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Abstract

Background Electromyography (EMG) biofeedback has been used in spinal
cord injury rehabilitation, but optimal indication and treatment protocols
still need to be identified. Objectives To use an operant conditioning learn-
ing paradigm to compare the EMG responses in subjects with spinal cord in-
jury for optimal indication of EMG biofeedback treatment. Participants Thirty
rehabilitation outpatients with incomplete cervical spinal cord injury. The
subjects were divided into three groups based on their scores on the ASIA
scale (ASIA B, ASIA C and ASIA D groups), with ten patients in each group.
Methods Repeated-measure trials were conducted to compare patients’ EMG
responses between pre-initial and post-biofeedback treatment. In the sessions,
visual feedback of EMG activity of the triceps brachii muscle was provided
to the patient in accordance with the treatment protocol. Results One-way
ANOVA and the Kruskal-Wallis test were used to examine the differences in
the measures between groups. The initial EMG and final EMG measures were
not significantly different between the ASIA C and D groups, but these meas-
ures were different between the ASIA B group and the ASIA C and D groups.
In the ASIA B group, the EMG responses started out lower than those in the
other groups and varied less, especially in comparison to the ASIA C group.
Conclusion: These results reveal that the patients classified as ASIA C and D
achieved better responses of the operant conditional learning protocol and
optimal indication for the biofeedback treatment.
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1. Introduction

Spinal cord injury (SCI) results from direct trauma to the tissue and is associated
with loss of motor, sensory, and autonomic functions caudal to the site of injury
[1], leading to a loss of independence. [2] The global incidence of SCI varies
from 8.0 to 246.0 cases per million inhabitants per year. [3] In Brazil, the inci-
dence of SCI is 40 new cases/year/million inhabitants. [4] SCI affects not only a
patient’s physical and psychological health but also the patient’s family, the
broader community and the economy. [5]

The goals of rehabilitation are mainly to improve quality of life through func-
tional independence, social inclusion, and community reintegration [6] [7]. Pa-
tients have indicated that walking and standing are highly desirable goals. [8] To
compensate for functional loss and to use parts of the sensory motor system that
are still intact, professionals in the area use FES, locomotor training, [9] func-
tional activities, muscle strength, electromyography (EMG) biofeedback [10] and
home exercise. [11]

Biofeedback is an operant conditioning technique used to establish learned
voluntary control of specific physiological responses. [10] A patient’s biological
information is measured, and feedback is provided to the patient to increase
awareness and control over the biological process, [12] thereby providing visual
and auditory information regarding muscle contraction and movements in real
time. [13] SCI patients could increase the EMG responses of muscles below the
level of injury after receiving EMG biofeedback, [10] and the subjected who used
this technique could reduce their stretch reflex. [14] As observed in the litera-
ture, EMG biofeedback has been used in SCI, but studies regarding the optimal
indication and protocols are necessary.

Therefore, this study aims to use an operant conditioning learning paradigm
to compare the EMG responses in subjects with spinal cord injury for optimal
indication of EMG biofeedback treatment. This study also describes future re-

search directions.

2. Method
2.1. Subjects

The subjects were 30 individuals with quadriplegia resulting from incomplete
cervical SCI, at level C6, C5 and C4, who presented for EMG biofeedback ses-
sions and treatment at the University of Sant’Anna Rehabilitation Center, Sdo
Paulo and at the University of Miami Biofeedback Rehabilitation Center. At the
time of the EMG testing and biofeedback sessions, all subjects had reached a
plateau in their functional recovery and had already gone through physical thera-
py interventions. Individuals with other neurological disorders (e.g., brain in-
jury, stroke, cognition disorders) were excluded. Subjects’ clinical characteristics
are listed in Table 1.

The subjects were evaluated according to the American Spinal Injury Associa-
tion (ASIA) Impairment Scale [15] and divided into 3 groups (ASIA B, ASIA C
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and ASIA D) with 10 subjects per group. Each group presented the same level of
recovery. Patients with gradation ASIA A and E were excluded. The subjects
were outpatients at the University of Sant’Anna Rehabilitation Center, Sdo Paulo
and at the University of Miami Bio-Feedback Rehabilitation Center in august of
2002 for the period of one month treatment.

