authors were, that steady-state dynamic exercise or conversely exercise made of both isometric and irregular dynamic efforts can be distinguished by HRV spectral analysis. They further concluded that autonomic control of the heart during exercise depends rather on HR level than on the mode of exercise [25]. However, due to the intense exercise in this study, with an average HR above 180 bpm, conclusions regarding the autonomic mode of HR control based on spectral analyses of HRV are strongly limited. HRV at greater HR-levels is often almost negligible and the remaining variance, especially within the high frequency band (HF, 0.15–0.4 Hz), is probably due to non-neural mechanisms [26–28]. Furthermore, as the location and size of the active muscles during cycling and judo exercises are different, the influence of contraction mode on HR control remains to be investigated. Princi et al. found different autonomic modes of cardiac control based on HRV-analysis when comparing sailing and cycling at similar HR. The authors found a different sympatho-vagal modulation of cardiac function under different exercise modes [8]. The generalizability of their finding is questionable, because only one athlete was investigated, and the muscle groups engaged were not similar during both exercises. The aim of this study was to test the diagnostic potential of the HRV sample entropy (SampEn) in distinguishing different types of exercise. Due to a different ergoreceptor feedback from the working muscle, we hypothesized a qualitatively different autonomic cardiovascular control. This difference should be mirrored by a different regularity of the heartbeat series, which might not be revealed by traditional HRV indices. Further, the correlation of SampEn with traditional HRV indices was tested to prove its additional value in the exercise related cardiovascular analysis.



2. Methods

This study was performed in compliance with the Declaration of Helsinki. Approval of the local ethics committee at the University of Rostock was obtained. Forty three healthy males were recruited by personal invitation and gave their informed written consent to take part in this study. Table 1 shows age and anthropometric characteristics of the participants. All volunteers were physically active and healthy and none of them took medication. They abstained from any exhaustive exercise and alcohol for 24 h prior to the experiment. Further, the consumption of caffeine or nicotine was not allowed during the night and on the morning of the experiment [29].

Table 1. Characteristics of the participants (n = 43).







	
	Mean ± SD
	Range





	Age [years]
	26.0 ± 3.1
	21.0–36.0



	Weight [kg]
	80.6 ± 8.3
	62.9–100.0



	Height [m]
	183.7 ± 6.4
	171.0–195.0



	BMI [kg/m2]
	23.9 ± 1.9
	19.0–28.5








Inter-beat (R-R) intervals of the participants were measured at rest (REST) and during two exercise sessions of five minutes: dynamic contractions (DYN) and isometric contraction (ISO) of the lower limbs. Data presented here, were pooled from two single experiments. The first experiment consisted of two-legged DYN and ISO exercise. The experimental setup is described elsewhere [7]. The second experiment consisted of one-legged DYN and ISO of the right M. quadriceps femoris using a CYBEX NORM dynamometer (Computer Sports Medicine®, Inc., Stoughton, MA, USA). DYN and ISO were performed in a randomized order. Between the respective exercise sessions a recovery phase not less than 10 min served as a washout period to prevent carryover effects. Exercise intensity of the first exercise treatment (DYN or ISO, respectively) was regulated to reach a significant, but moderately increased HR steady state. Intensity of the following exercise session was regulated to match a similar HR level. Forreal-time HR monitoring and the measurement of R-R intervals a Polar® HR monitor with an accuracy of one millisecond [30,31] was used. All experimental periods included the measurement of SBP and DBP using the automatic blood pressure (BP) measuring device Bosotron 2, (Boso Inc., Jungingen, Germany) [32]. Mean arterial pressure (MAP) was calculated by (SBP + 2 × DBP)/3; rate pressure product (RPP), a measure of myocardial oxygen consumption, was calculated by SBP × HR. To ensure steady state conditions only the last three minutes of each session were analyzed [33]. HR (beat-by-beat) was averaged for the three minutes. BP was measured in the last minute of each exercise session. A short term HRV-analysis was performed for three-minute beat-to-beat (R-R) interval segments during steady-state conditions. R-R series were processed using the free software Kubios HRV 2.1 (University of Kuopio, Kuopio, Finland). All analyzed R-R time series exhibited low noise (rate of erroneous R-R intervals below 5%). Before the computation, R-R time series were corrected for artifacts, using adaptive filtering, and detrended (detrending method: smoothn priors, λ = 500). Time domain measures SDNN and RMSSD, spectral power in the low (0.04–0.15 Hz, LFP) and high (0.15–0.4 Hz, HFP) frequency range and their relative values (% HF = HFP/TP (total spectral power) and % LF = LFP/TP). HFP is predominantly modulated by vagal outflow to the heart whereas LFP is supposed to be modulated by both autonomic branches. % LF is thought to reflect the sympathetic drive to the heart [34–36]. SampEn was used to assess the complexity of the HR “signal” under the different conditions [37–39]. SampEn measures the likelihood that runs of patterns that are close to each other will remain close in the next incremental comparisons [38,39]. Its calculation relies on counts of m-long templates matching within a tolerance r that also match at the next point. For SampEn calculation the value of m was selected to be m = 2, for tolerance r a fraction of the standard deviation of the R-R data (r = 0.2 * SDNN) was chosen [38]. Low entropy values arise from extremely regular time series, higher values reflect more complexity, and highest values are typical for stochastic data sets [40–42].

