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Research article 

Cross-correlated fractal components of H-wave amplitude fluctuations in 
medial gastrocnemius and soleus muscles 

Chinami Taki a,b,c,*, Akio Nakata d, Naruhiro Shiozawa e, Ken Kiyono d, Tetsuya Kimura b 

a Graduate School of Sport and Health Science, Ritsumeikan University, 1-1-1 Noji-higashi, Kusatsu, Shiga 525-8577, Japan 
b Graduate School of Human Development and Environment, Kobe University, 3-11 Tsurukabuto, Nada-ku, Kobe 657-8501, Japan 
c Division of Physical and Health Education, Setsunan University, 17-8 Ikedanakamachi, Neyagawa, Osaka 572-8508, Japan 
d Graduate School of Engineering Science, Osaka University, 1-3 Machikaneyama, Toyonaka, Osaka 560-8531, Japan 
e Faculty of Sport and Health Science, Ritsumeikan University, 1-1-1 Noji-higashi, Kusatsu, Shiga 525-8577, Japan   

A R T I C L E  I N F O   

Keywords: 
Monosynaptic reflex 
Long memory process 
Synergistic muscles 
Common noise source 

A B S T R A C T   

The time series of the H-wave amplitude in soleus muscle (SOL) shows fractal (long-range) correlation, which is 
attributed to input from supraspinal centers. However, whether such long-range power-law correlated input also 
contributes to the synergistic muscles remains unclear. The purpose of this study was therefore to examine the 
correlation in the fractal components of H-wave amplitude fluctuations between the synergistic muscles used for 
plantar flexion, i.e., the medial head of the gastrocnemius muscle (MG) and SOL. In eight young male partici
pants, consecutive H-reflexes were recorded almost simultaneously from the MG and SOL at a stimulation fre
quency of 0.5 Hz for 30 min. We performed detrending moving-average cross-correlation analysis (DMCA) for 
each of the H- and M-wave amplitude time series between MG and SOL to assess the existence of a common noise 
input contributing to these long-range correlations. The cross-correlation coefficient ρDMCA (− 1 to 1) was 
calculated to quantify the strength of the correlation between two different time series. The results indicated a 
significant long-range power-law correlation between H-wave amplitudes in MG and SOL (ρDMCA: 0.50 (0.22) 
and 0.22 (0.17), mean (standard deviation) for the original and randomly shuffled surrogate data, respectively, P 
< 0.05). This was not the case for M-wave amplitudes (ρDMCA: 0.29 (0.23) and 0.20 (0.15), P > 0.05). We 
conclude that there is a common noise input governing these synergistic muscles, possibly due to supraspinal 
origin, causing long-range power-law correlations in monosynaptic reflexes.   

1. Introduction 

The amplitude of the monosynaptic reflex fluctuates considerably 
with time [1–4]. Some previous studies using static analyses have re
ported that this amplitude variability can be attributed to pre- and/or 
post-synaptic mechanisms [1–4]. Hunt [1] suggested that the back
ground activities of motor neurons and interneurons in the spinal cord 
partially account for the fluctuation of the monosynaptic reflex 
response. In contrast, Rudomin et al. [2,3] reported that the fluctuation 
originates from the presynaptic input that modulates the signal trans
mission from Ia fiber to the motor neuron. Meanwhile, Gossard et al. [4] 
showed that the fluctuation is caused both by presynaptic modulation of 
the Ia output and by the subthreshold random input from interneurons 
directly to motor neurons. 

On the other hand, Nozaki et al. [5] found that the time series of the 

H-wave amplitude, which reflects monosynaptic reflex activity, 
temporally fluctuates with fractal long-range correlation in the soleus 
muscle (SOL) in healthy human participants at rest. In a later study, 
Nozaki et al. [6] also showed that higher coherence below 0.2 Hz with 
zero phase lag exists between the H-wave amplitude sequences in the 
two legs. This coherence was significantly higher in healthy participants 
than in individuals with complete or incomplete spinal cord injury [6]. 
This suggests that the fractal fluctuation in the H-wave amplitudes under 
the resting condition was accounted for by supraspinal input, but the 
detailed mechanism underlying this phenomenon remains unclear. 
Correspondingly, Chang et al. [7] reported that there was no temporal 
correlation for the monosynaptic reflex sequences in spinalized cats. 
Therefore, the supraspinal input plays an important role in generating 
the fractal correlation in the fluctuation of H-wave amplitudes. 

