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Abstract. Corticomuscular and intermuscular coherence are established
methods to study connectivity between activity of neurons in sensorimotor
cortex measured with electroencephalography (EEG) and muscle measured with
electromyography (EMG), or between muscles, in a variety of neurological
conditions. However, there is a debate on the importance of EMG signal rec-
tification before coherence estimation. This paper studies the effects of EMG
rectification in corticomuscular and intermuscular coherence estimation from
SCA2 patients and prodromal SCA2 gene mutation carriers in comparison to
healthy controls. EEG and EMG were recorded from 20 SCA2 patients, 16
prodromal SCA2 gene mutation carriers and 26 healthy control subjects during a
motor task in upper or lower limbs. Coherence estimations were carried out
using the non-rectified raw EMG signal vs. the rectified EMG signal. The results
showed that EMG rectification impairs the level of significance of the differ-
ences in corticomuscular and intermuscular coherence between SCA2 patients
and prodromal SCA2 gene mutation carriers vs. healthy controls in the beta-
band, and also results in overall lower coherence values.
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1 Introduction

Spinocerebellar ataxia type 2 (SCA2) is caused by an abnormal expansion of the CAG
trinucleotide in the ataxin-2 gen [1, 2]. This disease includes a wide range of clinical
manifestation like cerebellar syndrome, saccadic slowing, cognitive decline, sensory
neuropathy and corticospinal tract damage [3-9]. Signs of corticospinal tract dys-
function had been found on clinical (ex. hyperreflexia and spasticity), anatomic (ex.
degeneration of the motor cortex) and electrophysiology studies of SCA2 patients and
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prodromal SCA2 gene mutation carriers [7, 10—12]. Electrophysiological studies had
demonstrated the increase of resting motor thresholds (RMT) and central motor con-
duction time (CMCT) by using transcranial magnetic stimulation (TMS) [13, 14].
Corticomuscular coherence (CMC) and intermuscular coherence (IMC) estimation are
well-established methods to study connectivity between activity of neurons in senso-
rimotor cortex (EEG or MEG) and muscle (EMG) or between muscles [15-18]. These
measures have been reported in a variety of neurological condition such as stroke [17],
Parkinson disease [19], sleep behavior disorder [20] and recently in SCA2 [10, 21] as a
marker of corticospinal tract dysfunction.

However, there has been a discussion about the processing steps to estimate the
CMC and IMC [22-25]. The discussion mainly focused on the appropriateness of
EMG signal rectification prior to coherence estimation. The main concern is about
CMC estimation being a frequency domain method used to demonstrate a linear
coupling between rhythmic activity from sensorimotor cortex and the activity of vol-
untarily contracting muscles [26, 27], but rectification is a non-linear operator that
changes the frequency components of the signal to which it is applied [24]. Theoretical,
simulation and experimental studies had been conducted to study the influence of the
rectification on the EMG signal spectrum to understand its effect on neural connectivity
[28]. Some authors claimed that the rectification is a necessary step [29-32], while
others indicated that rectification alters characterization of oscillatory input to muscle,
consequently affecting identification of corticomuscular coherence [33, 34].

In [10, 21], estimation of CMC and IMC was performed to study neuro-
degeneration of the corticospinal tract in SCA2 patients and prodromal SCA2 gene
mutation carriers. Findings revealed a significant CMC and IMC reduction in the beta-
band in SCA2 patients and prodromal SCA2 gene mutation carriers in comparison to
healthy controls. In the present paper we focus on CMC and IMC estimation, using the
same data as in [10, 21] to study the effects of EMG rectification. Also, the previous
CMC and IMC analyses are extended to the theta, alpha and gamma frequency bands.

2 Materials and Methods

2.1 Data Description

The study was approved by the institutional ethics committee and conducted according
to the declaration of Helsinki. The experimental design and inclusion criteria have been
reported elsewhere [10, 21]. Written informed consent was obtained from all subjects
prior to participation. Twenty SCA2 patients (mean age (+SD) 45.2 £ 9.8 years, age
range 32-64 years) and sixteen prodromal SCA2 gene mutation carriers (mean age
(£SD) 41.8 £ 11.8 years; range 2672 years) were admitted to the Center for Research
and Rehabilitation of Hereditary Ataxias in Holguin to participate in this study. Twenty-
six healthy non-paid volunteers from Holguin province (mean age (+SD) 43.8 &
10.4 years, age range 20—66 years) served as age-matched control group.