Analysis of variance (ANOVA) for repeated measures was used to test for a significant effect of the condition (REST, DYN and ISO) on BP, RPP, HR, SampEn and traditional HRV indices. If data violated the assumption of sphericity, Greenhouse-Geisser corrected significance levels and respective degrees of freedom were reported. If data sets violated the assumption of normal distribution, values were natural log-transformed before the statistical analysis. Significance levels of the post-hoc pair wise comparisons were adjusted using Bonferroni’s procedure.



3. Results

ANOVA revealed a significant effect of experimental condition on all cardiovascular measures and autonomic indices (Table 2). Average HR raised moderately from 65 ± 9 bpm at baseline to 85 ± 9 bpm during both types of exercise. HR during the first exercise perfectly matched HR of the subsequent exercise; average difference was only 0.3 ± 1.5 bpm (range: −2.6 to 4.3 bpm). Accordingly, HR and average R-R interval did not differ between DYN and ISO. The traditional vagal modulation HRV measure RMSSD was also not affected by the exercise mode, whereas SDNN was. Natural log-transformed HRV spectral indices HFP and LFP, the normalized powers LF n. u. and HF n. u. as well SampEn (Figure 1) were significantly different between DYN and ISO. Interestingly, SampEn did not differ between REST and DYN. There was no difference of the LF/HF ratio between REST and ISO, whereas comparison of REST vs. DYN showed a statistical trend (p = 0.077). Further, there was a small effect of condition on the HF peak frequency (F(2; 84) = 4.959, p < 0.01, η2 = 0.106). While HF peak significantly shifted from 0.22 ± 0.07 Hz during REST to 0.26 ± 0.09 Hz during DYN (p < 0.05), no difference was found between REST and ISO (0.23 ± 0. 07 Hz). Post-hoc pair wise comparison between DYN and ISO showed a statistical trend for the HF peak shift (p = 0.063). SBP and RPP were moderately, DBP and MAP largely affected by the type of exercise. In comparison to DYN, myocardial oxygen consumption, reflected by RPP, was about 5% higher under ISO [43,44]. Correlation analysis revealed only modest associations between traditional HRV indices and entropy measures during the different experimental conditions (Table 3). Consistent correlation coefficients across all conditions were found for SampEn and R-R length only.

Figure 1. Mean ± SD of sample entropy during REST, ISO, and DYN; N = 43.
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Table 2. Mean ± SD of heart rate, blood pressures and traditional heart rate variability indices during ISO, DYN, and REST; N = 43.


	Parameter
	REST
	ISO
	DYN





	Heart rate [bpm]
	65.3 ± 9.4
	85.2 ± 9.2***
	84.9 ± 9.1***



	SBP [mmHg]
	128.2 ± 9.2
	157.6 ± 12.6***, §§§
	144.6 ± 14.0***, §§§



	DBP [mmHg]
	77.2 ± 6.8
	94.4 ± 8.0***, §§§
	73.7 ± 10.3*, §§§



	MAP [mmHg]
	94.2 ± 5.2
	115.5 ± 7.6***, §§§
	97.4 ± 10.1*, §§§



	RPP [mmHg/min]
	8,374.6 ± 1,363.3
	13,454.0 ± 1,961.5***, §§§
	12,294.9 ± 1,844.6***, §§§



