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Abstract  

Neuroplasticity describes a reorganisation of cortical topography and functionality due to 

learning and experience. These structural and functional changes also occur in the brain of 

patients with spinal cord injury (SCI), because no or reduced sensory information from the 

affected limbs reaches their central nervous system. In this study, we stimulated one hand of 

patients with SCI and healthy controls with transcutaneous electrical nerve stimulation 

(TENS). The stimulator was connected to a Mesh- Glove, which is a glove with embedded 

electrodes. We examined whether there is a difference in the activation of the sensorimotor 

cortex between patients and the healthy controls. Additionally, the effect of the stimulation on 

motor skills was examined.  

We stimulated 18 healthy controls and four patients with incomplete tetraparesis with TENS, 

whilst recording a high- density electroencephalogram. Before and after stimulation, fine 

motor skills and hand strength were examined. The activation of the sensorimotor cortex of 

the patients and the healthy controls was compared statistically, as well as the performance in 

the motor tests before and after stimulation. Further, a regression analysis analysed which 

factors influenced the motor performance of both groups.  

No differences in the activation of sensorimotor cortex in patients and healthy controls were 

found. Health status was the only robust predictor of the performance on the behavioural tests. 

Concerning the comparison of the performance before and after stimulation, a negative effect 

on the hand strength was found. Regarding fine motor skills, no significant change was found 

after stimulation at all.  

Neither the hypotheses concerning the plastic changes in the brain of the patients, nor the 

assumed effect of the stimulation on motor skills were confirmed. Even a contrary effect was 

found. These results give rise to many questions. One conclusion after the results of this study 

is that more than one single TENS stimulation might be necessary to find positive effects on 

motor skills. 

Keywords:  

Spinal cord injury, neuroplasticity, brain plasticity, Mesh- Glove stimulation, Transcutaneous 

electrical nerve stimulation, electroencephalography 
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Abstract (German) 

Neuroplastizität beschreibt die Reorganisation der kortikalen Topografie und Funktionalität 

durch Lernen und Erfahrungen. Diese strukturellen und funktionellen Veränderungen treten 

auch bei Patienten mit Rückenmarkverletzung auf, da gewisse Hirnareale keine oder 

reduzierte Informationen über afferente Nervenbahnen bekommen. In dieser Studie wurde 

eine Hand von Patienten mit Rückenmarksverletzung und gesunden Kontrollprobanden mit 

transkutaner elektrischer Nervenstimulation (TENS) stimuliert. Der Verstärker war mit einem 

Mesh- Glove verbunden, welcher einen Handschuh mit eingebetteten Elektroden darstellt. Es 

wurde untersucht, ob es zwischen den Patienten und gesunden Kontrollprobanden 

Unterschiede bezüglich der Aktivierung im sensomotorischen Kortex gibt. Zusätzlich wurde 

in beiden Gruppen der Einfluss der Stimulation auf motorische Fähigkeiten untersucht.  

18 gesunde Probanden und vier Patienten mit Rückenmarksverletzung wurden an einer Hand 

mit TENS stimuliert und währenddessen wurde ein hochauflösendes EEG aufgezeichnet. Vor 

und nach der Stimulation wurde jeweils ein Handgeschicklichkeitstest sowie eine 

Handkraftmessung durchgeführt. Mit Hilfe von statistischen Vergleichstests wurde dann die 

Aktivierung im sensomotorischen Kortex von Gesunden und Patienten verglichen, sowie die 

Leistung in den behavioralen Tests vor und nach der Stimulation. Ebenfalls wurde durch 

Regressionen ermittelt, welche Faktoren einen Einfluss auf die Leistung der behavioralen 

Tests haben.  

Es wurde kein Unterschied im sensomotorischen Kortex zwischen Gesunden und Patienten 

gefunden. Der Gesundheitsstatus erwies sich als einziger robuster Prädiktor für die Leistung 

in den behavioralen Tests. Bezüglich des Vergleichs der Leistungen in den behavioralen Tests 

vor und nach der Stimulation ließ sich ein negativer Einfluss der Stimulation auf die 

Handkraft finden. Bezüglich der Handgeschicklichkeit wurde keine signifikante Veränderung 

nach der Stimulation gefunden. 

Die Vermutungen bezüglich der plastischen Veränderungen im Gehirn von Patienten wurden 

nicht belegt, ebenso wenig der vermutete Effekt der Stimulation auf die motorischen 

Fähigkeiten. Bezüglich der Handkraft wurde sogar ein gegenteiliger Effekt gefunden. Dies 

alles wirft viele Fragen auf. Vermutet wird, dass es anscheinend mehr als eine einmalige 

TENS Stimulation braucht, um positive Effekte auf die motorischen Fähigkeiten zu zeigen.  

