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Abstract

Background: Until now, a variety of techniques have been introduced to address the adverse effects of NS-CLBP, including spinal manipulation technique (SMT) and
muscle energy technique (MET). However, most of these techniques have focused on pain assessment and disability. In other words, the intermuscular synchronization
between the co-contracting muscles was not considered, and hence, the effectiveness of these techniques on the corticospinal tract function was not studied.
Objectives: This study aimed to compare the effects of SMT and MET on corticospinal tract function during four phases of standing, flexion, relaxation, and extension in
flexion-extension task (F-ET) in NS-CLBP using pair-wise coherence of Beta-band intermuscular coherence (Bb-IMC).
Methods: Twenty volunteer healthy male subjects and twenty-four male subjects with NS-CLBP (20 - 45 years of age) participated in this work. The patients had continuous
or recurrent symptoms for three months or more without any referral pain to the lower extremities. The patients were randomly assigned to two equal intervention
groups (SMT and MET), and the techniques were applied as described by Greenman. Surface electromyography (sEMGs) from lumbopelvic muscles was recorded for all
participants (i.e., healthy group and the patient groups), while they performed three trials of F-ET, and the pair-wise coherence for all muscles was calculated using Bb-IMC
analysis. Besides, in the patient’s groups, sEMGs from the muscles were recorded before and after the interventional techniques (i.e., SMT and MET), while they performed
three trials of F-ET, and the pair-wise coherence was calculated. Multivariate analysis of variance test was used to compare the healthy subjects and patient groups before
the interventions in A and B muscle cross at different phases of F-ET task. Furthermore, in the NS-CLBP patients, comparisons were made before and after the interventions
in each group (i.e., SMT and MET groups) as well as between the two groups in A and B muscle cross at different phases of the F-ET task.
Results: In the standing phase of F-ET, there were no significant differences in the SMT and MET group before and after the intervention in PWC of A muscle cross and B
muscle cross (P < 0.05). Considering the flexion phase, there were significant differences in the SMT group in all pair muscles as PWC (M1-M4), PWE (M1-M6), PWC (M4-M6)
(P < 0.05), whereas there was one significantly in PWC (M4-M6) in the MET group (P < 0.05). In the relaxation phase, the SMT had significantly in PWC (M2-M5), whereas
there was one significantly in PWC (M4-M6) in MET group (P < 0.05). In the extension phase, although the SMT was not significant (P < 0.05) in the MET intervention
group, there were significant differences in the PWC (M2-M3) and PWC muscles (M2-M5).
Conclusions: This study provided some pieces of evidence about the effects of one of the common manual therapy techniques on the primary motor cortex and corti-
cospinal drive in the NS-CLBP patients. The results showed that, by increasing the pair-wise coherence in all phases of FE-T, SMT intervention was more effective than MET
intervention. Therefore, the pair-wise coherence of Bb-IMC can be considered an approach for clinicians when designing the rehabilitation protocol to ensure optimal
treatment.

Keywords: Non-specific Chronic Low Back Pain, Spinal Manipulation Technique, Muscle Energy Technique, Flexion-Extension Task,
Beta-band Intermuscular Coherence, Pair-wise Coherence

1. Background

Non-specific chronic low back pain (NS-CLBP) is a com-
plicated biopsychosocial problem with various manifesta-
tions (1). Neuroimaging research had shown that chronic
musculoskeletal pain such as NS-CLBP could be the cause
of structural and functional cortical reorganization (2). Be-
sides, it was shown that the activity of the lumbopelvic
muscles had altered with changes in the motor cortical
representation of the muscles in patients with NS-CLBP (3),
which, in turn, leads to chronic pain. It thus attracted some
researchers to study the potential role of abnormal pro-
cesses of the cortical central nervous system in patients
with NS-CLBP (4, 5). Accordingly, various studies have con-
cluded that altered patterns of muscle activation, such as

flexion relaxation phenomena in the trunk forward flexion
movement, may be caused by pain and avoidance behav-
iors (pain-related fear) (6, 7). Trunk forward flexion move-
ment contributes to all physical and functional daily living
activities and can be linked to the fear of pain and expected
pain as an effective agent to the changes in the representa-
tion of the cortex (8, 9). Intermuscular coherence (IMC) is a
process in which coherence analysis between surface elec-
tromyography signals from the synergistic muscles. IMC
was suggested as a useful tool for motor control studies,
and it could be have a better perception of the CNS strate-
gies procedure (10), and it is capable of quantifying the pair
of muscle common oscillatory drive (11). Besides, it might
reveal the presence of neural presynaptic shared inputs
from the motor cortex (12), and the contributions of com-
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mon spinal interneurons (13). By studying the peripheral
information only, IMC aims to identify these neural mecha-
nisms. Moreover, it was shown that at specific frequencies,
including delta, alpha, beta, and gamma as "0 - 5HZ", "5 -
15 HZ", "15 - 30 HZ", and "30- 60HZ", respectively, the coher-
ence had been mediated via specific pathways. Thus, anal-
ysis of coherence detected at different specific frequen-
cies could supply considerable information on the nervous
system function for controlling the muscle’s activity dur-
ing different tasks (14). Accordingly, Beta band Intermus-
cular Coherence (Bb-IMC) was supposed to form hugely
from the primary motor cortex and could shape a poten-
tial biomarker of the function of the corticospinal tract.
It was also supposed to offer the common corticospinal
drive to the muscles from the primary motor cortex. Also,
the studies suggested that Bb-IMC could be considered an
appropriate tool for the assessment of dynamic tasks (14).
In other words, the studies suggested that other bands re-
flect the multiple muscles synchronizations during postu-
ral tasks such as slow movements and isometric contrac-
tion (15), and are linked to common inputs from the sub-
cortical structures (16). Besides, the studies used the Bb-
IMC as a tool to investigate the potential effects on the com-
mon neural drive of spinal cord injury to adjust the antag-
onist and agonist muscle pair’s activity (17). Also, another
study had investigated the possible mechanisms causing
the abnormal motor overflow in spasticity of stroke pa-
tients (18). Also, some studies suggested that some new in-
terventions reinforced the control of sensorimotor in el-
derly subjects by using Bb-IMC (19). Based on our previous
studies (in press), a moderate to a high level of reliability
and agreement for Bb-IMC in patients with NS-CLBP and
healthy subjects were shown during four phases of stand-
ing, flexion, relaxation, and extension in flexion-extension
task (F-ET). Also, we showed that the Bb-IMC could clinically
be used for NS-CLBP assessment in F-ET due to feasibility,
easy use, and high safety. Scientific evidence of the last two
decades had strongly supported the clinical effectiveness
of manual therapy techniques for NS-CLBP (20, 21). To the
best of our knowledge, most of the manual therapy studies
like spinal manipulation technique (SMT) and muscle en-
ergy technique (MET) had focused only on pain assessment
and disability and just dealt with the mechanical and phys-
iological effects of SMT. In other words, the probable cor-
tical effects and the effectiveness of these techniques over
the primary motor cortex and corticospinal tract function
were overlooked.

