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Trans-Spinal Direct Current Stimulation in Incomplete Spinal Cord Injury Subjects:
Analysis of Motor Unit Activity for a New Class of Biomarkers

Antonio Gogeascoechea

Abstract— Electrophysiological changes after trans-spinal di-
rect current stimulation (tsDCS) in incomplete spinal cord
injury (SCI) subjects are not well understood. Presumably,
cathodal tsDCS facilitates motor function after stimulation is
administered in healthy subjects. The aim of this study is to
investigate motor unit (MU) features that help describe the
effects of tsDCS on incomplete SCI subjects. Based on the data
of the double-blind, sham-controlled crossover study of Kuck
et al. [1], neural activity of the soleus muscle from one chronic,
incomplete SCI subject was analyzed in time and frequency
domain. The protocol recorded high density-electromyography
(HD-EMG) during plantar flexion sub-maximal contractions
before and just after cathodal and sham tsDCS (2.5 mA, 15
min). In frequency domain, several features were obtained from
the coherence between two cumulative spike trains (CSTs),
which were generated from sets of single motor units (MUs).
The coherence peaks and areas of the delta band (0-5 Hz)
showed a decrease after cathodal tsDCS and no effect after
sham tsDCS. This suggests that cathodal tsDCS decreases
the strength of the common drive, which is likely due to an
enhanced afferent feedback as secondary common synaptic
input. Supporting this hypothesis, it was also found that the
number of MUs in the CSTs reaching a plateau in coherence
was greater after cathodal tsDCS. In time domain, a decrease in
the cross-correlation peaks between smoothed CSTs confirmed
the decrease in strength of the common drive found in frequency
domain. Moreover, the coefficient of variation of the smoothed
CSTs indicated a possible increase in steadiness (decrease
in fluctuations) after cathodal tsDCS and no change after
sham tsDCS. However, the coefficient of variation of the first
common component (FCC, first principal component) as well
as the average discharge rate did not reveal any change.
The present study provides a novel MU-based analysis of the
effects of cathodal tsDCS on lower limb motor impairment
due to incomplete SCI. At a later stage, these findings may
lead to robust biomarkers for a closed-loop modulation of the
corticospinal excitability.

I. INTRODUCTION

Spinal cord injury (SCI) refers to a damage to any part
of the spinal cord that usually results in loss of motor and
sensory function below the site of the injury [2]. It is often
caused by physical trauma to the vertebrae, ligaments or
disks of the spinal column in consequence of accidents, falls,
sports injuries, etc. Incomplete SCI is the most common type
of SCI [3] and occurs when the injury is not severe enough to
entirely interfere with the spinal function. Typically, people
who suffer incomplete SCI experience a decreased voluntary
control of limbs, spasticity, paresis spasms, and pain, among
other symptoms. Yet, they are more likely to experience
improvements after long-term rehabilitation.

Currently, very few countries across the world report
epidemiological data on the prevalence (actual amount of
existing cases) and the incidence (amount of new cases

within a period of time) of SCI. According to an up-to-
date extended review conducted by Singh et al. [4], the
countries with the highest prevalence of SCI are United
States of America (906 per million), Australia (681 per
million), and Iceland (526 per million). The regions with
the lowest SCI prevalence include the Rhone-Alpes region,
France (250 per million) and Helsinki, Finland (280 per
million). With regards to the Netherlands, there is no reliable
approximation of the SCI prevalence to date. However, a
recent study conducted by Nijendijk JH et al. [5], estimates
that the incidence of SCI was 14 per million per annum in
2010. Other studies indicate higher rates of annual incidences
in New Zealand (49.1 per million), United States of America
(40.1 per million), Estonia, and Japan. Figure 1 shows the
number of incidence of SCI across the world according to
Singh et al. [4].

After incomplete SCI, plastic changes of neural circuits
manifest in several levels of the central nervous system [6, 7].
Whereas the corticospinal tract remains intact above the
injury, cortical inputs to spinal segments (Appendix A) below
the injury are reduced due to disruption and demyelination of
axons at the injury level [8]. This reduction affects directly
the motor, sensory and inter-neurons below the injury. As a
motor unit (MU) reflects the amplified activity of a single
alpha-motor neuron, it provides neuronal level information
about neuromuscular control at spinal cord. Thus, it is fun-
damental concept for analyzing abnormalities in neuromotor
function due to SCI. A MU consists of an alpha-motor neu-
ron and the skeletal muscle fibers that it innervates. Its behav-
ior can be decomposed from high density-electromyography
(HD-EMG, non-invasive technique) recordings through Con-
volution Kernel Compensation (CKC) algorithms. During
sustained voluntary contractions, motor neurons receive com-
mon and independent synaptic inputs [9–11]. Classic meth-
ods of neuromotor analysis focused on independent inputs
or common inputs to few MUs (usually only a pair), mainly
because the decomposition was performed manually by vi-
sual inspection to identify action potentials [12, 13]. These
methods were time-consuming and required high expertise.
Nowadays, current automatic decomposition methods allow
to analyze common inputs to several concurrently active
MUs [14]. As it is proven that the independent inputs are
canceled out by the motor neuron pool (a collection of all
MUs of a single skeletal muscle) and only the common input
approximates accurately to the actual neural drive to muscle
[14] (neural signal for force control), it is highly relevant
to measure the strength of the common synaptic input. This
is typically done by computing the coherence between two



Fig. 1. Relative annual incidences of countries (in red), states/provinces, and regions (in blue). Adapted from Singh et al. [4]

cumulative spike trains (CSTs). The coherence is a measure
of linear correlation in frequency domain and allows to assess
the degree of similarity at different bandwidths. Because
the very low frequencies of common synaptic inputs are
associated with force generation (common drive) [10, 15],
the present study focuses on the delta band (< 5 Hz).

