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Background: People with low back pain (LBP) alter their motion patterns during level walking and stair climbing due to pain
or fear. However, the alternations of load sharing during the two activities are largely unknown. The objective
of this study was to investigate the effect of LBP caused by lumbar disc herniation (LDH) on the muscle activ-
ities of 17 main trunk muscle groups and the intradiscal forces acting on the five lumbar discs.

Material/Methods: Twenty-six healthy adults and seven LDH patients were recruited to perform level walking and stair climbing
in the Gait Analysis Laboratory. Eight optical markers were placed on the bony landmarks of the spinous pro-
cess and pelvis, and the coordinates of these markers were captured during the two activities using motion
capture system. The coordinates of the captured markers were applied to developed musculoskeletal model to
calculate the kinetic variables.

Results: LDH patients demonstrated higher muscle activities in most trunk muscle groups during both level walking and
stair climbing. There were decreases in anteroposterior shear forces on the discs in the pathological region and
increases in the compressive forces on all the lumbar discs during level walking. The symmetry of mediolater-
al shear forces was worse in LDH patients than healthy adults during stair climbing.

Conclusions: LDH patients exhibited different kinetic alternations during level walking and stair climbing. However, both
adaptive strategies added extra burdens to the trunk system and further increased the risk for development
of LDH.
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Background
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Material and Methods

Low back pain (LBP) is one of the most prevalent diseases af-
flicting people today. The lifetime prevalence of LBP is high
and more than 70% of adults have suffered LBP at some time
in their lives [1-3]. An abnormal motion pattern has been ob-
served in people with LBP [4]. Moreover, the disabilities relat-
ed to LBP are frequently associated with changes in the bio-
mechanics of the lumbar spine.

Level walking and stair climbing are two common and inev-
itable activities of daily living (ADL). Most previous studies
have mainly focused on the kinematic alternation in LBP pa-
tients during these two ADLs. It has been shown that LBP pa-
tients reduce trunk rotation [5,6] and diminish the change in
pelvis-thorax coordination from more in-phase to more anti-
phase [7] in the transverse plane, and spend more of the gait
cycle in-phase coordination in the frontal plane [8] during lev-
el walking. Also, the range of motion (ROM) in the lumbar re-
gion has been found to have a reduction in LBP patients dur-
ing stair climbing [9].

The kinematic alternation is usually accompanied by the kinet-
ic adaptation during level walking and stair climbing. However,
most kinetic studies investigating the kinetic alternation due to
LBP have mainly focused on lifting activities [10-15]. Moreover,
the spinal loads have mainly been simulated on only one lum-
bar segment unit such as L5S1. It has been shown that LBP
patients display greater shear force and compressive force on
L5S1 during lifting. Two previous kinetic studies have investi-
gated the abnormal spinal loads during level walking [16,17].
However, the study patients were limited to the amputees.
Other studies have reported on the abnormal muscle activi-
ties in LBP patients during level walking [18-21], but the anal-
ysis of muscle activity was mainly based on electromyography
(EMG) measurements. The EMG recording from a muscle only
indicates the electrical activity of the muscle but cannot pro-
vide information on the muscle force. In addition, many of the
spinal muscles, such as deep muscles, are difficult to reach in
vivo by EMG measurement. As for stair climbing, none of the
previous studies in the literature have investigated abnor-
mal trunk muscle activities in LBP patients during ADL. Many
factors could induce LBP, such as lumbar disc herniation and
spondylolisthesis. Different subgroups of LBP patients have re-
ported adopting different adaptive strategies for LBP [22-24].

Thus, the purpose of this study was to investigate the impact
of LBP induced by lumbar disc herniation (LDH) on the com-
pressive forces, anteroposterior shear forces, and mediolater-
al shear forces acting on every lumbar disc and the maximum
muscle activities of seventeen main trunk muscle groups dur-
ing level walking and stair climbing.