2. Objectives

The current study aimed to compare two manual ther-
apy technique’s effects (SMT and MET) on corticospinal
tract function during four phases of standing, flexion, re-
laxation, and extension in flexion-extension task (F-ET) in

the NS-CLBP using pair-wise coherence of Bb-IMC.

3. Methods

3.1. Participants

Twenty-four men (20 - 40 years) with NS-CLBP and
20 healthy subjects voluntarily participated in this study.
They were among the people who were referred to the Phys-
iotherapy clinic and Biomechanics Laboratory, School of
Rehabilitation, Tehran University. A patient NS-CLBP was
included if he met the following inclusion criteria: pa-
tients with continuous or recurrent symptoms for three
months or more without referral or radicular pain to the
lower extremities, pain according to the Numerical Rating
Scale was 30 out of 100 and the disability was eight out
of 50 of the questionnaire of Oswestry (22), yellow flags
dominant (i.e., emotions and beliefs), red flags absence
(such as inflammatory disease or cauda equine syndrome),
pain or symptom excitation in loading on the one side
and more specific activities and postures such as (desktop-
workers, car driver), whereas the functional improvement
and pain reduction with dynamic or low load activities,
pain/complaints increase(s) during the day, positive prone
instability test (23) and specific dysfunction segments (L2-
L3-L4 segments), no sign of radicular pain or neurological
signs, no sign and symptoms of severe musculoskeletal de-
formity, no restriction in trunk flexion task in the stand-
ing position, no previous treatment or spinal manipula-
tion within the last six months. Patients were excluded if
they were not interested to carry on the study or had an
increase in the symptoms, which prevented the comple-
tion of the study (24). Moreover, healthy subjects were in-
cluded in this study if they had not received previous exer-
cises of postural training and they had no LBP history (23).
Furthermore, an informed consent form was signed by all
participants according to the Ethics Committee of Tehran
University with the Ethics code IR.TUMS.VCR.REC.1398.675,
and this study was approved by Tehran University of Clini-
cal Trials with the number IRCT20090301001722N22.

By the project manager, 24 slips of paper were allo-
cated, half of them were marked for SMT letters and the
other half for MET letters. Then they were randomly placed
in sealed envelopes so that each slip of paper was in an en-
velope then each envelope was numbered 1 to 24. Then,
they were sent to the clinical who did the testing sessions
for the patients. Sealed envelopes were opened by the labo-
ratory director, who was not a member of the study’s team,
to disclose the group allocation of the subjects.

The first group was the spinal manipulation tech-
nique (SMT) and the second group was the muscle energy
technique (MET). Both patient and healthy groups were
matched according to the demographic characteristic (Ta-
ble 1).
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Table 1. Participants Anthropometric Characteristics

Groups N Mean Std. Deviation P-Value

Age (y) 0.564

Healthy 20 34.7500 10.04136

MET 12 41.5833 9.13991

SMT 12 37.2500 10.01930

Height (cm) 0.482

Healthy 20 174.8500 6.38481

MET 12 178.4167 9.98598

SMT 12 176.0833 5.71216

Weight (kg) 0.507

Healthy 20 79.6200 8.12686

MET 12 85.6667 13.42544

SMT 12 84.5000 9.35900

BMI (kg/m2) 0.476

Healthy 20 26.0490 2.39089

MET 12 26.8375 3.51591

SMT 12 27.2333 2.51864

Abbreviation: BMI, body mass index.

3.2. Measures/Instruments
The skin’s surface of the muscles was shaved and

cleaned with alcohol wipes. All sEMG signal recordings
were made using the DataLOG, Biometrics Ltd England.
Then, the bipolar active electrodes with a recording diam-
eter of 10 mm and a 20 mm fixed center to center inter-
electrode distance were mounted on the relevant muscle,
built-in differential amplifier, and the ground electrodes
were located on the right wrist. The electrode positions
and orientations were chosen according to EMG sensor lo-
cations defined in SENIAM guidelines The skin’s surface of
the muscles was shaved. The DataLOG, Biometrics Ltd Eng-
land was used for sEMG signal recordings. SENIAM guide-
lines were used to define the electrode positions (24). Then,
the bipolar active electrodes with a recording diameter
of 10 mm were mounted on the relevant muscle, and the
ground electrodes were located on the right wrist. The
sEMG signal recordings was recorded from the the follow-
ing muscles: right lumbar erector spinal "M1", left lumbar
erector spinal "M2", right gluteus maximus muscle "M3",
left gluteus maximus muscle "M4", right hamstring mus-
cle "M5" and left hamstring muscle "M6". The M1, M4, and
M6 muscles were considered A muscle cross. Moreover, M2,
M3, and M5 muscles were named as B muscle cross.

3.3. Procedure
Subjects were familiarized with the procedure before

the start of the test to reduce stress and fear of testing. In-
side a square marked on the floor, all subjects stood while

the distance between their feet was equal to their pelvis
width, and their hands were aligned with their body and
parallel. (25) Also, a paper was on the experiment site to
ensure a standardized foot placement for each trial. There
was a visual target placed at 3-meter distance, and their
eyes were focused on it. After that, subjects were asked by
verbal commands to perform three trials of F-ET while the
sEMGs were recorded; each trial included recording data
for 20 seconds (i.e., 5 seconds at standing phase, 5 seconds
during flexion phase, 5 seconds at relaxation phase, 5 sec-
onds during extension phase). A metronome was used to
simultaneously monitor the consequences of all the above-
mentioned phases with sEMGs recordings as an auditory
signal (beep) every second during the whole task. To re-
duce the probability of discomfort, fatigue, and back in-
jury, they were allowed to rest for two minutes between the
trials (26, 27). This procedure was performed pre- and post-
intervention for both patient groups (SMT and MET) and
once for the healthy group.

3.4. Intervention

Patients of the current study were assigned to the
flexed, rotated, and side bent (FRS) and extended, rotated
and side bent (ERS) dysfunction groups based on the phys-
ical examinations (28). During which, each patient iden-
tified the specific dysfunction segment at the request of
the physical therapist, which was certain by palpation of
bone and muscle tissues such as tissue resistance increase,

Arch Neurosci. 2021; 8(2):e112262. 3



Ghazi S et al.

hypomobility presence, abnormal end-feel. In addition,
the Mitchell test was performed to verify vertebral mobil-
ity and positioning (28). The manual intervention tech-
niques were applied for patients according to randomly se-
lected groups. An experienced physical therapist that had
10 years of clinical experience in treating patients with LBP
and also had received formal training in manual therapies
performed the interventions as described by Greenman
(29). Some parameters were regarded in terms of the du-
ration of treatment (about 10-15 min of contact time with
the clinicians) for all intervention groups.

