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This study aims to assess the effect of combining virtual walking (VW) therapy with a physical exercise 
(PE) program compared to PE alone on lower limb strength and muscle activation in people with 
incomplete spinal cord injury (iSCI). 38 participants performed 3 sessions/week during 6 weeks of 
Experimental Intervention (EI): VW and PE; or Control intervention (CI): Placebo-VW and PE. Strength 
and muscle activation of main lower limb muscles were assessed. EI group exhibited a general strength 
increase after intervention (T2), (16.31–34.72 N), and maintained this improvement up to 1-month-
follow-up (T3) for hip abduction and extension movements. The CI group only showed improvements 
in hip abduction and extension movements (18.34 (7.13) N and 19.98 (9.60) N, respectively). EI 
group also exhibited an increase of activation in all agonistic muscles in T2 (36.02–20.24 µV), except 
gastrocnemius. Gastrocnemius and rectus femoris activation as antagonistic decreased during dorsal 
flexion (− 14.28 (5.61) µV) and hip extension (− 14.78 [6.11] µV), respectively. CI group only showed 
an activation increase of agonistic muscles of hip abduction and extension (22.16 (9.80) µV and 28.82 
(9.14) µV, respectively), without changes in antagonistic activation. VW could enhance the PE effects 
regarding muscle strength and activation in people with iSCI.

Registration number: NCT04809987.
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Individuals with spinal cord injury (SCI) often experience sensory and/or motor impairment, with an impact on 
various functional capacities and hindering the performance of daily activities1.

One of the most invalidating problems is the loss of voluntary movement control. The coordination between 
agonist and antagonist muscles is particularly affected due to disrupted communication between the brain and 
the muscles. Normally, the brain sends signals to activate the agonists while inhibiting the antagonists, but 
when a SCI occurs, this mechanism is impaired. As a result, the coactivation of agonist/antagonist muscles 
becomes dysfunctional. This lack of proper control leads to muscle spasticity and reduced motor coordination, 
further limiting mobility. Additionally, the loss of sensory feedback exacerbates the difficulty in coordinating 
movements, contributing to the overall motor impairment2. This has a profound psychological and socio-
economic impact on their life3.

Nevertheless, approximately 60% of people with SCI have incomplete injuries, allowing for spontaneous 
functional recovery, the extent on which varies based on injury characteristics and individual factors. Previous 
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research indicates that the neuroplasticity of residual corticospinal fibres plays a crucial role in spontaneous 
functional recovery4,5. This process can be enhanced if the neural recovery mechanisms are properly stimulated. 
In this way, low-cost strategies such as therapeutic physical exercise programs are usually carried out6, aiming to 
encourage neuroplasticity and the reorganization of the cortical representation of the muscles7–9 through early, 
intensive and specific therapies1,3. These therapies are typically focused on the recovery of function, mainly 
through functional motor stimulation (i.e. exercises focused on specific tasks [i.e. gait, balance, etc.]). However, 
people with neurological diseases are sometimes unable to achieve the quantity and quality of physical exercise 
required for a clinically relevant improvement, due to the injury itself. Therefore, previous papers propose to 
combine physical exercise with external devices such as exoskeletons10 in order to assist the movement. However, 
a clear disadvantage is their high cost.

Research suggests that, in addition to exercise, nervous reorganization and functional recovery can be 
influenced by the action of mirror neurons found in motor and premotor areas, as well as other cortical and 
subcortical regions11–13. These neurons report activation, not only when a movement is executed but also when 
a purposeful motor action is observed and closely examined14.

Several studies have explored the impact of mirror neuron-based therapy on motor function in populations 
with central nervous system (CNS) diseases, such as stroke, traumatic brain injury, Parkinson’s disease, or 
Alzheimer’s disease. Specifically, experimental research analyses the effectiveness of different mirror neuron-
based therapies including mirror therapy15, virtual reality therapies16 or Action-Observation therapies17. In 
general, promising results have been obtained in all these populations.

Given the potential for recovery in incomplete SCI as noted earlier, therapies that activate mirror neurons 
might boost neuroplasticity to enhance motor function; their effectiveness has been reported in other CNS 
conditions. But, so far, no previous study has analysed the effect of this therapeutic approach on functional 
recovery in this population; only the effect on pain has been analysed10,18–20.

This study aims to assess the effect of stimulating mirror neurons by combining virtual walking (VW) therapy 
with a physical exercise (PE) program compared to PE alone. The evaluation will focus on outcomes related to 
lower limb muscle activation and maximum strength in individuals with incomplete SCI.

