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Compared to concentric exercise, eccentric cycling is characterized by a lower cardiovascular and metabolic cost. However, its effects on the autonomic nervous system and the effects of pedalling frequency are little known. Eleven healthy subjects participated in this study. Cardiorespiratory variables were assessed during concentric and eccentric cycling performed with 3 different pedalling frequencies and post-exercise parasympathetic reactivation (heart rate recovery during the first 60 seconds of recovery and its normalized value; HRR60 and nHRR60) was studied. Cardiorespiratory responses were significantly lower during eccentric than concentric cycling. Heart rate recovery metrics were lower after eccentric than concentric cycling. In particular nHRR60 was 0.19 ± 0.11 vs 0.26 ± 0.11, after eccentric vs concentric exercise at 30 revolutions per minute respectively; 0.13 ± 0.22 vs 0.28 ± 0.11 at 40 rpm and; 0.12 ± 0.14 vs 0.26 ± 0.10 at 60 rpm showing an attenuated post-exercise parasympathetic reactivation after eccentric exercise. While no change was observed during concentric exercise, increasing the pedalling frequencies lowered the cardiopulmonary solicitation during eccentric cycling. A trend for a delayed post-exercise parasympathetic reactivation was also observed when the pedalling frequency increased (p = 0.057). These results highlighted that eccentric cycling imposed a greater strain on the autonomic nervous system than concentric cycling at the same power output despite a lower cardiorespiratory requirement.

Introduction

Eccentric (ECC) exercise describes exercise where a muscular contraction is executed while muscle fibres are lengthening. ECC cycling is a training modality often used in the fields of sport performance and trauma rehabilitation [START_REF] Isner-Horobeti | Eccentric exercise training: modalities, applications and perspectives[END_REF]. Briefly, previous studies have shown that for the same power output, ECC exercise elicits less central solicitations (e.g. lower oxygen uptake [VO 2 ], heart rate [HR] and cardiac output) than CON exercise [START_REF] Isner-Horobeti | Eccentric exercise training: modalities, applications and perspectives[END_REF][START_REF] Bigland-Ritchie | Integrated electromyogram and oxygen uptake during positive and negative work[END_REF]. This interesting property explains the recent and growing interest for ECC prescription in patients with chronic health conditions [START_REF] Besson | Eccentric training in chronic heart failure: Feasibility and functional effects. Results of a comparative study[END_REF][START_REF] Gremeaux | Does eccentric endurance training improve walking capacity in patients with coronary artery disease? A randomized controlled pilot study[END_REF]. But ECC cycling is still underutilized in the health field potentially for two main reasons. First, ECC exercise can be easily traumatizing, triggering delayed onset muscle soreness and inflammation [START_REF] Barnes | Arterial stiffening following eccentric exercise-induced muscle damage[END_REF][START_REF] Kanda | Eccentric exercise-induced delayed-onset muscle soreness and changes in markers of muscle damage and inflammation[END_REF]. Secondly, there is a lack of knowledge and understanding of the effects ECC exercise compared to concentric (CON) exercise on metabolic and cardiovascular functions, and on the autonomic nervous system (ANS) balance.

Cardiovascular function, including HR, is modulated by the parasympathetic (PNS) and sympathetic (SNS) branches of ANS. During exercise, both metaboreflex and mechanoreflex are activated resulting in an increased HR, due to withdrawal of PNS and an increase in SNS activity [START_REF] Fisher | Autonomic control of the heart during exercise in humans: role of skeletal muscle afferents[END_REF]. When the exercise stops, SNS activity decreases and PNS is engaged to restore homeostasis. During CON cycling, ANS activity seems mainly influenced by metaboreflex, in accordance with the slower HR restoration by ANS when metabolic demand is greater [START_REF] Martinmäki | Time-frequency analysis of heart rate variability during immediate recovery from low and high intensity exercise[END_REF]. The impact of ECC exercise on the regulation of the cardiovascular function is not well defined but logic dictates a differential response than during CON exercise because of the distinct metaboreflex and mechanoreflex involved. Indeed, a higher SNS activity has been observed during ECC exercise, likely due to the higher muscle tension developed at the same metabolic cost [START_REF] Dufour | Deciphering the metabolic and mechanical contributions to the exercise-induced circulatory response: insights from eccentric cycling[END_REF]. The same research team underlined the lower dependence of the cardiovascular adjustments to the metabolic demand as well as an increase in SNS activity in muscle, which could suppress PNS reactivation after exercise [START_REF] Isner-Horobeti | Eccentric exercise training: modalities, applications and perspectives[END_REF]. These results provide interesting knowledge but as only a 60 and 80 rpm pedalling frequency were studied, any frequency effect on cardiorespiratory variables and ANS control needs to be assessed especially at low frequencies commonly used for clinical purpose [START_REF] Laroche | Is it possible to individualize intensity of eccentric cycling exercise from perceived exertion on concentric test?[END_REF]. It should also be noted that differences in the physiological adaptations observed between ECC and CON cycling for a given pedalling frequency are significantly conditioned by the internal work, which would be strongly different according to the frequency for a same power developed [START_REF] Wells | Internal work and physiological responses during concentric and eccentric cycle ergometry[END_REF]. In addition, higher movement frequency is more traumatizing for muscles during elbow ECC exertion [START_REF] Chapman | Greater muscle damage induced by fast versus slow velocity eccentric exercise[END_REF] and can lead to lead to long-lasting neuromuscular dysfunction [START_REF] Elmer | Alterations in neuromuscular function and perceptual responses following acute eccentric cycling exercise[END_REF]. Overall, these results suggest that muscle tension, delayed onset muscle soreness, and cardiorespiratory adaptations to ECC cycling are a function of pedalling frequency and power developed but these observations need to be investigated, especially with regard to the ANS involvement.

