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M-wave and H-reflex recruitment curves in boys and men
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SHORT ABSTRACT

Boys and men displayed comparable M-wave and H-reflex recruitment curves. In neuromuscular function studies, it implies that Hmax/Mmax and Hslp/Mslp could be used indifferently to compare spinal motoneuron excitability between 9-11-year-old male children and adults. 

INTRODUCTION

In the field of developmental neuroscience, many studies have focused on the development of supra-spinal structures (e.g., [START_REF] Paus | Structural maturation of neural pathways in children and adolescents: in vivo study[END_REF] and their effect on motor, cognitive and sensory functions. Much less is known about the development of spinal and peripheral nervous structures. Most studies have focused on conduction velocities [START_REF] Gamstorp | Conduction velocity of peripheral nerves and electromyography in infants and children[END_REF]. The compound muscle action potential (M-wave) and the Hoffmann reflex (H-reflex) have been widely used to compare conduction velocities between children and adults. Indeed, as suggested by [START_REF] Vecchierini-Blineau | Excitability of the monosynaptic reflex pathway in the child from birth to four years of age[END_REF], the H-reflex is one of the sole motor reflexes that persists in adults. It is thus a fair experimental approach to compare children and adults.

The H-reflex is generally used to estimate spinal motoneuron excitability modulations [START_REF] Zehr | Considerations for use of the Hoffmann reflex in exercise studies[END_REF]. Briefly, it is under the combined influence of pre-synaptic inhibition, motoneuron intrinsic properties and peripheral nerve properties when evoked at rest. The reflex is evoked by electrical stimulation of the Ia sensory afferents at submaximal intensities and is recorded at the muscle using electromyography (EMG) (Pierrot-Desilligny, 1969). This technique is less discomfortable than cervicomedullary or thoracic electrical stimulations (gold standard to assess spinal motoneuron excitability). Consequently, it is used more frequently in children [START_REF] Grosset | Changes in stretch reflexes and muscle stiffness with age in prepubescent children[END_REF]. The maximal H-reflex normalized to maximal M-wave (Hmax/Mmax) is the most used parameter to estimate spinal motoneuron excitability [START_REF] Palmieri | The hoffmann reflex: methodologic considerations and applications for use in sports medicine and athletic training research[END_REF]. The available literature reports conflicting results regarding the effect of maturation on this parameter: some authors reported no difference of the Hmax/Mmax ratio between 7-11 years-old children and adults [START_REF] Grosset | Changes in stretch reflexes and muscle stiffness with age in prepubescent children[END_REF], whereas others observed a difference between 4 years-old and adults [START_REF] Vecchierini-Blineau | Excitability of the monosynaptic reflex pathway in the child from birth to four years of age[END_REF], or between children (7-12 years-old) and adolescents (13-16 yearsold) [START_REF] Hodapp | Modulation of soleus H-reflexes during gait in healthy children[END_REF].

Given the multiple mechanisms that may influence the H-reflex amplitude, it has been recommended to assess the full H/M recruitment curves in cross-sectional studies [START_REF] Zehr | Considerations for use of the Hoffmann reflex in exercise studies[END_REF]. Some parameters of the H/M recruitment curves, such as regression slopes ratio (Hslp/Mslp) could be more discriminant than the Hmax/Mmax ratio since they are independent from the activation thresholds [START_REF] Funase | Evident difference in the excitability of the motoneuron pool between normal subjects and patients with spasticity assessed by a new method using H-reflex and M-response[END_REF]. Therefore, this ratio could be implemented in comparisons of spinal motoneuron excitability between children and adults. However, to our knowledge, no study has investigated the difference in H/M recruitment curves parameters between pre-pubertal children and adults.

Therefore, the aim of the present study was to compare H-reflex and M-wave recruitment curves between pre-pubertal children and adults to verify if Hmax/Mmax and Hslp/Mslp differ between these two populations.