Over the past decade, growing interest has focused on
trans-spinal direct current stimulation (tsDCS) due to its
non-invasive nature and its ease of application. This type of
neurostimulation only involves a pair of sponge electrodes on
the skin, delivering a constant direct current (1.5-2.5 mA) to
a target region of the spinal cord [16]. Current research on
tsDCS relies on classic techniques that use external stimuli
to test (indirectly) the excitability of motor neuron pools
(H-reflex, F-wave) as well as the overall excitability of the
corticospinal tract (motor evoked potentials [MEPs]). On
this account, previous studies in healthy subjects suggest a
facilitation of cortically elicited muscle actions after cathodal
tsDCS [16–19] and a hypothetical inhibitory effect after
anodal tsDCS [16, 20, 21]. Due to these promising findings,
tsDCS may have also relevant implications for the rehabili-
tation of SCI; however, its exact underlying mechanisms of
action are not yet fully understood. Additionally, these classic
techniques present some flaws. For instance, the H-reflex is
also affected by other mechanisms such as post-activation
(homosynaptic) depression and changes in axonal excitability
[22, 23]. Moreover, Hulborn and Nielsen [23] demonstrated
that F-waves are relatively insensitive to motor neuron ex-
citability. On the other hand, MEPs may offer a very a
well-founded measure of corticospinal excitability as they
are elicited in peripheral muscles by transcranial magnetic
stimulation (TMS) over the motor cortex (multiple impulses

descending in the corticospinal tract). However, their inter-
pretation is limited as the cortical and the spinal excitability
cannot be measured in isolation [22]. Therefore, a more
specific and straightforward analysis of electrophysiological
changes after tsDCS is needed. Whereas the aforementioned
studies are based on features that depend on externally
elicited stimuli (H-reflex, F-wave and MEPs), the present
study offers a direct analysis at the MU level with features
that only depend on muscle contraction measurements and
MU decomposition.

Based on the CKC decomposition of the double-blind,
sham-controlled crossover study of Kuck et al. [1], this
research is conducted on repeated measurements of the
soleus muscle during isometric contractions from incomplete
SCI patients. Following novel methods to describe neuromo-
tor function [9, 14, 24–26], the present study examines the
strength and the fluctuations of the common drive in time
and frequency domain.

This thesis proposes novel strategies to help distinguish
electrophysiological signs of changes in motor neural activity
after cathodal tsDCS in incomplete SCI subjects. The results
of this thesis may lead to a better understanding of the effects
of cathodal tsDCS on lower limb motor impairment after SCI
as well as to a closed-loop modulation of the corticospinal
excitability at a later stage.

II. METHODS

A. Study protocol

Subjects: The protocol of Kuck et al. [1] was designed
for 10 subjects with chronic incomplete SCI but only 4 were
finally recruited. The inclusion criteria were as follows: (i)
age > 18 years; (ii) good vision (on 2 m distance); (iii)



chronic stage (time since SCI > 12 months); (iv) clear
walking impairment but able to walk independently with
support (Walking Index for Spinal Cord Injury [WISCI]
> 1 and Spinal Cord Independence Measure [SCIM] >
30); (v) motor incomplete SCI (American Spinal Injury
Association [ASIA] Impairment Scale C or D); (vi) a stable
medical condition; and (vii) injury situated superior to the
9th vertebra. Exclusion criteria were as follows: (i) history
of skin diseases that could result in irritation of the skin
underneath the electrodes; (ii) history of epilepsy or a known
case of epilepsy in a first degree relative; (iii) metallic
implants in the body, unrelated to the SCI, in proximity to
the stimulation electrodes; (iv) metallic implants in the body,
related to the SCI below vertebrae T6; (v) presence of cardiac
pacemakers, cochlear implants or implanted brain electrodes;
(vi) use of any illegal drugs in the last year; (vii) (possibility
of) pregnancy; (viii) current orthopedic problems; (ix) other
neurological disorders; (x) chronic joint pain; (xi) history
of cardiac conditions that interfere with physical load; (xii)
history of severe depression; and (xiii) stable use of anti-
spasticity medication.

Experimental procedures: The protocol of Kuck et al. [1]
was designed as a double-blind, sham-controlled crossover
study. The experimental set-up was divided into three stages:
pre-, just after and post-stimulation. For each stage, the sub-
jects were seated on a force-chair which was assembled for
isometric ankle plantar-flexion. During the pre-stimulation
phase, the maximum voluntary contractions (MVCs) on
gastrocnemius and soleus muscles were measured. Subse-
quently, the subjects performed sub-maximal plantar flexion
contractions (at 8%, 15% and 20% MVC) following 9 force
tasks in random order. Each sub-maximal voluntary contrac-
tion level was performed three times per trial (Figure 2, top
figure). A single task consisted of a ramp up (2.5% MVCs),
hold (25 s) and ramp down (2.5% MVCs) (Figure 2, bottom
figure).

Afterwards, the subjects underwent two types of stimula-
tion in randomized order: cathodal (2.5 mA) and sham tsDCS
(ramp up to 2.5 mA and turned off after a few seconds).
The configuration was the same for both: the cathode was
centered between the 11th and the 12th thoracic vertebrae (∼
L3-L5 segments of the spinal cord, Figure 13) and the anode
was located on the right shoulder [1, 16]. Stimulation was
administered using a custom-build TMSi stimulator (TMS
International B.V., Oldenzaal, The Netherlands) while the
subjects performed a force tracking task for a period of 15
minutes (8 minutes of force tracking with 3.5 minutes of
rest before and after). The task consisted of a mixture of
sinusoids with a maximum of 10% MVC.

Lastly, the sub-maximal plantar flexion tasks were re-
peated immediately after (t0) and 30 minutes after (t30)
stimulation. The HD-EMG was recorded using a TMSi Refa
multi-channel amplifier (TMS International B.V., Oldenzaal,
The Netherlands) with a sampling frequency of 2,048 Hz.
64-channel grid electrodes were placed on the gastrocnemius
and soleus muscles during pre-stimulation, t0 and t30. The
recordings were offline decomposed into MU spike trains

Fig. 2. Top figure: Example of a trajectory with sub-maximal contractions
at 8%, 15% and 20% of MVC (each level is measured three times). Bottom
figure: close-up of the first ramp. Adapted from Kuck et al. [1]

using CKC algorithms [27].
Limitations: For this exploratory study, only the first sub-

ject was considered since the other subjects presented either
poor HD-EMG data quality (too few units decomposed, less
than 6 in average) or a change in the protocol (half of the
stimulation intensity). Moreover, only pre-stimulation and t0
conditions were contemplated as the t30 condition presented
multiple missing cases and did not show any consistent
behavior. Regarding the muscles, only the results of the
soleus muscle are included as the gastrocnemius did not show
any consistent trend during earlier stages of the project.