Keywords (German):  
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Rückenmarksverletzung, Neuroplastizität, Mesh- Glove Stimulation, transkutane elektrische 

Nervenstimulation, Elektroenzephalogramm 

 

Introduction  

Neuroplasticity 

The human brain has various functions and therefore can be described in many ways. For 

example, for Götz and Jarriault (2017) our brain is “a complex network of various subsets of 

cells that can be reprogrammed and also structurally rebuild”. This “reprogramming” is also 

known under the term neuroplasticity. Neuroplasticity describes the ability of our brain to adapt 

to our physiology, our environment and our experiences. Many processes of reorganization are 

taking place in our brains. These processes have been examined for a long time. In 1890, 

William James was the first to claim that changes of our brain structure take place due to 

habituation of a certain behaviour.  

In addition to changes in the morphology of the brain, also functionality may change over time, 

for example due to learning (Poldrack, 2000). All these reorganisation processes occur at the 

level of neurons as well as in large networks (Buonomano & Merzenich, 1998) and facilitate 

learning and an adaptive change of behaviour (Elbert, Pantev, Wienbruch, Rockstroh, & Taub, 

1995; Merzenich & Sameshima, 1993; Pascual-Leone & Torres, 1993). One example for a 

plastic change due to learning is given by a magnetic source imaging study of Elbert et al. 

(1995). They found that the cortical representation of the digits of the left hand of string players 

was larger than the cortical representation of controls. Another example is a TMS study in 

Braille readers and controls which found that the representation in the sensorimotor cortex of 

the reading finger of Braille readers was substantially expanded compared to the homologous 

non-reading finger or with control subjects’ fingers (Pascual-Leone et al., 1993).  

Neuroplasticity can also have negative effects, which is especially the case in stroke patients. 

Several studies have reported that maladaptive neuroplasticity degrades motor function and 

motor recovery after stroke (Allred & Jones, 2008; Duque et al., 2005; Kerr, Cheng, & Jones, 

2011; Murase, Duque, Mazzocchio, & Cohen, 2004; Rijntjes, 2006; Takeuchi, Tada, Chuma, 

Matsuo, & Ikoma, 2007). Evidence for a limitation of motor recovery comes for example from 

Allred and Jones (2008). They conducted a study on rats and used a skilled reaching test as an 

experimental manipulation of behavioural function. It was found that rats that trained with their 

intact forelimb, performed significantly worse during the impaired forelimb training period 
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compared to controls. Consequently, the authors suggested that the intact hemisphere may 

negatively impact function of the impaired body site. 

Besides the findings that new synaptic links are formed or strengthened by learning or 

experience, there is also evidence that neuroplasticity implies the degradation of neural 

conjunctions when they are no longer needed or used (Nudo, Plautz, & Milliken, 1997). 

Findings suggest that these plastic changes due to a lack of afferent information happen rapidly 

(Brasil-Neto et al., 1993). This is for example the case in patients with spinal cord injury (SCI). 

Besides the research of plastic changes after stroke, the examination of neuroplasticity after 

spinal cord injury is of great importance in order to get a better understanding of these 

maladaptive reorganization processes. 

 

Neuroplasticity after Spinal Cord Injury 

In patients with SCI, no or reduced sensory information from the affected limbs reaches the 

central nervous system via afferent pathways (Dietz & Curt, 2006). As a result of positive and 

negative neuroplasticity, long term reorganization of the cortical topography, especially within 

sensory and motor cortices, takes place in the brain of patients with SCI (Brasil-Neto et al., 

1993; Kokotilo, Eng, & Curt, 2009; Rossi, Pasqualetti, Tecchio, Sabato, & Rossini, 1988). 

Examples for long term reorganization come from several studies that described a shift in the 

region of brain activation after SCI (Kokotilo et al., 2009). For example, Perani et al. (2001) 

used functional magnetic resonance imaging (fMRI) to examine functional brain reorganisation 

in two paraplegics. They found that the sensorimotor area of the arm and shoulder overruns the 

affected proximal leg area. Similar findings have been found in another fMRI study that used a 

tongue movement task in patients with tetraplegia and paraplegia. During intact tongue 

movement, the position of the maximum activation in primary motor cortex was shifted into 

the direction of the deafferented upper limb representation (Mikulis et al., 2002).  

It is important to note that this cortical reorganization can be exploited to recover functions. For 

example, in a fMRI study, patients with SCI and controls performed a seven days motor 

imagery training, executed with the tongue and the right foot. After one week of foot imagery 

training, motor performance was significantly improved. Furthermore, during attempted right 

foot movement, controls as well as patients showed increased left putamen activation, which is 

associated with motor learning (Cramer, Orr, Cohen, & Lacourse, 2007). In another fMRI 

study, four patients with incomplete paraplegia were trained with Body weight–supported 
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treadmill training 60 minutes three times a week over a 12-week period. All subjects showed 

increased activation in the sensorimotor cortex and cerebellar regions following the training. 

Moreover, increased activation of the cerebellum was accompanied by an improvement in over-

ground locomotion (Winchester et al., 2005).  

Due to these promising findings, Dietz (2012) claimed that the aim of rehabilitation procedures 

should concentrate on exploiting the plasticity of neuronal centres using functional training. 