3.5. Beta-band Intermuscular Pair-Wise Coherence Analysis

The pair-wise coherence (PWC) was measured to high-
light the coherence contributions that were common to all
synergist muscles or unique to each pair of muscles, (30)
across each of two muscle groups i.e., A muscle cross: right
lumbar erector spinal " M1", left gluteus maximus muscle
" M4", left hamstring muscle " M6" and B muscle cross: left
lumbar erector spinal " M2", right gluteus maximus mus-
cle " M3", right hamstring muscle " M5". To discover the
coupling of the common neural between each of two mus-
cle groups (i.e., A and B muscle cross). Besides, pairwise co-
herence analysis was performed to estimate the coherence
contribution between two muscles. The following formu-
lation of standard coherence was the basis of this analysis
(31):

(1)Cxy (f) =
|Pxy (f)|2

Pxx (f)Pyy (f)

Where the f was the frequency and Cxy was the co-
herence between sEMG signals x and y. Pyy and Pxx de-
noted auto spectra for signals y and x, while Pxy stood for
signal x and y cross-spectrum. Following the procedure,
xDC (t) time series was used to calculate the coherence of
all phases of F-ET. In this case, on 500 ms portions win-
dow through Hanning function and with a 50% overlap via
Welch’s method, the cross-spectral and the auto spectral
were calculated. Coherence was defined as the frequency
domain of Pearson’s correlation coefficient extension and
distinct the degree of linear correlation between the sig-
nals at each frequency on a scale that ranges from 0 to 1,
where 0 represented no correlation and 1 represented ideal
correlation and (32). Before the calculation of EMG-EMG co-
herence, the raw EMG signal was removed, or ejectedto re-
move the offset. When Intramuscular coherence overrides
a confidence limit (CL) with a probability of 95%, it was fea-
tured at a specific frequency to be significantly larger than
zero.

CL was determined as:

(2)CL = L− α
1

N−1

where α equaled the desired level of significance (29).

The coherence spectrum inverse Fourier transform
was defined as the function of cumulate density. The in-
verse Fourier transform was calculated, as a time-domain
measure of association between signals sEMG, for all mus-
cle groups and every phase of F-ET, the function of cumu-
late density and coherence spectra were calculated, and
the result was a set of 24 coherence spectra per subject.
sEMG signals were focused to create a series of longer sin-
gle times, with the goal of increasing the coherence estima-
tions reliability, for each participant from all three trials.
In the following steps, the spectra for a mentioned mus-
cle pair were averaged in all participants within a group
to provide a visual representation of the coherence depen-
dence on frequency. According to the results, coherence
values were calculated from 0 to 350 Hz. The analysis of fre-
quency spectrum for each phase of F-ET tasks measured us-
ing MATLAB software 7.11 and spectrums of 15–30 Hz moved
to coherence software too. So, we could assume the mean
coherence distribution in a specific frequency band across
the participants and provide a group summary.

3.6. Statistical Analysis

The normal distribution was for weight, age, height,
and body mass index (BMI) and all outcome measurements
(Pair-wise coherence) in three groups (P > 0.05). Con-
sidering the alpha level at 0.05 as significant statistically
for analyses (P > 0.05). For all analyzes, the SPSS Statis-
tics version 25 was used. Multivariate analysis of variance
(MANOVA) test was used to compare the differences be-
tween the three groups before interventions in A and B
muscle cross and four phases of F-ET. Besides, MANOVA test
was also used to compare the SMT and MET before and af-
ter interventions in A and B muscle cross and at different
phases in F-ET.

4. Results

Regarding basic anthropometric characteristics (i.e.,
age, height, weight, BMI), there were no significant dif-
ferences between the groups (P >0.05) (Table 1). In this
study, pair-wise coherence (PWC) was calculated, and then
we considered the mean pair-wise coherence for the A mus-
cle cross (M1, M4, and M6) and B muscle cross (M2, M3, and
M5) for F-ET phases using Bb-IMC in healthy and for inter-
vention groups (SMT and MET) before and after the inter-
ventions. The investigation of pair-wise coherence in three
groups before interventions in A and B muscle cross in the
four phases of F-ET are shown in Tables 2 and 3.

Multivariate tests before interventions indicated there
are no significant differences between the three groups
and F-ET phases in pair-wise coherence of A muscle cross
(M1, M4, and M6) and pair-wise coherence of B muscle cross
(M2, M3, and M5). The investigation of pair-wise coherence
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Table 2. A Muscles Cross (M1, M4, M6), MANOVA Test for Comparison Between Groups and F-ET Phases Before Interventions (Mean ± SD)

Phases 1 - 4 1 - 6 4 - 6 F P-Value Partial Eta
Squared

Standing

1.17 0.31 0.527

Healthy 0.906 ± 0.019 0.897 ± 0.0244 0.900 ± 0.030

MET 0.8970 ± 0.024 0.894 ± 0.047 0.905 ± 0.025

SMT 0.8918 ± 0.023 0.898 ± 0.022 0.895 ± 0.026

Flexion

Healthy 0.9144 ± 0.028 0.897 ± 0.029 0.890 ± 0.030

MET 0.8878 ± 0.021 0.887 ± 0.026 0.882 ± 0.022

SMT 0.8828 ± 0.021 0.891 ± 0.018 0.874 ± 0.030

Relaxation

Healthy 0.8996 ± 0.028 0.903 ± 0.026 0.903 ± 0.029

MET 0.8995 ± 0.029 0.901 ± 0.027 0.881 ± 0.025

SMT 0.8956 ± 0.017 0.901 ± 0.019 0.887 ± 0.030

Extension

Healthy 0.9012 ± 0.025 0.903 ± 0.024 0.915 ± 0.025

MET 0.9146 ± 0.027 0.905 ± 0.025 0.909 ± 0.022

SMT 0.8955 ± 0.022 0.895 ± 0.030 0.900 ± 0.027

Table 3. B Muscles Cross (M2, M3, M5), MANOVA Test for Comparison Between Groups and F-ET Phases Before Interventions (Mean ± SD)

Phases 2 - 3 2 - 5 3 - 5 F P-Value Partial Eta
Squared

Standing

1.287 0.186 0.452

Healthy 0.896 ± 0.030 0.891 ± 0.031 0.885 ± 0.030

MET 0.897 ± 0.030 0.897 ± 0.024 0.892 ± 0.022

SMT 0.901 ± 0.020 0.895 ± 0.033 0.899 ± 0.021

Flexion

Healthy 0.895 ± 0.025 0.902 ± 0.024 0.890 ± 0.026

MET 0.887 ± 0.029 0.891 ± 0.027 0.898 ± 0.025

SMT 0.897 ± 0.027 0.892 ± 0.013 0.882 ± 0.021

Relaxation

Healthy 0.892 ± 0.025 0.890 ± 0.025 0.886 ± 0.019

MET 0.897 ± 0.028 0.909 ± 0.019 0.899 ± 0.025

SMT 0.898 ± 0.021 0.891 ± 0.017 0.896 ± 0.035

Extension

Healthy 0.896 ± 0.023 0.883 ± 0.027 0.893 ± 0.026

MET 0.888 ± 0.028 0.888 ± 0.035 0.894 ± 0.027

SMT 0.911 ± 0.022 0.907 ± 0.022 0.895 ± 0.016

between SMT and MET intervention groups before and af-
ter the interventions in A and B muscle cross in each phase
of F-ET phases are shown in Tables 4 - 7. In standing phase
of F-ET, there were no significant differences in the SMT and

MET groups before and after the intervention in PWC of A
muscle cross and B muscle cross (P < 0.05). We noticed
that, in this phase, the SMT increased PWC in all pair mus-
cle, whereas it increased in A muscle cross and decreased
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in B muscle cross in the MET group, and there were no sig-
nificant differences in the MET group before and after the
intervention in four phases of F-ET (Table 4).