B. Data Analysis

The data were offline analyzed with Matlab R2017b (The
Mathworks Inc.,Natick, MA,USA). Cumulative spike trains
(CSTs) were defined as the sum of individual MU spike
trains. Each MU spike train consists of a vector where the
value of 1 indicates when a discharge is identified at a
time instant and 0 when no discharge is detected (sampling
frequency: 2,048 Hz).

A quality control algorithm and three different approaches
were conducted: coherence of non-intersecting CSTs (sub-
section II-D), average of coherence peaks of all possible
CST pairs (subsection II-E), and average discharge rate
(subsection II-E). The details of the signal processing for
the quality criteria and for each approach are described in
the following sections.

C. Quality Criteria

As CKC decomposition is a probabilistic iterative proce-
dure to blindly estimate individual spike trains in presence
of external noise, errors in the decomposition are inherently
expected. Hence, each spike train was inspected for quality
control. For this purpose, four quality indices were evaluated:
pauses, coefficient of variation (CoV) of the interspike inter-
vals (ISI), silhouette (SIL), and pulse-to-noise ratio (PNR).



TABLE I
COMPARISON BETWEEN QUALITY INDICES FROM LITERATURE AND THIS

STUDY. THE THRESHOLDS OF THIS RESEARCH THAT DIFFER TO THE

ONES FOUND IN OTHER STUDIES ARE HIGHLIGHTED IN BOLD.

Authors No pauses CoVISI PNR SIL
Diderikesen et al. [24] Visual - - -

Negro et al.[30] - - -
>0.9Martinez et al.[28] -

< 0.3
-

Holobar et al. [27] Visual
>30dB -

Laine et al. [25] <0.5s -
This research <1s <0.3 >20dB >0.9

The coefficient of variation of the ISI was calculated as
the ratio between the standard deviation of the ISI and its
mean value [25, 27, 28]. Only discharges with ISI > 33.3
ms (30 Hz) and ISI < 300 ms (3.3 Hz) were included for
the CoVISI because intervals outside this range may not be
physiological for the soleus muscle, and are more likely to be
errors from the CKC decomposition [28, 29]. The SIL was
obtained from the CKC algorithm. To calculate this measure,
the within-cluster point-to-centroid distances are summed, as
well as the distances between clusters. The SIL is defined as
the difference between these two sums, normalized dividing
by the maximum of the two values [28, 30]. Finally, the
PNR is the logarithmic ratio (dB) between the means of the
innervation pulse train at all time moments in which a MU
is estimated to have discharged (E(t̂2(n)|t̂2(n)≥r) and not to
have discharged (E(t̂2(n)|t̂2(n)<r) [31]:

PNR(t̂(n)) = 10 · log

(
E(t̂2(n)|t̂2(n)≥r

E(t̂2(n)|t̂2(n)<r

)
, (1)

where t̂(n) denotes the innervation pulse train as a function
of samples and r the threshold to detect a pulse.

Table I shows the thresholds found in literature for each
index and the thresholds proposed in this study. Since
the PNR depends on the quality of the decomposition, its
threshold was decreased after visual inspection. Similarly,
the threshold of the pauses was increased to compensate for
errors in the decomposition or for abnormalities due to SCI.

Based on the aforementioned indices, a quality control
algorithm was developed. First, as the subjects performed 25-
second sustained sub-maximal contractions, only MUs with
no pauses greater than 1s were selected. Additionally, it was
checked that at least two of the following conditions were
satisfied: CoVISI < 0.3, PNR > 20dB, SIL > 0.9. These
thresholds were fixed for all the ramps in both conditions.
Algorithm 1 shows how the quality selection was computed
and Figure 3 depicts an example of how it works.

Because the amount of MUs per CST influences the
strength of the common synaptic input, motor neuron pools
with less than 6 MUs [24] were disregarded as an additional
quality requirement.

In order to validate the proposed quality algorithm, the
force signal and the smoothed CST (neural drive to the
muscle) were compared. If the degree of correlation between
signals remained approximately the same after quality con-

Algorithm 1 Quality control
for all MUs do

if pauses < 1s then
if {(CoVISI < 0.3 and PNR > 30dB) or

(CoVISI < 0.3 and SIL > 0.9) or
(PNR > 30dB and SIL > 0.9)) then

store MU
else

remove MU
end if

else
remove MU

end if
end for

trol, no relevant neural information was lost. Figure 4 shows
how the smoothed CST still reflects the behavior of the actual
force after some MUs with poor quality were removed.

D. Coherence between non-intersecting CSTs

In this approach, each motor neuron pool was divided into
2 and 3 non-intersecting groups of CSTs. For instance, if
the pool contained 6 MUs, 2 CSTs consisting of three units
(MU1-MU3 and MU4-MU6) were obtained. Likewise, three
groups with non-intersecting units were extracted (MU1-
MU2, MU3-MU4 and MU5-MU6). Splitting the motor neu-
ron pool into 2 or 3 groups is a trade-off between having
results with more coherence (2 groups) and extracting more
data per ramp (3 groups).

In order to estimate the strength of the common drive
(delta band), the magnitude-squared coherence was per-
formed between pairs of detrended CSTs using the Welch’s
periodogram with Hann windows of 1 second, 50% overlap.
Only the steady state interval of both smoothed CSTs was
considered. Moreover, the coherence values were trans-
formed into standard Z-scores [32] as follows:

COHZscore =
arctanh

√
COH√

1/(2N)
, (2)

where N is the number of segments used to calculate the
coherence (COH). This conversion accounts for any differ-
ence in the number of units in each CST [25]. From these
transformed coherence values, significant peaks and areas
were extracted in the delta band (0-5 Hz). The significance
level was set to 0.05. Figure 5 illustrates an example of two
coherence functions during pre- and just after stimulation
trials.

E. Average of coherence peaks of all possible CST pairs

Several coherence values were extracted with all possible
combinations of CSTs within a motor neuron pool (including
CSTs with intersecting MUs) ranging from groups of 1 single
unit to N− 1 units in each CST. From the aforementioned
example of a pool with 6 MUs, this approach also takes
combinations into account like: MU1, MU2 & MU1, MU3.
As spike trains with several MUs provide a very high number



Fig. 3. Example of a motor neuron pool before (left) and after (right) quality control. The red crosses on the left figure indicate the MUs that do not
meet the quality criteria and, thus, they are removed after quality control (right).