But for the successful introduction of new therapies or trainings, further knowledge is needed 

about cortical reorganization and the functional changes of the sensory and motor cortex. Most 

of the studies conducted on that topic, so far used motor paradigms to compare the brain 

activation of healthy participants and patients with spinal cord injury during the execution of a 

motor task. However, it is also important to examine the brain during the processing of sensory 

information. In our study, we stimulated one upper limb with a Mesh Glove (MG) connected 

to a transcutaneous electric nerve stimulator and then assessed the activation of the brain via an 

electroencephalogram (EEG) while it was processing the sensory information.  

 

Mesh Glove Stimulation with TENS eco Stimulation 

TENS is a common therapeutic device used in everyday clinical practice. Its benefits are that it 

is non-invasive, inexpensive, safe and simple to use. Its predominantly used for the treatment 

of chronic pain. Many previous meta-analyses and reviews have reported on the effect of TENS 

in several conditions of pain (Bedwell, Dowswell, Neilson, & Lavender, 2011; Johnson & 

Martinson, 2007; Kroeling et al., 2009; Robb, Bennett, Johnson, Simpson, & Oxberry, 2008; 

Rutjes et al., 2009). Sharma, Rekha and Srinivasan (2017) exemplarily conducted ten treatment 

sessions (five sessions per week) of 30 minutes in women with chronic pelvic pain. In both 

TENS treatment groups (medium and high frequency stimulation) a statistically significant 

reduction in the pain scores was shown, which was not found in the placebo group.  

For our study we used the TENS-eco stimulator combined with a MG. This is a glove with 

embedded electrodes. Findings suggest that a stimulation with a MG connected to a TENS-eco 

stimulator activates different regions in the brain (Bodegard et al., 2003; Wiesendanger & 

Miles, 1982). Further, studies found that this stimulation induces long-lasting modulatory 

effects on motor cortical excitability (Golazewski et al., 2012; Golazewski et al., 2010). 

Golaszewski et al. (2010) for example used transcranial magnetic stimulation in healthy 

volunteers and demonstrated that TENS stimulation, above sensory threshold, increases the 
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corticospinal excitability. This effect lasted at least 60 minutes. In addition, findings suggest 

that even stimulation below sensory threshold is enough to prime cortical networks so strongly, 

that activation in increased during motor tasks. Studies using fMRI and motor tasks in healthy 

volunteers showed enhanced movement-related responses within the primary motor and 

primary somatosensory areas after subthreshold stimulation (Golaszewski et al., 1999; 

Golazewski et al., 2004).  

TENS stimulation is also used in patients with stroke. Previous studies found that the 

stimulation of the affected limb after stroke results in the reduction of undesired muscle tone, 

facilitation of voluntary movements and reduction of neglect (Dimitrijevic, 1994; Dimitrijevic 

& Soroker, 1994; Dimitrijevic, Stokic, Wawro, & Wun, 1996). For example, Peurala, Pitkänen, 

Sivenius and Tarkka (2002) examined the effects of TENS stimulation in 51 chronic stroke 

patients. The patients were stimulated twice daily either in the paretic hand or paretic foot for 

three weeks. Significant effects in the motor performance in a ten- metre walking test and in 

the Modified Motor Assessment Scale were found. In addition, a significant improvement of 

the paretic hand function and of upper limb skin sensation could be shown.  

 

Alpha and beta power during tactile stimulation and motor tasks 

In our study, we focused on alpha and beta power in the sensorimotor cortex during TENS 

stimulation and examined possible changes in these two frequency bands. Previous studies 

found a decrease of alpha and beta power during tactile stimulation. For example, Gaetz and 

Cheyne (2006) applied transient brush stimuli to the right index finger, the medial right toe 

and the lower right lip of healthy volunteers and found a decrease of alpha and beta power in 

the sensorimotor cortex during this stimulation. Furthermore, Cheyne et al. (2003) applied 

tactile stimulation on the right index finger of healthy volunteers and found a suppression of 

mu and beta power in sensorimotor cortex, followed by an increase in beta power in motor 

cortex. Moreover, many early studies have reported that alpha and beta power can be 

influenced by motor activity (Chatrian, Peterson, & Lazarte, 1959; Gastaut, 1952; Jasper & 

Penfield, 1949). A review of Pfurtscheller and Lopes da Silva (1999) shows that a suppression 

of alpha and beta activity in central regions is associated with movements and motor imagery. 

In one study exemplarily, healthy volunteers performed motor tasks of right hand, left hand 

and right foot and motor imagery tasks, while an EEG and fMRI were recorded. A task-
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induced decrease of EEG amplitudes in alpha and beta bands in sensorimotor cortex was 

found (Yuan et al., 2010).  

Current study 

In this study, we aimed to examine whether there are differences in the activation of the 

sensorimotor cortex of patients with SCI and healthy controls during TENS stimulation. 