As ECC has been recommended as an exercise modality for patients with chronic diseases that contraindicate excessive workloads such as chronic obstructive pulmonary disease [START_REF] Vieira | Eccentric cycle exercise in severe COPD: feasibility of application[END_REF], its effects and physiological outcomes should be better understood. The aim of the present work was thus to assess the cardiorespiratory and ANS responses to ECC cycling at different pedalling frequencies. To do this, we compared the cardiorespiratory and post exercise PNS reactivation during ECC and CON exercise performed at the same power output at three different pedalling frequencies. Based on the literature, we hypothesized that a lower cardiopulmonary involvement during ECC exercise would be observed together with a delayed PNS reactivation after exercise, at each pedalling frequency.

Material and Methods

Participants

Eleven healthy subjects (no cardiovascular, pulmonary or metabolic chronic diseases, neither musculoskeletal disorders) with a mean age of 25 ± 2 years (mean ± SD -standard deviation), 2 women (172 ± 1 cm, 61 ± 2 kg) and 9 men (184 ± 8 cm, 77 ± 6 kg), volunteered to participate in the study. They were non-smokers, and they were not taking any medication that could affect our measurements. They participated in a sport at least four hour per week: cycling, athletics, swimming or European football. All procedures performed in this study involving human participants were in accordance with the ethical standards of the institutional research committee and the 1964 Declaration of Helsinki. Informed consent was obtained from all individual participants included in the study.

Measures Ergometer

The ergometer used in this study was a reproduction of the Abbott model [START_REF] Abbott | The physiological cost of negative work[END_REF], two back-to-back bicycles connected by a single chain: since subject A was pedalling "forward" (CON) while subject B was pedalling "reverse" (ECC), they necessarily cycled at the same frequency and force development. The pedalling frequency and the power output were checked and recorded on line by a SRM device (SRM, PowerControl, Jülich, Germany). of 6 minutes: 4 minutes at 100 Watts followed by 2 minutes of passive recovery in the sitting posture on the cycle ergometer. The three cycling bouts were performed at 30, 40 or 60 rpm in a random order.

Participants were asked not to perform any strenuous exercise or drink alcohol during the 48 hours before their visit. Coffee, tea, energizing drink and food were prohibited during the 5 hours preceding exercise. The laboratory has controlled conditions of temperature, pressure and humidity for human experimentation (20°C, 765 mmHg, 50% relative humidity).

Statistics

Data are presented as Mean ± SD unless otherwise stated. Data analysis was conducted on SigmaStat (Systat Software Inc, San Jose, CA, USA). A Two Way Repeated Measures ANOVA (pedalling frequency vs. contraction mode) was applied with Equal Variance Test, to assess differences in each of exercises having first checked, using the Shapiro-Wilk test, that there was no evidence to suggest that these changes violated normality. The Student-Newman-Keuls procedure was applied to perform post-hoc pair-wise comparisons employed for data analysis. Statistical significance was set at p ≤ 0.05.

Results

Responses to Exercise

The results obtained (Figure 2) showed that HR, VE, VO 2 and VCO 2 were significantly lower during ECC than CON cycling exercise, for the three pedalling frequencies and similar mechanical power developed (102 ± 4 W).