Fig. 4. Comparison between actual force (blue line) and the smoothed
CST (red line) before (top) and after (bottom) quality control. Although
some spike trains were removed after quality control, the strong correlation
between force and smoothed CST remains approximately the same.

Fig. 5. Z-transformed coherence values between CSTs. The blue and
red lines indicate the coherence curves of pre and just after stimulation,
respectively. Likewise, their significant areas are colored in light blue and
light red. The significant peaks for each curve are indicated with black
circles and the black dash line indicates the confidence limit for coherence
(0.05).

of possible combinations, the maximum sample size of CSTs
was set to 200. The different combinations were chosen
randomly with a fixed seed for repeatability.

The coherence was computed the same way as in the
previous section. However, due to the hyperbolic shape of
the Z-transformation, the values were not converted into Z-
scores. The average of the coherence peaks was calculated
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Fig. 6. Top figure: Average of coherence peaks (black curves) between
two CSTs as a function of the number of MUs in each CST. The error
bars indicate the standard deviation and the vertical blue lines with a circle
marker indicate knee points of the curves. The vertical red lines with a circle
marker show the amount of MUs required to reach a coherence threshold of
0.9 (dashed red lines). Bottom figure: Examples of the coherence between
two CSTs consisting of different numbers of MUs in the CSTs. The lightest
blue line corresponds to the coherence of CSTs with 1 MU and the contrast
increases with more MUs per CST until N−1 MUs per CST (darkest blue
line).

as a function of the group size (N number of units in the
CSTs) as shown in Figure 6. The knee point of the curve
was obtained as well as the point in which the average of
coherence peaks reached a threshold of 0.9. Furthermore,
the x-axis (number of units per CSTs) was up-sampled (by
a factor of 10) to distinguish between slight differences. The
number of MUs required to reach a plateau in coherence
(estimated by the knee point or certain threshold) provides
also an estimate of the strength of the strength.

F. Time domain approaches

The first dependent variable of the time domain approach
was the average discharge rate of the motor neuron pool. As
mentioned before in the quality criteria, discharges separated
from the following by <33.3 ms and >300 ms (30 and 3.33
pulses per second (pps), respectively) were excluded.

In order to perform a principal component analysis (PCA),
the instantaneous discharge rate (IDR) for each MU was
computed. The difference between the IDR and the discharge
rate is that the former keeps the same sampling points
through interpolation. This allows further processing which

was not necessary for the first variable (as it is only an
average). As proposed in previous studies [26, 33], the IDR
was smoothed with a 400 ms Hann window and detrended
with a zero-phase high-pass filter (cut-off frequency of 0.75
Hz). The PCA was performed on the same steady state
interval for all MUs using eigenvalue decomposition of the
covariance matrix [26]. Figure 7 displays an example of the
principal components computation.

The second dependent variable to explore was the coef-
ficient of variation of the first common component (FCC).
As the FCC was computed using the detrended IDR (mean
value ≈ 0), the coefficient of variation was calculated as
the standard deviation of the FCC divided by the sum of
the mean discharge rate and the mean FCC. By doing this,
the variability of the FCC around the average discharge
rate was calculated. Because the FCC accounts for the
greatest possible variance of the entire motor neuron pool, its
coefficient of variation can be used as an estimate of changes
in the steadiness to the neural drive.

To corroborate the estimate of the steadiness, the coef-
ficient of variation of the smoothed CST was computed. A
second-order zero-phase Butterworth low-pass filter was used
to smooth the CST. A low cut-off frequency (2 Hz) was set
to analyze only the common drive.

Similar to the coherence between non-intersecting CSTs
(subsection II-D), each motor neuron pool was divided into
2 and 3 smoothed CSTs. Each smoothed CST was detrended
by subtracting its mean. The cross-correlation peaks between
smoothed CSTs were converted into Z-scores (CORRZscore =
arctanh

√
CORR). This last variable was used to confirm the

results of the coherence analysis.

G. Statistical analysis

The statistical tests were run in IBM SPSS Statistics v.24
(IBM Corporation, New York, USA). The Shapiro-Wilk test
was used to check normality, if violated, the corresponding
variable was transformed with a logarithmic function. The
significance level was set to 0.05.

Student’s paired t-tests were performed to check whether
there was a significant difference between the time conditions
within each experiment (cathodal and sham). Particularly, it
was tested if there was a significant change after administer-
ing cathodal tsDCS, and if there was no significant change
after sham tsDCS (placebo).

III. RESULTS

Table II shows the statistics, degrees of freedom, and p-
values of all variables and tests reported in this study. Further
details of the results (mean, standard deviation, standard error
of the mean and rates of consistency) can be found in the
appendix C (Table III).

Regarding the normality tests (Shapiro-Wilk), only the
knee points variable deviated from a normal distribution (P <
0.05), hence hereinafter, its logarithmic transformation was
used for the following statistical tests.

Figure 8 shows the results for the first approach: coherence
peaks and areas of 2 and 3 groups of CSTs per motor neuron



5 10 15 20 25 30 35 40 45

Time (s)

6.1

5.98

7.42

10.44

6.68

4.98

7.29

11.55

12.13

9.21
M

e
a
n
 d

is
c
h
a
rg

e
 r

a
te

 (
p
p
s
)

Motor units smoothed and detrended IDRs

5 10 15 20 25 30 35 40 45

Time (s)

7.57

11.87

23.24

42.71

E
x
p
la

in
e
d
 (

%
)

First four components of PCA
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pool. As expected, the Student’s paired t-test revealed a
significant decrease after cathodal stimulation for the peaks
(P < 0.001) and for the areas (P < 0.01 & P < 0.001 for 2
and 3 groups, respectively); and no significant effect after
sham tsDCS. Similarly, the threshold crossings and knee
points variables showed a significant increase (Figure 9, P
< 0.001 & P < 0.05, respectively) after cathodal tsDCS and
no significant effect after sham tsDCS.

As for the time domain approaches (Figure 10), the
discharge rate showed a slight but non-significant increase
for neither of the stimulation conditions. Likewise, the
coefficient of variation of the FCC showed no significant
change after cathodal/sham tsDCS. On the other hand, the
coefficient of variation of the smoothed CST revealed a
significant decrease after cathodal tsDCS and no significant
effect after sham tsDCS. Similarly, the Z-scores of the
correlation coefficients showed a significant decrease (P <
0.05 & P < 0.001 for 2 and 3 groups, respectively); and no
significant effect after sham tsDCS.