Further, we intended to analyse the effects of TENS stimulation on motor skills of patients and 

healthy controls. For this reason, we stimulated one hand of patients and controls above sensory 

threshold with a TENS-eco stimulator connected to a MG. Before and after stimulation, hand 

strength and fine motor skills of the hands were measured. During the stimulation, a high- 

density EEG was recorded to assess the brain activation. Due to neuroplastic changes in the 

brain of the patients, we expected that alpha power and beta power in the sensorimotor cortex 

of the patients differ significantly from alpha power and beta power of healthy controls. 

According to previous research findings, we also expected that after TENS stimulation, hand 

strength and fine motor skills of the stimulated hand are significantly improved in patients as 

well as in controls. Furthermore, it was assumed that the factor subject group predicts the 

outcome of the hand strength test and the fine motor skills test. Additionally, we investigated 

whether alpha power and beta power in the sensorimotor cortex predict the outcome of the hand 

strength test and the fine motor skills test. Finally, it was also examined whether the stimulation 

strength predicts the outcome of the hand strength test and the fine motor skills tests.  

 

Method 

Subjects 

21 healthy controls and four patients with SCI participated in the experiment, which was 

conducted at the Department of Neurology at the Christian- Doppler Medical Centre, Salzburg. 

Three of the healthy volunteers were left-handed and were therefore excluded from this 

analysis. The final sample consisted of 18 healthy controls and four patients. Every one of the 

volunteers gave written informed consent and the local ethics committee approved the study 

(Ethics Commission Salzburg; number E-2171). Furthermore, the study was registered as a 

medical device clinical trial and approved of by the Austrian Federal Office for Safety in Health 

Care (reference number 10022411). The used methods conform to the Code of Ethics of the 

World Medical Association (Declaration of Helsinki). Exclusion criteria included neurological 
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and psychiatric diseases, electronic implants, cardiac arrhythmia, seizure disorder, pregnancy 

and skin complaints at the application area. Healthy controls were aged between 20 and 62 

(mean= 36.94, SD= 13.78) and ten (55.6 %) of them were female. They were recruited by email 

amongst students of the Paris- Lodron University and the Paracelsus Medical University, both 

located in Salzburg. The patients were aged between 46 and 80 (mean= 55.25, SD= 16.52) and 

two (50 %) of them were female. Patients were recruited at the Department of Neurology at the 

Christian- Doppler Medical Centre, Salzburg, and via contacts to self-help groups as well as 

wheelchair-sport communities. The demographic and clinical characteristics of the patients are 

shown in Table 1. 

 

 

Table 1. Characteristics of the patients 

Subject  Age Gender Lesion Diagnosis Extent 
ASIA- 

Score 
Injured for 

Patient 1 48 female C6/C7 tetraplegia incomplete C 1 year, 7 months 

Patient 2 47 male C5/C4 tetraplegia incomplete D 3 years, 10 months  

Patient 3 46 female C7 tetraplegia incomplete B 7 years, 8 months 

Patient 4  80 male C4 tetraplegia incomplete D 2 months  

 

Material 

TENS and Mesh Glove 

The MG (schwa-medico GmbH, Braunau, Austria) is made of elastic knitted conductive 

material and is easily slipped over the hand. It was connected to a two-channel stimulator TENS 

eco (Monath Electronics, Rouffach: France) with a common anode for output to the MG and 

one surface electrode as cathode that was connected to a 5 x 5 cm karaya-padded carbon rubber 

electrode. This electrode was placed over the tendon of the extensor on the dorsal surface of the 

forearm, as you can see in Figure 1. A stimulation frequency of 50 Hz with a pulse width of 

250 µs was applied. The stimulation level was adjusted individually by increasing the 

stimulation intensity to 120 % of the consciously perceived sensory threshold. This subjective 

threshold was defined by the participant as a sensation of tingling on the hand. The amplitude 

for the threshold stimulus ranged between 0.15 and 6.60 mA among the subjects. 
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Figure 1. Mesh Glove connected to a TENS-eco stimulator. 

 

Dynamometer 

A dynamometer was used to assess the participants` hand strength (see Figure 2). The 

participants were asked to press it three times as hard as they can. At first, they had to press 

with their right hand and afterwards the procedure was performed with their left hand.  

 

 

Figure 2. The dynamometer. 

 

Nine-hole peg test  

To examine the participants` fine motor skills of the hands, a Nine-hole peg test was used (See 

Figure 3). At first, the participants are asked to put the nine little sticks as fast as possible into 
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the nine holes. Then they have to pull them out as fast as possible. To perform the task, the use 

of only one hand is allowed. In the first run, the participants were just allowed to use the right 

hand, in the second round the test had to be executed by using the left hand. 

 

 

Figure 3. The Nine-hole peg test.  

 

Experimental Procedure 

At first, each patient was evaluated and classified by a neurologist according to his or her 

impairment level. For this purpose, the American Spinal Injury Association (ASIA) standards 

for neurological and functional classification (Kirshblum et al., 2011) were applied. For this 

study, only the upper extremity score was considered for each patient. 