Study setting and design

This study was conducted at the Gait Analysis Laboratory in
Shenzhen Second People’s Hospital from April 2016 to October
2016. The participants in this study included healthy adults
and patients who were diagnosed with lumbar disc herniation.
The healthy adults were recruited if they met the following
criteria: @) no obvious motor dysfunction, b) no surgery in the
recent one year, c¢) no back pain or lumbar disc herniation, d)
no strenuous exercise 24 hour before trials. The selected pa-
tients had to meet the following criteria: a) the patients were
diagnosed with lumbar disc herniation in the course of discop-
athy in lumbar spine. The diagnosis was made by at least two
specialist orthopedic surgeons and confirmed by x-ray imag-
ing and MRI. b) The disc herniation was diagnosed to occur at
the lower lumbar level by MRI. ¢) The patients had the ability
to conduct level walking and stair climbing. In the examina-
tion, the patients were required to attempt to walk and climb
stairs. They were deemed to maintain the movement ability if
they could perform at least 20 gait cycles. This study was ap-
proved by Shenzhen Second People’s Hospital and written in-
formed consent was obtained for every participant.

Protocol and testing procedure

Prior to the experiment, the participant lay prone on the bed.
One surgeon helped to find and locate the major landmarks
on spine and pelvis. In this study, the landmarks included the
third and seventh spinous process of the thoracic vertebra (T3,
T7), the first, third, and fifth spinous process of lumbar verte-
bra (L1, L3, L5), the left posterior superior iliac spine, the right
posterior superior iliac spine, and the iliac crest. Then, opti-
cal markers were placed on these landmarks and captured by
Optotrak Certus motion analysis system (Northern Digital Inc.,
Ontario, Canada) at the rate of 100 Hz throughout the whole
experiment. The detailed placements are illustrated in Figure 1A.

Before the trial of level walking and stair climbing, the partici-
pants were kept standing in a neutral position for at least five
seconds for data collection to obtain baseline. Afterwards, the
same surgeon demonstrated the requirements for level walking
and stair climbing and then guided the participants to prac-
tice the two activities until they felt that they could carry out
each activity naturally. The schematics of the level walking and
stair climbing are showed in Figure 1B. Participants repeated
each activity three times for data collection.

Musculoskeletal model and simulation

A generic FacetjointModel model in the Anybody Managed
Model repository (AMMR, version 1.6) of Anybody Modeling
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Level walking

Stair climbing

Figure 1. (A, B) Schematic of marker placement and test procedure.

Table 1. The weight of markers in trunk section for lumbar vertebrae and thoracic segment.

Marker T3 Marker T7
Thx 1/2 1/2
””””””” L o 0
””””””” s o o0
””””””” w0 0

Marker L1 Marker L3 Marker L5
0 0 0
o o
we » o ue
”””””””” o w12

Thx — the whole thoracic segment; L1 — the first lumbar vertebra; L2 — the second lumbar vertebra; L3 — the third lumbar vertebra;
L4 — the fourth lumbar vertebra; L5 — the fifth lumbar vertebra; T3 — the third thoracic vertebra; T7 — the seven thoracic vertebra.

System (Anybody Modeling System version 6.0.6, Aalborg,
Denmark) was selected for its ability to predict the forces in a
redundant system. In addition, the model includes more than
one hundred muscle fascicles and all lumbar intervertebral
joints in the spinal region. The model has been described and
validated in the literature [25,26]. In brief, the model contained
pelvis, five lumbar vertebrae, one lumped thoracic segment,
and one lumped cervical segment. These segments were con-
nected with spherical joints, and the location of each joint was
based on the work by Pearcy and Bogduk [27]. In addition, the
model featured the 17 main muscle groups in the spinal re-
gion: left and right erector spinae (ES), left and right lumbar
multifidus (LMF), left and right thoracic multifidus (TMF), left
and right semispinalis (SS), left and right oblique externus (OE),
left and right internal externus (IE), left and right psoas major
(PS), left and right quadratus lumborum (QL), and rectus ab-
dominis (RA). Each muscle group consists of many muscle fas-
cicle. The muscle fascicle force was solved as force component
by minimum-maximum optimization algorithm and could only

exert tensile force [25,26,28]. In the AnyBody Model System,
muscle activity of every muscle fascicle was represented by
the ratio of muscle fascicle force to its strength.

