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Abstract.
BACKGROUND: Lumbar disc herniation (LDH) can affect lower limb muscle function resulting in an abnormal gait. This study
aims to use surface electromyography (SEMG) to evaluate patients with L4/L5 and L5/S1 LDH throughout muscle movement.
METHODS: Twenty L4/L5 LDH patients (L5 Group), twenty L5/S1 LDH patients (S1 Group), and twenty healthy controls
(Healthy) were recruited for the study. SEMG of bilateral tibialis anterior (TA) and lateral gastrocnemius (LG) muscles of patients
were recorded using the DELSYS Wireless EMG System (TrignoTM Wireless Systems, Delsys Inc., USA). Root-mean-square
(RMS), mean power frequency (MPF), and median frequency (MF) were compared between bilateral limbs in each participant.
RESULTS: Reduced MPF and MF was found in TA measurements of the L5 Group and LG measurements of the S1 Group.
The MPF and MF of the TA of symptomatic limbs of the L5 Group were reduced when compared to asymptomatic limbs (p =
0.006, p = 0.012, p < 0.05), and there were no significant differences in LG measurements (p > 0.05). The LG MPF and MF
of the S1 Group in symptomatic limbs were reduced when compared to asymptomatic limbs (p = 0.006, p = 0.017, p < 0.05),
and there were no significant differences in TA measurements (p > 0.05). Although there were no significant differences in RMS
between bilateral limbs of the L5 and S1 Groups, we found some changes in RMS curves. First, compared to asymptomatic limbs
of L4/L5LDH patients, β-peaks in the TA of symptomatic limbs appeared earlier. Second, two peaks in the LG of symptomatic
limbs were found in L5/S1 LDH patients.
CONCLUSION: TA is affected in patients with LDH of L4/L5, and LG is affected in patients with LDH of L5/S1. As demon-
strated, SEMG can identify LDH-related muscle dysfunction.
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1. Introduction

Lumbar disc herniation (LDH) is the most common
cause of radicular pain in osteopathic patients, with the
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prevalence of LDH estimated to be between 3.7% and
5.1% [1]. Symptoms can include lower limb claudica-
tion and limitation in mobility. Surgical treatment is re-
quired to relieve these symptoms [2,3]. More than 90%
of LDH occurs in the L4/L5 and L5/S1 segments [4].
Preliminary diagnosis and evaluation of LDH is com-
pleted using a thorough analysis of the patient’s med-
ical history, a general physical examination, a neuro-
logical examination, and imaging [5]. LDH is mainly
caused by the degeneration of the lumbar spine and can
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affect the patient’s ability to walk [6].
In addition to lumbar spine degeneration, LDH pa-

tients also often experience reduced muscle strength
and decreased endurance. There is evidence to suggest
that highly fatigable lumbar muscles are closely related
to LDH [7]. Although the exact pathophysiology of
LDH remains elusive, the evaluation of related mus-
cles is valuable when assessing these patients. Among
objective analysis methods, magnetic resonance imag-
ing (MRI) and electromyography (EMG) are the most
common used methods to assess muscle activity in
healthy subjects and in patients [8].

MRI is useful when determining the root causes of
back pain or radiating pain, and assessing the pres-
ence of LDH. The prognostic value of MRI on lumbar
surgery is widely accepted, however it has not yet been
confirmed in the diagnosis of the compressed nerve
root [9]. This is because although MRI is highly sensi-
tive and can provide excellent anatomical data, it can-
not provide information about the physiological and
functional status of neural and muscular tissues, which
has a higher clinical relevance [9]. Currently, EMG re-
lies on disposable needle electrodes which, when in-
serted into relevant muscles, measure nerve conduc-
tion parameters and reflect the state of the nerve func-
tion [10,11]. There are, however, some limitations to
the clinical applications of using a needle electrode,
exemplified by the relative complexity and invasive-
ness of the procedure, the risk of infection, and the
ability to collect only static EMG data [12]. Despite
many the many studies that focus on the use of EMG
in this capacity, it remains to be demonstrated whether
this technology can be used to gather reliable data in a
way that is convenient and noninvasive. Surface elec-
tromyography (SEMG) appears to be more convenient
for both patients and researchers when analyzing lower
back muscle fatigue in laboratory studies and in clini-
cal trials [13]. SEMG is a biological electrical signal of
the neuromuscular system that is guided and recorded
by electrodes stuck to the surfaces of muscles [14].
SEMG detection is simple, non-invasive, and conve-
nient for patients. It can be used for muscles in a static
state as well as for observing changes in muscle ac-
tivity throughout numerous sports. Since pain percep-
tion influences the development of activity limitations
in patients with LDH, it is important to assess muscle
function and activation while patients are walking. Ad-
ditionally, muscle deficits may contribute to gait dis-
turbances or limps [7], and if we can identify the pat-
terns of lower limb muscle activities in LDH patients
using SEMG while walking, we can effectively guide
their evaluation, diagnosis, and treatment.