Before the stimulation started, the participants completed questionnaires about their 

demographic data. Next, hand strength and fine motor skills of both hands were examined. The 

EEG recordings started with artefact assessments, followed by a resting condition of five 

minutes, where the participants were asked to keep their eyes closed. After that the stimulation 

with the TENS began. We stimulated the dominant hand of the healthy controls and the less 

restricted hand of the patients. Stimulation lasted for eight seconds, followed by a 12 second 

break. This scheme was performed for approximately 28 minutes. The first seven minutes of 

the stimulation, the participants were asked to keep their eyes opened, and for the following 

seven minutes they were supposed to keep their eyes closed. Then once again, the participants 

had to keep their eyes open for another seven minutes. Finally, for the last seven minutes the 
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eyes needed to be kept closed once again. During the whole recoding, participants were seated 

comfortably and asked to relax. After 28 minutes of stimulation, the EEG recording and 

stimulation were stopped. After all electrodes had been taken off, the participants were asked 

to perform the two behavioural tests again (hand strength and fine motor skills). One 

experimental session including the general instructions lasted about 80 minutes.  

 

Data aquisition 

EEG was recorded with 256-channel HydroCel geodesic sensor nets and a GES 400 amplifier 

(Electrical Geodesic Inc., EGI, Eugene, OR). Electrode Cz served as reference. Data was 

recorded at 1000 Hz sampling rate using EGI’s NetStation 4.5.6 software. Impedances were 

kept below 50 kΩ. A polygraphic input box was used to directly record an electrocardiography 

(ECG) and an electromyography (EMG) using two Ag/AgCl electrodes each. For the EMG, the 

electrodes were placed above the nervus medianus on the stimulated hand of the participants. 

 

EEG Data processing 

For processing the EEG data, we used EGI´s Netstation 4.5.6 software and EEGLAB (Swartz 

Center for Computational Neuroscience, La Jolla, CA). At first using the Netstation software, 

the data was bandpass filtered between 0.1 und 80 Hz. Then, every beginning of muscular 

response to TENS, as seen in the EMG, was marked. Epochs were segmented two seconds 

before EMG onset and lasted a total of ten seconds. Only the epochs from the eyes closed 

conditions were segmented in order to have only segments without many eye artefacts. Four 

healthy controls had a bad or non-existent EMG signal; therefore, they were excluded from 

EEG analysis. A Baseline correction was performed based on the entire segment. In EEGLAB, 

electrodes were given locations provided by Philips (EGI). Further, neck and face electrodes 

were excluded. The data was re-referenced against both mastoids. 

 

Artefact detection 

For artefact detection, the NetStation artefact detection tool was used. Channels were marked 

bad by the artefact detection tool if the fast average amplitude exceeded 200µV or the channel 
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yielded zero variance. Eye blinks above a threshold of 140µV were also marked using vertical 

and horizontal eye channels. Further, eye movements were marked bad if the amplitude 

exceeded 55 µV. All channels that were marked bad in an included segment were replaced 

using spherical spline interpolation. Finally, segments with more than 25 bad channels, eye 

blinks or eye movements were excluded from further analysis. 

 

Analysis of EEG data 

The electrodes of interest were those overlying the primary sensorimotor cortex of both sides, 

which are the electrodes C3 and C4. C3/C4 refers to a montage equivalent to the international 

10-20 electrode position. We only focused on alpha and beta power of these two electrodes for 

statistical analysis. Every statistical analysis was executed on the dataset with the automatic 

artefact correction and then repeated on the dataset without artefact correction, to examine 

whether the strict automatic artefact correction influenced the results. The sample of the dataset 

after automatic artefact correction consisted of 11 healthy controls and three patients. The 

sample of the dataset without artefact correction contained 15 healthy controls and four patients.  

Statistical calculations were performed in IBM SPSS-Statistics 25 (IBM Corporation, Armonk, 

NY). To test the hypothesis that alpha and beta power differ in healthy controls and patients, 

Mann- Whitney U tests were performed. The factor stimulation strength included both hands 

and their respective contralateral hemispheres. For the non-stimulated hand, it was defined as 

zero, and for the stimulated hand it was defined according to the actual stimulation strength 

used for TENS stimulation (i.e. 120% of sensory threshold). Further, the variables of alpha and 

beta power contained the values of both the stimulated and the non- stimulated hemisphere.   For 

the exploratory analysis, assessing whether alpha and beta power values, health status or 

stimulation strength predict the hand strength and the fine motor skills after stimulation, two 

regressions were calculated: In the first regression, the dependent variable was hand strength 

after stimulation and the predictors were alpha power, beta power, health status and stimulation 

strength. In the second regression, the dependent variable was fine motor skills after stimulation 

and the predictors were the same as in the first regression. The method was Enter. The 

significance-level was set at p= .05.  

 

Analysis of behavioural data 
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The behavioural data was also analysed using IBM SPSS-Statistics 25. The normal distributions 

of the results were tested using the Shapiro- Wilk test. The differences between the behavioural 

test results before and after TENS stimulation were compared by means of t-tests and Wilcoxon 

tests. The significance-level was set at p= .05. No correction of alpha- error cumulation was 

performed.  