	R-R interval [ms]
	943.6 ± 137.3
	714.4 ± 78.0***
	715.9 ± 77.9***



	SDNN [ms]
	61.3 ± 30.7
	35.3 ± 20.0***, §§§
	27.9 ± 17.3***, §§§



	RMSSD [ms]
	53.3 ± 29.9
	23.6 ± 16.5***
	22.3 ± 17.1***



	lnHFP [ms2]
	6.5 ± 1.1
	5.1 ± 1.3***, §§§
	4.4 ± 1.4***, §§§



	lnLFP [ms2]
	7.0 ± 1.1
	6.3 ± 0.9***, §§§
	5.6 ± 0.9***, §§§



	HF n. u.
	41.3 ± 18.0
	26.7 ± 15.1**
	27.4 ± 19.3**



	LF n. u.
	58.7 ± 20.5
	73.3 ± 15.1***
	72.4 ± 19.4**



	LF/HF
	3.0 ± 5.7
	4.7 ± 4.6
	5.1 ± 4.6#





SBP = systolic blood pressure; DBP = diastolic blood pressure; MAP = mean arterial pressure; RPP = rate pressure product; R-R interval = time interval between two consecutive heart beats; SDNN = standard deviation of the R-R intervals of the record; RMSSD = square root of the mean sum of squares of the differences between adjacent R-R intervals in the record; HFP = high frequency power; LFP = low frequency power;*/**/***significantly different from rest on a p-level < 0.05/ < 0.01/ < 0.001;§/§§/§§§significantly different from the respective exercise condition on a p-level < 0.05/ < 0.01/ < 0.001;#different from REST on a p-level of 0.077.




Table 3. Pearson’s correlation coefficients for sample entropy and traditional heart rate variability indices during REST, ISO, and DYN (N = 43).








	
	SampEn (REST)
	SampEn (ISO)
	SampEn (DYN)





	R-R interval
	0.460**
	0.601**
	0.506**



	SDNN
	−0.224
	0.045
	0.070



	RMSSD
	0.038
	0.159
	0.209



	lnLFP
	−0.273
	−0.197
	0.082



	lnHFP
	0.231
	0.153
	0.247



	% LF
	−0.426**
	−0.377*
	−0.249



	% HF
	0.441**
	0.263
	0.329*





*p < 0.05;**p < 0.01.






4. Discussion

As expected, HR increased and traditional HRV indices decreased from baseline rest to exercise. However, HRV SampEn did not differ between REST and DYN but reached its minimum during ISO. Despite exercise eliciting the same HR level, SBP, DBP, MAP, RPP and HRV differed significantly between the two exercise modes. Compared to DYN, ISO was characterized by higher SBP and DBP, larger HRV HF- and LF-power and lower HRV complexity. Metabolite accumulation as well as mechanical stimuli in the isometrically working muscle (muscle metaboreflex) can lead to an enhanced vascular response [45–61]. This metaboreflex likely overrides the baroreflex, leading to a stronger sympathetic efferent activity to the vessels during ISO [46,47,53,62–66]. Beside the BP response, that seems to evidence increased sympathetic efferent drive to the vessels during ISO, there was a significant increase of the log-power in the LF and HF range, whereas the normalized spectral power values were similar between the exercise modes. Analysis of the LF/HF ratio showed that—in contrast to ISO—DYN led to a change in the sympathovagal balance in favor of the sympathetic branch if compared to REST. In addition to the significant differences of absolute spectral powers the increase of SDNN also demonstrates the distinct autonomic HR modulation under the different contraction modes. Together, these results speak for an increased dual autonomic cardiac modulation under ISO and supports evidence from recent studies [7,24,67]. Complementary to traditional HRV measures, entropy was significantly decreased during ISO, pointing towards an enhanced regularity of the heart beat series [37,40–42]. Porta and coworkers have found a significant reduction of SampEn during head-up tilting. Results indicated that a change of sympatho-vagal balance towards a sympathetic dominance increases regularity and thus reduces entropy values. However, from this experiment it cannot not be concluded whether vagal withdrawal and/or sympathetic drive to the heart is the main contributor of HR complexity. After one of the first attempts to elucidate the autonomic influence on HR entropy during autonomic blocking and exercise, Tulppo et al. concluded that sympathetic rather than vagal efferent activity modulates HR complexity [68]. In a recent experiment the group around Porta used refined methods to estimate HR complexity and an autonomic blocking protocol to elucidate the underlying autonomic mechanisms [22]. From their results the authors concluded that vagal efferent activity is the main contributor, because high dose of atropine significantly reduced complexity compared to baseline conditions, while sympathetic blocking with propranolol did not have any effect on HR complexity. However, the finding that the reduction in complexity after dual autonomic blocking was not that strong as after vagal blocking alone, might give some evidence for a sympathetic contribution to HR regularity as well. It can be speculated, that the lack of an additional increase of HR entropy after propranolol administration might be due to a saturation of the vagal HR modulation under supine rest [69]. Early work indicated that vagal withdrawal is the dominant mechanism during low intensity dynamic exercise [70]. Thus, it is not clear why SampEn in our study was similar between REST and DYN, if SampEn reflects changes in vagal HR modulation only. Further, we cautiously conclude from the results of the HRV frequency and BP analysis, that—beyond a decrease of vagal efferent activity (compared to REST)—also an increased sympathetic cardiac drive contributes to the reduction in HR complexity seen under ISO. Recent work also points to a sympathetic HR modulation even at the onset of exercise [71–73]. Porta et al. also found a reduction of HR complexity during static handgrip and suggested an increase of sympathetic efferent activity as a possible cause [74].