METHODS

Population

Eleven boys (age: 10.2 ± 0.7 yr, height: 1.40 ± 0.06 m, body mass: 34.7 ± 5.7 kg) and eleven men (age: 22.2 ± 4.1 yr, height: 1.78 ± 0.08 m, body mass: 72.7 ± 9.0 kg) volunteered to participate in the study. All the boys were prepubertal (Tanner stages I and II). Their age at the peak height velocity was 13.2 ± 0.3 yr and their maturity offset was -3.3 ± 0.6 yr. Tanner stages were determined from self-reported assessment on the basis of pubic hair and testicular/penis development [START_REF] Tanner | Clinical longitudinal standards for height, weight, height velocity, weight velocity, and stages of puberty[END_REF]. Self-reported pubertal status of the boys also involved assistance from their parents while completing the questionnaire. Maturity offset was used to assess somatic maturity and determined using chronological age, standing height, sitting height and body mass of the boys. Its calculation was based on sex-specific regression equations [START_REF] Mirwald | An assessment of maturity from anthropometric measurements[END_REF].

All participants were tested on their right (dominant -kicking leg) leg. Participants were free from orthopedic and neuromuscular disorders. To be included, all participants had to spend less than 4 h per week in recreational physical activity. The local ethics committee (Protection Committee of People for Biomedical Research South-East 6; authorization number, AU 1268) approved the present study. Participants were fully informed of the experimental procedures and gave their written consent before any testing was conducted. Written consent of parents/guardians was also obtained for the children. When enrolled, the volunteers were asked to avoid participation in any intensive physical activity for days prior to the beginning of the experiment.

Protocol

Participants laid prone on an isokinetic dynamometer (Biodex System 2, Biodex, Shirley, NY) chair with straps securely fastened at the hip to minimize upper body movement. The right foot was positioned in a snowboard binding attached to the Biodex foot plate. This set-up was used to minimize movement of the ankle and foot, which is difficult to obtain with the standard (original) Biodex ankle flexion/extension accessory. During all tests, hip and knee angles were maintained at 180° (hip neutral position and knee full extension) and the ankle was set at 90° (neutral position; Fig. 1). The participants were asked to position their head and arm comfortably and to stay in this position during all measurements.

The H-M recruitment curves were obtained by stimulating the tibial nerve with increased magnetic stimulation intensity. The use of H-reflex to assess spinal motoneuron excitability was preferred to cervicomedullary or thoracic electrical stimulation because it causes less discomfort, especially in children. Magnetic stimulation is generally used for the assessment of neuromuscular function in children [START_REF] Ratel | Insights into the Mechanisms of Neuromuscular Fatigue in Boys and Men[END_REF] because it causes less discomfort and pain than electrical stimulation. The use of magnetic stimulation for the assessment of the H-reflex has been validated on the soleus muscle [START_REF] Panizza | Relevance of stimulus duration for activation of motor and sensory fibers: implications for the study of H-reflexes and magnetic stimulation[END_REF][START_REF] Piponnier | Assessment of the H-reflex using two synchronized magnetic stimulators in order to increase stimulus durations: A comparison with electrical stimulation[END_REF][START_REF] Zhu | The H-reflex to magnetic stimulation of lowerlimb nerves[END_REF]. Stimuli were delivered, every 5 s, between 20 and 100% of the maximal magnetic stimulator output (steps of 5%). EMG responses were recorded twice for all stimulation intensities (i.e. 32 stimulation points) and we used the mean value between the two stimuli to limit the variability of the responses.

Instrumentation

To ensure low impedance at the skin-electrode interface (Z < 5 kΩ), the skin was prepared prior to the EMG surface electrodes placement by shaving, lightly abrading with sandpaper and cleaning with alcohol. EMG electrodes (Ag-AgCl, Blue Sensor N-00-S, Ambu, Denmark) were positioned on right soleus (SOL) muscle, according to the Surface Electromyography for Non-Invasive Assessment of Muscles (SENIAM) recommendations [START_REF] Hermens | Development of recommendations for SEMG sensors and sensor placement procedures[END_REF], with an inter-electrode distance of 20 mm. EMG signals were amplified (Dual BioAmp, ML 135, ADInstruments, New South Wales, Australia; bandwidth: 10-500 Hz, common mode rejection ratio > 85dB, gain = 1000) and digitized by an external analog-to-digital converter (PowerLab 8/35, ADInstruments, New South Wales, Australia) driven by the LabChart 7.3 Pro software (ADInstruments, New South Wales, Australia) at a frequency of 2 kHz.