With regard to the flexion phase, there were signifi-
cant differences in the SMT group in all pair muscles as
PWC (M1-M4), PWE (M1-M6), PWC (M4-M6) (P < 0.05), and
PWC increased in A and B muscle cross in all muscle pairs.
In the MET group, PWC increased in all muscle pairs, and
there was a significant difference in the PWC (M4-M6) (P <
0.05, Table 5). Considering the relaxation phase, the SMT
increased PWC in all muscle pairs, and it was significant
in PWC (M2-M5). In the MET, it increased PWC in PWC (M1-
M6) PWC (M4-M6), and PWC (M3-M5), and whereas had de-
creased in PWC (M1-M4), PWC (M2-M3), and PWC (M2-M5),
and it was significantly different in PWC (M4-M6) (Table 6).

In the extension phase, the SMT was increased among
A muscle cross i.e., PWC (M1-M4), PWC (M1-M6), and PWC
(M4-M6); however, it was decreased among B muscles i.e.,
PWC (M2-M3), PWC (M2-M5), and PWC (M3-M5) without sig-
nificance (P < 0.05) (Table 7). In MET intervention group,
it increased in A and B muscle cross, and there was a sig-
nificant difference in PWC (M2-M3) and PWC (M2-M5). The
results showed that, by increasing the pair-wise coherence
in all of the FE-T phases (i.e., standing, flexion, relaxation,
and extension phases), the SMT intervention was more ef-
fective than MET intervention.

5. Discussion

This study aimed to compare the effects of two man-
ual therapy techniques (SMT and MET) on corticospinal
tract function in NS-CLBP by using pair-wise coherence
of Bb-IMC during standing, flexion, relaxation, and exten-
sion phases that called flexion-extension task (F-ET) phases.
The results showed that, by increasing the pair-wise co-
herence in all of the FE-T phases (i.e., standing, flexion,
relaxation, and extension phases), SMT intervention was
more effective than MET intervention on supraspinal struc-
tures, including the corticospinal tract. Previous studies
had mentioned that, as an index of corticospinal activity,
Bb-IMC (15 - 35 Hz) was analyzed, and further clinical stud-
ies showed that Bb-IMC was decreased or disappeared in
spinal cord injury and stroke patients as motor deficits re-
sulting (33, 34). Generally, as a result of a gait rehabilita-
tion intervention, quantification of Bb-IMC was adopted
for corticospinal drive monitoring (33, 34). Also, the stud-
ies showed that intramuscular coherence could be used to
study the effects of interventions quantifying aimed to im-
prove the ability to walk, such as non-invasive brain stimu-
lation or intensive gait training (robot-aided) that may in-
crease the neuroplasticity promote (34). Spedden et al. re-
ported that during a simple task, an age-related oscillatory
corticospinal activity reduction in the beta band (35) indi-
cated the corticospinal system efficiency decreased, which

led to compensatory strategies to perform a specific task.
Whereas, pair-wise coherence among each pair of muscles
measurement is useful to highlight the coherence contri-
butions from all synergist muscles or each muscle pair (32).
The studies propose that the degree of correlation that is
recorded between the different muscle activities can adver-
tise the co-activation of functional, and it may be extended
to functionally similar and anatomically close muscles (13,
36) or functionally different and anatomically distant (37).
The pair-wise coherence can also be modeled as two terms
summation: The one just related to the muscles pair con-
sidered (residual) with excluding the third one effects and
the one relative to the whole synergy (pair-wise) but with
elements synchronized to the third muscle involved activ-
ity (31). According to this claim, the pair-wise coherence de-
cline could be explained either by the contribution of co-
herence decreasing relative to the drive of synergistic (all
three muscles common command) or by volley desynchro-
nization that is solely common to the two muscles (31).

In this study, during observing pair-wise coherence of
A and B muscle cross in the NS-CLBP intervention groups,
before intervention, we noticed that both of pair-wise co-
herence of A and B muscle cross between each pair of mus-
cle in all phases of FE-T decreased in comparison to healthy
subjects that indicated in two NS-CLBP intervention groups
patients had a decreased activity of corticospinal tract
from of impairments. In line with our findings, AM Cas-
tronovo et al. showed the overall cross-muscle coherence
decreased at task failure (31). Furthermore, based on pre-
vious studies, that showed a reduction in beta-band co-
herence with movement (38), A-PWC and B-PWC were de-
creased in the flexion and extension phase compared to
their values in the standing and relaxation phase (Tables
2 and 3).

To the best of our knowledge, this is the first study
that intended to make a comparison between the two man-
ual therapy techniques’ effects on patients with NS-CLBP
by using pool coherence of Bb-IMC before and after the
interventions. Therefore, we could not compare our re-
sults with other studies, but most of the studies that stud-
ied the immediate effects of an SMT on patients with NS-
CLBP reported that these techniques reduced muscle ac-
tivity while increased muscle coordination. Ellingsen et
al. reported that trunk muscle activation was reduced
as established by surface electromyography or functional
magnetic resonance imaging after one session of spinal
manual therapy technique that involved SMT and mobi-
lization interventions (39). In another study, it was re-
ported that they temporarily reduced EMG activity dur-
ing an F-ET and, consequently, changed flexion relaxation
phenomena parameters (40). Where the results of a re-
cent study supported the idea that the effects of treatment
could be mediated by the CNS as neurophysiologic effects
rather than just being biomechanically orientated such
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Table 4. MANOVA Test for Comparison Between SMT and MET in Before and After Interventions in Standing Phase in A Muscles Cross (M1, M4, M6) and B Muscles Cross (M2, M3,
M5)

Standing Phase
SMT MET

Before After P-Value Before After P-Value

A muscles cross

PWC (M1-M4) 0.89 ± 0.02 0.90 ± 0.01 0.12 0.897 ± 0.025 0.899 ± 0.031 0.374

PWC (M1-M6) 0.89 ± 0.02 0.90 ± 0.02 0.24 0.894 ± 0.047 0.898 ± 0.029 0.392

PWC (M4-M6) 0.895 ± 0.02 0.899 ± 0.01 0.30 0.906 ± 0.026 0.908 ± 0.028 0.374

B muscles cross

PWC (M2-M3) 0.89 ± 0.02 0.90 ± 0.03 0.22 0.897 ± 0.025 0.894 ± 0.033 0.401

PWC (M2-M5) 0.896 ± 0.03 0.898 ± 0.02 0.43 0.894 ± 0.047 0.892 ± 0.033 0.423

PWC (M3-M5) 0.894 ± 0.02 0.899 ± 0.01 0.22 0.906 ± 0.026 0.894 ± 0.024 0.113

Table 5. MANOVA Test for Comparison Between SMT and MET in Before and After Interventions in Flexion Phase in A Muscles Cross (M1, M4, M6) and B Muscles Cross (M2, M3,
M5)