Subjects then signed a Participation Consent Form, previously authorized by
the Committee of Ethics in Research of the Medical School of the University of
Sdo Paulo—USP. All the subjects consented to the use of their data for this
study.

2.2. Material

EMG measurements were obtained with disposable surface electrodes (Ag/AgCl
3M®) connected to the Neuroeducator (Therapeutic Alliances, Inc). EMG was
calculated by analysing the root mean square voltage with an integral noise level
of less than 0.2 uV, a bandwidth of 10 to 1000 Hz, and a common mode rejection
better than 140 dB, with a sampling frequency of 1 kHz. EMG signals were inte-
grated over 0.1 sec, calibrated in uV sec, and displayed on the 20” colour monitor
in the form of a continuous line updated every tenth of 1 sec for sweeps of 20 sec
duration, [10] and visual feedback of the muscle was provided to the subject.

Table 1. Clinical characteristics of subjects—Q1 = 1st quartile; Q3 = 3rd quartile; SD = Standard Deviation; CV = Coefficient of
variation; SW = Shapiro-Wilk test; * = p < 0.05; ** = p < 0.01; *** = p < 0.001.

Clinical General ASIAB ASIA C ASIAD
Characteristics (n=30) (n=10) (n=10) (n=10) p value
NEUROLOGICAL LEVEL (30)
C4 9 (30%) 5 (50%) 4 (40%) 0 (0%) 0.072b
C5 16 (53.33%) 4 (40%) 4 (40%) 8 (80%)
C6 5 (16.67%) 1 (10%) 2 (20%) 2 (20%)
YEARS SINCE INJURY (30)
Min-Max 1-7 1-7 1-6 1-7 0.722f (7 = 0.05)
Q1-Q3 2-4 2-475 1.25-3.75 2-4
Median 2 3 2 2.5
Mean 3.07 3.5 2.7 3
SD 1.93 2.27 1.77 1.83
CvV 62.89% 64.94% 65.44% 60.86%
SwW 0.001** 0.120 0.106 0.137
AGE IN YEARS (30)
Min-Max 20 - 48 20 - 48 20 - 34 21-39 0.051f (77 = 0.15)
Q1-Q3 22.25-33.75 27.75-38.25 21-28 23.25-34
Median 28 31.5 22 27
Mean 29.1 33.6 24.8 28.9
SD 7.95 9.3 5.29 6.81
Ccv 27.33% 27.68% 21.32% 23.55%
SW 0.009** 0.560 0.014* 0.140
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3. Procedures
3.1. EMG

The 3 disposable surface electrodes were positioned in the triceps brachii muscle.
Two electrodes used to measure the electrical signal were positioned between the
motor point and tendon insertion. The third electrode, which was positioned
between the other two electrodes, was used as a reference and acted as the ground.
The electrodes were connected to the Neuroeducator (Therapeutic Alliances,
Inc).

For the initial EMG (EMGi) measurement, the patient was in the sitting posi-
tion in a wheelchair in front of the 20” monitor, the shoulder was held in 90°
flexion, and the elbow was held at a starting point of 90° flexion. The therapist
instructed the patient to extend the right elbow and then the left elbow. The
EMGi measure was obtained from the highest voluntary EMG response from the

triceps brachii during elbow extension or the attempt of the movement.

3.2. Biofeedback Sessions

In the same position as the initial measures, the therapist held their own arm
and provided instruction to the patients on how to perform an elbow extension;
when possible, the therapist provided resistance. A criterion line was placed on
the monitor in the upper standard deviation of the subject’s integrated EMG re-
sponse. The subjects were advised that the moving line that they were about to
see on the monitor was a reflection of the EMG signal of the triceps. The subjects
were then informed that their task was to increase the magnitude of the moving
line to a level higher than the criterion line. The subjects were given 20 seconds
to complete the task and were verbally reinforced when the amplitude of the
EMG was higher than the criterion line. After the 20-second trial was completed,
the EMG data were analysed. If the magnitude of the voluntary EMG response
was higher, then the set criterion line was raised to the upper standard deviation
of the new larger EMG response. The procedure was repeated until the magni-
tude of the EMG reached a plateau. It was repeated as many times as the patient
could do, and the right and left sides were alternated in the session with rest
times in between. If the patient reached 640 microvolts in the EMG responses,
they no longer needed to try because this was the value considered normal in the
protocol.