 

Results 

EEG data 

After automatic artefact correction 

Concerning the comparison of the alpha power between healthy controls and patients, it was 

found that there was no significant difference between these two groups (z=-0.06, p=.978). 

Further, regarding the beta power, no significant difference between the healthy controls and 

patients could be shown either (z=-0.45, p=.682).  

Concerning hand strength after stimulation, the variable subject group was found to be a 

significant predictor. The other variables did not predict the hand strength. The results are 

shown in Table 2.  

 

Table 2: Multiple Regression analysis to predict hand strength after stimulation 

Predictors b SE beta 

Constant 12.85 5.36  

Alpha -7.23 22.56 -.12 

Beta 105.87 101.89 .39 

Stimulation strength 1.15 0.92 .20 

Subject group 18.82 4.74 .66** 

Note: R² = .501, * p<.05. ** p<.01. ***p<.001  

 

Regarding the fine motor skills of the hand after stimulation, the variable subject group was 

also the only significant predictor. All other variables were not significant predictors (See Table 

3). 
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Table 3: Multiple Regression analysis to predict fine motor skills of the hand after stimulation 

Predictors b SE beta 

Constant 29.74 7.97  

Alpha -21.38 33.56 -.25 

Beta 242.98 151.56 .64 

Stimulation strength -1.39 1.37 -.17 

Subject group -17.6 7.06 -.44* 

Note: R² = .437, * p<.05. ** p<.01. ***p<.001  

 

No artefact correction 

Concerning the comparison of the alpha power between healthy controls and patients, it was 

found that there was no significant difference between the two groups (z= -0.57, p= .586). 

Furthermore, also for beta power, no significant difference between healthy controls and 

patients could be detected (z= -0.97, p= .350). 

Concerning hand strength, beta power, stimulation strength and subject group were significant 

predictors. Alpha power was not found to be a significant predictor. The results are shown in 

Table 4.  

 

Table 4: Multiple Regression analysis to predict hand strength after stimulation 

Predictors b SE beta 

Constant 8.94 3.66  

Alpha 6.07 31.93 .03 

Beta 232.76 96.86 .37* 

Stimulation strength 1.35 0.66 .22* 

Subject group 20 2.96 .71*** 

Note: R² = .644, * p<.05. ** p<.01. ***p<.001  

 

As shown in Table 5, only the variable subject group was found to be a significant predictor of 

the fine motor skills after stimulation. All other factors were not found to be significant 

predictors.  
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Table 5: Multiple Regression analysis to predict fine motor skills of the hand after stimulation 

Predictors b SE beta 

Constant 38.7 6.5  

Alpha 33.9 56.82 .12 

Beta 40.16 172.34 .05 

Stimulation strength -0.37 1.17 -.04 

Subject group -22.14 5.27 -.59*** 

Note: R² = .375, * p<.05. ** p<.01. ***p<.001  

 

 

Behavioural data 

Regarding the results of the healthy participants, it was found that hand strength was 

significantly worse in the stimulated hand (Z (N= 18) = -2.04, p= .041) as well as in the non- 

stimulated hand (t (17) = 2.29, p= .035) after stimulation. The mean of the hand strength 

measure for both hands before and after stimulation can be seen in figure 4. 

 

Figure 4: Mean of hand strength (in kilogram, kg) of healthy controls for the stimulated and 

non- stimulated hand before and after stimulation. Error bars represent standard error of the 

mean. * indicates a significant difference with p<0.05. 
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Concerning the fine motor skills, no significant effect could be shown after stimulation neither 

in the stimulated (t (17) = -0.74, p= .473) nor in the non- stimulated hand (Z (N= 18) = -0.33, 

p= .744). The mean of the needed time for the nine- hole peg test for both hands before and 

after stimulation can be seen in figure 5. 

 

Figure 5: Mean time in seconds (s) of the nine-hole peg test performance for the stimulated 

and non- stimulated hand before and after stimulation. Error bars represent standard error of the 

mean. 

 

Concerning the patients, it was found that hand strength was significantly worse in the 

stimulated hand (t (3) = 8.52, p= .003) but not in the non- stimulated hand (t (3) = -0.23, p= 

.836). The mean of the hand strength measure for both hands before and after stimulation can 

be seen in figure 6.  
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Figure 6: Mean of hand strength (in kilogram, kg) of patients for the stimulated and non- 

stimulated hand before and after stimulation. Error bars represent standard error of the mean. * 

indicates a significant difference with p<0.05. 

 

Further, no significant effect in fine motor skills after stimulation was found neither in the 

stimulated hand (Z (N = 4) = -0.73, p= .465) nor in the non- stimulated hand (Z (N = 4) = -1.46, 

p= .144). The mean of the needed time for the nine- hole peg test for both hands before and 

after stimulation can be seen in figure 7.  
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Figure 7: Mean time in seconds (s) of the nine-hole peg test performance for the stimulated 

and non- stimulated hand before and after stimulation. Error bars represent standard error of the 

mean. 