Magnetic nerve stimulations were delivered with a 70-mm figure-of-eight coil connected to two Magstim 200 2 stimulators linked and synchronized by the Bistim 2 module to increase the stimulus duration (peak magnetic field strength: 2.5 T, stimulus duration: 115 μs; Magstim, Witland, Dyfed, UK). The coil was placed over the posterior tibial nerve in the popliteal fossa (Fig. 1). Before any testing, small spatial adjustments were performed to determine the optimal position at which the greatest compound muscle action potentials (i.e. M-wave) of the SOL were evoked.

Data analysis

For every stimulation, peak-to-peak H-reflex and M-wave amplitudes were measured. Means of the two values obtained at every stimulation intensity were used to obtain H-reflex and M-wave recruitment curves. Maximal H-reflex (Hmax) and M-wave (Mmax) amplitudes were determined, together with the corresponding stimulation intensities (IHmax and IMmax respectively; Fig. 2). The Hmax/Mmax ratio was then calculated. The H-reflex (IthresH) and M-wave (IthresM) thresholds were determined as the minimum stimulus intensity required to evoke a detectable EMG response and expressed as percentage of IMmax (Fig. 2). The amplitude of the M-wave associated with Hmax (i.e. evoked at IHmax; MHmax) was also measured (Fig. 2) and the MHmax/Mmax ratio was calculated to characterize motor fiber activation when Ia-fiber activation was maximal. The regression slopes (Hslp and Mslp) were determined by linear fitting between the thresholds and the maximal amplitudes for individual H and M recruitment curves [START_REF] Hwang | Assessment of soleus motoneuronal excitability using the joint angle dependent H reflex in humans[END_REF] (Fig. 2). The Hslp/Mslp ratio was then computed to further investigate spinal motoneuron excitability since it has been shown to be theoretically independent of the activation threshold [START_REF] Funase | Evident difference in the excitability of the motoneuron pool between normal subjects and patients with spasticity assessed by a new method using H-reflex and M-response[END_REF]. 

Statistical analysis

Distribution normality and homogeneity of variances were tested using a Shapiro-Wilk normality test and the Bartlett's test, respectively. All parameters were compared between groups (boys vs. men) with unpaired Student t-tests. The effect size was assessed using the Cohen's d and ranked as follows: 0.20 = small effect, 0.50 = moderate effect, and ≥ 0.80 = large effect [START_REF] Cohen | Statistical power analysis for Behavioral sciences[END_REF]. Data are reported as mean ± SD and the α-level for statistical significance was set at p < 0.05. Statistica 8.0 software (Statsoft, Inc, USA) was used for all statistical analysis.

RESULTS

All parameters of the recruitment curves are reported in Table 1. No significant difference was found between boys and men for Mmax, Hmax and Hmax/Mmax. Similarly, intensities at Mmax and Hmax (expressed as percentage of IMmax) and H-reflex and M-wave thresholds (expressed as a percentage of IMmax) did not differ between groups. In addition, no significant difference was found for MHmax comparisons. However, men displayed greater MHmax/Mmax than boys (P = 0.017). No significant difference was found between boys and men for Mslp, Hslp and Hslp/Mslp. 

DISCUSSION

The aim of this study was to compare the M-wave and H-reflex recruitment curves between prepubertal children and adults and to verify if Hmax/Mmax and Hslp/Mslp differ between these two populations. No differences in recruitment curve parameters were found between boys and men. Boys only displayed a lower M-wave amplitude at IHmax expressed as a percentage of Mmax than men.