Each patient had an individual file, and the highest EMG response of each ses-
sion was collected. The highest EMG response in microvolts from all the sessions
was used as the final EMG (EMGf) response.

4. Statistical Analysis

The homogeneity of the groups was tested using Fisher’s exact test for neurolog-
ical level, and the equality of distribution of years since injury and age between
ASIA groups was tested using the Kruskal-Wallis test. A p-value > 0.05 indicated

that we should not reject the association or the equality of distributions.
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The EMGi and EMGf on the right and left triceps and the variation between
the initial and final measurements were analysed using one-way ANOVA. The

Kruskal-Wallis test (nonparametric equivalent) was used to verify the differenc-

es between the groups Paired comparisons were made using Dunn’s post-hoc
test for the Kruskall Wallis test and Tukey’s test for ANOVA. (Table 2)

Table 2. Triceps brachii EMG initial (EMGi) and final (EMGf) response—Q1 = 1Ist quartile; Q3 = 3rd quartile; SD = standard

deviation; CV = coefficient of variation; SW = Shapiro-Wilk test; * = p < 0.05; ** = p < 0.01; *** = p < 0.001.

Characteristics General ASIA B ASIA C ASTIAD p value
(n =30) (n=10) (n=10) (n=10)
Right triceps brachii - EMGi Mv (30)
Min-Max 2-799 2-74 118 - 390 205 -799 <0.0017**f (12 = 0.78)
Q1-Q3 25.75 - 301 5.75-23 132.5-221 265 - 619.5
Median 139.5 135 139.5 340
Mean 213 19.5 189 430.5
SD 214.77 21.43 93.19 211.38
CvV 100.83% 109.89% 49.31% 49.1%
SW <0.001*** 0.006** 0.006** 0.121
Right Triceps brachii - EMGf Mv (30)
Min-Max 3-800 3-85 251 - 661 320 - 800 <0.001***e (17 = 0.69)
Q1-Q3 57.25 - 624.5 15.25-53 367.75 - 619.75 488.5 - 793.5
Median 397.5 33 430.5 609
Mean 370.07 34.5 465 610.7
SD 281.91 26.53 152.61 180.61
CvV 76.18% 76.89% 32.82% 29.57%
SW 0.008** 0.566 0.229 0.174
Right side variation (30)
Min-Max 0-497 1-38 112 - 423 0-497 <0.0017%*f (172 = 0.52)
Q1-Q3 17.25 - 260 5.75-20.25 242 - 331.75 122 - 239.75
Median 146.5 14.5 272 156
Mean 157.07 15 276 180.2
SD 144.57 11.6 88.86 143.43
Ccv 92.04% 77.3% 32.2% 79.6%
SW 0.007** 0.617 0.965 0.250
Left triceps brachii - EMGi Mv (30)
Min-Max 1-649 1-83 119 - 620 190 - 649 <0.001%%*f (1 = 0.77)
Q1-Q3 33.75-308 6.5 -26.25 131.5- 238 292.25 - 628
Median 157.5 17 157.5 490
Mean 232.3 23.6 222 451.3
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Continued
SD 224.99 25.59 152.87 193.11
Ccv 96.86% 108.42% 68.86% 42.79%
SW <0.001*** 0.026* <0.001*** 0.029*
Left triceps brachii - EMGf Mv (30)

Min-Max 3-800 3-179 325 - 800 395 - 800 <0.001%*f (77 = 0.69)
Q1-Q3 101.75 - 697.25 16.5 - 80 405.75 - 689.5 640.75 - 798.75
Median 498 52.5 585 716

Mean 436.7 64.7 558.1 687.3
SD 301.45 62.8 176.98 132.81
CvV 69.03% 97.06% 31.71% 19.32%
SW 0.002** 0.084 0.368 0.043*

Left side variation (30)

Min-Max 1-519 1-128 166 - 519 84 - 410 <0.001%**e (17 = 0.68)
Q1-Q3 63 - 347 9-57 208.25 - 454 148.75 - 350
Median 172 35 336 191.5
Mean 204.4 41.1 336.1 236

SD 161.41 41.15 136.17 117.05

(% 78.97% 100.12% 40.51% 49.6%

SW 0.027* 0.105 0.197 0.157
5. Results

When comparing EMGi responses before biofeedback and EMGf responses after
biofeedback, we found differences in the distributions or means for all measures
between the groups. (Figure 1 and Figure 2) The scores did not differ between
the ASIA C and D groups, but these scores did differ between the ASIA B group
and the ASIA C and ASIA D groups.