IV. DISCUSSION

This study offers several approaches in time and frequency
domain to analyze electrophysiological changes in MU ac-
tivity due to cathodal tsDCS in incomplete SCI subjects.
Moreover, an effective quality control algorithm is proposed
for the automatic inspection of individual MU spike trains.

A significant decrease was found in the coherence between
non-intersecting CSTs for all cases (peaks and areas with 2
and 3 groups of CSTs). These findings indicate a decrease
in the common drive after cathodal stimulation was admin-
istered. Another evidence in support of this hypothesis was
given by the fact that the number of MUs that contributes the

CSTs increased after cathodal tsDCS to reach a plateau in
coherence (given by the knee point and threshold variables).
In addition, the significant decrease of the cross-correlation
peaks after cathodal tsDCS confirmed the findings in fre-
quency domain.

Previous studies [34] indicated that the decorrelation be-
tween MU spike trains may be due to additional components
of the synaptic input common to all MUs, but independent
to the cortical drive. Namely, a secondary common input
(e.g. enhanced sensory input) can decrease the strength of
the common drive (reflected in the decrease of the coher-
ence). Different experimental studies [35, 36] agree with this
observation, suggesting an increase in the cross-correlation
between spike trains during fatigue as a result of a decrease
in afferent feedback. Concerning this study, the decrease
in strength of the common drive after cathodal tsDCS is
likely due to an increase of synaptic conductivity in afferent
pathways as secondary common input.

Although no research had previously examined the effects
of cathodal stimulation at the MU level, these findings are
in line with similar studies in healthy subjects. Bocci et
al. [16, 17] showed an increase in the MEP area and the
motor unit recruitment after cathodal tsDCS, both indicating
a facilitation of cortically elicited muscle actions. Similarly,
facilitation after cathodal tsDCS has been reported by Ahmed
and Wieraszko [18], who found an increase in the recruitment
of larger MUs was found. Winkler et al. [19] suggested no
significant influence on the excitability of the alpha-motor
neuron after cathodal tsDCS, but an increase of the homosyn-
patic depression (possibly due to a hyperpolarization of Ia
afferent membrane). Interestingly, a recent study [37] on SCI
subjects suggested a laterality-dependent MEP response after
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Fig. 8. The effects of cathodal (blue) and sham stimulation (red) on significant coherence peaks and area in the delta band (0-5 Hz). Error bars indicate
the standard error of the mean. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 9. Top figure: the effects of cathodal (blue) and sham stimulation
(red) on the number of MUs required to reach a coherence peak of 0.9.
Bottom figure: the effects of cathodal (blue) and sham stimulation (red) on
the number of MUs of the knee point. The average of the coherence peaks
was computed in the delta band (0-5 Hz). Error bars indicate the standard
error of the mean. *P < 0.05, **P < 0.01, and ***P < 0.001.

cathodal tsDCS. Particularly, the authors found an increase
and a decrease in corticospinal excitability contralateral and
ipsilateral to the reference electrode, respectively. However,
this laterality response is not comparable to this study since
no cortical stimulus was elicited.

Even though no significant effect was observed in the co-
efficient of variation of the FCC, the coefficient of variation
of the smoothed CST showed a significant decrease after
cathodal tsDCS. This discrepancy might be due to the fact
that the FCC does not account for all the variation of the
common drive. Although the FCC represents the greatest
common variations of the instantaneous discharge rates of
the motor neuron pool (FCC explained 46.6±10.7% of the
variability), relevant neural information could be comprised
within the rest of the variation.

A decrease in the variability of the smoothed CST may
indicate an improvement in force steadiness (decrease in the
fluctuations of the common drive). However, the contradic-
tory results of the FCC should not be totally disregarded
considering chronic SCI. Due to the chronic phase of the
injury in the subject, it is unlikely to observe substantial
improvement in the steadiness of the common drive after a
single session of stimulation. Moreover, multiple studies have
not found a consensus on the relation between common drive
and force fluctuations. Holtermann et al. [38] found the same
trend (increase) in both, common input and force variability
as the muscle fatigues but no association between them. In
contrast, Contessa et al. [35] reported that the variability
of the force was correlated to the common drive. However,
they also found that the coefficient of variation of the firing
rates was not related to the increase in variability of the
force during fatigue. Therefore, a more conservative analysis
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Fig. 10. The effects of cathodal (blue) and sham stimulation (red) on the average of the average discharge rate, coefficient of variation of the FCC and
smoothed CST, and cross-correlation peaks. Error bars indicate the standard error of the mean. *P < 0.05, **P < 0.01, and ***P < 0.001.

should be conducted taking into account force measurements
and a MU-tracking methodology as proposed by Martinez-
Valdes et al. [28].

The most substantial methodological issue of this study
is the lack of statistical power due to the sample size. As
only one subject was analyzed, a two-way repeated measures
ANOVA test was disregarded. With 8 repetitions, most of
the variables only had 7 degrees of freedom (df), and the
variables split into three groups had 23 df. For this reason, a
rate of consistency was included in Table III (Appendix C)
to stress that not only the means were significantly different,
but also the trends were consistent across all or almost all
repetitions (7/8 & > 21/24).

As mentioned before, another issue is the lack of a MU-
tracking methodology as proposed by Martinez-Valdes et
al. [28]. Having a decomposition of the same MUs across
experimental trials may be helpful to find significant dif-
ferences in the discharge rates after cathodal stimulation as
well as to confirm a decrease in variability with the FCC.
Additionally, it may improve the methodology in frequency
domain. This applies especially to the second approach, in
which the significant increase in MUs reaching a plateau
in coherence after cathodal tsDCS may be biased by the
difference between the amount of MUs identified in each
time condition. As it is uncertain whether the same MUs
are being compared, this limitation may also account for the
differences of the mean values before stimulation between
the cathodal and sham experiments (Figure 8, 9, and 7).

Moreover, identifying the same MUs across trials may
be useful to build predictive models with ISIs and PCA
transformations of spike trains as inputs. Research in neural
information processing has revealed accurate classification

of neural activity states (e.g. REM states), neuron cell types
(e.g. inhibitory and excitatory) [39], and spoken words (e.g.
”zero”,”one”,”two) [40]. These methodologies can be repli-
cated in the field of neuromodulation to optimize stimulation
parameters at a later stage.