The purpose of this study is to determine the charac-
teristics of lower limb muscle activities using SEMG
in patients with LDH. Additionally, we hope to pro-
vide previously unattainable information for the clini-
cal evaluation of these patients using SEMG signals.

2. Materials and methods

2.1. Participants

Twenty lumbar disc herniation (LDH) patients with
L4/L5 protrusion and compression of only the L5
nerve root (L5 Group), twenty LDH patients with
L5/S1 protrusion and compression of only the S1 nerve
root (S1 Group), and twenty healthy controls (Healthy)
were recruited for this study. The patients in the L5 and
S1 Groups were diagnosed with LDH through medi-
cal history, general physical exam, neurological exam,
preoperative lumbar MRI, and intraoperative observa-
tion. Specially, patients in the L5 Group were diag-
nosed with L4/L5 LDH, while patients in the S1 Group
were diagnosed with L5/S1 LDH. All patients were
required to be able to ambulate at least 50 m. Gen-
eral characteristics are shown in Table 1. Patients with
the following symptoms were excluded: (1) Suffering
spine endogenous diseases, including spinal cord tu-
mor and syringomyelia; (2) Suffering severe respira-
tory or heart disease, and having limited movement ca-
pacity; (3) Patients with other diseases, such as of the
joint or neuromuscular systems; (4) Patients who were
pregnant, immunosuppressed, or diagnosed with can-
cer; or (5) Patients with major motor weakness in lower
limbs, limited spinal range of motion, and other dis-
eases that could impair walking capacity.

All subjects signed the informed consent form, and
the experiment was approved by the Ethics Commit-
tees of Capital Medical University, Beijing, China.

2.2. Instruments

2.2.1. Surface electromyography (SEMG)
measurement

SEMG was measured using a DELSYS wireless dy-
namic EMG tester (TrignoTM Wireless Systems, Del-
sys Inc., USA). The wireless EMG signals were trans-
mitted to the EMG acquisition software via the elec-
trodes pasted on muscle surfaces, and then processed
and analyzed using the EMG software (EMGworks
Analysis and MATLAB). The sampling frequency is
2000 Hz, and with a transmission range of 20 meters,
the battery can be charged to allow at least 7 hours of
continuous work, for simultaneous detection of up to
16 muscles.
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Table 1
General characteristics of the subjects

L5 Group S1 Group Healthy
Male:Female 8:2 6:4 8:2
Age (year) 32.6 ± 11.7 36.9 ± 13.1 28.5 ± 3.1
Height (cm) 176.5 ± 6.0 171.6 ± 7.7 175.0 ± 6.3
Weight (kg) 79.1 ± 17.3 71.7 ± 8.1 71.3 ± 16.9
JOA score (0–100) 11.7 ± 5.2 12.4 ± 2.9 /
Leg pain VAS (0–10) 6.8 ± 2.5 7.3 ± 1.3 /
Lumbar pain VAS (0–10) 4.4 ± 2.7 1.4 ± 1.6 /

JOA: Japanese Orthopedic Association; VAS: Visual Analogue Scale.

Fig. 1. Patient: male, 26 years old, L4/L5LDH, after taping the sen-
sors.

2.2.2. Gait measurement
The gait was measured using a portable high speed

camera (GoPro Hero3, GoPro Inc., USA). A GoPro is
small, light, and easy to transport. The shooting rate is
set to 120 frames per second with 8.33 ms per frame
time.

2.3. Experimental methods

Previous studies have shown that L5 nerve root com-
pression can result in tibialis anterior (TA) dysfunc-
tion, and S1 nerve root compression can result in lat-
eral gastrocnemius (LG) dysfunction [15,16]. There-
fore, the SEMG signals from the bilateral TA and LG
were collected. The largest portion of the muscle belly
was identified and then the skin was scraped, sanded,
and cleaned to increase electrode conductivity, and fi-
nally the wireless electrode was attached to the skin
(Fig. 1). Subjects walked back and forth on a 10 m flat
floor independently and at natural speed and cadence.
Throughout this movement, EMG signals were col-
lected by the DELSYS wireless dynamic EMG tester,
and at least 20 gait cycles were captured and synced
with a high speed camera.

A small, portable high-speed camera (GoPro Hero3,
GoPro Inc., USA) was used to identify the gait cy-
cles with a shooting rate of 120 frames per second. A
GoPro camera was used to record gait cycles and to
capture the light flash when the DELSYS wireless dy-
namic EMG tester was triggered by the Trigno Trigger
Adapter (Trigno Wireless Systems, Delsys Inc., USA).
From the trigger action time, gait and EMG data can
be synchronized.