All subjects performed a motor task as follows: Subjects were seated comfortably
in a chair with the examined limbs placed in their natural resting positions for 1 min.
Then, repeated simultaneous flexion movements of fingers and wrist, for the upper
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limb, or dorsal extension movements of the foot, for the lower limb, were executed
over a period of 10 min. Onset and offset of each contraction were signaled by a
computer-generated tone. The contraction cycles consisted of 3 s contraction and 2 s
rest. The force level was kept at 30% of the maximum voluntary force, as determined
by using a hand digital dynamometer (Smedley Hand dynamometer, China) for the
upper limb. For the lower limb task, the force level was not measured, but previously
reported quantitative EMG analysis showed that there was no difference in task-related
EMG activity between SCA2 patients, prodromal SCA2 gene mutation carriers and
healthy controls [10, 21].

2.2 Signals Recording

EMG and EEG recordings were performed using a Medicid 5 amplifier with Ag/AgCl
surface electrodes, electrodes impedances were <5 k€ throughout the experiment.
Bipolar EMG signals were band-pass filtered (2 Hz—100 Hz), amplified (gain, 500-
5000) and digitized at 1 kHz. EEG channels were referenced to the left ear lobe,
amplified (gain, 1000), band-pass filtered (2 Hz—100 Hz) and digitized at 1 kHz.

EMG was recorded from the first dorsal interosseous (IOD), flexor digitorum
superficialis (FDS) and extensor digitorum communis (EDC) muscles of the right upper
limb, and from the extensor digitorum brevis (EDB), tibialis anterior (TA) and medial
gastrocnemius (MG) muscles of the right lower limb. The EEG was recorded from the
sensorimotor cortex of the left hemisphere. For the upper limb, electrode FC3 (placed
30 mm lateral and 20 mm anterior relative to the vertex) and CP3 (30 mm lateral and
20 mm posterior relative to the vertex) according to the International 10/20 system
were used to recorded the EEG signal. For the lower limb, EEG electrodes were placed
over vertex (Cz) and 20 mm anterior to vertex (Cz’). The electrode position criteria
have been reported elsewhere [10, 21].

2.3 Coherence Estimation

The coherence of two signals was defined by Eq. 1

[S+(1)]

Cohyy = —————
® Sxx(f) * Syy(f)

(1)

where Sxy is the cross spectral density between the x(t) and y(t) signals and Sxx and
Syy are their respective auto-spectral density functions. The coherence value is
bounded between 0 and 1 and provides a measure of the correlation of the time series of
the two signals in the frequency domain [26]. The corticomuscular coherence was
calculated between the EEG data from the FC3 and CP3 electrodes and the EMG data
from the 10D, FDS and EDC electrodes for the upper limb, and between the Cz and
Cz’ EEG data and the EDB, TA and MG EMG data for the lower limb. Intermuscular
coherence was calculated within-limb between the respective three EMG signals from
the upper and lower limb. Two coherence estimations were carried out, using the raw
EMG signal vs. the rectified EMG.
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Data analysis and spectral estimation were performed using the FieldTrip Toolbox
[35]. Signals were segmented as 2.6 s trials, defined as the central part of the 3 s
contraction periods, in order to avoid unstable EMG during the onset and offset of the
contractions [15]. Auto-spectra and cross-spectra were calculated using the multi-taper
method based on Hanning tapers with a spectral smoothing of 3 Hz through multi-
tapering [36, 37]. Spectral analyses were performed between 5 and 55 Hz, bounded by
the EEG interest band and the effects of the line frequency in the coherence at 60 Hz.
The spectra were averaged across all trials in a given participant. Statistical significance
of differences in CMC and IMC between SCA2 patients vs. healthy controls and
prodromal SCA?2 gene mutation vs. healthy controls were tested using a non-parametric
cluster-based permutation test [38].