In the AnyBody Model System, the default spine rhythm was
applied to drive the lumbar segmental motion. So only the de-
termination of thoracic motion was essential. However, the
default spine rhythm could not express the difference of in-
tervertebral motion in healthy individuals and LDH patients.
Therefore, the model was developed and driven by the cap-
tured markers’ coordinates. Since the determination of each
segmental motion needed at least three points, the move-
ments of the L2, L3, and L4 were determined by interverte-
bral joint, real marker and virtual marker. The virtual marker
was determined by attributing different weights to the real
markers (Table 1). The L1 and L5 were driven using the de-
fault coefficient of spine rhythm with respect to the adjacent
lumbar vertebra.
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Data analysis

The output variables of the musculoskeletal simulation includ-
ed the maximum muscle activity (MMA) of every main mus-
cle groups and the compressive force, anteroposterior shear
force, and mediolateral shear force of every lumbar interver-
tebral disc. The gait cycle was defined as the time interval be-
tween subsequent heel strikes of the same leg for both lev-
el walking and stair climbing. The data of every variable were
time normalized and re-sampled using a cubic spline interpo-
lation to 0-100% of the gait cycle. In this study, the variable
of every participant was the average of three trials. All data
analysis, except simulation, was completed using custom pro-
cedure implemented in MATLAB software (The MathWorks,
Natick, MA, USA).

Results

Demographic data

We recruited 26 healthy male adults (mean age 23.6 (SD 1.92)
years; height 169.9 (SD 5.9) cm; weight 63.5 (SD 8.4) kg) and
seven male LDH patients (mean age 28.7 (SD 4.5) years; height
170.1 (SD 3.4) cm; weight 67.4 (SD 5.3) kg). The disc hernia-
tion was found to happen at the L4L5 level in 3 out of 7 cas-
es, at the L551 level in 3 out of 7 cases and at both L4L5 and
L5S1 level in 1 out of 7 cases.

Maximum muscle activities of the seventeen main trunk
muscle groups

Figures 2 and 3 shows the maximum muscle activities (WVMAs)
of 17 main trunk muscle groups during level walking and stair
climbing, respectively. Compared with healthy people, the MMAs
of all eight main back muscle groups and eight of nine main
front muscle groups were significantly larger in LDH patients
during level walking (Figure 2, Table 2). During stair climb-
ing, the MMAs of left and right ES, left and right LMF, right
TMF, right SS, left and right EO, left and right 10, and left PM
varied with time points (Figure 3). The other muscle groups
showed greater MMAs in LDH patients than healthy partici-
pants throughout the gait cycle (Figure 3). In addition, all the
17 muscle groups’ mean MMAs were larger in LDH patients
than healthy participants (Table 2). Moreover, the differences
were significant (p<0.05) in 12 of 17 muscle groups (Table 2).

Intradiscal forces

During level walking, LDH patients exhibited smaller anteropos-
terior shear forces acting on the two discs in the pathological
region and larger anteroposterior shear forces acting on the
other three discs in terms of the magnitude (Figure 4, Table 2).
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The compressive forces acting on all the five lumbar discs were
significantly larger in LDH patient than healthy participants
(Figure 4, Table 2). During stair climbing, there was no signifi-
cant difference in the compressive forces and anteroposterior
shear forces between LDH patients and healthy participants
(Figure 5, Table 2). However, the symmetry center of the me-
diolateral shear forces acting on the five discs all significant-
ly offset laterally (Figure 5, Table 2).