Further, low correlations with traditional HRV indices as well as the distinct behavior of SampEn across the three experimental conditions suggest that beyond autonomic influences other mechanisms might be involved in the modulation of HR complexity measures [6,68].

Summarizing, it appears likely that a change of mechanoreceptor afferent activity is a main contributor of the distinct autonomic circulatory responses to the different contraction modes. In an experiment, applying sustained passive stretching (comparable with ISO) and rhythmic passive stretching (comparable with DYN) of the right triceps surae muscle, Gladwell and Coote found distinct cardiovascular responses to these stretching modes. Continuous stretching activated type III and IV afferents and led to significant BP and HR increases, whereas rapid rhythmic stretch—activating large group I and II muscle afferents—did not [75]. Also other work has shown, that type III and IV mechanosensitive afferents contribute to the cardiovascular response to ISO, while type I and II fibers do not or only little [58,76]. As all participants reached HR steady states during both types of exercise, we conclude that there was no compromise in muscle blood flow during ISO as well. Thus, a different stimulation of mechanoreceptors rather than an increased chemoreceptor feedback from the working muscle might be involved in the distinct cardiovascular response pattern under low intensity exercise. An alternative or additional explanation for the increase in HRV spectral power and regularity under ISO might be an elevated sensitivity of the baroreflex [77–81]. The shift of the respiration-related HF peak from a higher frequency during DYN to a lower frequency during ISO indicates a reduction of the respiratory rate under ISO. This slowing of breathing in turn can contribute to an increased baroreflex sensitivity, leading to a more regular HR pattern and an elevation of baroreceptor mediated HRV measures [82,83]. However, as this shift amounts to an average of only 0.03 Hz, a significant effect of breathing seems to be not very likely. The lack of direct measurements of respiration is a limitation of this study, because it is well known that especially slow breathing can exert strong effects on HRV. However, participants were instructed to breathe normal and to avoid valsalva maneuvers and slow breathing during the experiments. Further, valsalva maneuvers are unlikely during low workload conditions such as in our study. Further, investigators did not register any irregular breathing pattern during the experiments as well. In addition to the traditional HRV power calculation, we analyzed the HRV spectral peaks to get an estimation of breathing rate.



5. Conclusions

Findings of this study suggest that—despite the same net effect on HR—autonomic control of cardiovascular responses to ISO and DYN is different. They further support the model of an autonomic space, where equivalent HR can be seen as an “end product”, which is achieved by different autonomic modes, such as reciprocal behavior or a sympatho-vagal coactivation [84]. The traditional view of the interplay between both autonomic branches as a reciprocal antagonism, with a reduction of vagal efferent activity at the beginning or during low intensity exercise to a minimum at HRs around 100 bpm and a subsequent rise in sympathetic activity during higher exercise intensities, is currently challenged [72,73]. Our results suggest that, depending on the mode of exercise, HR at low intensities can be achieved by a concomitant increase of sympathetic and vagal outflow to the heart as well. It can be concluded, that the contraction mode itself is a significant modulator of the cardiovascular response to exercise with ISO leading to an increased dual HR modulation if compared to DYN.






Acknowledgments

Part of this work was funded by the German Federal Ministry of Education and Research (BMBF), Grant Number: 03Z1KN11. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. Part of this work was technically supported by the Institute for Preventive Medicine, Rostock University Medical Center. During the conduction of the study, the first author was partly employed at Rostock University Medical Center, Institute for Preventive Medicine.



List of Abbreviations








	ANOVA
	analysis of variance
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	low frequency (0.04–0.15 Hz) range of HRV spectrum




	R-R interval
	inter beat interval, time between two consecutive R-waves
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