Also, an interaction between exercise mode and pedal frequency was observed with the effect of pedalling frequency being significantly different according to the contraction mode (Figure 2). No pedal frequency effect was observed during CON exercise. On the contrary, a significant lowering of VE, VO 2 , VCO 2 , and HR was observed with the increase in frequency during ECC exercise.

Exercise Parameters

Pulmonary gas exchange (VO 2 , VCO 2 ) and respiratory minute volume (VE) were measured using breath by breath K4b² technology (COSMED, Rome, Italy) calibrated following the manufacturer's recommendations. We also collected beat by beat heart rate data (R-R intervals) using a Polar S810i HR monitor (Polar Electro, Kempele, Finland). Measures were carried out continuously during warming up, CON and ECC exercise bouts, and recovery periods. Respiratory breath-by-breath parameters and HR were averaged over 30 seconds of each bout.

Heart Rate Recovery Metrics Calculation

Three Heart Rate Recovery (HRR) indices were calculated to assess PNS post-exercise reactivation.

First the absolute difference between the average HR measured during the first 5 sec of the end of exercise (EEHR) and the average HR recorded during the ten last seconds of the first minute following exercise end (HRR60s). Second, a normalization of the first metric was applied (nHRR60s) by dividing HRR60s by the average immediate post-exercise HR, to take into account differences in the HR at the end of exercise.

Finally, a third metric was obtained using semi-logarithmic regression. The natural logarithm of the HR during the interval 10-40 s after exercise was plotted against the length of the period of exercise and linear regression analysis then applied. The negative reciprocal of the slope of this regression line represented the time constant for the short-term post-exercise decay in HR (T30) [START_REF] Mourot | Cross-country skiing and postexercise heart-rate recovery[END_REF]. Heart rate recovery indices such as HRR60 and T30 are commonly used in the assessment of PNS activity in both health and disease because of their good reliability especially after submaximal exercise [START_REF] Arduini | Reliability of different models to assess heart rate recovery after submaximal bicycle exercise[END_REF].

Procedures

Exercise testing on the cycle-ergometer started by 5 minutes of warming up. Then each participant performed two sessions (Figure 1) of either CON or ECC cycling, in a randomised fashion. Each session lasted a total of 18 minutes divided in 3 bouts No pedalling frequency effect was observed for CON exercise. During ECC exercise, a significant lowering of EEHR with the increase of the pedalling frequency was observed (Figure 3), but no effect was found for T30, HRR60 and nHRR60 metrics. 

Discussion

As hypothesized, lower cardiorespiratory responses to exercise were observed as well as a delayed post-exercise PNS reactivation during ECC cycling when compared to CON exercise at the same power output. Increasing the pedalling frequency also lowered the cardiopulmonary responses as well as HRR60 and nHRR60 during ECC cycling, while no significant changes were observed during CON cycling.

For a given mechanical power output, ECC exercise is known to evoke lesser cardiovascular and respiratory responses [START_REF] Vieira | Eccentric cycle exercise in severe COPD: feasibility of application[END_REF][START_REF] Abbott | The physiological cost of negative work[END_REF][START_REF] Rooyackers | Eccentric exercise training in patients with chronic obstructive pulmonary disease[END_REF]. Our results are in line with these previous researchers with cardiopulmonary values (HR, VE, VO 2 and VCO 2 ; Figure 2) being significantly lower during ECC exercise at 100 W at each pedalling frequency. Importantly, the results of the present study, to our knowledge, represent the first attempt to specifically compare the autonomic function after CON and ECC cycling performed at the same intensity with different pedalling frequencies.