Because the supraspinal input sends a similar command to the 
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synergistic muscles, a fluctuation of the motor unit (MU) firing rates 
often occurs in common between the synergistic muscles, a phenomenon 
termed “common drive [8,9]”. De Luca and Erim [9] previously showed 
that the fluctuations of the MU firing rates within the tibialis anterior 
muscle were correlated with each other as an effect of the common drive 
from the central nervous system (CNS), which showed that the CNS has a 
simple strategy for controlling the underlying MU activations. Also, De 
Luca and Erim [10] indicated the existence of the common drive across 
the synergistic muscles. These findings suggest that the CNS sends a 
partially common input among the synergistic muscles. In addition, the 
firing rates of the MUs in the bilateral SOLs represented low-frequency 
(0–5 Hz) common modulation during postural tasks [11], which corre
sponded with the coherent fluctuations of the SOL H-reflex in both legs 
[6]. Accordingly, we hypothesized that fractal long-range correlated 
components, i.e., relatively slowly changing random components, that 
were included in the H-wave amplitude fluctuations were shared be
tween the synergistic muscles via the common CNS input. 

The purpose of this study was therefore to quantify the correlation of 
long-range correlation components in the H-wave amplitude sequences 
between the medial head of the gastrocnemius muscle (MG) and the 
SOL. For this purpose, we used detrending moving-average cross-cor
relation analysis (DMCA), which can detect long-range correlation 
behavior between two nonstationary signals [12]. DMCA has advan
tages such as its well-established mathematical foundation, wide 
applicability to nonstationary time series, and fast implementation al
gorithm. Thus, we employed the DMCA instead of conventional cross- 
spectral analysis techniques and detrended cross-correlation analysis 
(DCCA) [13]. 

2. Methods 

2.1. Participants 

Eight males volunteered for this study. Their characteristics, given as 
means (standard deviations (SDs)), were as follows: age 24 (3) years, 
height 170.8 (3.9) cm, and weight 64.2 (6.2) kg. All participants were 
right leg dominant. None had experienced any neurological disease. This 
study was performed in accordance with the Declaration of Helsinki. 
The study protocol was approved by the Ethics Review Board, Ritsu
meikan University Biwako-Kusatsu Campus. Each participant received 
an explanation of the nature and purpose of the study and gave written 
informed consent for participation. They were asked to avoid intense 
exercise, coffee, tea, and alcohol for 24 h before testing. 

2.2. Experimental procedures 

Each participant underwent a 30-min measurement, where the 
sequential H-reflex elicitations in the MG and SOL were performed in a 
manner similar to that used in our previous study [14]. During the 
measurement, participants were asked to lie on a bed in the supine 
position, and only their right legs were tested. Before the measurement, 
the location of the stimulation electrode (Ag/AgCl, sensor area 15 mm2, 
gel area 95 mm2; N-00-S: Ambu, Denmark) and the stimulation intensity 
for the repetitive H-reflex elicitations were determined. To evoke the H- 
reflex, the tibial nerve was stimulated at the popliteal fossa by a stim
ulator (SEN-7203; Nihon-Kohden, Japan). The stimulation current was a 
unipolar rectangular pulse of length 0.5 ms [15]. The H- and M-waves 
were recorded using the surface electromyography (EMG) from the MG 
and SOL in the tested leg. For the EMG measurement, bipolar electrodes 
(Ag/AgCl, 4-mm pick-up diameter, 20-mm inter-electrode distance) 
were applied on each muscle. The electrode position was determined 
according to the SENIAM recommendations (seniam.org). The reference 
electrode was attached to the lateral malleolus of the tested leg. The 
EMG signal was differentially amplified, filtered between 1 Hz and 30 
kHz (ER-1 Differential Extracellular Amplifier; Cygnus Technology, PA), 
and continuously digitized at 10 kHz by a 16-bit analog-to-digital 