3 Results and Discussion

3.1 Corticomuscular Coherence

Previous research [10, 21] reported a CMC increase in the beta-band in healthy controls
which is not present in SCA2 patients or prodromal SCA2 gene mutation carriers. This
finding has been considered as an early neurodegenerative affection of the corticospinal
tract [10, 15, 17]. However, those differences disappear if the rectified EMG is used to
estimate the spectral densities and coherence.
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Fig. 1. Mean = SD CMC in beta-band, differences between SCA2 patients and prodromal
SCAZ2 carriers were significant for the non-rectified raw EMG(p < 0.05), but not for the rectified
EMG.

Figure 1 shows the mean CMC values in the beta-band (15-30 Hz for the EEG-
EMG channels FC3-FDS, CP3-FDS, Cz’-TA and Cz-TA [10, 21] using the non-rectified
raw EMG vs. rectified EMG data. In the case of the rectified EMG the differences were
not significant (p > 0.05). The significant differences of CMC to upper and lower limb in
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SCAZ2 patients and prodromal SCA?2 gene mutation carriers compared to healthy controls
were vanish if the rectified EMG is used (see also Figs. 2 and 3).
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Fig. 2. Upper limb CMC group averages (solid lines) and standard error of the mean (shades
areas), left: non-rectified raw EMG, right: rectified EMG, red: SCA2 patients, blue: prodromal
SCA2 carriers, black: healthy controls. Pink dashed lines represent the 95% confidence limits of
significant CMC. * denote significant differences at single frequencies binned at 0.30 Hz, red:
SCAZ2 patients vs. healthy controls, blue: prodromal SCA2 carriers vs. healthy controls (Color
figure online).

014 Coherence between Cz and TA Coherence between Cz and TA
@
-3
% 012
S 04
2
5
= o.08
2
2 008
H
S
£ 0.04
5
~
0.02 | | |
5 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 50 55
Frequency (Hz) Frequency (Hz)
o Coherence between Cz”and MG Coherence between Cz” and MG
@ @
g g
Z 0.5 =
= S
S S
k=] k-]
g o i
£ £
k= 2
g 008 o - EEETE YT F. ¥~ B
L= L=
5 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 50 55
Frequency (Hz) Frequency (Hz}

Fig. 3. Lower limb CMC group averages (solid lines) and standard error of the mean (shades
areas), left: non-rectified raw EMG, right: rectified EMG, red: SCA2 patients, blue: prodromal
SCAZ2 carriers, black: healthy controls. Pink dashed lines represent the 95% confidence limits of
significant CMC. * denote significant differences at single frequencies binned at 0.30 Hz, red:
SCAZ2 patients vs. healthy controls, blue: prodromal SCA2 carriers vs. healthy controls. (Color
figure online)
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In other frequency ranges, i.e., the theta (5—7 Hz) and alpha bands (8—12 Hz), and
the low gamma band (30-55 Hz), significant differences were not previously reported
between SCA?2 patients or prodromal SCA2 gene carriers and healthy controls [10, 21].
EMG rectification had no impact on these nil findings.

3.2 Intermuscular Coherence

IMC analysis showed lower values with the rectified EMG data than the non-rectified
raw EMG data. Figure 4 shows the mean IMC in the beta-band. Significant differences
between SCA?2 patients and healthy controls were found for the raw EMG data for the
upper limb in EMG channels IOD-FDS, FDS-EDC, and for the lower limb in EMG
channels EDB-TA, EDB-GNM. Between prodromal SCA2 gene mutation carriers and
healthy controls, there was a significant difference only in the upper limb EMG
channels IOD-FDS. Significant differences were found for the same EMG channel
combinations for the rectified EMG data, but the p-values were less significant than for
the non-rectified raw EMG data (see Table 1). There was an exception for IOD-FDS
IMC where the difference was not significant for the rectified data.
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Fig. 4. Mean £ SD IMC in beta-band * significant differences between SCA2 patients vs.
healthy controls, ** significant differences between SCA2 patients and prodromal SCA2 carriers
vs. healthy controls.