For the variation measures, we found that for the right arm, the variance in
the ASIA B group was statistically smaller than that in the ASIA C group but not
the ASIA D group. Difference between group B and group C (p < 0.001***), dif-
ference between group B and group D (p = 0.054), difference between group C
and group D (p = 0.085). In the left arm, the variance was statistically smaller in
the ASIA B group than in the ASIA C and ASIA D groups. Difference between
group B and group C (p < 0.001), difference between group B and group D (p <
0.001), difference between group D and group C (p = 0.108).

The EMGi and EMGf did not significantly differ between the ASIA C and D
groups, but these measures did differ between the ASIA B group and the ASIA C
and D groups. (Figures 3-6)

This finding indicates that the measures in the ASIA B group start off lower
and vary less than those of the other groups, especially in comparison to the
ASIA C group measures.
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Comparison between scores obtained 'before’ and
‘after’ biofeedback - Right side (n=30)
Repeated Measures ANOVA
F(2,27)=18.282, p-value<0.001

800

600

ASIA group
%400 - B
7] - C

- D

200
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Before After

Figure 1. Comparison between scores obtained before and after biofeed-
back-right side (n = 30).

Comparison between scores obtained 'before' and
‘after' biofeedback - Left side (n=30)

Repeated Measures ANOVA
F(2,27)=19.895, p-value<0.001
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Figure 2. Comparison between scores obtained before and after biofeed-
back-left side (n = 30).

Comparison of 'Right triceps brachii-EMG
initial 'EMGi Mv" distributions by 'ASIA
group' (n=30)

Kruskall-Wallis (x(2)=23.09, p<0.001)
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Figure 3. Comparison of right triceps brachii-EMG initial —-EMGi Mv
distribution by ASIA group (n = 30).
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Comparison of 'Right triceps brachii-EMG
final 'EMGf Mv" means by 'ASIA group'
(n=30)
ANOVA one-way F(2,27)=77.68, p<0.001
800

600 6107
400

| —

o *

n=1 0 n= 10 n=1 0
ASIA group

Right triceps brachii-EMG final 'EMGf Mv'

Figure 4. Comparison of right triceps brachii-EMG final—EMGf Mv
means by ASIA group (n = 30).

Comparison of 'Left triceps brachii-EMG
initial 'EMGi Mv" distributions by 'ASIA
group' (n=30)

Kruskall-Wallis (x%(2)=22.89, p<0.001)
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Figure 5. Comparison of left triceps brachii-EMG initial —-EMGi Mv dis-
tributions by ASIA group (n = 30).

Comparison of 'Left triceps brachii-EMG
final 'TEMGf Mv" distributions by 'ASIA
group' (n=30)

Kruskall-Wallis (x2(2)=20.66, p<0.001)
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Figure 6. Comparison of left triceps brachii-EMG final —EMGf Mv dis-
tributions by ASIA group (n = 30).
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6. Discussion

In recent years, the use of biofeedback has been growing in many areas and has
been shown to be effective in fibromyalgia [16], chronic low back pain [17], uri-
nary incontinence [18] [19] and motor recovery after stroke [20].

The efficacy of biofeedback in SCI rehabilitation is still unclear, as optimal
treatment protocols or indications have been identified, resulting in poor out-
comes and mixed success.

In 1996, Kohlmeyer ef al [21] studied a group of cervical spinal injury pa-
tients and concluded that biofeedback protocols did not increase the level of re-
covery of wrist extension function more significantly than traditional treatment.

The results of this study revealed that it is possible to increase the EMG res-
ponses below the level of the injury after spinal cord injury with biofeedback
sessions, as was concluded by Brucker and Buleva [10], but this increase is re-
lated to the motor recovery level that the patient presents, requiring a minimum
of neuromotor activity return in the muscle that will be treated and an operant
conditioning paradigm protocol treatment.

