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Abstract

Study design A prospective study.

Objective To investigate the paravertebral and lower extremity muscle activities using surface electromyography (S-EMG)
in patients with adult spinal deformity (ASD) comparing with those of age-matched controls.

Summary of background data Although the paravertebral muscle is greatly involved in ASD pathology, little is known about
the contribution of lower extremity muscle on maintaining standing posture.

Methods Fourteen patients with ASD (1 man, 13 women; mean age, 67.1 years) who underwent corrective fusion surgery
with at least 2 years of follow-up and age-matched controls (1 men, 7 women; mean age, 69.3 years) were enrolled. The
muscle activities of the thoracic and lumbar erector spinae (TES and LES), external oblique (EO), gluteus maximus (GM),
rectus femoris (RF), and biceps femoris (BF) were recorded in the upright and anterior flexion positions using S-EMG pre-
operatively and 1 year post-operatively.

Results Compared with controls, patients showed a significantly higher muscle activity in the LES and BF at rest in a
standing position. After corrective fusion surgery, the muscle activity of LES decreased and that of RF increased (p <0.05),
and the changes reached the level of the controls. When the posture changed from upright to anterior flexion, the controls
showed increased muscle activity of the BF, whereas the patients showed decreased muscle activity of the TES and RF and
increased muscle activity of the BF. Post-operatively, muscle activity of the TES, LES, GM, and BF increased and that of
the RF decreased.

Conclusions ASD patients required a higher activity of the lower extremity and trunk muscles to maintain a standing posi-
tion compared to the age-matched controls. Significant increase of the GM, BF, and TES muscle activities during anterior
bending suggest the presence of mechanical stress concentration caused by fixed lumbar spine.

Level of evidence Level III.

Keywords Adult spinal deformity - Lower extremity - Electromyography - Operation - Paraspinal muscle

Introduction

Although various factors, such as disc degeneration, oste-
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lumbar extensor strength and marked atrophy of the par-
aspinal muscles with fatty infiltration than individuals with
no history of degenerative lumbar spine disease. According
to the ‘‘cone of economy’’ theory proposed by Dubousset
et al. [7], anterior tilting of the trunk would increase the
work of the paravertebral extensor muscles in maintaining
an upright posture. We previously reported that trunk tilt-
ing during standing and walking was significantly correlated
with the cross-sectional area of the paravertebral muscles
[8]. Hanada et al. [9] evaluated the paravertebral muscle
activation amplitudes during walking using surface elec-
tromyography (S-EMG) in elderly patients with low back
pain and demonstrated that the back extensor muscles were
significantly activated to higher amplitudes compared to
the asymptomatic control group, indicating the important
role of these muscles in stabilizing the spine. Hyun et al.
[10] reported that the patients with proximal junctional
failure (PJF) after a long spinal fusion surgery had lower
thoracolumbar muscularity and higher fatty degeneration
than patients without PJF, indicating that the paravertebral
muscles were also crucial for maintaining the postopera-
tive sagittal alignment and preventing junctional failure. On
the other hand, the pelvis and lower extremity cooperatively
compensated for spinal kyphosis to prevent anterior transla-
tion of the axis of gravity, with the extent of compensation
depending on spine stiffness and musculature status [11].
Therefore, the lower extremity muscles also play an impor-
tant role in maintaining the standing posture. Understanding
the function of these muscles is fundamental to prevent or
slow down the progression of deformity in these patients. To
the best of our knowledge, the specific contribution of the
paravertebral and lower extremity muscles in maintaining
the standing posture for patients with sagittal malalignment
has not been evaluated.

Measuring the cross-sectional area is a simple and effec-
tive way of assessing muscle; many authors have therefore
used this method to investigate the relationship between spi-
nal deformity and the paravertebral muscles [10, 12]. How-
ever, a multi-faceted analysis of the important parameters,
such as the quality of the muscle tissue (measured using his-
tological analysis), muscle strength (measured using isoki-
netic muscle power), and muscle activity (measured using
electromyography), should be considered when evaluating
the muscular pathologies. Among them, measurement of
muscle activity using S-EMG is a less invasive method that
enables real-time assessment of multiple muscles in con-
junction with motion.

Patients with spinal deformity require more muscle activ-
ity in their trunk and lower extremities to maintain the stand-
ing position compared to healthy individuals. This increased
activity leads to muscle fatigue and pain, making it difficult
to maintain a standing position for a long time. Restoring
the correct posture with surgery reduces the muscle activity.
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After surgery, we instruct patients to refrain from bending
forward to prevent PJF, but the scientific basis is unclear.
Therefore, this study aimed to evaluate the muscle activity of
the paravertebral and lower extremity muscles using S-EMG
in patients with ASD and to compare the data with those of
individuals without spinal deformity. The changes in muscle
activity after corrective fusion surgery and forward bending
were evaluated as well.