converter (PowerLab 16/30; AD Instruments, Sydney, Australia). 
Because there was very little power in the frequency band above 5 kHz, 
the aliasing was negligible. In this study, we aimed to assess the tem
poral correlation of H-wave amplitude fluctuations between the MG and 
SOL. However, the appropriate intensity of the stimulation current that 
evoked the H-wave differed between these muscles. Therefore, we 
employed two different current intensities: one was for H-wave 
recording in the MG, and the other was for H-wave recording in the SOL. 
Each intensity was set at 110% of the M-wave generation threshold [14]. 
Specifically, H-waves for the MG and SOL were alternately evoked with 
two different stimulation intensities at the frequency of 1 Hz. The two 
intensities were automatically switched by the stimulator. As a result, 
the H-wave amplitude time series for each of the MG and SOL was ob
tained at a sampling frequency of 0.5 Hz, and there was a time lag of 1 s 
between these sequences. 

2.3. Data analysis 

The time series of the H-wave peak-to-peak amplitude was obtained 
for each muscle (Fig. 1). The series was 900 points in length with a 
sampling frequency of 0.5 Hz and could be considered almost simulta
neous. While in actuality a 1-s time lag existed, it was substantially 
shorter than the length of the long-range fluctuation component (i.e., 
12.6 s to 317.0 s, described below) analyzed in the cross-correlation. 
Also, the optimality of a zero time lag between the two time series 
was validated using the detrended cross-covariance analysis (see details 
in [12]). 

First, in order to assess the scaling exponent α of the H-wave 
amplitude fluctuation in each muscle, detrending moving average 
(DMA) analysis [16–19], an improved version of detrended fluctuation 
analysis (DFA) [20], was employed. The DMA method can minimize the 
estimation error of scaling exponent α, which is often caused by the 
detrending procedure in DFA [21]. The algorithm used in this study was 
a high-order DMA, described in detail in an earlier report in conjunction 
with its application to biological signals (heart rate variability) [18]. 
This method can remove a high-order polynomial trend using a 
Savitzky-Golay detrending filter [17]. Briefly, the original time series 
{x(i)}N

i=1 was integrated following the removal of the sample mean: 

y(i) =
∑i

j=1
(x(j) − x− ),

where {y(i)}N
i=1 denotes the integrated time series and x

−
is the sample 

mean of {x(i)}. Then, we calculated the generalized variance relative to 
the trend, estimated by the moving average polynomial: 

F2(n) = (N − n + 1)− 1
∑N− (n− 1)/2

i=1+(n− 1)/2

[
y(i) − ỹ

n
(i)

]2
,

where ỹn(i) is the estimated trend using a Savitzky-Golay detrending 
filter with a window size of n. Using the Savitzky-Golay filter with a 
polynomial order m, an arbitrary polynomial curve with order (m + 1) 
can be traced completely. Thus, performing DMA using a higher-order 
Savitzky-Golay filter can well eliminate non-stationary trends that are 
locally approximated by a higher order polynomial. The DMA using the 
m th order Savitzky-Golay filter is called m th order DMA. Note that the 
zeroth order Savitzky-Golay filter is the same as the moving average 
filter, and the zeroth order DMA corresponds to the original DMA. In the 
present study, the order m was set at 2 [22]. Fig. 2 shows a typical 
example of DMA analysis for the H-wave amplitude time series in each 
muscle. The slope in the double logarithmic plot of the root-mean-square 
deviation (F(n)) as a function of the window length (n) indicates the 
scaling exponent α, which characterizes long-range correlation. 