The lack of difference in recruitment curve parameters between boys and men either suggests that the underlying mechanisms, i.e., pre-synaptic inhibition, intrinsic motoneuron properties and peripheral nerve properties, did not differ between pre-pubertal children and adults in the current study; or that the balance of these mechanisms and its net influence on the recruitment curve was similar in prepubertal children and adults. Current evidence for the effect of maturation on these different mechanisms and their relations is rather scarce. To date, no data are available on the effect of maturation on pre-synaptic inhibition in humans. Some data from animal studies suggest that pre-synaptic inhibition is rather weak at birth in mice but rapidly develops in the postnatal phase [START_REF] Sonner | Early postnatal development of GABAergic presynaptic inhibition of Ia proprioceptive afferent connections in mouse spinal cord[END_REF]. It is currently unknown if this is also the case in humans. The effect of maturation on intrinsic motoneuron properties has also been studied in animal models, but not in humans. The mechanisms (transient outward current, T-type calcium current and L-type calcium current) involved in motoneuron intrinsic properties modulation are affected postnatally, in order to support motor function [START_REF] Perrier | Development and regulation of response properties in spinal cord motoneurons[END_REF]. However, it is currently unknown when these intrinsic motoneuron properties reach a mature phenotype. Interestingly, it has been suggested that these properties and pre-synaptic inhibition may be affected by physical training [START_REF] Perrier | Development and regulation of response properties in spinal cord motoneurons[END_REF][START_REF] Zehr | Training-induced adaptive plasticity in human somatosensory reflex pathways[END_REF]. As the level of physical activity differs between children and adults [START_REF] Pratt | Levels of physical activity and inactivity in children and adults in the United States: current evidence and research issues[END_REF], this should translate into H-reflex differences between children and adults. In the current study, populations were matched by physical activity levels. This could have contributed to the lack of difference in recruitment curve characteristics between children and adults.

The sole difference between boys and men in the current study was the lower M-wave amplitude at IHmax expressed as a percentage of Mmax in boys. As Hslp and Mslp were found to be similar between boys and men, the difference in MHmax/Mmax between this population suggests a slight difference in afference and efference recruitment thresholds between boys and men. This result is consistent with a previous report showing that motor fiber rheobase was higher in prepubertal children than men [START_REF] Farrar | Evolution of peripheral nerve function in humans: novel insights from motor nerve excitability[END_REF]. The decrement in motor fiber rheobase from infancy to adulthood could principally be attributed to an increase in axonal diameter and myelin thickness [START_REF] Schröder | Changes of the ratio between myelin thickness and axon diameter in the human developing sural nerve[END_REF] or to changes in active variables [START_REF] Farrar | Evolution of peripheral nerve function in humans: novel insights from motor nerve excitability[END_REF], such as ion channel function or membrane potential. It should also result in a decrease of the activation threshold. However, in the present study, no significant difference in IthresM and IthresH was observed between boys and men. This inconsistency could be related to the stimulation technique used, i.e. magnetic nerve stimulation. Indeed, it has previously been reported that magnetic nerve stimulation the preferentially recruits motor fibers more than conventional electrical nerve stimulation [START_REF] Panizza | Relevance of stimulus duration for activation of motor and sensory fibers: implications for the study of H-reflexes and magnetic stimulation[END_REF]. This limitation could be attributed to the shorter stimuli duration of magnetic nerve stimulation (115 μs) as compared to electrical nerve stimulation (1 000 μs). Although the use of magnetic nerve stimulation may reduce the IthresM, it is assumed that this limitation should similarly affect children and adults. As a result, the comparison of sensory and motor fiber thresholds between the two age groups should not have been biased. From a methodological point of view, the difference in MHmax/Mmax between boys and men suggests that setting the stimulation intensity as a percentage of Mmax to evoke standardized H-reflex [START_REF] Crenna | Excitability of the soleus H-reflex arc during walking and stepping in man[END_REF]) is a biased approach when comparing these two populations. Indeed, for a stimulation intensity applied at the same percentage Mmax (e.g. 17.5-20% of Mmax), the H-reflex amplitude expressed as a percentage of Hmax could differ between children and adults. To compare more fairly children and adults, recruitment curves should be entirely performed to determine precisely Hmax and Mmax in each population.

Given the current lack of knowledge about the effect of maturation on presynaptic inhibition and intrinsic motoneuron properties in humans, future studies should assess the M-wave and H-reflex recruitment curves longitudinally during growth and maturation. They should be evaluated in passive and active conditions, during various motor tasks, together with the manipulation of body posture to vary the level of pre-synaptic inhibition [START_REF] Zehr | Considerations for use of the Hoffmann reflex in exercise studies[END_REF]. The evaluation of persistent inward currents (e.g., [START_REF] Vandenberk | An evaluation of paired motor unit estimates of persistent inward current in human motoneurons[END_REF] could also be an interesting paradigm to approach the regulation of intrinsic motoneuron properties during maturation. Finally, these recruitment curves should be related to motor output variables, such as the voluntary activation level, to assess if the maturation of mechanisms affecting spinal motoneuron excitability could account for the lower voluntary activation level reported in children under 10 years of age than adults [START_REF] Grosset | Voluntary activation of the triceps surae in prepubertal children[END_REF][START_REF] O'brien | In vivo measurements of muscle specific tension in adults and children[END_REF].