Flexion Phase
SMT MET

Before After P-Value Before After P-Value

A muscles cross

PWC (M1-M4) 0.883 ± 0.021 0.899 ± 0.014 0.041 0.888 ± 0.022 0.894 ± 0.033 0.281

PWC (M1-M6) 0.892 ± 0.018 0.905 ± 0.018 0.049 0.887 ± 0.027 0.901 ± 0.029 0.119

PWC (M4-M6) 0.875 ± 0.031 0.899 ± 0.020 0.011 0.882 ± 0.023 0.904 ± 0.029 0.028

B muscles cross

PWC (M2-M3) 0.897 ± 0.027 0.908 ± 0.030 0.205 0.888 ± 0.022 0.904 ± 0.022 0.051

PWC (M2-M5) 0.893 ± 0.014 0.894 ± 0.020 0.471 0.887 ± 0.027 0.897 ± 0.034 0.490

PWC (M3-M5) 0.882 ± 0.022 0.896 ± 0.028 0.087 0.882 ± 0.023 0.886 ± 0.027 0.220

Table 6. MANOVA Test for Comparison Between SMT and MET in Before and After Interventions in Relaxation Phase in A Muscles Cross (M1, M4, M6) and B Muscles Cross (M2,
M3, M5)

Relaxation Phase
SMT MET

Before After P-Value Before After P-Value

A muscles cross

PWC (M1-M4) 0.896 ± 0.017 0.899 ± 0.023 0.333 0.900 ± 0.030 0.895 ± 0.040 0.369

PWC (M1-M6) 0.901 ± 0.020 0.905 ± 0.019 0.263 0.902 ± 0.027 0.903 ± 0.026 0.442

PWC (M4-M6) 0.887 ± 0.030 0.900 ± 0.019 0.089 0.882 ± 0.026 0.898 ± 0.022 0.017

B muscles cross

PWC (M2-M3) 0.898 ± 0.022 0.906 ± 0.021 0.191 0.900 ± 0.030 0.897 ± 0.033 0.427

PWC (M2-M5) 0.892 ± 0.018 0.904 ± 0.013 0.029 0.902 ± 0.027 0.888 ± 0.032 0.153

PWC (M3-M5) 0.896 ± 0.035 0.898 ± 0.029 0.411 0.882 ± 0.026 0.889 ± 0.024 0.236

as releasing adhesions or reducing distortions of the an-
nulus fibrosus, vertebral segments moving to allow in a
larger range of motion and the mechanical stress reduce
on lumbar erector spine muscles (20), where this model
suggests that a cascade of neurophysiological responses
(i.e., pain adaptation and pain-spasm-pain models) from

both the central and peripheral nervous systems were pro-
duced from a spinal manipulation mechanical force that
might give explain the improvements in SMT clinical out-
comes (41). Interestingly, one SMT proposed effect, which
involves salient proprioceptive and sensory feedback by
SMT, is that it may help disrupt the relationship among
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Table 7. MANOVA Test for Comparison Between SMT and MET in Before and After Interventions in Extension Phase in A Muscles Cross (M1, M4, M6) and B Muscles Cross (M2,
M3, M5)

Extension Phase
SMT MET

Before After P-Value Before After P-Value

A muscles cross

PWC (M1-M4) 0.896 ± 0.023 0.900 ± 0.008 0.299 0.915 ± 0.028 0.908 ± 0.029 0.273

PWC (M1-M6) 0.896 ± 0.031 0.902 ± 0.016 0.274 0.905 ± 0.025 0.900 ± 0.032 0.334

PWC (M4-M6) 0.901 ± 0.027 0.905 ± 0.014 0.349 0.909 ± 0.023 0.906 ± 0.035 0.401

B muscles cross

PWC (M2-M3) 0.912 ± 0.023 0.903 ± 0.016 0.077 0.915 ± 0.028 0.887 ± 0.025 0.013

PWC (M2-M5) 0.907 ± 0.023 0.894 ± 0.017 0.116 0.905 ± 0.025 0.888 ± 0.029 0.018

PWC (M3-M5) 0.895 ± 0.017 0.894 ± 0.017 0.348 0.909 ± 0.023 0.892 ± 0.033 0.089

pain anticipation, fear, and movement (39). This study sug-
gests that SMT may reduce affective-motivational and cog-
nitive aspects of fear of movement and anticipated pain,
along with corresponding brain processes (39). As far as we
know, no study has been interested in studying the effects
of MET on the central nervous system. Possibly, it is the first
study in this field, and we conclude that MET has no large
effect on the central nervous system such as SMT.

The previous studies concluded that the region of
SMT was considered to be unimportant, and non–region-
specific SMT was just as effective as region-specific SMT in
terms of pain intensity (20, 41). Most of the studies have
applied the SMT without specifying the segment, where it
only identified the painful side and then applied the tech-
nique. But because we want to study the central effects of
the SMT rather than the biomechanical effects, it is not im-
portant for us to identify the segment that has dysfunction.
However, we identified patients with dysfunction in one of
the segments (L2-L3-L4 segments) to make our study more
accurate (20). The effects of the study were strong and sta-
tistically significant, although the numbers of samples for
the study were relatively small, providing confidence that
our findings could reflect the effect of other treatments
on NS-CLBP, and we can use Bb-IMC in practical settings to
studying the effects of a particular intervention on the cor-
ticospinal tract in patients with NS-CLBP patients.

The present study was limited to males and did not in-
clude females. This is not considered one of the determi-
nants of the study because the Bb-IMC does not differ ac-
cording to gender (42). One of the most important deter-
minants of this study was to study the immediate effects
of intervention techniques. So, future studies should in-
clude long treatment and follow-up assessments. In ad-
dition, since Bb-IMC was task-dependent (35), each task
requires different coordination patterns among muscles
to produce the needed forces and motions. The previous
studies demonstrate that analysis of coherence can de-
tect the nervous origin of various coordination patterns

of muscle required by different tasks, and the coherence
changes across muscles to the "type of task" (32, 38). So the
study’s results suggest that the specific type of muscle co-
ordination should be included in this listing to meet the
constraints of a given task (32). This necessitates studying
other circumstances and functional tasks such as lifting
weight.

5.1. Conclusions

It had been stated that manual therapy techniques ex-
ert their beneficial effects by affecting the nervous system.
But few studies had examined these claims in patients with
NS-CLBP. This study provided crucial information about the
two common effects of manual therapy techniques for NS-
CLBP on the primary motor cortex and corticospinal drive.
The results showed that, by increasing the pair-wise coher-
ence of Bb-IMC in all phases of FE-T, SMT intervention was
more effective than MET intervention on neurophysiolo-
gist consequences, and therefore, it could be useful to se-
cure the optimal treatment when designing the rehabili-
tation protocol. Another reason that makes our study in-
novative is that, to date, no studies used pair-wise coher-
ence of beta-band intramuscular coherence to study NS-
CLBP and the effects of the various interventions on this
population of patients.