Following the DMA analyses, we applied DMCA [12,23,24], an 
improved variant of the DCCA [13], in order to quantify the correlation 
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between the long-range fractal behavior of two signals. In the same way 
as for the higher order DMA, we employed a high-order DMCA with 
Savitzky-Golay detrending filters [12,24], which was previously applied 
to bivariate biological signals such as those from cardiorespiratory or 
cardiovascular systems [22,24]. Briefly, the detrended covariance 

(F2
1,2(n)) between two integrated time series 

{(
y(1)[i], y(2)[i]

)}N

i=1 
was 

calculated for a given window size n as follows: 

F2
1,2(n) = (N − n + 1)− 1

∑N− (n− 1)/2

i=1+(n− 1)/2

(

y(1)[i] − ỹ(1)n [i]
)(

y(2)[i] − ỹ(2)n [i]
)

where ỹ(l)n [i](l = 1, 2) is a smooth trend included in y(l)[i], approximated 
by the Savitzky-Golay smoothing filter. The long-range power-law cross- 
correlation is characterized by scaling exponent λ, which is defined by 

F2
1,2(n) ∼ n2λ.

In the present study, the scaling exponent λ in DMCA was calculated 
for 0.8 ≤ log10 n ≤ 2.2 (time scale range from 12.6 s to 317.0 s), as shown 
in Fig. 2. Because the scaling exponent λ does not quantify the strength 
of correlation, the cross-correlation coefficient ρDMCA(n) was calcu
lated as follows [25]: 

ρDMCA(n) =
F2

1,2(n)
̅̅̅̅̅̅̅̅̅̅̅̅̅
F2

1(n)
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅

F2
2(n)

√ ,

where F1(n) and F2(n) are the square-roots of the detrended variance in 
DMA for the time series y(1) and y(2), respectively. The two time series 
are definitely independent when ρDMCA becomes 0 and dependent 
when ρDMCA becomes 1. The average of ρDMCA(n) for 0.8 ≤ log10 n ≤
2.2 was evaluated in the present study. 

Next, to test the existence of significant correlations in the original H- 
wave amplitude time series, the DMA and DMCA results for the original 
H-wave amplitude sequences were compared with those for surrogate H- 
wave amplitude sequences. Two sets of surrogate sequences were 
created using the TISEAN package [26]: (1) randomly shuffled 
(Random); (2) randomly shuffled while the power spectrum was 
approximately preserved using an iterative amplitude adjusted Fourier 
transform algorithm (IAAFT). The Random data would indicate no 
temporal correlation, and the IAAFT data would show no cross- 
correlation because the temporal correspondences between the series 
are disrupted. 

Finally, from the 30-min H-reflex measurement, a time series of the 
M-wave peak-to-peak amplitude (900 points long with a sampling fre
quency of 0.5 Hz) was also obtained for each muscle (Fig. 1). The pair of 
M-wave amplitude sequences was also analyzed by DMA and DMCA 

Fig. 1. Original time series of H-wave (black) and M-wave (gray) amplitudes in the medial head of the gastrocnemius muscle (MG) and the soleus muscle (SOL) in a 
participant. 

Fig. 2. Detrending moving average (DMA) analysis 
and detrending moving-average cross-correlation 
analysis (DMCA) of the H-wave and M-wave ampli
tude original time series in the MG and SOL, in the 
same participant as in Fig. 1. The F(n) values for the 
MG (DMA, open circle), SOL (DMA, black circle), and 
MG-SOL (DMCA, gray circle) are plotted in a double 
logarithmic plot. The scaling exponents α and λ were 
computed as the slope of the regression line (dotted 
line) for 0.8 ≤ log10 n ≤ 2.2 (gray scale).   
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(Fig. 2) in order to investigate whether the electrical properties at a local 
site influence the DMA and DMCA results for the H-wave amplitude time 
series. 

2.4. Statistical analysis 

In each of the H- and M-wave amplitudes, the scaling exponent α for 
each muscle and the average ρDMCA value were compared between the 
original, Random, and IAAFT data. All of these comparisons were per
formed using Friedman tests, followed by Wilcoxon signed-ranks tests 
with Bonferroni corrections (OriginPro 2019b, OriginLab, North
ampton, MA). Statistical significance was set at P < 0.05. The data are 
presented as means (SDs). 