To conclude, except for the lower MHmax/Mmax, the two populations displayed comparable M-wave and H-reflex recruitment curves. In neuromuscular function studies, it implies that Hmax/Mmax and Hslp/Mslp could be used indifferently to compare spinal motoneuron excitability between 9-11-year-old male children and adults. It is nevertheless recommended to perform complete recruitment curves to fairly compare children and adults and avoid the biased approach of setting the stimulation intensity as a percentage of Mmax to evoke standardized H-reflex. Additional studies applying this methodology are required to get insight into the influence of maturation on pre-synaptic inhibition and intrinsic motoneuron properties, and their relationship with motor output.

ABBREVIATIONS

  ABBREVIATIONS EMG: Electromyography H-reflex: Hoffmann reflex Hmax: Maximal H-reflex amplitude Hslp: Regression slope of the H-reflex recruitment curve IHmax: Stimulus intensity at maximal H-reflex IMmax: Stimulus intensity at maximal M-wave IthresH: Minimum stimulus intensity required to evoke a detectable H-reflex IthresM: Minimum stimulus intensity required to evoke a detectable M-wave M-wave: Compound action potential MHmax: M-wave amplitude associated to maximal H-reflex Mmax: Maximal M-wave amplitude Mslp: Regression slope of M-wave recruitment curve SOL: Soleus

Figure 1 :

 1 Figure 1 : Ankle position in the Biodex foot plate and coil location over the posterior tibial nerve in the popliteal fossa.

Figure 2 :

 2 Figure 2 : Typical M-wave and H-reflex recruitment curves in boys and men. Intensities were normalized to the maximal M-wave intensity (IMmax). Hmax: Maximal H-reflex amplitude; Mmax: Maximal M-wave amplitude; MHmax: M-wave associated to Hmax; IMmax: Intensity at Mmax; IHmax: Intensity at Hmax; IthresM: M-wave threshold; IthresH: H-reflex threshold; Mslp: M-wave regression slope; Hslp: H-reflex regression slope.

Table 1 : Parameters (mean ± SD) extracted from the recruitment curves. Boys (n = 11) Men (n = 11) p-value Cohen's d

 1 

	Mmax (mV)	5.43 ± 1.02	4.96 ± 1.70	0.43	0.35
	Hmax (mV)	1.76 ± 0.90	1.80 ± 0.97	0.92	0.04
	Hmax/Mmax (AU)	0.33 ± 0.17	0.37 ± 0.17	0.58	0.25
	IMmax (% of maximal power output)	93.5 ± 5.6	96.0 ± 3.5	0.22	0.57
	IHmax (% of IMmax)	61.4 ± 7.6	61.1 ± 10.5	0.94	0.03
	IthresM (% of IMmax)	55.2 ± 9.0	52.9 ± 7.9	0.54	0.28
	IthresH (% of IMmax)	47.7 ± 6.0	45.5 ± 7.2	0.54	0.22
	MHmax (mV)	1.15 ± 0.58	1.46 ± 0.92	0.36	0,42
	MHmax/Mmax (AU)	0.18 ± 0.06	0.31 ± 0.13	0.017	1.23
	Mslp (mV. % of IMmax -1 )	0.13 ± 0.03	0.12 ± 0.04	0.29	0.30
	Hslp (mV. % of IMmax -1 )	0.10 ± 0.04	0.11 ± 0.04	0.49	0.26
	Hslp/Mslp (AU)	0.83 ± 0.40	1.04 ± 0.45	0.26	0.52

Mmax: Maximal M-wave amplitude; Hmax: Maximal H-reflex amplitude; IMmax: Intensity at Mmax; IHmax: Intensity at Hmax; IthresM: M-wave threshold; IthresH: H-reflex threshold; MHmax: M-wave associated to Hmax; Mslp: M-wave regression slope; Hslp: H-reflex regression slope; AU: arbitrary unit.
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