Materials and methods
Enroliment of participants

This study was approved by the institutional review board of
our institution, and informed written consent was obtained
from all patients. Patients with ASD who underwent cor-
rective fusion surgery using long constructs from the lower
thoracic spine to the pelvis between April 2016 and April
2018 in our department with at least 2 years of follow-up
were eligible for our study. We excluded patients with a his-
tory of spinal surgery, infection, and/or neuromuscular dis-
eases, such as Parkinson’s disease, who could not undergo
assessment with S-EMG, and those who experienced post-
operative complications requiring revision surgery during
the follow-up period. We also excluded patients with hip
or knee arthroplasty. The control population consisted of
elderly patients with osteoarthritis who did not have spinal
disease based on their history and radiographic findings.
Furthermore, degenerative changes found in these subjects
were attributed to their age. However, they did not have sco-
liosis or vertebral fractures.

Assessment using S-EMG

Prior to the application of S-EMG electrodes, all sites were
cleaned with alcohol to ensure low impedance (typically <5
kOhm). The pairs of 38-mm surface electrodes (Blue sen-
sor SP-00-S, METS, Chiba, Japan) were attached in the fol-
lowing muscles in only the right side of the participants:
thoracic and lumbar erector spinae (TES and LES), external
oblique (EO), gluteus maximus (GM), rectus femoris (RF),
and biceps femoris (BF) (Fig. 1a). These active electrodes
were placed 2 cm apart and parallel to the following muscle
fibers: TES (7th thoracic and 2 cm lateral to the spinous
process), LES (4th lumbar level and 4 cm lateral to the
spinous process), EO (2 cm anterior from the line connect-
ing between the tip of the iliac crest and rib), GM (midpoint
between the lateral aspect of the sacrum and greater tro-
chanter), RF (midpoint between the anterior superior iliac
spine and tip of patella), and BF (midpoint between the
ischial tuberosity and head of fibula).
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Fig. 1 a The attachment of surface electrodes; @ thoracic erector spi-
nae (TES); @ lumbar erector spinae (LES); @ external oblique (EO);
@ gluteus maximus (GM); ® rectus femoris (RF); ® biceps femoris
(BF). Measurement of maximum voluntary contraction using a fixed

Then, the EMG signals were recorded with a telemetric
EMG system (TeleMyo™ DTS, Noraxon USA Inc, Scotts-
dale, AZ) with a bandpass filter between 5 and 500 Hz and
sampled at 1500 Hz. The S-EMG signals were received
from six channels and transmitted to the personal com-
puter wirelessly.

Participants were asked to maintain the posture during
the 3-s recording of S-EMG data. The muscle electrical
activity was determined by calculating the mean value
of the amplitude over a stable period. These data were
obtained at rest in a standing position and maximum ante-
rior flexion position with 10 s rest in between. The results
were normalized to the maximum activity observed during
the maximum voluntary contraction (MVC). For the deter-
mination of MVC of these muscles, the participants were
asked to perform a maximum isometric movement against
resistance. For trunk muscles (TES, LES, and EO), MVC
was measured using a fixed trunk dynamometer (Takei
Scientific Instruments Co., JPN) (Fig. 1b, c¢), and for lower
extremity muscles (GM, RF, and BF), MVC was meas-
ured by the manual resistance applied by the investigator
(Fig. 1d—f). The mean amplitude for the three trials was
calculated to obtain the MVC value.

trunk dynamometer (b flexion, ¢ extension); Measurement of maxi-
mum voluntary contraction by manual resistance; (d gluteus maxi-
mus, e rectus femoris, f biceps femoris)

The EMG data were analyzed using myoRESEARCH®
3 (Noraxon, Scottsdale, USA). After rectification and
smoothing, the EMG signals were amplitude normal-
ized to the average MVC value (%MVC). The average
MVC value was the average of 0.5 s before and after the
maximum muscle activity. In patients with ASD, the mus-
cle activity was assessed pre-operatively and at 1 year
post-operatively.