Acknowledgments

This study was financially supported by Tehran Univer-
sity. We appreciate all the staff of the school rehabilitation
who kindly helped us during them of research.

Footnotes

Authors’ Contribution: Study concept and design: M.H,
S.T, and A.S; Acquisition of data: S.G, E.H, and S.T; Analy-
sis and interpretation of data: M.H, S.T, and A.S; Drafting

8 Arch Neurosci. 2021; 8(2):e112262.



Ghazi S et al.

of the manuscript: S.G and M.H; Critical revision of the
manuscript for important intellectual content: M.H, A.S,
and G.O; Statistical analysis: S.T and G.O; Administrative,
technical, and material support: M.H and S.T; Study super-
vision: S.G and M.H.

Clinical Trial Registration Code: This study obtained
the approval of Tehran University of Clinical Trials with the
number IRCT20090301001722N22.

Conflict of Interests: The authors report no conflict of
interest concerning the materials or methods used in this
study or the findings specified in this paper.

Ethical Approval: All participants signed written in-
formed consent according to a protocol approved by the
Ethics Committee of Tehran University of Medical Sciences
with the Ethics code IR.TUMS.VCR.REC.1398.675.

Funding/Support: No funding was received for this study.

Informed Consent: An informed consent form was
signed by all participants according to the Ethics Commit-
tee of Tehran University.

References

1. Balague F, Mannion AF, Pellise F, Cedraschi C. Non-specific low back
pain. Lancet. 2012;379(9814):482–91. doi: 10.1016/S0140-6736(11)60610-
7. [PubMed: 21982256].

2. Wand BM, Parkitny L, O’Connell NE, Luomajoki H, McAuley JH, Thacker
M, et al. Cortical changes in chronic low back pain: current state of
the art and implications for clinical practice. Man Ther. 2011;16(1):15–
20. doi: 10.1016/j.math.2010.06.008. [PubMed: 20655796].

3. Saragiotto BT, Maher CG, Hancock MJ, Koes BW. Subgrouping pa-
tients with nonspecific low back pain: hope or hype? J Orthop Sports
Phys Ther. 2017;47(2):44–8. doi: 10.2519/jospt.2017.0602. [PubMed:
28142361].

4. Hodges PW. Changes in motor planning of feedforward postural
responses of the trunk muscles in low back pain. Exp Brain Res.
2001;141(2):261–6. doi: 10.1007/s002210100873. [PubMed: 11713638].

5. Apkarian AV, Baliki MN, Geha PY. Towards a theory
of chronic pain. Prog Neurobiol. 2009;87(2):81–97. doi:
10.1016/j.pneurobio.2008.09.018. [PubMed: 18952143]. [PubMed
Central: PMC2650821].

6. Chiou SY, Shih YF, Chou LW, McGregor AH, Strutton PH. Impaired neu-
ral drive in patients with low back pain. Eur J Pain. 2014;18(6):794–802.
doi: 10.1002/j.1532-2149.2013.00428.x. [PubMed: 24895331].

7. Tsao H, Danneels LA, Hodges PW. ISSLS prize winner: Smudging the
motor brain in young adults with recurrent low back pain. Spine
(Phila Pa 1976). 2011;36(21):1721–7. doi: 10.1097/BRS.0b013e31821c4267.
[PubMed: 21508892].

8. Kim MH, Yoo WG, Choi BR. Differences between two subgroups
of low back pain patients in lumbopelvic rotation and symmetry
in the erector spinae and hamstring muscles during trunk flex-
ion when standing. J Electromyogr Kinesiol. 2013;23(2):387–93. doi:
10.1016/j.jelekin.2012.11.010. [PubMed: 23295146].

9. Colloca CJ, Hinrichs RN. The biomechanical and clinical significance
of the lumbar erector spinae flexion-relaxation phenomenon: a re-
view of literature. J Manipulative Physiol Ther. 2005;28(8):623–31. doi:
10.1016/j.jmpt.2005.08.005. [PubMed: 16226632].

10. Mohr M, Schon T, von Tscharner V, Nigg BM. Intermuscular coher-
ence between surface EMG signals is higher for monopolar com-
pared to bipolar electrode configurations. Front Physiol. 2018;9:566.
doi: 10.3389/fphys.2018.00566. [PubMed: 29867587]. [PubMed Cen-
tral: PMC5966566].

11. Nojima I, Watanabe T, Saito K, Tanabe S, Kanazawa H. Modulation of
EMG-EMG coherence in a choice stepping task. Front Hum Neurosci.
2018;12:50. doi: 10.3389/fnhum.2018.00050. [PubMed: 29487515].
[PubMed Central: PMC5816746].

12. Boonstra TW. The potential of corticomuscular and intermuscular
coherence for research on human motor control. Front Hum Neu-
rosci. 2013;7:855. doi: 10.3389/fnhum.2013.00855. [PubMed: 24339813].
[PubMed Central: PMC3857603].

13. De Marchis C, Severini G, Castronovo AM, Schmid M, Conforto S. In-
termuscular coherence contributions in synergistic muscles during
pedaling. Exp Brain Res. 2015;233(6):1907–19. doi: 10.1007/s00221-015-
4262-4. [PubMed: 25821181].

14. Watanabe T, Saito K, Ishida K, Tanabe S, Nojima I. Coordination of plan-
tar flexor muscles during bipedal and unipedal stances in young and
elderly adults. Exp Brain Res. 2018;236(5):1229–39. doi: 10.1007/s00221-
018-5217-3. [PubMed: 29479634].

15. Farmer SF. Rhythmicity, synchronization and binding in human
and primate motor systems. J Physiol. 1998;509 ( Pt 1):3–14. doi:
10.1111/j.1469-7793.1998.003bo.x. [PubMed: 9547376]. [PubMed Central:
PMC2230956].

16. Choudhury S, Singh R, Chatterjee P, Trivedi S, Shubham S, Baker
MR, et al. Abnormal blink reflex and intermuscular coherence in
writer’s cramp. Front Neurol. 2018;9:517. doi: 10.3389/fneur.2018.00517.
[PubMed: 30013510]. [PubMed Central: PMC6037196].

17. Cremoux S, Charissou C, Tallet J, Abade-Moreira A, Dal Maso F, Ama-
rantini D. T80. Alteration of intermuscular coherence in syner-
gistic muscle pairs during actual elbow flexion contractions after
cervical spinal cord injury. Clin Neurophysiol. 2018;129(S1). e33. doi:
10.1016/j.clinph.2018.04.081.

18. Chen YT, Li S, Magat E, Zhou P, Li S. Motor overflow and spasticity in
chronic stroke share a common pathophysiological process: Analy-
sis of within-limb and between-limb EMG-EMG coherence. Front Neu-
rol. 2018;9:795. doi: 10.3389/fneur.2018.00795. [PubMed: 30356703].
[PubMed Central: PMC6189334].