Methods
A single-blinded, two-arm, randomized controlled trial design was employed. This study was approved by the 
Ethics Committee of the University of Valencia (2425590) and performed in accordance with the latest revision 
of the Declaration of Helsinki. All participants signed the written informed consent to participate in the study. 
Moreover, this study was registered at ClinicalTrials.gov (22/05/2021; NCT04809987) and its feasibility was 
comproved21 before the execution of the full-scale study.

Participants
A number of hospitals and associations participated in the recruitment (Hospital Universitari i Politècnic La 
Fe [Spain]; Asociación de Personas con Lesión Medular y otras Discapacidades Físicas [Spain]; Associació 
TetraSport [Spain]; Coordinator of People with Physical Functional Diversity of the Valencian Community 
[Spain]; University Clinic of Nutrition, Physical Activity and Physiotherapy [Spain]; L’association Sport et 
Thérapies Neuro-rééducatives Avancées [France] and the Henry Gabrielle Hospital [France]). The inclusion 
criteria for the participants were: (i) incomplete SCI (ASIA Impairment Scale (AIS) C or D); (ii) cervical, thoracic, 
or lumbar injury; (iii) six months or more since injury22; (iv) ability to walk with or without aids; and iv. ability to 
understand instructions (Mini-Mental State Examination > 23 points). All subjects had undergone conventional 
rehabilitation after their injury at their referral hospital. In order to monitor the amount of physical exercise 
performed during the six months before and during the intervention, the Spanish version of the International 
Physical Activity Questionnaire (IPAQ)23 was used. All of them showed similar amount and intensity level of 
activity was used. Compliance with the inclusion criteria was checked by an SCI-specialist doctor, from the 
relevant hospital unit. The exclusion criteria were: (i) traumatic pathology affecting the legs; (ii) other alterations 
of the CNS or Peripheral Nervous System (SNP); (iii) alterations of the vestibular system; and (iv) concomitant 
diseases.

To calculate the sample size, the G*Power24 software was used. Since there were no previous studies using a 
similar intervention for assessing functionality from which to extract the estimated effect size, a power or ability 
of 80% to detect false negatives, an ability to detect a medium effect size (Cohen’s d = 0.5), and a 0.05 probability 
of type I error, were established. Taking into consideration that participants were to be divided into two groups, 
and a total of 4 assessments were to be conducted, a total of at least 40 participants were included.

Procedure
During the first visit, potential volunteers signed the informed consent. In order to control the possible 
confounding factors, a clinical interview was conducted to collect the anthropometric and demographic data 
(i.e., height, weight, age and sex), and clinical data evaluated by the doctors of the volunteer’s relevant hospital of 
origin (i.e., Level of injury, Level in AIS, Cause of injury, Comorbidities and Walking aids). Moreover, participants 
were randomly divided into two groups using the Random Allocation Software25 with a simple randomization 
method performed by a blinded assistant: Experimental Intervention (EI) group, in which VW and gait-specific 
physical exercises were administered, and Control Intervention (CI) group, in which placebo VW and the same 
PE program were administered.
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Intervention protocol
A total of 18 sessions (3 sessions per week for 6 weeks) lasting 45 min were performed, based on the criteria 
established by the American College of Sports Medicine26. The intervention protocol was applied by two trained 
researchers (NSR and EMG)21.

Depending on the group, the participants performed one of two types of interventions: (i) EI: Virtual Walking 
(VW) combined with Physical exercise (PE); or (ii) CI: Placebo VW combined with PE. Each part is described 
below:

•	 VW: the participant was placed in a standing position (using an ad-hoc designed system) in front of a mirror 
(which reflected the upper body) and a height-adjustable screen (lower body) on which a legs-in-motion 
video was projected (Supplementary Material 1). In order to adapt the legs in each case, healthy people with 
varying constitutions were previously recorded. Thus, there was a visual accommodation of the legs projected 
to the size of each participant during the first session. Participants were asked to watch and integrate the pro-
jected legs into their reflected upper body, creating the illusion of a complete mirror image. This VW program 
lasted 10 min (Fig. 1).

•	 Placebo VW: the instrumentation was the same as for the VW intervention, based on previous studies ap-
plying this protocol aiming at treating neuropathic pain18,19,27. However, the projection consisted of a series 
of videos not showing any type of human or animal movement; accordingly, brain motor areas were not 
stimulated14. For CI, participants were asked to pay attention and focus on the landscapes projected in the 
video, avoiding thinking about anything else. Maintaining the experimental set-up and the positioning of 
the patient let to maintain the greatest fidelity to the EI protocol, except for the projected video. Therefore, 
potential differences between groups after the intervention should be attributed to the activity of the mirror 
neurons produced by VW.