3. Results 

As shown in a typical example of the DMA analysis (Fig. 2), there was 
an almost linear increase of log10F(n) as a function of log10 n for 0.8 ≤
log10 n ≤ 2.2, for each of the H-wave amplitude time series in all par
ticipants. The group data for the scaling exponent α are summarized in 
Table 1. The α value was significantly higher for the original data than 
for its Random data in each muscle (P = 0.0234 for each). Furthermore, 
as a result of the DMA analysis of the M-wave amplitude time series (see 
the example in Fig. 2), the α value for the original data was significantly 
higher than that for the Random data in each muscle (P = 0.0234 for 
each, Table 1). Notably, higher α values were observed in all participants 
for the original H- and M-wave amplitude data compared to the Random 
data. Similar results to the original data were observed for the IAAFT 
data, as their power spectra were approximately preserved (Table 1). 

On the other hand, the DMCA demonstrated that the group mean of 
scaling exponent λ between the H-wave amplitude time series in the MG 
and SOL was 0.92 (0.28). In addition, the λ value for the M-wave 
amplitude time series was found to be 1.17 (0.18). Fig. 3 shows a typical 
example of ρDMCA(n), which represents the strength of the long-range 
cross-correlation, for the pair of H-wave amplitude time series in a 
participant. Because the temporal correspondences between the MG and 
SOL data were disrupted in the surrogate (Random and IAAFT) data sets, 
theoretically no cross-correlations were assumed for them. In this 
example, the mean ρDMCA for 0.8 ≤ log10 n ≤ 2.2 was 0.39 for the 
original data, while it became 0.18 and 0.08 for the Random and IAAFT 
data, respectively, which is indicative of a long-range cross-correlation 
with higher strength in the original data. This trend in the H-wave 
amplitude ρDMCA was observed for all participants. However, this was 
not the case for the M-wave amplitude (Fig. 4), which had a lower 
ρDMCA(n) value in the original data (mean ρDMCA = 0.01 in this 
participant), as did its Random (mean ρDMCA = 0.03) and IAAFT data 
(mean ρDMCA = -0.15). In the group data, the mean ρDMCA for the 
original H-wave amplitude data was significantly higher than those for 
the Random and IAAFT data (P = 0.0234 for each, Table 2). In contrast, 
the mean ρDMCA for the M-wave amplitude did not differ among the 
original, Random, and IAAFT data. These DMCA results showed that 
there was a substantial, long-range correlation between the H-wave 
amplitude fluctuations in the MG and SOL. 

4. Discussion 

The main finding of the present study is that there was a long-range 
(12.6–317.0 s) power-law (scaling exponent λ = 0.92 (0.28)) correlation 
between the H-wave amplitude fluctuations in the MG and SOL. A pre
vious study [10] showed that the firing pattern of the MUs was similar 
among the synergistic muscles, although this similarity was weaker than 
that within a single muscle. Additionally, Mochizuki et al. [11] found 
that the firing rates of the MUs in bilateral SOLs are commonly modu
lated during quiet standing, where the foot center of pressure fluctua
tions in the anteroposterior direction are highly correlated between legs. 
Therefore, on some occasions, each motor neuron pool in synergistic 
muscles partially shared the drive from the CNS. Nozaki et al. [6] 
confirmed that the fractal correlation of H-wave amplitude fluctuation 
in the SOL was stronger in healthy participants than in individuals with 
spinal cord injury. They also reported that higher coherence with zero 
phase between the H-wave amplitude fluctuations in the right and left 
legs was found in healthy participants compared to individuals with 
spinal cord injury [6]. In the present study, based on these observations, 
we considered that the long-range power-law correlation between H- 
wave amplitude fluctuations in the ipsilateral MG and SOL was mainly 
accounted for by the common input with fractal behavior from the 
supraspinal level. 