Operant conditioning, which depends on the stimulus of an answer and is also
known as trial-and-error learning [22], is directly related to the success of EMG
biofeedback treatment. [10]

Based on the operant paradigm protocol, the patients were well aware of the
goals of the sessions, the instructions for the movement and the explanation of
the work they were supposed to do, and verbal motivation and rewards were
given in all tries.

We believe that the learning paradigm was a key factor for increasing EMG
amplitudes, as the subjects had a chance with this protocol to use the capacity
of the spinal cord to learn “spinal learning” [23] [24] [25] through active-
dependent plasticity [23]. Edgerton ef al [26] related that one of the ways that
altered EMG ratios might occur is via a conscious reeducation of the motor sys-
tem. After central nervous system injury, the EMG biofeedback session is one of
the ways to visualize the EMG signal, and through this visualization, patients can
try to better access the circuits that still have not been used through the repeti-
tion of movement of a certain muscle. [27]

We suggest that the differences in EMG responses between each group of pa-
tients were directly related to the motor response return level of the subjects. For
some contraction or small movements, it is necessary to allow the equipment to
measure the electrical signal in the muscle that represents the effort of a better
use of the spinal cord in each try. We suggest that this is the reason why patients
in groups ASIA C and ASIA D could increase their EMG responses. Other ob-
servation is that, during the sessions the therapist was able to provide resistance
to the elbow extension movement to the patients in groups ASIA C and ASIA D.
With this strategy the patients could increase the EMG responses. The subjects
in group ASIA B could not visualize the effort of the trials in the monitor, as

their muscle score was 0 with no palpable or visible contraction at the triceps
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brachii, with no possibilities to use the same strategy used with patients in
groups ASIA C and ASIA D. As the subjects of the present study had incomplete
SCI with different levels of muscle strength, one subject in group C had a high
EMGi response in the left side comparing to the others in the group (Figure 5)
and one subject in group D had a low EMGf in the left side comparing to others
in the group. (Figure 6) In this study, it was observed that even within the same
level of injury, there were differences in responses. Other studies that investi-
gated the use of EMG biofeedback in spinal cord injury did not evaluate the re-
covery level but only the injury level. [28] [29]

In 2001, Wolpaw and Tennissen [30] explained that the operant conditioning
protocol in humans and animals can produce changes in reflexes that are asso-
ciated with functional and structural plasticity, including changes in motor neu-
ron firing threshold, axonal conduction velocity and synaptic terminals on mo-
tor neurons. Additionally, compartmental changes produced by practice or after
a lesion reflect the combination of multiple supraspinal plasticity, and induction
and orientation of the activity-dependent plasticity in the cord are essential
components in new therapeutic techniques with the goal of maximizing func-
tions after spinal cord injury or recovery functions in a spinal cord that has re-
generation.

There have been significant advances in research on spinal plasticity [24] [31]
[32] [33]. These advances may be applied for the treatment of spinal cord injury.
Functional recovery after an injury depends in part on the reorganization of un-
damaged neural circuits using activity-dependent plasticity, where the spinal
circuitry is capable of significant reorganization through neuronal plasticity. [33]
A recent study [34] reported that the key factor in recovery is the largely activi-
ty-dependent plasticity of spinal and supraspinal networks.

Rehabilitation methods using neuroplasticity can yield better results after SCI,
and EMG biofeedback can be applied to increase electrical signals below the level
of injury. Using EMG biofeedback with correct indications and the use of an
operant conditioning paradigm can orient and induce spinal plasticity, thereby
integrating rehabilitation treatments after SCI. The combination of therapies can
offer better results and lead to a level of functional recovery that would not be
expected, thus contributing to better quality of life.

Future research should examine whether the increase of the EMG responses
after the treatment results in functional and motor improvement among subjects
undergoing the treatment who maintain the achieved EMG levels. Future re-
search should also include a control group without EMG biofeedback treatment

for comparisons.

7. Limitations

The present study did not include a control group to measure and quantify
changes in the variables. This study did not evaluate the patients using the same

scale (ASIA) after the biofeedback treatment, to compare and observe gains in
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motor control or functional abilities. For this reason, was not possible to affirm

if the EMG treatment contributing to better quality of life.

8. Conclusion

These results reveal that the patients classified as ASIA C and D achieved better
responses of the operant conditional learning protocol and optimal indication
for the biofeedback treatment
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