•	 PE: this intervention (Annex 1) was divided into two parts. In the first one, specific gait training was per-
formed, including coordination and balance training. In the second one, strength and stretching training 
was performed. The protocol was adapted to the physical condition of each participant, considering the level 
of fatigue perceived. Annex 1 shows the variety of exercises according to functional ability and fatigue. In 
addition, exercises were adjusted weekly, considering each participant’s progress. This program lasted 30 min.

Assessment
Two blinded assessors conducted all tests (SMC and PSA). These researchers were blinded to patient allocation. 
To ensure even greater blinding, the assessors were not involved in any aspect of the intervention process and 
had no contact with the intervention team. Assessments were conducted in a separate laboratory, and patients 
were instructed not to discuss any details of the intervention they received with the assessors. Additionally, all 
equipment and test procedures were standardized to minimize potential bias or cues that could reveal the group 
allocation to the evaluators.

Fig. 1.  Set-up protocol.
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Four evaluations were carried out:

•	 T1: before the intervention.
•	 T2: post-intervention (6 weeks from the start of the study).
•	 T3: 4 weeks after the intervention (10 weeks from the start of the study).
•	 T4: 12 weeks after the intervention (18 weeks from the start of the study).

Maximum voluntary isometric strength and muscle activity were both recorded during the following actions: 
ankle dorsiflexion, knee extension, hip abduction, hip extension, and ankle plantar flexion. Both recordings were 
started manually by the same operator.

Before starting the test, the researcher explained the movement to the participants. They then performed 
a familiarization test, and the researcher corrected any possible compensations. The strongest lower limb 
(according to the AIS scale) was measured.

Participants were asked for three maximum voluntary isometric contractions (MVIC). Each measurement 
was repeated 3 times (5 s contraction and 5 s rest) and with approximately 2 min of rest between the different 
muscle group assessments. We manually identified the start and end points. To do this, we used the double 
threshold method28, which involves comparing the amplitude of the rectified EMG signal to a preset threshold 
value (i.e., 30 µV), during a present number of consecutive samples exceeding the first threshold (i.e., 30 ms).

For the evaluation, the participants were positioned in lateral decubitus, with their legs in a neutral position 
retained with a suspension system. This procedure was chosen to allow the recording of muscle activity described 
in the following section. Annex 2 shows the description of each assessed movement, as well as the instructions 
given to the participants.

The isometric strength of the lower limb was measured using a load cell (Strength sensor kit, Chronojump 
Boscosystem®, Barcelona). This sensor was previously validated (ICC 0.75–0.90)29 and used in other strength-
impaired population30. For the signal analysis, the central 3 s of each repetition were used. Thus, the maximum 
peak and the mean strength in these 3 s was selected from each repetition to subsequently obtain their average. 
Generally, there were no differences between repetitions that exceeded the threshold of 20%. Only in a few cases 
in which bad positions or compensated movements occurred in any of the contractions, we decided to repeat 
the attempt. The difference of 20% was computed based on the mean strength (the software provided the data in 
real-time). We ensured that participants had enough time to recover (1 min)31.

For the assessment of muscle activity, the electromyographic (EMG) signal was recorded using the 5-channel 
BTS 100 FreeEMG system (BTS Bioengineering, Garbagnate Milanese, Milan, Italy). This system was previously 
used in neurological populations32. Muscle activity of the tibialis anterior (as the main representative of 
dorsiflexion), rectus femoris (as representative of the quadriceps muscle group during knee extension), gluteus 
medius (as main representative of hip abduction), biceps femoris (representative of the hamstring muscle group 
during hip extension), and external gastrocnemius (representative of the triceps sural muscle group during ankle 
extension) was obtained.

Prior to assessment, body hair was shaved in the intended areas for sensor placement, and 98º alcohol was 
applied to clean the dermal surface. The sensors were placed following the criteria established by SENIAM33, 
1.5–2 cm apart, in parallel with muscle fibres:

•	 Tibialis anterior: the electrodes were placed at 1/3 on the line between the tip of the fibula and the tip of the 
medial malleolus.

•	 Rectus femoris: the electrodes were placed at 50% on the line from the anterior spina iliaca superior to the 
superior part of the patella.

•	 Gluteus medius: the electrodes were placed at 50% on the line from the crista iliaca to the trochanter.
•	 Biceps femoris: the electrodes were placed at 50% on the line between the ischial tuberosity and the lateral 

epicondyle of the tibia.
•	 Lateral Gastrocnemius: electrodes were placed at 1/3 of the line between the head of the fibula and the heel.