On the other hand, in the resting condition, depression of the SOL H- 
reflex persists up to 10 s after the preceding SOL H-reflex, due to the 
reduced presynaptic transmitter release in the Ia afferent [27–29]. 
Therefore, this long-lasting depression would cause long-term memory 
in the H-wave amplitude and might account for the common slow 
fluctuation of H-wave amplitudes in the MG and SOL. In fact, in the 
present study, the Ia afferents of both muscles were stimulated at 1 Hz 
while the H-wave recordings were made at 0.5 Hz for each muscle. 
However, it was reported that the SOL H-reflexes repetitively elicited at 
1 Hz dramatically decreased their amplitudes only in the first 5 s and 
then plateaued, likely related to the dynamic behavior of presynaptic 
transmitter release [30]. Therefore, the postactivation depression with 
such rapid dynamic behavior would not be a major contributor in the 
slowly (12.6–317.0 s) changing random components of H-wave ampli
tude sequences under repetitive stimulations. Furthermore, in Nozaki 
et al. [5], an additional experiment in two of the five participants 
indicated that a longer stimulation interval (3 s instead of 1 s) in the 
consecutive SOL H-reflexes does not affect the fractal long-range cor
relation in the H-wave amplitude. Hultborn et al. [31] demonstrated 
that in cats the long-lasting depression of the H-reflex occurs only in the 
previously activated Ia fibers, suggesting that the postactivation 
depression would not interact between the MG and SOL. Therefore, the 
common, fractal input from the supraspinal level, rather than the un
correlated local depression effect, would be strongly present in the H- 
wave amplitude fluctuations. 

The DMA analysis in the present study demonstrated that the long- 
range correlation of H-wave amplitude time series exists in the MG as 
well as the SOL [5,6]. Mathematically, an α value of 0.5 corresponds to 
an uncorrelated (white noise) process, and an α greater than 0.5 and less 
than 1.0 indicates persistent long-range correlations (known as a long 

Table 1 
Results for scaling exponent α obtained using detrending moving average (DMA) analysis for the H- and M-wave amplitude data and their surrogate data in each 
muscle.    

Original Random IAAFT Friedman test 

H-wave MG 0.76 (0.15) * 0.53 (0.05) 0.80 (0.20) * χr
2(2) = 9.75,P = 0.0076 

SOL 0.79 (0.10) * 0.49 (0.03) 0.82 (0.12) * χr
2(2) = 13.00,P = 0.0015 

M-wave MG 0.79 (0.18) * 0.50 (0.02) 0.83 (0.23) * χr
2(2) = 13.00,P = 0.0015 

SOL 0.88 (0.15) * 0.49 (0.05) 0.91 (0.14) * χr
2(2) = 13.00,P = 0.0015 

Values are group means (SDs). MG, medial head of the gastrocnemius muscle; SOL, soleus muscle; Original, original data; Random, randomly shuffled data; IAAFT, 
randomly shuffled data with approximately preserved power spectrum. 
*Significantly different from Random (P < 0.05). 

C. Taki et al.                                                                                                                                                                                                                                     



Neuroscience Letters 765 (2021) 136264

5

memory process). In the present study, the group average of scaling 
exponent α showed comparable values of 0.76 and 0.79 in the MG and 
SOL, respectively; this showed the presence of persistent long-range 
power-law correlations in both muscles. However, the proportion of 
fast muscle fibers is higher in the MG than in the SOL [32], where the 
electrical properties of alpha motor neurons such as input resistance and 
rheobase are different between type S and type F MUs [33]. In addition, 
the functional role seems to be different among these triceps surae 
muscles. For example, the SOL shows continuous activity, while the MG 
demonstrates phasic activity during quiet standing [34]. Therefore, 
there is still a possibility that the dynamic property of temporal fluctu
ation in the alpha motor neuron excitability is affected by differences in 
the electrical properties and/or functional roles between these muscles. 

Fig. 3. The correlation coefficient ρDMCA(n) between the MG and SOL for original H-wave amplitude data (Original), randomly shuffled data (Random), and 
randomly shuffled data with approximately preserved power spectrum (IAAFT) in the same participant as in Figs. 1 and 2. 