2.4. Data analysis

The SEMG data of 20 gait cycles for each subject
was distracted, processed, and analyzed through MAT-
LAB software after eliminating noise. First, in the time
domain, the RMS of the SEMG signals in each gait
cycle was calculated using the 30 ms window and the
20 ms step duration [17]. Next, the RMS values were
obtained by averaging all 20 gait cycles [18]. The av-
erage RMS of the 20 subjects of each group were
calculated for comparison between the three groups.
The RMS values and the curve of the healthy con-
trols were used for normal reference. The difference
of the RMS of each muscle was compared between
the symptomatic side and the asymptomatic side of the
patients in the L5 and S1 Groups. Second, in the fre-
quency domain, the SEMG signals were processed us-
ing a Fourier transform and the mean power frequency
(MPF) and the median frequency (MF) of each gait cy-
cle was calculated [19]. Finally, the values of MPF and
MF of each participant were calculated from the aver-
age of all 20 gait cycles.

2.5. Statistical analysis

The RMS, MPF, and MF of the L5 and S1 Groups
were analyzed by SPSS 19 software. A paired student
T -test was performed on the results from the same
subject’s paired limbs. Statistical significance was ac-
cepted for p < 0.05.
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Table 2
SEMG parameters of TA and LG of patients

Parameters/groups L5 Group S1 Group
Symptomatic Asymptomatic P -value Symptomatic Asymptomatic P -value

side side side side
TA

RMS-peak (uV) 60.41 ± 25.48 69.74 ± 44.21 0.45 53.60 ± 23.56 87.45 ± 45.71 0.06
MPF (HZ) 70.52 ± 18.51 89.03 ± 26.58 0.01∗ 77.45 ± 32.56 92.00 ± 32.44 0.15
MF (HZ) 50.66 ± 18.30 68.56 ± 25.64 0.01∗ 57.62 ± 26.58 70.39 ± 30.21 0.19

LG
RMS-peak (uV) 29.96 ± 15.80 44.17 ± 23.85 0.14 47.51 ± 28.23 66.90 ± 42.39 0.32
MPF (HZ) 88.40 ± 24.62 94.93 ± 27.54 0.28 76.63 ± 19.81 98.27 ± 21.21 0.01∗

MF (HZ) 64.69 ± 23.55 74.26 ± 25.55 0.23 57.49 ± 21.22 79.15 ± 21.46 0.02∗

∗The symptomatic side compared with the asymptomatic side, p < 0.05.

Fig. 2. Average RMS of lower limb of healthy participants. a. TA of healthy group. b. LG of healthy group. X axis: RMS (uV); Y axis: gait cycle
(%).

3. Results

The SEMG signals between the symptomatic limb
and asymptomatic limb are significantly different,
however there were no significant differences between
the two lower limbs in healthy controls (Table 2). In
the L5 Group, the MPF and MF of the TA of the symp-
tomatic side were significantly smaller than that of the
asymptomatic side (side = 70.52, asymptomatic side
= 89.03, p = 0.006; side = 50.66, asymptomatic side
= 68.56, p = 0.012). There were no significant differ-
ences between the bilateral LG (p = 0.281, p = 0.233).
In the S1 Group, the MPF and the MF of the LG of the
symptomatic side were significantly smaller than that
of the asymptomatic side symptomatic side = 76.63,
asymptomatic side = 98.27, p = 0.006; symptomatic
side = 57.49, asymptomatic side = 79.15, p = 0.017).
There were no significant differences between the bi-
lateral TA (p = 0.149, p = 0.194).

The RMS curves of the three groups of patients
are shown in Figs 2–4. There were no significant dif-
ferences in the RMS values between the two groups.
However, there were some differences in the RMS
curve in patients with LDH. First, compared to the
asymptomatic limb of L4/L5 LDH patients, the β-
peak in the TA of the symptomatic side was advanced
(Fig. 3a and c). Second, two peaks were found in
the LG of symptomatic limbs in L5/S1 LDH patients
(Fig. 4b).
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Fig. 3. Average of RMS of L5 Group. a. TA of symptomatic limb. b. LG of symptomatic limb. c. TA of asymptomatic limb. d. LG of asymptomatic
limb. X axis: RMS (uV); Y axis: gait cycle (%).

4. Discussion

The different SEMG activities of L4/L5 and L5/S1
intervertebral disc herniation patients indicates the dif-
ferent muscle function states of the patients while
walking, The results also provide additional informa-
tion for further nerve and muscle evaluation. SEMG
is a technique that can record the electrical activities
of many motor units using electrodes, which makes it
non-invasive and easy to operate. It also has the abil-
ity to observe the dynamic state of a muscle. Mal-
one et al. validated the reliability of using SEMG
for patients, and he also describes the differences of
SEMG signals between patients with cervical spondy-
losis myelopathy and healthy controls, as well as the
changes one year after analysis with SEMG [20–22].
This research demonstrated that SEMG can accurately
reflect the state of neuromuscular function in patients.