Radiographic measurements

A standardized lateral view of the entire spine in the stand-
ing position was obtained for all participants at each meas-
urement time point; they were asked to relax their heads
while looking straight ahead, without pulling in the chin,
with their hands placed on their clavicles, and with a 1.5-m
distance between the radiographic tube and the patient.
The following alignment parameters were measured from
the radiographs: sagittal vertical axis (SVA), pelvic tilt
(PT), pelvic incidence (PI), lumbar lordosis (LL), and tho-
racic kyphosis (TK).
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Data analysis

Among controls, we compared the muscle activity meas-
ured pre-operatively with that measured at post-operatively.
Moreover, the muscle activity changes depending on the
posture (at rest in a standing position versus maximum
anterior flexion) were assessed. The spinopelvic parameters
(SVA, PT, PI, LL, and TK) were compared between the
patients and controls.

To compare the muscle activity and radiographic param-
eters, paired ¢ test and Wilcoxon test were used for intra-
group changes and Mann—Whitney U test for inter-group
changes. The Spearman correlation coefficient was calcu-
lated to evaluate the correlations between muscle activity
and radiographic parameters. To verify the accuracy of a
fixed trunk dynamometer, trunk muscle strength (flexion
and extension) was measured 3 times in 11 healthy volun-
teers, and the infraclass correlation coefficient (ICC) was
determined.

All statistical analyses were performed using SPSS ver-
sion 23.0 (SPSS Inc., Chicago, IL). A P value <0.05 was
considered significant.

Results

We examined 14 patients with ASD (1 man, 13 women)
and 8 elderly volunteers (1 men, 7 women). The mean age
and range of the patients and elderly volunteers were 67.1
(standard deviation [SD]: 7.9) and 69.3 (SD: 9.3) years,
respectively. The mean body mass index was 21.4 (SD: 2.6)
and 22.0 (SD: 1.7) kg/m?, respectively. There were no dif-
ferences in demographic data between the patients and con-
trols. The mean follow-up period of the patients with ASD
was 43.9 months (range, 28—45) months.

Regarding ASD pathologies, out of 14 patients with ASD,
13 had de novo scoliosis and 1 had progressed idiopathic
scoliosis. There were no cases of post-traumatic fractures or
iatrogenic deformity. The mean number of levels fused was
8.4 segments, with an upper instrumented vertebra (UIV) of

T7 in 1 patient, T9 in 3, and T10 in 10 patients. All patients
underwent sacroiliac fusion using bilateral S1 and iliac
screws. Sagittal alignment, as represented by the spinopelvic
parameters, in the patients with ASD that was significantly
worse at baseline compared with controls, improved signifi-
cantly at 2-year post-operatively (Table 1, Fig. 2).

The fixed trunk dynamometer showed high reliability,
with ICC values for trunk flexion and extension muscle
strength of 0.944 and 0.864, respectively. Regarding the
S-EMG of the trunk and lower extremity, at rest in a stand-
ing position, the patients with ASD showed a significantly
higher muscle activity in LES and BF than the controls
(»<0.05) (Table 2 and Fig. 3). After corrective fusion sur-
gery, a decrease in LES muscle activity and an increase
in RF muscle activity were observed (p <0.05), and the
changes reached the level of the controls (Table 2). On the
other hand, on anterior flexion, there was no significant dif-
ference between the ASD patients and controls. However,
a significant increase in TES muscle activity was observed
after corrective fusion surgery (p <0.05) (Table 3).

When the posture changed from standing to anterior flex-
ion, the control subjects showed minimal changes in muscle
activity, with only the BF showing a significant increase
(Fig. 4). However, the patients with ASD showed a signifi-
cant decrease in TES and RF and a significant increase in
BF (Fig. 5). After corrective fusion surgery, TES showed a
significant increase in muscle activity at the anterior flex-
ion position compared to that pre-operatively. Moreover, a
significant increase in LES, GM, and BF, and a significant
decrease in RF were observed (Fig. 6).

Discussion

Several reports have investigated the paravertebral mus-
cle activity using S-EMG for patients with spinal disease
[13, 14]. However, few reports have investigated the para-
vertebral muscle activity in patients with spinal kyphosis.
Enomoto et al. [15] demonstrated that the patients with lum-
bar degenerative kyphosis had a higher muscle activity of

Table 1 Radif)graphic Controls ASD patients P! P’

parameters of controls and

patients with adult spinal Pre-op 2y post-op

deformity -
SVA (mm) 29.1+17.5 98.3+13.7 452+11.6 0.006** 0.009
PT (°) 16.1+3.0 36.4+2.3 243+3.6 <0.001%%* 0.003"*
PI (°) 53.5+3.7 53.4+33 51.3+3.4 0.973 1.000
LL (°) 52.3+4.6 6.7+3.6 39.5+3.2 <0.001 % <0.0017
TK (°) 28.6+3.5 14.6+4.0 38.1+3.0 <0.042% <0.0017