After submaximal CON pedalling exercises PNS reactivation and SNS activity inhibition are observed, resulting in a quick decay of HR to resting values [START_REF] Freeman | Autonomic nervous system interaction with the cardiovascular system during exercise[END_REF]. It is known that during CON exercise, both metaboreflex and mechanoreflex are stimulated [START_REF] Fisher | Autonomic control of the heart during exercise in humans: role of skeletal muscle afferents[END_REF] with a larger contribution of metaboreflex to HR stimulation [START_REF] Dufour | Deciphering the metabolic and mechanical contributions to the exercise-induced circulatory response: insights from eccentric cycling[END_REF]. Indeed, post-exercise PNS reactivation is dependent on the intensity of the exercise [START_REF] Arduini | Reliability of different models to assess heart rate recovery after submaximal bicycle exercise[END_REF] with a delayed PNS reactivation after high intensity compared to low intensity exercise [START_REF] Heffernan | Cardiac autonomic modulation during recovery from acute endurance versus resistance exercise[END_REF]. For instance, it has been demonstrated that CON exercises with a large anaerobic contribution (i.e. when the chemoreflex and metaboreflex are involved) elicited a SNS post-exercise predominance and slow HR recovery [START_REF] Buchheit | Parasympathetic reactivation after repeated sprint exercise[END_REF]. On the contrary, the effects of ECC exercise on ANS post-exercise are little studied. Here we show a significant difference between ECC and CON cycling on post-exercise PNS reactivity despite the same absolute power output (Figure3). In line with the lower cardiopulmonary strain during ECC exercise, we observed a lower exercise ending heart rate irrespective of the pedalling frequency (Figure 3). However, heart rate recovery, as evidenced by HRR60, was lower after all pedalling frequencies ECC exercise. This result suggests an attenuated PNS reactivation. To ensure that the difference was not due to methodological aspects (i.e. due to the index used to assess PNS activity) a normalized heart rate recovery, nHRR60 was calculated [START_REF] Buchheit | Monitoring changes in physical performance with heart rate measures in young soccer players[END_REF]. Lower values of nHRR60 after ECC compared to CON were still observed at all pedalling frequencies (Figure 3) demonstrating that the delayed PNS reactivation is not dependent on the post-exercise HR but on the exercise modality. It is of note that the T30 metric was not significantly different between the two exercise modalities, even though a trend for an increase, suggestive of a delayed PNS reactivation, was observed after the ECC exercise.

Taken together, these results suggest that the ANS activity after ECC exercise is perturbed and PNS reactivity is delayed at each of the pedalling frequencies investigated. Although metaboreflex should be superior to mechanoreflex in eliciting circulatory responses during CON cycling, the mechanoreflex could explain specific circulatory adjustments observed during ECC cycling (equal VO 2 , but higher cardiac output and HR) [START_REF] Dufour | Eccentric cycle exercise: training application of specific circulatory adjustments[END_REF]. The greater level of exercise-induced muscle mechanical stimulation during ECC exercise is likely due to the higher tension developed by each muscular fibre for a same power output [START_REF] Isner-Horobeti | Eccentric exercise training: modalities, applications and perspectives[END_REF] and the strong muscle mechanoreflex activation could impact PNS reactivation [START_REF] Fisher | Autonomic control of the heart during exercise in humans: role of skeletal muscle afferents[END_REF]. The attenuation of the PNS has two important corollaries. Firstly, an elevation in resting metabolic rate post eccentric exercise could have implications for exercise programming prescription for weight loss. Indeed, other authors [START_REF] Hackney | Resting energy expenditure and delayed-onset muscle soreness after full-body resistance training with an eccentric concentration[END_REF][START_REF] Paschalis | Beneficial changes in energy expenditure and lipid profile after eccentric exercise in overweight and lean women[END_REF] have reported elevations in resting metabolic rate post eccentric exercise but have not been able to compare and contrast the effects with concentric exercise due to their experimental designs. Secondly, it should be noted that "transient, unfavorable changes in central macrovascular function" have been reported following eccentric exercise [START_REF] Barnes | Arterial stiffening following eccentric exercise-induced muscle damage[END_REF]. Elevated vascular resistance have been reported [START_REF] Beaven | Physiological comparison of concentric and eccentric arm cycling in males and females[END_REF] and "adverse effects" in an eccentric training group that led to 2/15 participants failing to complete the experimental protocol despite training at RPEs of 9-11 [START_REF] Besson | Eccentric training in chronic heart failure: Feasibility and functional effects. Results of a comparative study[END_REF]. "Autonomic imbalance" has also been reported following eccentric training in elderly men with a shift towards SNS dominance and cardiovascular metrics associated with increased morbidity and mortality [START_REF] Melo | High eccentric strength training reduces heart rate variability in healthy older men[END_REF].