19. Gennaro F, de Bruin ED. A pilot study assessing reliability and age-
related differences in corticomuscular and intramuscular coher-
ence in ankle dorsiflexors during walking. Physiol Rep. 2020;8(4).
e14378. doi: 10.14814/phy2.14378. [PubMed: 32109345]. [PubMed Cen-
tral: PMC7048377].

20. de Oliveira RF, Liebano RE, Costa Lda C, Rissato LL, Costa LO. Im-
mediate effects of region-specific and non-region-specific spinal
manipulative therapy in patients with chronic low back pain:
a randomized controlled trial. Phys Ther. 2013;93(6):748–56. doi:
10.2522/ptj.20120256. [PubMed: 23431209].

21. Day JM, Nitz AJ. The effect of muscle energy techniques on disabil-
ity and pain scores in individuals with low back pain. J Sport Rehabil.
2012;21(2):194–8. doi: 10.1123/jsr.21.2.194. [PubMed: 22622384].

22. Shekelle PG, Adams AH, Chassin MR, Hurwitz EL, Brook RH. Spinal ma-
nipulation for low-back pain. Ann Intern Med. 1992;117(7):590–8. doi:
10.7326/0003-4819-117-7-590. [PubMed: 1388006].

23. Shahbazi Moheb Seraj M, Sarrafzadeh J, Maroufi N, Ebrahimi Takam-
jani I, Ahmadi A, Negahban H. The ratio of lumbar to hip motion dur-
ing the trunk flexion in patients with mechanical chronic low back
pain according to O’Sullivan classification system: A cross-sectional
study.Arch Bone Jt Surg. 2018;6(6):560–9. [PubMed: 30637313]. [PubMed
Central: PMC6310185].

24. Stegeman D, Hermens H. Standards for surface electromyography: The
European project Surface EMG for non-invasive assessment ofmuscles (SE-
NIAM). Enschede: Roessingh Research and Development; 2007.

25. Twomey LT, Taylor JR. Physical therapy of the low back. Edinburgh, UK:
Churchill Livingstone; 1987.

26. Dickin DC, McClain MA, Hubble RP, Doan JB, Sessford D. Changes in
postural sway frequency and complexity in altered sensory environ-
ments following whole body vibrations. HumMov Sci. 2012;31(5):1238–
46. doi: 10.1016/j.humov.2011.12.007. [PubMed: 22516837].

27. Clark BC, Russ DW, Nakazawa M, France CR, Walkowski S, Law TD, et al.
A randomized control trial to determine the effectiveness and physi-
ological effects of spinal manipulation and spinal mobilization com-
pared to each other and a sham condition in patients with chronic

Arch Neurosci. 2021; 8(2):e112262. 9

http://dx.doi.org/10.1016/S0140-6736(11)60610-7
http://dx.doi.org/10.1016/S0140-6736(11)60610-7
http://www.ncbi.nlm.nih.gov/pubmed/21982256
http://dx.doi.org/10.1016/j.math.2010.06.008
http://www.ncbi.nlm.nih.gov/pubmed/20655796
http://dx.doi.org/10.2519/jospt.2017.0602
http://www.ncbi.nlm.nih.gov/pubmed/28142361
http://dx.doi.org/10.1007/s002210100873
http://www.ncbi.nlm.nih.gov/pubmed/11713638
http://dx.doi.org/10.1016/j.pneurobio.2008.09.018
http://www.ncbi.nlm.nih.gov/pubmed/18952143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2650821
http://dx.doi.org/10.1002/j.1532-2149.2013.00428.x
http://www.ncbi.nlm.nih.gov/pubmed/24895331
http://dx.doi.org/10.1097/BRS.0b013e31821c4267
http://www.ncbi.nlm.nih.gov/pubmed/21508892
http://dx.doi.org/10.1016/j.jelekin.2012.11.010
http://www.ncbi.nlm.nih.gov/pubmed/23295146
http://dx.doi.org/10.1016/j.jmpt.2005.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16226632
http://dx.doi.org/10.3389/fphys.2018.00566
http://www.ncbi.nlm.nih.gov/pubmed/29867587
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5966566
http://dx.doi.org/10.3389/fnhum.2018.00050
http://www.ncbi.nlm.nih.gov/pubmed/29487515
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5816746
http://dx.doi.org/10.3389/fnhum.2013.00855
http://www.ncbi.nlm.nih.gov/pubmed/24339813
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3857603
http://dx.doi.org/10.1007/s00221-015-4262-4
http://dx.doi.org/10.1007/s00221-015-4262-4
http://www.ncbi.nlm.nih.gov/pubmed/25821181
http://dx.doi.org/10.1007/s00221-018-5217-3
http://dx.doi.org/10.1007/s00221-018-5217-3
http://www.ncbi.nlm.nih.gov/pubmed/29479634
http://dx.doi.org/10.1111/j.1469-7793.1998.003bo.x
http://www.ncbi.nlm.nih.gov/pubmed/9547376
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2230956
http://dx.doi.org/10.3389/fneur.2018.00517
http://www.ncbi.nlm.nih.gov/pubmed/30013510
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6037196
http://dx.doi.org/10.1016/j.clinph.2018.04.081
http://dx.doi.org/10.3389/fneur.2018.00795
http://www.ncbi.nlm.nih.gov/pubmed/30356703
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6189334
http://dx.doi.org/10.14814/phy2.14378
http://www.ncbi.nlm.nih.gov/pubmed/32109345
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7048377
http://dx.doi.org/10.2522/ptj.20120256
http://www.ncbi.nlm.nih.gov/pubmed/23431209
http://dx.doi.org/10.1123/jsr.21.2.194
http://www.ncbi.nlm.nih.gov/pubmed/22622384
http://dx.doi.org/10.7326/0003-4819-117-7-590
http://www.ncbi.nlm.nih.gov/pubmed/1388006
http://www.ncbi.nlm.nih.gov/pubmed/30637313
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6310185
http://dx.doi.org/10.1016/j.humov.2011.12.007
http://www.ncbi.nlm.nih.gov/pubmed/22516837


Ghazi S et al.

low back pain: Study protocol for The RELIEF Study. Contemp Clin Tri-
als. 2018;70:41–52. doi: 10.1016/j.cct.2018.05.012. [PubMed: 29792940].
[PubMed Central: PMC5994203].

28. Kuchera ML. Applying osteopathic principles to formulate treatment
for patients with chronic pain. J Am Osteopath Assoc. 2007;107(10
Suppl 6):ES28–38. [PubMed: 17986675].

29. Rosenberg JR, Amjad AM, Breeze P, Brillinger DR, Halliday DM. The
Fourier approach to the identification of functional coupling be-
tween neuronal spike trains. Prog Biophys Mol Biol. 1989;53(1):1–31. doi:
10.1016/0079-6107(89)90004-7. [PubMed: 2682781].