Registration of the EMG signal (µV) was performed with the EMG Analyser software (BTS Bioengineering, 
Italy), using a sample rate of 1000 Hz. The data obtained were subsequently processed using the same software. 
The raw signal was filtered by a 40–400 Hz bandpass filter, by the 4th order Butterworth filter. In addition, a 
50 Hz centred notch filter was used to remove artifacts produced by electrical light from the laboratory itself. The 
root mean square (RMS) of the central 3 s of each muscle action was used for further analysis.

Electromyographic signal outcome was the amplitude of the mean signal of each repetition (i.e., the average 
amplitude of each of the contractions) of the agonist muscle and antagonist muscle for each movement.

Statistical analysis
Data analysis was carried out using the SPSS v28 statistical software (IBM Inc., Chicago, USA). The normal 
distribution of the sample was analysed using the Shapiro-Wilk test, the homoscedasticity of the groups using 
Levene’s test, and sphericity using Mauchly’s test.

For the inference analysis, a mixed factorial ANOVA was used, with the between-subjects factor “intervention 
group” with two categories (EI and CI) and with the within-subjects factor “time” with 4 categories (including 
the 4 evaluations: T1, T2, T3 and T4). The dependent variables used were the peak and mean of the maximum 
strength (in N) and muscle activation (in µVV) during IMVC. For post-hoc comparisons between assessments, 
the Šidák correction was used. Significant differences were assumed when the p-value was less than 0.05.
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Results
The study included 38 people with incomplete SCI, 19 allocated to EI group and 19 allocated to CI group (Fig. 2). 
No differences between groups were found in demographic and clinical data (p = 0.08 for “sex” outcome, p = 0.34 
for “age” outcome, 0.25 for “time since the injury” outcome, p = 0.56 for “level of injury” outcome p = 0.14 for 
“type of injury” outcome, and p = 0.50 for “AIS classification” outcome; Table 1). In the EI group, 7 participants 
presented AIS grade C, while 12 presented AIS grade D; the mean (SD) age was 51.21 (12.80) years old and the 
mean time since injury was 85.11 (100.33) months. The CI group also presented 7 participants with AIS grade C, 
while 12 presented AIS grade D; the mean (SD) age was 49.26 (16.56) years old and the mean time since injury 
was 62.68 (105.15) months.

The normal distribution and the homoscedasticity were accomplished (p > 0.05 in the Shapiro-Wilk and 
Levene’s tests, respectively). Data also accomplished the Sphericity for all measures (p > 0.05), except for strength 
and muscle activation of hamstrings and tibialis anterior (p < 0.05 in the Mauchly test).

For didactic proposes, we have selected one of the muscle groups to better display the results (Figs.  3 
and 4) obtained over the assessments (the information of all muscle groups is in Tables 2 and 3). Moreover, 
Supplementary Material 2 shows an example of strength and activation recording.

Table 2 displays the maximum and mean strength results for the evaluated movements during MVIC, including 
dorsal flexion, knee extension, hip abduction, hip extension, and plantar flexion. Following the intervention, the 
EI group exhibited a significant overall strength increase for all movements after the intervention (T2), with an 
increment ranging from 16.31 N to 34.72 N. In contrast, the CI group only demonstrated a significant strength 

Fig. 2.  Flow diagram. T1 pre-intervention assessment, T2 post-intervention assessment, T3 1 month follow-
up, T4 3 months follow-up.
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improvement in hip abduction and hip extension movements, showing an increase of 18.34 (7.13) N and 19.98 
(9.60) N, respectively.

The EI group maintained significant strength improvements in hip abduction and hip extension movements at 
T3, four weeks post-intervention, showing an increase of 17.20 (6.33) N and 22.29 (8.59) N from T1, respectively. 
On the contrary, the CI group did not sustain the improvements during the 4-week follow-up. Neither group 
maintained the improvements for any movements three months after the conclusion of the intervention.

Table 3 displays the outcomes of muscle activation of the agonist and antagonist of each isometric contraction, 
assessed through electromyography. Overall, the EI group exhibited a significant increase in muscle activation, 
ranging from 36.02 (15.75) µV to 20.24 (8.55) µV, in all agonistic muscles (i.e., tibialis anterior, rectus femoris, 
gluteus maximus, and biceps femoris), except for plantar flexion (gastrocnemius). This increase was observed 
immediately after the EI intervention (T2). Contrary, in the CI group, only agonistic muscles for hip abduction 
and hip extension (gluteus maximus and biceps femoris) exhibited an increase in activation immediately after 
intervention (T2), with values of 22.16 (9.80) µV and 28.82 (9.14) µV, respectively. No differences were observed 
in either group at the 4- and 12-week follow-ups (T3 and T4) for any of the assessed movements.