Discussion

This study aimed to investigate the kinetic compensatory re-
sponse to lumbar disc herniation during level walking and stair
climbing. The kinetics involved the maximum muscle activities
of 17 main muscle groups in the spinal region and the com-
pressive forces, anteroposterior shear forces, and mediolater-
al shear forces acting on every lumbar disc. We explored three
hypotheses, a) LDH patients would decrease anteroposterior
shear forces and increase compressive forces in the patholog-
ical region during level walking; b) adaptive alteration of spi-
nal loads for LDH mainly focused on mediolateral forces dur-
ing stair climbing; c) there were more trunk muscle activities
in LDH patients during the two ADLs. The finding in this study
indicated that LDH patients reduced anteroposterior shear forc-
es and increased compressive forces acting on the discs in the
pathological region during level walking, supporting the first
hypothesis. In addition, the patients increased anteroposteri-
or shear forces and compressive forces on the upper lumbar
discs. The MMAs of the majority of the 17 muscle groups were
found increased in LDH patients during level walking, support-
ing the third hypothesis. Similar to level walking, the LDH pa-
tients also increased MMAs of most muscle groups but wors-
ened the symmetry of all the five lumbar discs’ mediolateral
shear forces during stair climbing, which was in agreement
with the second and third hypotheses. No significant differ-
ences in compressive forces and anteroposterior shear forces
were found between LDH patients and healthy participants,
favoring the second hypothesis.

During level walking, the attempt to reduce shear forces in the
pathological region was an adaption of the guarding mech-
anism. The annulus fibrosus tissue of the intervertebral disc
has an interlamellar structure, which has been deemed espe-
cially sensitive to shear force [29]. Moreover, the interverte-
bral disc’s tolerance to shear loading is much lower than to
compression [30]. Therefore, to protect the intervertebral discs
in the pathological region and avoid provoking painful tis-
sue, patients decreased the anteroposterior shear forces. But
the costs of this decrease were the increase in the compres-
sive forces on every lumbar disc and the increase in antero-
posterior shear forces on the upper lumbar discs. Greater spi-
nal load and repetitive lumbar flexion-extension increases the
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Figure 2. The comparison of the maximum muscle activity of 17 main muscle groups in the spine between healthy participants and

patients with lumbar disc herniation, during level walking. The red and blue solid line represents maximum muscle activity
of healthy participants. The red and blue dash-dotted line represents maximum muscle activity of patients with lumbar disc

herniation.
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Figure 3. The comparison of the maximum muscle activity of 17 main muscle groups in the spine between healthy participants and
patients with lumbar disc herniation, during stair climbing. The red and blue solid line represents maximum muscle activity
of healthy participants. The red and blue dash-dotted line represents maximum muscle activity of patients with lumbar disc

herniation.

risk of LDH development [31,32], thus it would be better for
LDH patients to conduct some interventions to decrease the
spinal load before symptomatic development. As part of the
trunk system, the musculature plays a critical role in stabiliz-
ing the spinal motion. In the Panjabi’s stabilizing theory [33],
the neural control unit subsystem would coordinate the spi-
nal column subsystem and spinal muscle subsystem to sustain

the dynamic spinal stability. Therefore, the adaptive alteration
in intradiscal forces is needed for the adaptive response in
muscle activities. In this study, LDH patients displayed great-
er muscle forces in all the back muscle groups and the major-
ity of the front muscle groups, findings which were in agree-
ment with the tendencies in the EMG analysis [19,34]. Also,
the adaptive response in muscle activities in this study was
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Table 2. The mean of maximum muscle activities of each muscle group, the compressive force, the anteroposterior shear force and the
mediolateral shear force of each lumbar intervertebral disc during level walking and stair climbing.

Level walking Stair climbing

Control (%) Patient (%) Control (%) Patient (%)

Back muscle groups

Left ES 21.49 28.14 0.00 21.46 30.18 0.01
"""" RighteS 2228 2770 00l 2153 2933 002
"""" leftlMF 1563 2136 000 1512 185 004
"""" Right!MF 1521 1863 003 1552 1738 024
"""" leftSs 2094 2789 000 2137 2530 003
"""" Rightss 2126 2512 005 2113 2513 004
"""" LeftTMF 1679 2279 000 1676 2492 000
"""" Right TMF 1665 1998 004 1658 2116 003
CFomtmusclegroups
"""" letlo 1522 1608 053 1624 1777 043
"""" Rghtto 1502 1976 00l 1606 2125 004
"""" letEO 1445 1900 002 1437 2080 001
"""" RighteO 1362 1633 004 1519 1914 003
"""" leffPM 2550 3088 004 2636 3124 012
"""" RightPM 2535 358 000 248 339 000
"""" letQ. 1375 184 002 1566 1760 040
"""" RghtoL 1353 1920 000 1330 1891 000
RA 723 217 002 1859 2157 030