SEMG has also been used for the evaluation of mus-
cle function in patients with LDH [23–26]. Prelimi-
nary studies showed that the evaluation of muscle func-
tion using both frequency and time domains was more
specific and objective than the simple biomechanical
method [27]. However, the majority of these studies fo-
cused on the observation of SEMG signals in paraver-
tebral muscles and other muscles in lumbar area. Few
studies focused on the changes of lower limb muscles
in LDH patients, and the dynamic states of their mus-
cles.

In frequency domain analysis, the MPF and MF
show different expressions in L4/L5 and L5/S1 pa-
tients. In patients with L4/L5 LDH, the MPF the MF
of the TA on the symptomatic side were significantly
smaller than that of the contralateral side, while in
the patients with L5/S1 LDH, the MPF and the MF
of the LG on the symptomatic side were significantly
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Fig. 4. Average of RMS of S1 Group. a. TA of symptomatic limb. b. LG of symptomatic limb. c. TA of asymptomatic limb. d. LG of asymptomatic
limb. X axis: rRMS (uV); Y axis: gait cycle (%).

smaller than that of the contralateral side. Previous
studies demonstrated that these two parameters in the
frequency domain reflected the degree of muscle fa-
tigue, which itself was measured by the left shift of the
spectrum of SEMG signals and the decrease in MPF
and MF during ambulation [28]. These results suggest
that the TA in patients with L4/L5 LDH appears more
easily fatigable, while the LG in patients with L5/S1
LDH appears more fatigable while walking.

In time domain analysis, the RMS of the normal
control group (Fig. 2a and b) was used as a refer-
ence. For the symptomatic and asymptomatic limbs
of the L4/L5 and the L5/S1 LDH patients, we found
that there was a significant difference between the two
groups regarding gait cycle. A gait cycle can be di-
vided into eight phases, including initial contact, load-
ing response, mid stance, terminal stance, pre-swing,

initial swing, mid swing, and terminal swing [29]. The
lower limb muscles play distinctive roles in each phase.
Under normal circumstances, the TA controls ankle
dorsiflexion and contracts in the initial contact period
so as to help the forefoot decline smoothly. Thus, the
RMS curve of the SEMG showed an α-peak in the
beginning. While in the initial swing period, in or-
der to prevent the foot from dragging on the floor,
the TA contracts and a β-peak appears in the RMS
curve. Conversely, the LG controls the ankle plantar
flexion. The LG contracts in the terminal stance pe-
riod so as to complete the shift in center of gravity,
causing the RMS curve of the SEMG to show a sin-
gle peak. By comparing the RMS curves of two groups
of patients, we made several findings. First, compared
to the asymptomatic limb of L4/L5 LDH patients, the
β-peak in the TA of symptomatic limbs increased ear-
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lier (Fig. 3a and c). This suggests that the TA of L4/L5
LDH patients may require earlier contraction when en-
tering the swing phase so as to prevent foot drop and
dragging on the floor. This process plays an important
role in the transition from the standing phase to the
swing phase. This also reflects the functional abnor-
malities of the TA in patients with L4/L5 LDH. Sec-
ond, two peaks in the LG of the symptomatic limb
were found in L5/S1 LDH patients (Fig. 4b). An ab-
normal peak appears in the mid-stance period. In this
period, the center of gravity is transferred from heel to
forefoot. The force from the platform data also shows
that the strength of the lower limb reaches its maximal
value here [30]. The stress of the ipsilateral sacroil-
iac joint can also increase through lower limb con-
duction. A healthy person in this period will main-
tain leg support, ankle plantar flexion, and will keep
the lower limb relatively extended. We speculate that
the early contraction of the LG was a compensatory
mechanism, which can accelerate the shift of the symp-
tomatic limb and reduce weight bearing time. Mean-
while, the contraction of the LG can bend the knee joint
for a combined effect of alleviating pain in the symp-
tomatic limb.

Our study evaluated SEMG activities of lower limb
muscles in patients with L4/L5 and L5/S1 LDH while
walking. SEMG can reflect the functional status of
lower limb muscles quantitatively, effectively stan-
dardizing the evaluation of muscle strength and over-
coming any lingering problems of subjectivity [31,32].
Additionally, SEMG can provide information on the
state of both nerve and muscle tissues, helping doctors
to better analyze patients, estimate prognosis, and offer
treatment.

5. Conclusion

In this study, SEMG was used to detect activities
of various lower limb muscles in patients with L4/L5
and L5/S1 LDH. We found that the TA is affected for
patients with LDH of L4/L5, and the LG is affected
for patients with LDH of L5/S1. We demonstrated that
SEMG can be used to identify dysfunction in lower
limb muscles related to LDH accurately, conveniently,
and non-invasively.
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