With regard to the antagonistic muscles, in the EI group, the gastrocnemius during dorsal flexion (− 14.28 
(5.61) µV) and the rectus femoris during hip extension (− 14.78 (6.11]) µV) displayed a significant decrease in 
muscle activation at the end of the intervention (T2). This reduction in activation for the gastrocnemius was 

Group-ID Sex Age Time since injury (months) Level of injury Type AIS

EI-1 Male 62.00 88.00 T5 Trauma C

EI-2 Male 48.00 77.00 T6 Trauma C

EI-3 Male 58.00 432.00 C5-C6 Trauma D

EI-4 Male 50.00 99.00 T12-L1 Oncology D

EI-5 Female 64.00 63.00 C4-C7 Trauma D

EI-6 Male 72.00 133.00 T12-L12 Trauma D

EI-7 Male 46.00 64.00 T6-T7 Surgical C

EI-8 Female 37.00 131.00 T10 Trauma C

EI-9 Female 20.00 228.00 T4-L3 Congenital D

EI-10 Male 48.00 61.00 L2-S1 Oncology D

EI-11 Male 39.00 54.00 L5-S1 Trauma D

EI-12 Male 40.00 57.00 C6-T1 Surgical D

EI-13 Male 46.00 41.00 L3 Trauma C

EI-14 Female 52.00 42.00 L2 Ischaemia C

EI-15 Male 41.00 7.00 C4 Trauma D

EI-16 Male 59.00 7.00 C4 Surgical C

EI-17 Male 59.00 14.00 T8-T10 Ischaemia D

EI-18 Male 66.00 7.00 C4-C5 Ischaemia D

EI-19 Male 66.00 12.00 D10 Ischaemia C

CI-20 Male 35.00 17.00 C3-C6 Trauma D

CI-21 Female 65.00 14.00 C4 Trauma D

CI-22 Female 68.00 17.00 D5 Surgical D

CI-23 Female 42.00 68.00 D12 Other C

CI-24 Male 38.00 456.00 S1 Congenital D

CI-25 Female 70.00 34.00 C4 Other D

CI-26 Male 77.00 12.00 L3-L4 Surgical D

CI-27 Male 40.00 14.00 C4 Trauma C

CI-28 Female 69.00 26.00 C4-C7 Other D

CI-29 Male 28.00 13.00 C1-C2 Other C

CI-30 Female 22.00 65.00 T11-T12 Trauma C

CI-31 Male 43.00 18.00 C5 Trauma D

CI-32 Female 31.00 19.00 T2-T3 Ischaemia D

CI-33 Male 36.00 6.00 C2-C7 Ischaemia D

CI-34 Female 53.00 20.00 C3-C4 Trauma D

CI-35 Male 54.00 95.00 D7 Trauma C

CI-36 Male 60.00 91.00 T12-L1 Oncology D

CI-37 Male 39.00 187.00 C2 and D4 Trauma C

CI-38 Female 66.00 19.00 C4-C6 Surgical D

Table 1.  Demographic and clinical data of the included sample.
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sustained for up to 4 weeks after the intervention (T3, − 17.99 (6.08)), but not after 12 weeks (T4). Conversely, 
no differences were identified in the activation of antagonistic muscles in the CI group for any assessment.

Discussion
This study evaluated the effects of a VW combined with PE intervention (i.e., EI) compared to a placebo VW 
combined with the same PE protocol (i.e., CI) on muscle strength and activation of the agonistic and antagonistic 
muscle groups during isometric lower limb contractions. The EI group showed significant overall strength 
improvements across all the assessed muscle groups immediately after the intervention (T2), maintaining the 
improvements for hip abductors and hip extensors until four weeks post-intervention (T3). Indeed, these muscle 
groups (hip abductors and hip extensors) were the only to increase their isometric strength immediately after 
the intervention (T2) in participants allocated to the CI group. But contrary to EI, these improvements were 
not maintained 4 weeks after the end of the intervention (T3). For the rest of the muscle groups, no significant 
improvements were achieved in the CI group either at T2 or T3. At 12 weeks follow-up assessment (T4), the 
improvements were not maintained for any group.

Fig. 4.  Results of muscle activation (µV) during maximum voluntary isometric contraction for biceps femoris. 
T1 pre-intervention assessment, T2 post-intervention assessment, T3 1 month follow-up, T4 3 months follow-
up, EI experimental Intervention, CI control Intervention.