 

 

Discussion 

EEG Analysis after automatic artefact correction 

Alpha and beta power comparison 

The hypothesis that the activation in the motor cortex of patients during TENS stimulation 

differs from the activation of healthy controls, could not be affirmed. Comparing the alpha 

power in the sensorimotor cortex of healthy controls and patients, no significant difference was 

found. Further, no difference in beta power could be shown between healthy controls and 

patients as well. Due to assumed plastic changes in the brains of patients, a different activation 

in their sensorimotor cortex was expected. However, apparently the stimulation activated the 

sensorimotor cortex of the patients and the healthy controls in a similar way. It is important to 

note that in this study, we concentrated only on two electrodes, therefore it would be interesting 

to have a look at the other electrodes that cover sensorimotor cortex. However, if there was a 

different activation within the sensorimotor cortex, this difference should be observable on the 

two contemplated electrodes. 

 

Exploratory analysis- hand strength  

Concerning hand strength, alpha power and beta power were not found to be a significant 

predictor. Previous mentioned studies found that motor activity and alpha and beta power are 

associated, but apparently in our study, changes in the alpha and beta power during stimulation 

had no influence on hand strength at all. For example, Golazewski et al. found in 2010, that a 

single TENS stimulation increases motor cortical excitability. In our case however, this 

increased excitability seems not to influence alpha or beta power. One possible explanation for 

this result could be that alpha or beta may be affected by the stimulation, but not strong enough 

to have an impact on hand strength.  

The strength of stimulation was also not a significant predictor of hand strength. In other words, 

it made no difference in the outcome of hand strength measure, whether the hand was stimulated 

or not. In terms of the results of so far performed studies, it was expected that TENS stimulation 
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enhances hand strength. One possible reason that no significant effect of stimulation strength 

on hand strength could be found in our study, may be due to the fact that we stimulated only 

one time for approximately 30 minutes. In other studies stimulation was delivered more often. 

For example, in the study from Peurala et al. (2002), where TENS stimulation positively 

affected motor functions, 20 minutes of stimulation was delivered twice a day for three weeks. 

Apparently, stimulation needs to be applied more often in order to observe a positive effect on 

the outcome of hand strength measures. 

The variable subject group was found to be a significant predictor of hand strength. The 

regression model confirmed that, as expected, patients’ hand strength is weaker as compared to 

healthy volunteers.  

 

Exploratory analysis- Fine motor skills  

Regarding the fine motor skills, alpha power was no significant predictor, as well as beta power. 

As already described in the results section, the stimulation period possibly was not long enough 

to impact alpha and beta power within the sensorimotor cortex and further elicit an effect on 

the outcome of the fine motor skills test.  

Stimulation strength had also no significant effect on the outcome of the fine motor skills test. 

As mentioned, previous studies showing an improvement of motor skills after stimulation, 

applied TENS for a longer period. Hence, more than one stimulation session might be necessary 

in order to find effects of TENS on behavioural measures. The study of Dimitrijevic et al. (1996) 

encourages this assumption. They tested the effect of TENS connected to a MG on voluntary 

wrist movement in stroke patients. They showed that a single TENS stimulation had no effect 

on the outcome, but a daily stimulation for 20 to 30 minutes applied over several months 

improved voluntary wrist extension movement significantly. 

The variable subject group was also a significant predictor for the outcome of the fine motor 

skills. Concerning the regression model, being healthy leads to a better performance on the fine 

motor skill test.  

 

EEG analysis without previous artefact correction -differences in the results 

Alpha and beta power comparison 
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Analysing the EEG signals obtained over sensorimotor cortices without correcting for artefacts, 

no differences for stimulation-induced alpha and beta power between patients with SCI and 

healthy controls could be observed. These results do not differ from the result in the dataset 

after automatic artefact correction.  

 

Exploratory analysis- hand strength  

Regarding hand strength, alpha power was again no significant predictor. Further, the factor 

subject group was again found to be a significant predictor. In contrast to the EEG analysis 

incorporating automatic artefact rejection, two further findings could be observed when 

considering all EEG segments: 

First, beta power in this dataset was found to be a significant predictor of hand strength. The 

fact that this effect was not observed in the dataset after automatic artefact correction poses the 

question whether it is large enough to be meaningful. However, the artefact correction software 

is very strict concerning bad channels and consequently the sample size was highly reduced. 

Due to the small sample size, the power was certainly decreased in the dataset after automatic 

artefact correction. It would be interesting to examine this effect in a larger dataset to assess 

whether the found effect is big enough to still exist after the artefact correction given a larger 

sample size. 

Second, the stimulation strength significantly predicted hand strength in this dataset. 

Presumably this effect of stimulation strength on hand strength became statistically visible 

because all segments, even those with high EMG amplitudes (and therefore more EEG 

artefacts), were included in the dataset without artefact correction. However, it would also be 

interesting to repeat the examination with a larger sample size to see if, with higher power, this 

result appears after artefact correction.  