Table 1. p-values of the IMC analyses, comparison of SCA2 patients vs. healthy controls

p-value IOD-FDS | FDS-EDC | EDB-TA | EDB-GNM
Raw EMG 0.00356 |0.0120 0.00223 | 0.01285
Rectified EMG | 0.31966 |0.0220 0.01285 |0.03107

Figures 5 and 6 show the mean IMC of the three groups for the EMG channel
combinations of the upper and lower limb as indicated above, plotted over the analyzed
full frequency range. Qualitatively, rectification of the EMG did not produce any
important change in the theta, alpha or gamma band coherence, but resulted in less



312 Y. Ruiz-Gonzalez et al.

significant differences compared to the analysis of the non-rectified EMG. In general
the results do not support the use of EMG rectification as processing step to identify
IMC differences between the studied groups.
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Fig. 5. Upper limb IMC group averages (solid lines) and standard error of the mean (shades
areas), left: non-rectified raw EMG, right: rectified EMG, red: SCA2 patients, blue: prodromal
SCAZ2 carriers, black: healthy controls. Pink dashed lines represent the 95% confidence limits of
significant CMC. * denote significant differences at single frequencies binned at 0.30 Hz, red:
SCA2 patients vs. healthy controls, blue: prodromal SCA?2 carriers vs. healthy controls. (Color
figure online)
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Fig. 6. Lower limb CMC group averages (solid lines) and standard error of the mean (shades
areas), left: non-rectified raw EMG, right: rectified EMG, red: SCA2 patients, blue: prodromal
SCAZ2 carriers, black: healthy controls. Pink dashed lines represent the 95% confidence limits of
significant CMC. * denote significant differences at single frequencies binned at 0.30 Hz, red:
SCAZ2 patients vs. healthy controls, blue: prodromal SCA2 carriers vs. healthy controls (Color
figure online).
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4 Discussion

The CMC results suggest that the disappearance of the statistically significant differ-
ences in the rectified EMG in the beta-band can largely be attributed to a CMC
decrease in the healthy controls which is not present in the SCA2 patients and pro-
dromal SCA2 gene mutations carriers (Fig. 1). The SCA2 patients and prodromal
SCA2 gene mutations carriers already had a reduced value of CMC coherence that was
not affected by the rectification process, perhaps due to the corticospinal tract damage
caused by the disease [7, 14, 15, 39]. However in healthy controls, with an intact
corticospinal tract, EMG rectification could have obscured genuine coherence because
rectification may have eliminated frequencies that exist in raw signals or introduce
power peaks at false frequencies [32, 34].

EMG rectification is a not linear procedure often used to augments the neural
information of the EMG. This procedure can introduce power peaks at frequencies not
present in the non-rectified raw EMG making possible overestimation of CMC
coherence or impose significant CMC at inappropriate frequency bands, but the other
way around is not possible [25, 30, 34]. When the rectified EMG is used, it becomes
difficult to discern whether a change in CMC values are relates to a genuine physio-
logical change or simply reflects the variable effect of rectification.

In [28, 30] the authors demonstrated that common oscillatory inputs are presents on
rectified EMG and non-rectified raw EMG. Also, common oscillatory inputs may be
stronger in rectified EMG only at low level of amplitude cancellation [23] and
amplitude cancellation changes with contraction level, fatigue, noise level, or across
subjects and muscles. Nevertheless non-rectified raw EMG spectrum is less influenced
by amplitude cancellation, so the coherence estimation [28, 30] consequently, analysis
with the non-rectified raw EMG will be able to detect higher IMC value irrespective of
the amplitude cancellation effects.

5 Conclusions

In general, for our data, the rectification process resulted in lower a CMC and IMC
value which impairs the significant differences in CMC and IMC between SCA2
patients and prodromal SCA2 gene mutation carriers vs. healthy controls. Based on
former arguments and our data reported here, we recommend that future CMC and
IMC studies will be carry out on non-rectified raw EMG data.
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