 

Fig. 3.  Results of load cell (Newtons) during maximum voluntary isometric contraction for hip extension. T1 
pre-intervention assessment, T2 post-intervention assessment, T3 1 month follow-up, T4 3 months follow-up, 
EI experimental Intervention, CI control intervention.
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Regarding muscle activation assessed by EMG, the EI group exhibited significant increased agonistic 
muscle activation during MVIC (except for the gastrocnemius during isometric plantar flexion) immediately 
after intervention (T2), while the CI group showed significant increases only for the gluteus maximum and 
biceps femoris during hip abduction and hip extension, respectively. None of the groups maintained these 
improvements at 4 or 12 weeks after intervention. Furthermore, EI showed significant decreases in antagonistic 
muscle activation, particularly in the gastrocnemius during dorsal flexion and in the rectus femoris during hip 
extension, the first being sustained up to four weeks post-intervention. However, CI did not achieve a significant 
reduction of antagonistic muscle activation after the intervention.

This study represents the first investigation addressing the effects of VW combined with PE on motor 
capacities despite that it is well known that incomplete SCI patients have an inherent capacity for recovery, or at 
the very least, for the recruitment of synergistic muscles, ultimately fostering enhanced functional outcomes4,5. 
Our findings underscore the importance of researching the effects of interventions in addition to PE which 
may maximize the functional capacity potential in this population; they further highlight the need for more 

EI group CI group

T1 (16) T2 (16) T3 (15) T4 (11) T1 (13) T2 (13) T3 (9) T4 (5)

Dorsal flexion

Tibialis anterior (ag) 73.15 (58.44) 109.17 (161.06)* 97.88 (137.51) 110.20 (143.97) 56.38 (56.20) 84.85 (64.37) 69.10 (2.10) 75.39 (64.69)

Strength gain (%) 49.24%

Gastrocnemius (atg) 33.86 (51.67) 19.58 (30.40)* 17.66 (25.79)* 22.74 (30.76) 13.57 (9.29) 14.35 (9.87) 18.50 (13.69) 21.54 (12.85)

Strength gain (%) − 42.17 − 47.84%

Knee extension

Rectus femoris (ag) 108.57 (100.76) 139.42 (94.03)* 128.27 (110.00) 75.83 (61.13) 57.76 (6.19) 81.51 (49.72) 72.88 (28.66) 73.80 (31.95)

Strength gain (%) 28.41%

Biceps femoris 23.22 (19.68) 21.80 (14.46) 26.06 (26.46) 24.65 (21.70) 16.79 (9.47) 22.83 (17.47) 21.17 (21.98) 20.39 (18.46)

Hip abduction
Gluteus maximum (ag) 52.46 (59.30) 73.46 (68.35)* 67.89 (77.29) 57.82 (65.37) 47.15 (69.37) 69.31 (85.02)* 40.55 (53.04) 24.12 (21.00)

Strength gain (%) 40.03% 47.00%

Hip extension

Biceps femoris (ag) 79.68 (82.88) 99.92 (112.06)* 105.48 (123.85) 99.90 (138.02) 65.54 (45.52) 94.36 (59.06)* 82.65 (61.20) 81.63 (62.88)

Strength gain (%) 25.40% 57.70%

Rectus femoris (atg) 39.20 (49.90) 24.42 (28.21)* 22.81 (4.71) 30.25 (34.81) 42.35 (45.58) 39.28 (39.50) 36.30 (30.13) 13.12 (10.78)

Strength gain (%) − 37.70%

Plantar flexion
Gastrocnemius (ag) 34.89 (36.87) 51.79 (78.48) 39.65 (52.55) 31.87 (48.87) 28.71 (17.05) 35.35 (34.84) 30.01 (23.97) 51.47 (38.89)

Tibialis anterior (atg) 23.16 (19.75) 18.45 (18.16) 16.95 (18.07) 21.45 (21.81) 37.21 (33.50) 37.35 (32.01) 44.76 (58.58) 58.59 (43.35)

Table 3.  Results of muscle activation (µV) during maximum voluntary isometric contraction. T1 pre-
intervention assessment, T2 post-intervention assessment, T3 one month follow-up, T4 three months follow-
up, Ag agonist, Atg antagonist. *p < 0.05 with T1. Results are expressed as mean (SD).