Our second aim was to evaluate the effect of pedalling frequency on cardiopulmonary and PNS responses to ECC cycling. During CON cycling, a U-shaped relationship has been shown between VO 2 and pedalling frequency describing an optimum pedalling frequency Barstow et al. (1996) that could be explained by a better elastic energy return with faster pedalling frequency. Our results obtained during a steady-state exercise using a constant power demonstrated a similar VO 2 at each of the pedalling frequencies observed. But the moderate power output (100 W) and low pedalling frequencies used [START_REF] Williamson | New insights into central cardiovascular control during exercise in humans: a central command update[END_REF]40 and 60 rpm) may explain why we did not observe a similar response between VO 2 and pedalling frequency during CON cycling. Indeed, the pedalling frequencies used in the present study were slow compared to those usually used during CON exercise studies [START_REF] Ahlquist | The effect of pedaling frequency on glycogen depletion rates in type I and type II quadriceps muscle fibers during submaximal cycling exercise[END_REF][START_REF] Chavarren | Cycling efficiency and pedalling frequency in road cyclists[END_REF], but they were comparable to those used for ECC cycling [START_REF] Gremeaux | Does eccentric endurance training improve walking capacity in patients with coronary artery disease? A randomized controlled pilot study[END_REF][START_REF] Dufour | Deciphering the metabolic and mechanical contributions to the exercise-induced circulatory response: insights from eccentric cycling[END_REF][START_REF] Laroche | Is it possible to individualize intensity of eccentric cycling exercise from perceived exertion on concentric test?[END_REF]. We chose to use a maximal pedalling frequency of 60 rpm in order to avoid muscles traumatisms and a minimum pedalling frequency of 30 rpm to allow lower limb coordination during the ECC cycling protocol. As preliminary tests showed that with our tandem ergometer, a 15 rpm pedalling frequency induces coordination problems for subjects and difficulties to control their power output. Furthermore, it can be noted that coordination was perceived more difficult by participants at 30 rpm than 60 rpm, probably due to the greater muscle tension (lower frequency so higher force for a same power output) elicited during 30 rpm pedalling.

In contrast to CON cycling, changing the pedalling frequency during ECC cycling elicited significantly different physiological responses. Indeed, the higher the pedalling frequency was, the lower the cardiopulmonary strain observed (HR, VE, VO 2 and VCO 2 ). This relation has already been described by [START_REF] Wells | Internal work and physiological responses during concentric and eccentric cycle ergometry[END_REF] with internal work, showing a greater VO 2 VO 2 during ECC cycling at 30 rpm than 60 or 90 rpm. Chung et al. (1999) used eccentric at 35, 55 and 75 rpm, and their results revealed the same trend with the lowest HR and VO 2 observed at 55 rpm (i.e. comparable to our 60 rpm frequency). Our results (i.e. diminution of VO 2 when pedalling frequency increase) do not allow us to conclude about an optimum pedalling frequency during ECC cycling due to the range of pedalling frequencies examined, but it is clear that the optimum pedalling frequency during ECC cycling differs from CON exercise as suggested. With respect to ANS responses across the different pedalling frequencies, there were no significant differences in HRR60 and nHRR60 within CON cycling. In contrast, after ECC cycling we observed the same trend as for cardiovascular variables (i.e. the higher the pedalling frequency, the slower the heart rate recovery), although differences did not reach statistical significance (p = 0.057 for HRR60, 30 vs 60 rpm). We could hypothesize that with faster movements, the involvement of muscle mechanoreflex is more important leading to a delayed HR recovery (HRR60 and nHH60 decrease). Another explanation could be related to the coordination difficulties experienced when pedalling at 30 rpm. The central command activation during exercise is known to impact ANS activity [START_REF] Williamson | New insights into central cardiovascular control during exercise in humans: a central command update[END_REF]. Constraints in neuromotor control during slow pedalling ECC exercise could lead to greater central command activity and subsequent post-exercise ANS perturbations.

Conclusion

Our results confirmed that ECC cycling involved a lower cardiopulmonary strain when compared to concentric exercise at the same power output. ECC exercise induced an attenuated PNS post-exercise reactivation likely due to greater mechanoreceptors involvement. This delayed parasympathetic activation may have important ramifications considering the low energy expenditure; this highlights potential contraindications in patient populations. Furthermore, here we demonstrate that changing pedalling frequency between 30 to 60 rpm does not alter the cardiovascular or ANS responses during CON cycling but has a significant impact on analogous responses during and after ECC cycling. Other research should be conducted to confirm our results, especially with different power output and pedalling frequencies, and to study the long-term effects of ECC training on ANS in healthy subjects and patients.
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 1 Figure 1. Detailed pedalling protocol

Figure 3 .

 3 Figure 3. Heart rate (HR) at the end of exercise (EEHR), absolute and normalized HR recovery during the first 60 sec of recovery (HRR60 and nHRR60) and time constant for the short-term post-exercise decay in HR (T30) for the CON (black bars) and ECC (grey bars) exercises. Values are presented as mean ± SEM. * = significant difference between CON and ECC exercise (p < 0.05) δ = significant difference between 30 and 40 rpm (p < 0.05) Δ = significant difference between 30 and 60 rpm (p < 0.05)
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