Further improvement in this methodology includes a de-
tailed validation of the decomposition as proposed by Negro
et al. [30]. In particular, identifying individual mismatched
spikes would avoid the need of eliminating some entire
MU spike trains in the quality control. As a result, less
neural information would be compromised. However, this
would make the experimental set-up more complicated as it
requires not only surface EMG but also intramuscular EMG
recordings.

With respect to the experimental set-up, targeting more
accurately specific spinal cord segments can increase the
effects of cathodal tsDCS. As shown in Figure 13 (Appendix
A), administering cathodal tsDCS in between the 11th and
12th thoracic vertebrae (∼L3-L5 of spinal cord segments)
can barely stimulate the motor neuron pools of the soleus
muscle (∼L5-S2) and the stimulation may not reach the
medialis gastrocnemius. This explains why no consistent
visual behaviour was found in the gastrocnemius during
earlier stages of the project. Whereas this configuration
may have a major impact on the vastus lateralis, tibialis
anterior and hamstrings muscles, placing the electrode one
vertebra lower (∼L5-S3 of the spinal cord segments) would
influence more the soleus and gastrocnemius. Furthermore,
the protocol could be expanded to include healthy subjects
and anodal tsDCS, which has been proven to have significant
effects on different mechanisms of the spinal cord [16, 17].



TABLE II
NORMALITY AND STUDENT’S PAIRED T-TESTS FOR EACH VARIABLE.
VARIABLES WITH SIGNIFICANT EFFECTS ARE HIGHLIGHTED WITH A

LIGHT GRAY BACKGROUND: *P < 0.05, **P < 0.01, AND ***P<0.001.

Shapiro Wilk Paired t-testDependent
variable

Type of
tsDCS Time W df p-value t df p-value

pre 0.96 8 0.758Cathodal t0 0.97 8 0.925 6.15 7 0.000***

pre 0.95 8 0.705

Coherence
Peaks

(2 groups) Sham t0 0.92 8 0.458 -0.03 7 0.980

pre 0.98 24 0.853Cathodal t0 0.98 24 0.865 7.89 23 0.000***

pre 0.96 24 0.474

Coherence
Peaks

(3 groups) Sham t0 0.95 24 0.264 -0.44 23 0.664

pre 0.95 8 0.664Cathodal t0 0.89 8 0.224 4.79 7 0.002**

pre 0.85 8 0.103

Coherence
Areas

(2 groups) Sham t0 0.91 8 0.325 -0.09 7 0.927

pre 0.98 24 0.815Cathodal t0 0.92 24 0.062 5.10 23 0.000***

pre 0.97 24 0.678

Coherence
Areas

(3 groups) Sham t0 0.93 24 0.104 -0.99 23 0.332

pre 0.98 8 0.964Cathodal t0 0.98 8 0.979 -7.04 7 0.000***

pre 0.84 8 0.080Threshold
Sham t0 0.96 8 0.774 1.38 7 0.209

pre 0.89 8 0.251Cathodal t0 0.96 8 0.851 -2.85 7 0.025*

pre 0.97 8 0.912Knee point
Sham t0 0.80 8 0.030* 1.00 - -

pre 0.94 8 0.584Cathodal t0 0.94 8 0.654 -2.86 7 0.024*

pre 0.93 8 0.520
Knee point
(logarithm) Sham t0 0.84 8 0.082 0.73 7 0.490

pre 0.94 8 0.620Cathodal t0 0.87 8 0.155 -1.24 7 0.254

pre 0.89 8 0.245

Average
discharge

rate Sham t0 0.94 8 0.563 -1.45 7 0.189

pre 0.94 8 0.606Cathodal t0 0.96 8 0.826 -0.50 7 0.634

pre 0.97 8 0.884CoV FCC
Sham t0 0.98 8 0.955 -0.11 7 0.915

pre 0.93 8 0.531Cathodal t0 0.90 8 0.292 3.20 7 0.015*

pre 0.97 8 0.884

CoV
smoothed

CST Sham t0 0.98 8 0.955 -0.11 7 0.915

pre 0.98 8 0.974Cathodal t0 0.90 8 0.259 2.53 7 0.039*

pre 0.90 8 0.298

Correlation
smoothed

CST
(2 groups) Sham t0 0.89 8 0.252 -0.42 7 0.686

pre 0.98 24 0.886Cathodal t0 0.95 24 0.206 4.35 23 0.000***

pre 0.96 24 0.4

Correlation
smoothed

CST
(3 groups) Sham t0 0.93 24 0.075 -0.92 23 0.367

Considering the lack of participants in the protocol, no
definite conclusion can be ascertained. Nonetheless, this
study suggests that the common drive decreases immediately
after cathodal tsDCS which is reflected in the decrease in
coherence within the delta band, the decorrelation between
smoothed CSTs, and the increase of the amount of MUs
required to reach a plateau in coherence. This implies an
enhanced sensory feedback as secondary common input.
After further validation of these findings on more SCI
patients and healthy subjects, these features could be used
as biomarkers in a follow-up study to optimize stimulation
parameters and to design a closed-loop modulation strategy
for the corticospinal excitability.
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APPENDIX A: BACKGROUND

Anatomy of the Spinal Cord

The spinal cord is a bundle of nerve tissue that extends
caudally from the brainstem to the 2nd lumbar vertebra
[41]. It is protected by the vertebral column and three
surrounding layers of tissue, and constitutes together with
the brain the central nervous system (CNS). The spinal cord
tissue comprises gray and white matter. The gray matter,
consisting mainly of neuronal body cells (soma), is located
in the center; the white matter surrounds the gray matter
and contains mainly myelinated axons and glial cells. The
spinal cord is divided into 31 segments: 8 cervical (C1-C8),
12 thoracic (T1-T12), 5 lumbar (L1-L5), 5 sacral (S1-S5),
and 1 coccygeal. Figure 11 depicts the relation of the spinal
cord segments to vertebrae. From each segment, two bilateral
spinal nerves emerge by ventral and dorsal roots. The former
are composed of motor fibers and the latter of sensory fibers
(Figure 12).