 

EI group CI group

T1 (19) T2 (19) T3(19) T4(19) T1 (19) T2 (19) T3 (13) T4 (13)

Dorsal flexion—Peak 58.17 (54.50) 76.64 (56.69)* 71.80 (53.85) 77.56 (58.45) 35.37 (34.43) 43.67 (47.02) 43.56 (49.42) 51.83 (2.87)

Dorsal flexion—Mean 46.95 (45.97) 63.27 (50.78)* 59.16 (47.07) 71.81 (59.11)* 39.23 (41.72) 49.36 (49.91) 46.44 (51.33) 48.68 (57.78)

Dorsal flexion—strength gain (%) 
compared with T1 24.01–37.76% 52.95%

Knee extension—Peak 94.59 (64.03) 121.22 (72.80)* 108.99 (70.55) 116.26 (98.29) 88.11 (51.83) 99.47 (59.31) 91.26 (59.32) 90.38 (55.26)

Knee extension—Mean 87.15 (58.81) 111.87 (67.95)* 101.40 (66.18) 109.30 (94.30) 78.96 (47.58) 83.33 (58.44) 83.89 (52.26) 83.45 (49.42)

Knee extension—strength gain (%) from T1 28.15–28.36%

Hip abduction—Peak 71.56 (50.72) 106.29 (69.28)* 88.77 (57.58)* 78.20 (51.11) 53.36 (41.74) 70.83 (42.81)* 69.57 (54.45) 69.39 (53.78)

Hip abduction—Mean 68.39 (46.68) 94.17 (63.77)* 82.08 (54.80) 69.06 (44.57) 44.94 (33.77) 63.29 (39.32)* 60.40 (47.94) 63.38 (49.90)

Hip abduction—strength gain (%) from T1 37.70 − 48.53% 24.05% 32.74–40.83%

Hip extension—peak 73.12 (74.23) 105.72 (74.17)* 95.41 (79.89)* 89.85 (86.90) 62.16 (35.97) 82.14 (62.26)* 88.00 (61.87) 69.28 (41.05)

Hip extension—Mean 72.88 (68.30) 96.67 (76.19)* 89.55 (77.19) 84.33 (81.83) 56.48 (33.75) 73.21 (56.49) 79.12 (55.53) 60.55 (36.78)

Hip extension—strength gain (%) from T1 32.64–44.58% 30.48% 32.14%

Plantar flexion—Peak 68.17 (72.93) 94.09 (85.21)* 81.71 (77.15) 89.05 (86.40) 53.42 (45.53) 66.94 (85.22) 68.15 (60.50) 65.78 (63.67)

Plantar flexion—Mean 62.13 (64.80) 88.05 (96.66)* 72.37 (74.92) 79.42 (82.74) 47.54 (42.87) 59.11 (47.45) 62.65 (55.71) 56.35 (51.81)

Plantar flexion—strength gain (%) from T1 38.02–41.72%

Table 2.  Results of load cell (Newtons) during maximum voluntary isometric contraction. T1 pre-intervention 
assessment, T2 post-intervention assessment, T3 1 month follow-up, T4 3 months follow-up, EI experimental 
intervention, CI control intervention. *p < 0.05 with T1. Results are expressed as mean (SD).
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comprehensive and personalized rehabilitation strategies to optimize functional outcomes and improve quality 
of life.

During PE, there is repeated and sustained activation of this corticospinal pathway7,8,34. This can lead to 
neuromuscular adaptations, such as more efficient and coordinated recruitment of motor units, increased 
coordination between agonist and antagonist muscles, and enhancement in force-generating capacity35. 
However, the CI group which carried out PE only achieved improvements in hip movement (i.e., abduction 
and extension), both in muscle strength and activation. This may be a consequence of the volume and dosage of 
the exercise program that was adapted to their level of fatigue36. In this line, there are studies37 that suggest that 
solely engaging in adapted sports may not suffice to attain the threshold of physical activity recommended by 
the World Health Organization (WHO) for optimal health. Despite consistent participation in PE, individuals 
often fall short of meeting these guidelines. Thus, it becomes imperative to complement participation in physical 
exercise programs with corticospinal facilitation techniques. Our study serves to underline the potential utility 
of such facilitation, even in cases of partial denervation (i.e., incomplete SCI). While previous research has 
demonstrated its efficacy on motor function in various pathologies, including neurological disorders15–17, its 
application in incomplete SCI has so far remained relatively unexplored.

The improvements obtained in strength in the EI group (increases between 28% and 48% in T2 concerning 
T1), as opposed to the control group, may be linked to the facilitation of the corticospinal pathway4,5 and 
involvement of mirror neuron activation11–13, resulting in neuromuscular adaptations that enhance motor 
system efficiency and force-generating capacity38.