Sacrum L5 CF 93.43 112.81 0.01 98.10 103.58 0.54
"""" l45¢F  o4e4 11418 002 9881 10566 045
"""" \3L4CF 10040 11803 002 10436 10843 064
"""" L3CF 7248 8732 003 7960 8032 093
"""" li2cF 7308 8727 004  8l4 8120 097

Sacrum L5 AF 11.74 8.41 0.21 12.01 11.02 0.73
"""" \45AF 1126 325 003 1654 798 010
"""" \34AF  -433 2369 001 415  -1808 005
"""" LBBAF -1891 2619 002  -2096  -2331 055
"""" LL2AF 2429 3227 003 2001  -3043 076

Sacrum L5 MF 1.07 -1.42 0.11 2.14 —4.53 0.01
"""" lasmMF 113 -le4 009 215  -491 001
"""" 344MF 110  -095 02 220  -48 001
"""" l23MF o068 058 093 08  -328 002
"""" l2MF o065 105 076 062  -328 003

ES — erector spinae; LMF — lumbar multifidus; TMF — thoracic multifidus; SS — semispinalis; OE — oblique externus; IE — internal
externus; PS — psoas major; QL — quadratus lumborum; RA — rectus abdominis; CF — compressive force; AF — anteroposterior shear
force; MF — mediolateral shear force.
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Figure 4. The comparison of the intradiscal force acting on five lumbar discs between healthy participants and patients with lumbar
disc herniation, during level walking. The blue solid line represents intradiscal forces of healthy participants. The blue dash-
dotted line represents intradiscal forces of patients with lumbar disc herniation.
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Figure 5. The comparison of the intradiscal force acting on five lumbar discs between healthy participants and patients with lumbar
disc herniation, during stair climbing. The blue solid line represents intradiscal forces of healthy participants. The blue dash-
dotted line represents intradiscal forces of patients with lumbar disc herniation.
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consistent with Van’s guarding hypothesis that deemed ele-
vated lumbar muscle activities as a guarded response in LBP
patients during level walking [19].

During stair climbing, the ROM of the lumbar spine in the fron-
tal plane has been shown to have no significant difference from
that during level walking [35,36]. But stair climbing requires
more pelvic oblique at the initial and final part of the gait cy-
cle [37]. In LDH patients, the greater oblique might increase
the risk of provocation of painful tissue and further lead to
excessive pelvic oblique and lumbar lateral bending through-
out the gait cycle. This kinematic alternation would induce the
offset in mediolateral shear force, which would be consistent
with the current finding that the mediolateral shear forces act-
ing on the five lumbar discs all offset away from zero in LDH
patients. Similarly, to stabilize the spinal system, the majori-
ty of the muscle groups demonstrated more muscle activities
in LDH patients during stair climbing. One noteworthy point
was that larger pelvic oblique at the initial and final part of
the gait cycle was in accordance with larger muscle activities
at these part of the gait cycle, indicating that the alternations
of muscle activities were mainly adaptive for abnormal spinal
movement in the frontal plane.
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Conclusions

The kinetic compensatory responses to lumbar disc herniation
were different in level walking and stair climbing. However,
both adaptions had negative impacts on the comprehensive
spinal loadings and added to the burden on musculature. The
adaptations found in this study might be a suboptimal load
sharing for LDH patients. However, given the repetitive and in-
evitable nature of level walking and stair climbing, perpetual-
ly elevated loading likely increased the risk of the worsening
of lumbar disc herniation. So, it is better for these patients to
undergo some interventions before severe disability occurs. In
the future, we will investigate the improvement of load shar-
ing after different interventions for lumbar disc herniation.
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