The major functions of the spinal cord are to carry out
motor and somatosensory information between the brain
and the peripheral nervous system (PNS) as well as to
coordinate some simple reflexes (involuntary responses to
outside stimuli). For locomotion, motor commands are sent
from the cerebral cortex (primary motor cortex) by upper
motor neurons. The axon of the upper motor neuron descends
through the spinal cord and synapses with an interneuron
or directly with an alpha-motor neuron. The axon of the
alpha-motor neuron arises from the spinal cord in a nerve
and innervates several muscle fibers. An alpha-motor neuron
and the fibers it innervates constitute a motor unit. A motor
neuron pool is composed of all motor units that innervate
a single muscle. The neural circuits related to the lower
extremities function arise from the lumbosacral segments.
Figure 13 shows the approximate location of the motor
neuron pools responsible for the innervation of the medial
gastrocnemius (MG), soleus (SOL), tibialis anterior (TA),
medial hamstrings (MH) and vasti lateralis (VL) according
to Kendall et al. [41]. Thus, the lumbosacral spinal cord,
located approximately between the T10 and L2 vertebrae, is
the main target of tsDCS to modulate abnormal behavior of
neural activity due to motor dysfunction on the lower limbs.

Common synaptic input and motor function

The simplified model for the generation of the effective
neural drive to the muscle comprises independent inputs
(independent noise) and common inputs (inputs that are the
same for the entire motor pool) [10, 11, 14, 30] (Figure 14).
The independent input approximates the behavior of individ-
ual membrane fluctuations (e.g. ion channel noise) [10]. On
the other hand, the common input consists of a control input,



Fig. 11. Relation of spinal nerve roots to vertebrae. The vertebrae are
numbered with roman numerals and the spinal cord nerves (segments) with
Arabic numerals. Adapted from Drake et al. [42].

Fig. 12. Spinal cord cross-section. Spinal cord tissue is mainly composed of
gray matter (body cells, in the center) and white matter (axons, surrounding
the gray matter). Dorsal roots consist of afferent neurons (sensory neuron
in blue) and ventral roots consist of efferent neurons (motor neurons in
red). Both unite to form the spinal nerve and exchange information with
the periphery. Adapted from https://www.newhealthadvisor.com

Fig. 13. Enlargement of the lumbosacral spinal cord. The tsDCS is
administered approximately between the 11th and 12th vertebrae (∼L3-L5
spinal segments). On the right, a scheme is displayed with the approximate
location of the motor neuron pools based on the segmental charts provided
by Kendall et al. [41]. These charts are a compilation of six clinical well-
known sources. The triangle endings denote agreement of three or four
sources; the square endings denote a strong agreement (five or all sources).
The measures depicted to the left of each segment are the average length
in millimeters of the segment [43]. Adapted from Sayenko et al. [44].



also known as common drive, and common noise. The former
regulates the force and the latter determines the oscillations
of the neural drive to the muscle around the target force
[14]. The common input is approximately given by the low
frequency components (<10 Hz) of the CST (sum of MU
spike trains), from which the common drive approximates to
the very low frequency bandwidth (delta band, <5 Hz) [10].

For this reason, the common input is of key importance
for studying motor function. In particular, the strength of
the common drive can be obtained by measuring the cor-
relation between two CSTs that comprise several MUs.
The magnitude-squared coherence, or simply coherence, is
an analogue measure of the cross-correlation in frequency
domain. It allows to distinguish the strength of linear re-
lationship between two signals within different bandwidths.
As the delta bandwidth is of particular interest for under-
standing voluntary movement, coherence analysis is useful
to (roughly) measure the strength of the common drive.

Fig. 14. Simplified model for the generation of the effective neural drive
to the muscle. The common drive (for force control) and common noise
(related to oscillations of the neural drive to the muscle) are distributed to
all motor neurons. Additionally, each motor neuron receives an independent
input (independent noise). On the right, a comparison between the effective
neural drive (in blue) and the low frequency component of the CST (<10
Hz, in red) is shown. The upper CST includes three motor neurons, whereas
the lower CST includes all the motor neurons in the pool. Adapted from
Farina and Negro [14].

Trans-spinal direct current stimulation

Trans-spinal direct current stimulation (tsDCS) is a non-
invasive technique for the modulation of the spinal cord
function. It is administered by an electrical stimulator with
two superficial electrodes on the skin (at the target spinal
segment). Low direct current (<2.5 mA) is delivered to
the target spinal segment, generating an electric field (from
anode to cathode). The electric field induces a de- or hyper-
polarization to the neural circuitry (including motor neurons,
sensory axons and corticospinal axons [Figure 15]) depend-
ing on the polarity of the electrode configuration (cathodal
or anodal). Among other stimulation parameters that have

a major influence on corticospinal excitability are the elec-
trode position, current intensity and stimulus waveform [45].
Conventionally, the reference electrode is placed on one of
the deltoids (muscle responsible for the range of motion of
the shoulder) and the active electrode centered between the
vertebrae related to target spinal segments of interest. For
instance, targeting the lumbrosacral segments of the spinal
cord (Figure 13) stimulates mostly the lower extremities
muscles. Moreover, altering the intensity also changes the
effect of the modulation. Whereas higher stimulation inten-
sity can directly evoke action potentials, lower stimulation
intensity influences neural activation without directly evoking
any action potential [45].

Fig. 15. Overview of tsDCS. On the left: The stimulation induces an electric
field from anode to cathode. On the right: (1) The electric field interacts
with complex neural circuits including motorneurons, sensory axons and
corticospinal axons. (2) A microscopic view of the complex structures shows
a cable-like geometry. Adapted from Kuck [45]

In order to asses electrophysiological changes generated
by tsDCS, classic techniques to test (indirectly) the excitabil-
ity of motor neuron pools and corticospinal excitability can
be performed. These techniques measure evoked compound
muscle action potentials elicited from external stimuli. The
H-reflex (Hoffman-reflex) is a reflex response evoked by
electrical stimulation of a peripheral nerve [22]. It is the
electrical analogous to the stretch reflex. The electrical
stimulus is administered on sensory fibers which generates
an action potential in sensory and motor axons. An M-
wave (early, low-amplitude response) is generated directly
from the activation of alpha-motor neurons by the electrical
stimulus, while the action potential travels from the sensory
fibers to the spinal cord and activates alpha motor neurons.
Subsequently, the signal travels back to the muscle along
the axon of the alpha motor neuron, evoking an H-wave.
Whereas this method can be relatively simple and painless,
it is also affected by post-activation depression and changes
in axonal excitability [22, 23]. On the other hand, the F-wave
is generated by provoking an antidromic (travelling in the
opposite direction of the fiber) activation of the motor neu-
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Fig. 16. Flow diagram of the approaches in frequency domain. The black circles with red contour represent the start and the end of each approach. The
square with dashed lines denotes a sub-algorithm for selecting the steady state interval (Figure 18).