Mirror neurons fire both when an individual performs an action and when he or she observes someone else 
performing the same action. It has been demonstrated that observing movements activates similar motor areas 
in the brain as those activated during actual movement execution11–13. Therefore, visualization or observation 
of movements may activate the corticospinal pathway similarly to actual movement execution itself, facilitating 
motor learning and improving muscle strength. Thus, when an individual observes an action with a given 
objective performed by another individual, as was noted in the VW protocol, the neurons that represent this 
action are activated in the motor and premotor cortex of the observer, transforming the information received 
visually into knowledge39–41. This ability to activate through observation is especially relevant in the case of CNS 
injury since the neuronal interruption does not allow certain motor tasks to be performed, as in incomplete 
SCI. Adding this VW protocol to the PE program may explain why the EI group showed greater strength for all 
assessed muscle actions immediately after finishing the intervention (T2) compared to the CI group, and further 
maintained the effects over 4 weeks for those muscle actions that improved in the CI group (i.e., hip extension 
and abduction for T3).

The ability to generate force is intricately linked to EMG activity42, providing valuable insights into 
neuromuscular function during muscle actions. This is why this study presents EMG recordings, offering 
information about the agonistic-antagonistic muscle activity involved in force production. Specifically, an 
increased EMG amplitude of agonistic muscle and a decreased EMG amplitude in antagonistic muscles correlate 
with higher force output, indicating greater motor unit recruitment and activation42. In both groups, results 
showed an amplitude increment for those agonistic muscles in which an improvement in strength was obtained. 
Therefore, a greater activation of the agonist muscles has led to an improvement in strength.

The antagonist muscles were also assessed since agonist-antagonist synergy becomes difficult in people with 
neurological diseases. None of the results for antagonist muscle activation during MVIC changed after the CI. 
Conversely, both the rectus femoris during isometric hip extension and the gastrocnemius during isometric 
dorsal flexion reduced their activation after the EI (T2). In the latter case, these results were sustained up to 4 
weeks after the intervention (T3). These results suggested that VW would partially improve the coordination 
between agonistic and antagonistic muscles through corticospinal pathway activation, facilitating motor 
learning, and allowing the production of a higher force in the analysed movements.

Regrettably, the results of this study cannot be directly compared with previous research in this population, as 
existing studies assessing virtual reality programs—only partially similar to ours—have not measured isometric 
strength, relying instead on clinical functional movement tests43,44. Nevertheless, studies in other populations, 
such as stroke and Parkinson’s disease, have explored combined virtual reality interventions with physical 
exercise45–47. Consistent with our findings, they reported strength improvements exclusively in groups receiving 
combination therapy, underscoring the enhanced efficacy of integrating these approaches.

It should be noted that all the discussed improvements have been achieved through a simple experimental set-
up in terms of space and economic investment. This emphasizes the potential for translating these findings into 
practical and at-home applications, thereby empowering individuals to enhance their strength and functional 
abilities within the comfort of their environment. Further research should focus on optimizing the protocol 
to make it even more accessible and user-friendly, targeting specific populations such as those with mobility 
impairments. It would also be valuable to conduct longer-term studies to assess sustained benefits and to explore 
integration into rehabilitation programs. Once these adaptations are made and tested, the next logical step would 
be to develop affordable, easy-to-use kits or mobile applications to guide users in their own homes. This could 
revolutionize personal health maintenance, enabling a wide range of individuals to maintain or improve their 
physical capabilities without requiring specialized facilities or significant financial investment.

However, this study presents some methodological limitations that should be considered when interpreting 
the results: (i) Although not unusual when researching with people presenting spinal cord injury, the sample 
showed high heterogeneity, so maybe type II errors should not be discarded; (ii) Therapists could not be blinded 
due to the nature of the intervention; (iii) It was also not possible to completely blind the volunteers since 
the PE part was to be performed actively; (iv) there were two people who did not complete the treatment, 
and therefore the proposed sample size was not reached; (v) ain the follow-up assessments (T3 and T4) some 
volunteers dropped out of the study (for reasons unrelated to the study) and therefore, the adequate sample size 
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was not achieved in these assessments; and (vi) EMG activity of adductor muscles was not recorded because the 
assessment position for the adductors made contact between EMG sensors impossible.

Conclusion
Based on the results, this study evidenced that activation of the mirror neuron system through VW could 
enhance the effects of PE regarding muscle strength and activation in people with incomplete SCI. Moreover, the 
addition of VW can prolong the effect of the treatment after it has ended.

This highlights the potential need for continued treatment to preserve long-term benefits, suggesting that 
while the EI approach shows promise, ongoing interventions may be necessary to ensure lasting outcomes in 
muscle strength and activation.

Data availability
Datasets generated during the current study are not publicly available, but are available from the corresponding 
author on reasonable request.
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