Mean values are presented as + standard error

p': control vs pre-op, *p <0.05, **p <0.01, Mann—Whitney U test

p?: pre-op vs 2y post-op, 'p <0.01, Wilcoxon test
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Fig.2 Representative radio-
graphs; a A 71-year-old
woman in control group; b A
63-year-old woman with spinal
deformity (pre-operation); ¢
post-operation

Table 2 Muscl.e activity. of each Rest standing Control ASD patients P! P’ P’

muscle at rest in a standing

position Pre-op Post-op
TES 34.0+9.9 40.7+5.1 41.5+4.7 0.297 0.975 0.165
LES 31.5£73 62.5+11.2 33.6+4.3 0.029%* 0.006" 0.714
EO 18.5+3.3 16.9+2.8 21.8+3.6 0.764 0.300 0.815
GM 16.4+6.0 13.1+4.1 8.4+3.1 0.330 0.363 0.188
RF 9.4+29 9.8+1.5 16.8+3.1 0.714 0.026 0.165
BF 39+22 11.7+3.1 50«12 0.035* 0.140 0.127

Mean values are presented as + standard error

pl: control vs pre-op, *p <0.05, *¥p <0.01, Mann-Whitney U test

P?: pre-op vs post-op, p<0.05, TTp <0.01, Wilcoxon test

P3: control vs post-op, *p <0.05, *¥p <0.01, Mann—Whitney U test

the paravertebral muscles at rest in a standing position than
age-matched patients with lumbar spinal canal stenosis and
healthy volunteers. Our results are consistent with the find-
ings of the previous report. We also showed that when main-
taining the upright posture, the lower extremity muscles,
such as GM, RF, and BF, and trunk muscles, including TES,
LES, and EO, required a higher muscle activity in patients
with ASD than in health young participants (Table 2). Prior
et al. [16] revealed that a significant increase in the BF mus-
cle activity was observed when the pelvis moved from a
normal position to retroversion. Patients with ASD main-
tained the standing posture through pelvis retroversion (high

pelvic tilt) [11]. Therefore, not only trunk anterior tilting but
also pelvic retroversion could contribute to an increase in
BF muscle activity in patients with ASD. Spinal kyphosis
could also be compensated by the lower extremity through
hip extension and knee bending to maintain global alignment
[11, 17]. Therefore, the lower extremity muscles need higher
muscle activity during standing in patients with ASD than
in healthy young individuals who require minimal muscle
activity to maintain the standing posture.

On the other hand, after corrective fusion surgery, the
muscle activity of LES decreased and that of RF increased
significantly (Table 2). The fixed lumbar spine using an
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Fig.3 EMG wave pattern of
each muscle at rest in a standing
position. Left: patients with
ASD; right: controls

Table 3 Muscle activity of each
muscle at anterior flexion

Fig.4 The comparison of mus-
cle activity between at rest in a
standing position and anterior
flexion in the control group
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ASD control
+500mV
{alli I X RITR (VTR
TES  fuuauiis gt keaisunts
————————————— -500mV
LES R St e
EO
GM
RF
BF
Anterior flexion Control ASD patients P! P? P’
Pre-op Post-op
TES 26.2+6.9 17.6+4.2 76.4+9.0 0.330 0.001" 0.0017%*
LES 49.5+15.0 46.5+12.6 43.1+£83 0.714 0.975 0.092
EO 28.6+9.6 22.8+8.2 30.0+4.8 0.441 0.056 0.616
GM 22.8+6.6 15.8+4.5 21.6+3.8 0.441 0.331 0.092
RF 4.7+0.8 51+1.1 57+1.1 0.714 0.433 0.868
BF 24.1+6.2 33.6+10.1 28.4+3.6 0.920 0.638 0.441
Mean values are presented as + standard error
pl: control vs pre-op, *p <0.05, **p <0.001, Mann-Whitney U test
P?: pre-op vs post-op, p<0.05, TTp<0.001, Wilcoxon test
P3: control vs post-op, *p <0.05, **p <0.001, Mann-Whitney U test
{Penavic) control
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Fig.5 The comparison of mus-
cle activity between at rest in a
standing position and anterior 100
flexion in patients with ASD
(pre-operation)