30. Amjad AM, Halliday DM, Rosenberg JR, Conway BA. An extended
difference of coherence test for comparing and combining several
independent coherence estimates: theory and application to the
study of motor units and physiological tremor. J Neurosci Meth-
ods. 1997;73(1):69–79. doi: 10.1016/s0165-0270(96)02214-5. [PubMed:
9130680].

31. Castronovo AM, De Marchis C, Schmid M, Conforto S, Severini
G. Effect of task failure on intermuscular coherence measures
in synergistic muscles. Appl Bionics Biomech. 2018;2018:4759232.
doi: 10.1155/2018/4759232. [PubMed: 29967654]. [PubMed Central:
PMC6008706].

32. Laine CM, Valero-Cuevas FJ. Intermuscular coherence reflects
functional coordination. J Neurophysiol. 2017;118(3):1775–83. doi:
10.1152/jn.00204.2017. [PubMed: 28659460]. [PubMed Central:
PMC5596118].

33. Norton JA, Gorassini MA. Changes in cortically related intermuscu-
lar coherence accompanying improvements in locomotor skills in in-
complete spinal cord injury. J Neurophysiol. 2006;95(4):2580–9. doi:
10.1152/jn.01289.2005. [PubMed: 16407422].

34. Bolognini N, Pascual-Leone A, Fregni F. Using non-invasive brain
stimulation to augment motor training-induced plasticity. J Neuro-
eng Rehabil. 2009;6:8. doi: 10.1186/1743-0003-6-8. [PubMed: 19292910].
[PubMed Central: PMC2667408].

35. Spedden ME, Nielsen JB, Geertsen SS. Oscillatory corticospinal ac-
tivity during static contraction of ankle muscles is reduced in

healthy old versus young adults. Neural Plast. 2018;2018:3432649.
doi: 10.1155/2018/3432649. [PubMed: 29853842]. [PubMed Central:
PMC5944232].

36. Semmler JG, Ebert SA, Amarasena J. Eccentric muscle damage in-
creases intermuscular coherence during a fatiguing isometric con-
traction. Acta Physiol (Oxf). 2013;208(4):362–75. doi: 10.1111/apha.12111.
[PubMed: 23621345].

37. Danna-Dos-Santos A, Boonstra TW, Degani AM, Cardoso VS, Magalhaes
AT, Mochizuki L, et al. Multi-muscle control during bipedal stance:
an EMG-EMG analysis approach. Exp Brain Res. 2014;232(1):75–87. doi:
10.1007/s00221-013-3721-z. [PubMed: 24105595].

38. Kilner JM, Baker SN, Salenius S, Jousmaki V, Hari R, Lemon RN. Task-
dependent modulation of 15-30 Hz coherence between rectified EMGs
from human hand and forearm muscles. J Physiol. 1999;516 ( Pt 2):559–
70. doi: 10.1111/j.1469-7793.1999.0559v.x. [PubMed: 10087353]. [PubMed
Central: PMC2269269].

39. Ellingsen DM, Napadow V, Protsenko E, Mawla I, Kowalski MH,
Swensen D, et al. Brain mechanisms of anticipated painful move-
ments and their modulation by manual therapy in chronic low
back pain. J Pain. 2018;19(11):1352–65. doi: 10.1016/j.jpain.2018.05.012.
[PubMed: 30392530]. [PubMed Central: PMC6220681].

40. Lalanne K, Lafond D, Descarreaux M. Modulation of the flexion-
relaxation response by spinal manipulative therapy: a control
group study. J Manipulative Physiol Ther. 2009;32(3):203–9. doi:
10.1016/j.jmpt.2009.02.010. [PubMed: 19362230].

41. Chiradejnant A, Maher CG, Latimer J, Stepkovitch N. Efficacy of
“therapist-selected” versus “randomly selected” mobilisation tech-
niques for the treatment of low back pain: A randomised con-
trolled trial. Aust J Physiother. 2003;49(4):233–41. doi: 10.1016/s0004-
9514(14)60139-2.

42. Jaiser SR, Baker MR, Baker SN. Intermuscular coherence in nor-
mal adults: Variability and changes with age. PLoS One. 2016;11(2).
e0149029. doi: 10.1371/journal.pone.0149029. [PubMed: 26901129].
[PubMed Central: PMC4763454].

10 Arch Neurosci. 2021; 8(2):e112262.

http://dx.doi.org/10.1016/j.cct.2018.05.012
http://www.ncbi.nlm.nih.gov/pubmed/29792940
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5994203
http://www.ncbi.nlm.nih.gov/pubmed/17986675
http://dx.doi.org/10.1016/0079-6107(89)90004-7
http://www.ncbi.nlm.nih.gov/pubmed/2682781
http://dx.doi.org/10.1016/s0165-0270(96)02214-5
http://www.ncbi.nlm.nih.gov/pubmed/9130680
http://dx.doi.org/10.1155/2018/4759232
http://www.ncbi.nlm.nih.gov/pubmed/29967654
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6008706
http://dx.doi.org/10.1152/jn.00204.2017
http://www.ncbi.nlm.nih.gov/pubmed/28659460
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5596118
http://dx.doi.org/10.1152/jn.01289.2005
http://www.ncbi.nlm.nih.gov/pubmed/16407422
http://dx.doi.org/10.1186/1743-0003-6-8
http://www.ncbi.nlm.nih.gov/pubmed/19292910
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2667408
http://dx.doi.org/10.1155/2018/3432649
http://www.ncbi.nlm.nih.gov/pubmed/29853842
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5944232
http://dx.doi.org/10.1111/apha.12111
http://www.ncbi.nlm.nih.gov/pubmed/23621345
http://dx.doi.org/10.1007/s00221-013-3721-z
http://www.ncbi.nlm.nih.gov/pubmed/24105595
http://dx.doi.org/10.1111/j.1469-7793.1999.0559v.x
http://www.ncbi.nlm.nih.gov/pubmed/10087353
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2269269
http://dx.doi.org/10.1016/j.jpain.2018.05.012
http://www.ncbi.nlm.nih.gov/pubmed/30392530
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6220681
http://dx.doi.org/10.1016/j.jmpt.2009.02.010
http://www.ncbi.nlm.nih.gov/pubmed/19362230
http://dx.doi.org/10.1016/s0004-9514(14)60139-2
http://dx.doi.org/10.1016/s0004-9514(14)60139-2
http://dx.doi.org/10.1371/journal.pone.0149029
http://www.ncbi.nlm.nih.gov/pubmed/26901129
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4763454

	Abstract
	1. Background
	2. Objectives
	3. Methods
	3.1. Participants
	Table 1

	3.2. Measures/Instruments
	3.3. Procedure
	3.4. Intervention
	3.5. Beta-band Intermuscular Pair-Wise Coherence Analysis
	3.6. Statistical Analysis

	4. Results
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Table 7

	5. Discussion
	5.1. Conclusions

	Acknowledgments
	Footnotes
	Authors' Contribution: 
	Clinical Trial Registration Code: 
	Conflict of Interests: 
	Ethical Approval: 
	Funding/Support: 
	Informed Consent: 

	References