rons with a strong electrical stimulus. The main advantage
of this method is that it does not involve afferent feedback,
however, it can be painful and relatively insensitive to motor
neuron excitability [22]. MEPs are elicited in peripheral
muscles by transcranial magnetic stimulation (TMS) over
human motor cortex (multiple impulses descending in the
corticospinal tract). This method offers a reliable measure of
corticospinal excitability, nevertheless, their interpretation is
limited as cortical and spinal excitability cannot be analyzed
in isolation [22].

APPENDIX B: DIAGRAMS OF APPROACHES

Figure 16 shows a flowchart for the approaches in fre-
quency domain: coherence between non-intersecting CSTs
(subsection II-D) and average of coherence peaks of all
possible combinations (subsection II-E). Figure 18 illustrates
a flowchart for the approaches in time domain (subsection II-
F). Figure 17 depicts a flowchart for the algorithm to
obtain the steady state interval, in which all motor units are
concurrently active.

APPENDIX C: SUMMARY OF RESULTS

Table III summarizes the results for each variable. It in-
cludes the means, standard deviations, standard error means
and rates of consistency (number of repetitions following the
same trend divided by the total sample size).

The files of this thesis are divided into two folders: Results
and Scripts and data. The folder Results contains an Excel
workbook with two main worksheets: Final STATS and Final
results. Additionally, this folder contains a file with the
datasets in SPSS and the syntax for the statistical tests.

The folder Scripts and data contains the Matlab scripts
for each approach, a read.tex file with additional instructions,
and the folders with the data of each SCI subject. The folders
of the SCI subjects are organized as follows:

• Injured. Subject 1, raw and decomposed files: experi-
ment 1 = sham & experiment 2 = cathodal.

• Injured2. Subject 2, raw and decomposed files: experi-
ment 1 = cathodal (poor data quality) & experiment 2
= sham
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• Injured3. Subject 3, raw and decomposed files: experi-
ment 1 = cathodal & experiment 2 = sham (poor data
quality in both).

• Injured4. Subject 4, only raw files: experiment 1 =
sham & experiment 2 = cathodal. It is not decomposed
because there was a change in the protocol with this
subject (half of the intensity of the stimulation).

TABLE III
SUMMARY OF RESULTS. VARIABLES WITH SIGNIFICANT EFFECTS ARE

HIGHLIGHTED WITH LIGHT GRAY BACKGROUND. SD STANDS FOR

STANDARD DEVIATION, SEM FOR STANDARD ERROR MEAN. THE RATE

OF CONSISTENCY IS ONLY GIVEN FOR VARIABLES WITH SIGNIFICANT

EFFECTS. PLUS (+) AND MINUS SIGNS (-) IN PARENTHESIS REPRESENT

INCREASING AND DECREASING TRENDS, RESPECTIVELY.

ConsistencyDependent
variable

Type of
tsDCS Time Mean N SD SEM Rate Trend

pre 12.27 8 2.65 0.94Cathodal t0 8.09 8 1.65 0.58 8/8 (-)

pre 6.04 8 1.86 0.66

Coherence
Peaks

(2 groups) Sham t0 6.06 8 1.05 0.37 - -

pre 13.34 24 2.49 0.51Cathodal t0 8.77 24 1.78 0.36 23/24 (-)

pre 5.61 24 2.10 0.43

Coherence
Peaks

(3 groups) Sham t0 5.88 24 2.03 0.41 - -

pre 55.22 8 21.78 7.70Cathodal t0 56.36 8 21.10 7.46 8/8 (-)

pre 105.99 8 30.50 10.78

Coherence
Areas

(2 groups) Sham t0 70.78 8 25.52 9.02 - -

pre 114.37 24 34.46 7.03Cathodal t0 71.69 24 30.79 6.28 23/24 (-)

pre 44.37 24 23.83 4.87

Coherence
Areas

(3 groups) Sham t0 51.75 24 26.93 5.50 - -

pre 4.06 8 1.29 0.46Cathodal t0 6.91 8 0.65 0.23 8/8 (+)

pre 6.26 8 1.10 0.39Threshold
Sham t0 5.51 8 0.79 0.28 - -

pre 3.31 8 0.75 0.27Cathodal t0 4.76 8 0.95 0.34 5/8 (+)

pre 3.99 8 1.18 0.42Knee point
Sham t0 3.50 8 0.50 0.18 - -

pre 0.511 8 0.092 0.033Cathodal t0 0.670 8 0.092 0.032 5/8 (+)

pre 0.582 8 0.142 0.050
Knee point
(logarithm) Sham t0 0.541 8 0.057 0.020 - -

pre 6.51 8 0.45 0.16Cathodal t0 6.69 8 0.42 0.15 - -

pre 6.33 8 0.66 0.24

Average
discharge

rate Sham t0 6.50 8 0.63 0.22 - -

pre 0.068 8 0.012 0.004Cathodal t0 0.071 8 0.012 0.004 - -

pre 0.088 8 0.020 0.007CoV FCC
Sham t0 0.089 8 0.025 0.009 - -

pre 0.143 8 0.035 0.012Cathodal t0 0.108 8 0.015 0.005 8/8 (-)

pre 0.088 8 0.020 0.007

CoV
smoothed

CST Sham t0 0.089 8 0.025 0.009 - -

pre 1.61 8 0.23 0.08Cathodal t0 1.34 8 0.14 0.05 7/8 (-)

pre 1.13 8 0.15 0.05

Correlation
smoothed

CST
(2 groups) Sham t0 1.16 8 0.19 0.07 - -

pre 1.52 24 0.24 0.05Cathodal t0 1.25 24 0.19 0.04 21/24 (-)

pre 0.97 24 0.18 0.04

Correlation
smoothed

CST
(3 groups) Sham t0 1.02 24 0.19 0.04 - -
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