(%MVC)

pre-op
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; il m. W
TES LES EO GM RF BF
H rest standing anterior flexion
Fig. 6 The comparison of mus- (%MVC) pOSt-Op
cle activity between at rest in a
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flexion in patients with ASD Tt
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instrument and muscle denervation could be affect the
decrease of LES muscle activity after operation. Although
the BF showed higher activity than the RF pre-operatively,
after the operation, the RF showed higher activity (Table 2).
These results suggested that during a forward trunk tilt,
the BF requires more effort compared to RF to maintain
the standing posture; however, sagittal spinal realignment
through corrective surgery would facilitate the use of RF
with knee extension to reduce the load on the BF. Despite
involving healthy individuals as the study subjects, Wang
et al. [18] revealed that with anterior trunk tilting, an
increase in BF and erector spinae activation was observed,
accompanied by a decrease in RF activity, with the oppo-
site pattern being observed in posterior trunk tilting. In fact,
an increase in BF activity and a decrease in RF activity
in the flexion position than at rest in a standing position
were observed in both controls and patients (Figs. 4 and 5).

M rest standing

anterior flexion

Although sagittal alignment was corrected through surgery,
every muscle still required a higher activity to maintain the
standing posture in the patients than in controls, because the
fixed spine is different from the flexible spine, with the for-
mer possibly increasing the load on the non-fixed area such
as the thoracic spine, pelvis, and lower extremity.

In patients with ASD, the muscle activity of the lower
extremity muscles (GM, RF, and BF) were significantly
changed during anterior bending after surgery compared
to that pre-operatively (Figs. 5 and 6). A fixed spine that
has lost its ability to compensate might place a load on the
GM and BF to maintain an anterior flexion posture. Regard-
ing the proximal junction, the patients with ASD showed
a decrease in TES activity during anterior flexion (Fig. 5);
on the contrary, a significant increase in TES activity was
observed after fusion surgery (Fig. 6). The thoracic spine has
a compensatory mechanism to maintain standing posture by
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reducing thoracic kyphosis [11], which results in an increase
in the TES activity in the standing position. Taking the
anterior flexion position seemed to cancel this compensa-
tion mechanism and reduce the muscle activity. However,
after surgery, mechanical stress was concentrated on the
proximal junction due to the fixed lumbar spine, thereby
causing a proximal junctional failure, which was reported
as one of the major complications after long spinal fusion
surgery [19]. Proximal junctional failure has been reported
to be caused by multiple factors, including age, fusion to
the pelvis, preoperative thoracic kyphosis, low bone min-
eral density, lower muscularity, and excessive correction
[19-22]. We showed that, after corrective fusion surgery,
TES required a high muscle activity to maintain the anterior
flexion position. Greater trunk extensor muscle activation,
which may increase the spinal load, was reported to contrib-
ute to vertebral fracture [13]. Our finding may partly help
to explain the mechanisms of vertebral fracture around the
upper instrumented vertebra, leading to proximal junctional
failure after long fusion surgery. Therefore, after corrective
fusion surgery, patients should be prohibited to perform
anterior flexion to prevent the concentration of mechanical
stress on the proximal junction.

This study has several limitations. First, participants were
asked to maintain the posture during surface electromyogra-
phy measurements. The patients maintaining their position
due to pain were excluded because accurate measurement
was not possible. However, these actions could be limited
due to pain in ASD patients. Second, we normalized the
muscle activity using %MVC. Although this method is
the most widely used reference point for normalization, it
is often subjective and potentially limited by sensation of
pain in injured individuals [23]. Third, we evaluated trunk
muscles only in one side. These muscle activities could be
different in patients with scoliosis. Finally, the sample size
was relatively small, and these results might diminish the
statistical relevance of the inter-group comparisons.

In conclusion, patients with ASD required a higher activ-
ity of the lower extremity and trunk muscles to maintain
a standing position than normal controls. After corrective
fusion surgery, a significant increase in the muscle activ-
ity of the lower extremity muscles (GM, BF) and TES was
observed during anterior bending, suggesting the presence of
mechanical stress concentration caused by the fixed lumbar
spine.

Key points
e We assessed the paravertebral and lower extremity mus-
cle activities using surface electromyography in patients

with adult spinal deformity (ASD) and compared the
results with those of controls.
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e The patients with ASD required a higher activity of the
lower extremity and trunk muscles to maintain a standing
position, compared with age-matched controls.

e After corrective fusion surgery, the muscle activity of
lumbar erector spinae decreased and that of rectus femo-
ris increased.

e The muscle activity of gluteus maximus, biceps femoris,
and thoracic erector spinae significantly increased during
anterior bending after surgery.
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