 

Exploratory analysis- Fine motor skills 

Regarding the fine motor skills, no differences were found concerning the predictors. Also, in 

this dataset, only the factor subject group was a significant predictor of the fine motor skills.  

Summing up the results of the EEG data analysis, the comparison of alpha and beta power in 

healthy controls and patients showed no significant difference. Further, regarding the results of 

the exploratory analysis, alpha power was not found to be a significant predictor for neither of 
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the behavioural test outcomes, whereas, health status was always a significant predictor. In the 

dataset without artefact correction, beta power and stimulation strength were found to be a 

significant predictor, but only concerning the hand strength.  

 

Behavioural Analysis  

Hand strength 

Regarding hand strength, the hypothesised effect, that the stimulation will improve hand 

strength could not be found. Instead, both in controls and patients, hand strength was 

significantly reduced after TENS application in the stimulated hand. Previous studies showed 

that the stimulation with TENS enhances hand strength. One possible reason for our contrary 

result could be that in our study, we stimulated only one time for approximately 30 minutes. As 

already mentioned, in other studies, stimulation was delivered more often. The worsening of 

hand strength in our study may be explained by exhaustion of the stimulated hand because it is 

not used to this stimulation. Speculatively, stimulation needs to be applied more often to receive 

a positive effect on the outcome of hand strength measures.  

Furthermore, a rather unexpected result was observed in the healthy control group. Hand 

strength appeared to be significantly reduced after stimulation in the non- stimulated hand. 

However, this effect was not observed in patients. During TENS application, the non- 

stimulated hand lied relaxed on the thighs of the volunteers. No glove was put on the non- 

stimulated hand, so there was no sham stimulation and hence, a placebo effect is not to be 

expected. Also, in the study of Peurala et al. (2002), no significant changes in motor functions 

were found in the placebo group, so a placebo effect seems to be unlikely. A possible 

explanation could be that the hand was exhausted by the hand strength measure in advance to 

the stimulation. Squeezing a dynamometer repeatedly very hard is unusual for the muscles and 

therefore the fatigued muscles may influence the performance on the repeated test half an hour 

later. However, the fact that the worsening in the not stimulated hand was not found in the 

patients complicates explaining this unexpected result. Anyway, one has to be careful to 

interpret this unexpected finding due to the small sample size.  
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Fine motor skills   

Concerning the fine motor skills, no effect - neither in the stimulated nor in the non- stimulated 

hand - could be found in controls as well as in patients. It can be assumed that this results from 

the fact that TENS was applied only one time. As already mentioned, discussing the results of 

the hand strength measures, other studies that found improvement of motor skills after 

stimulation applied TENS daily for a longer period.  

Regarding the influence of TENS stimulation on the behavioural measures, one can conclude 

that a single application of TENS seems to have no significant effect on fine motor skills in 

patients as well as in healthy controls. However, there was an effect of reduced hand strength 

in both groups. This could be explained as exhaustion effects.  

 

Limitations 

The main limitation of this study is clearly the small sample size of both groups. Especially the 

sample size of patients, consisting of only four subjects, is extremely small. Also, the proportion 

of the healthy controls and patients is imbalanced which is unfavourable for the comparability 

of the two groups. Furthermore, the sample size of the healthy control group was too small as 

well. Therefore, due to the reduced statistical power it is more difficult to find distinct effects. 

In addition, the sample size was reduced further after artefact correction, which may be an 

explanation for some unequal results regarding the predictors of hand strengths between the 

two datasets. What also may be an implication for further studies is to apply the TENS 

stimulation more often than just once, so then it may have more effects on the behavioural 

outcomes.  

 

Conclusion 

The purpose of this study was to examine whether due to plastic cortical changes after SCI, the 

brain activation of patients with SCI differs from healthy volunteers during the processing of 

sensory information. Further we aimed to investigate the effect of TENS stimulation on motor 

skills. What conclusions can be drawn from the results obtained? In terms of neuroplasticity, 

no evidence was found that in our sample of patients, plastic changes in the sensorimotor cortex 

occurred. This result stands in contrast to the literature, however it must be interpreted very 

carefully due to the extremely small sample size of the patients and the fact that invariably 



25 
 

patients with incomplete lesion were tested. Concerning the results of TENS stimulation on 

motor skills, no explicit conclusion can be drawn. However, it was shown that one single TENS 

application did not cause a measurable effect, neither in the brain nor on the motor performance. 

These results and especially the contrary effect found in hand strength after the stimulation 

show the necessity of further studies to examine the effect of TENS stimulation on motor skills. 

However, it is of great importance to assess possible effects with larger sample sizes and 

stimulate more often, in order to be able to draw stronger conclusions. Further, with regard to 

neuroplasticity, it is important to investigate differences in processing sensory information 

between patients with SCI and healthy controls to get a better understanding of the 

„reprogramming” taking place in the brain after SCI.  
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