Fig. 4. The correlation coefficient ρDMCA(n) between the MG and SOL for original, Random, and IAAFT M− wave data in the same participant as in Figs. 1, 2, and 3.  

Table 2 
The correlation coefficient (ρDMCA(n)) averaged for 0.8 ≤ log10 n ≤ 2.2 in 
detrending moving-average cross-correlation analysis (DMCA) between the H- 
wave amplitude data and between the M-wave amplitude data. The results for 
each surrogate data are also shown.  

Pair for DMCA Original Random IAAFT Friedman test 

H-wave (MG) –  
H-wave (SOL) 

0.50 (0.22)*# 0.22 (0.17) 0.27 (0.20) χr
2(2) = 12.00, 

P = 0.0025 
M-wave (MG) –  

M-wave (SOL) 
0.29 (0.23) 0.20 (0.15) 0.13 (0.25) χr

2(2) = 2.25, 
P = 0.3247 

Values are group means (SDs). 
*Significantly different from Random (P < 0.05). #Significantly different from 
IAAFT (P < 0.05). 
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Nevertheless, the present study employed only a fixed current intensity 
at 110% of the M-wave generation threshold. Therefore, the MUs acti
vated by the Ia afferent input might not be optimal for finding such an 
intrinsic difference between muscles, as the slower MUs are primarily 
recruited in H-reflex [35]. Also, the magnitude of the H-wave amplitude 
relative to the maximal M-wave amplitude (% of Mmax) affects the 
sensitivity of the H-wave amplitude to changes in alpha motor neuron 
pool excitability [36]. We expect to perform a future systematic inves
tigation with different stimulation intensities well-defined by the % of 
Mmax in order to quantitatively assess the intrinsic dynamic properties 
in these muscles. 

The M-wave amplitude also showed a long-range (12.6–317.0 s) 
correlation (Table 1), contrary to the previous study [5]. The largely 
different time scale (about 3–30 s in [5]) might have caused this 
contradiction. In the present study, the correlation would be generated 
at a local site such as the neuromuscular junction [37]. Nevertheless, the 
M-wave amplitude was not correlated between muscles (Table 2), 
showing that such local fractal dynamics cannot account for the cross- 
correlation found in the H-wave amplitude (Table 2). 

This study has several limitations. First, we employed a single pair of 
electrodes for the EMG measurement in each muscle. However, recent 
studies have shown region-specific responses within the MG and SOL 
[38,39]. As there is no evidence that the fractal correlation embedded in 
the monosynaptic reflex is common or region-specific within a single 
muscle, a future systematic investigation with multiple electrodes for 
different muscle regions [38,39] is warranted in order to explore more 
precisely how the fractal correlation of monosynaptic reflex is shared 
within and between the muscles. Second, in each muscle, the interme
diate responses were induced by stimulation of the other muscle, for 
technical reasons. From the present data, we cannot estimate the in
fluence of the intermediate responses on the behavior of the H-wave 
amplitude. Recently, Vieira et al. [40] located a cathode on the branch of 
the tibial nerve leading to the MG, downstream of the stimulation site 
used in this study, in order to exclusively stimulate the MG. While 
stimulation of the SOL must still activate the MG, the intermediate re
sponses would be removed from the SOL using the stimulation method 
and could be helpful to further elucidate the present result. Third, the 
intermediate responses in each muscle might have affected the H-wave 
signal in the other muscle via EMG cross-talk. As mentioned above, in 
future work, exclusive stimulation of the MG [40] would also reduce the 
EMG cross-talk from the SOL to the MG. Furthermore, the cross-talk 
from the MG to the SOL may be evaluated using multiple electrodes 
on the SOL [38]. Through these methods, we may be able to assess the 
possible influence of the EMG cross-talk on the present result. 

5. Conclusion 

A persistent long-range power-law correlation of the H-wave 
amplitude time series was found between the MG and SOL. These cross- 
correlated fractal components could be due to the common input with 
fractal behavior from the supraspinal level. 
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