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Abstract

Purpose While the etiopathogenesis of adolescent idiopathic scoliosis (AIS) remains unclear, it is assumed that muscular
asymmetries contribute to curve progression. As previous studies have found asymmetries of the thoracic paraspinal muscles
in AIS patients, our study’s aim was to analyze differences in the erector spinae, multifidus, quadratus lumborum, and psoas
muscles of the lumbar spine depending on the curve’s radiographic characteristics.

Methods We retrospectively included all patients who received posterior reposition spondylodesis for AIS treatment at our
institution. Patients were classified according to the Lenke classification. Muscle cross-sectional areas were obtained from
magnetic resonance imaging of the lumbar spine. Data were analyzed with the Wilcoxon rank sum test, the Kruskal-Wallis
test with post hoc testing, or the Spearman’s correlation coefficient.

Results Seventy-four (14 males and 60 females) AIS patients with a median age of 16 (IQR +4) years and a mean Cobb
angle of 56.0° (£ 18.0°) were included. In curve types Lenke 1 and 2 (n=45), the erector spinae (p <0.001) and multifidus
(p<0.001) muscles had a significantly larger cross-sectional area on the convex side, whereas the quadratus lumborum
(p=0.034) and psoas (p <0.001) muscles each had a significantly larger cross-sectional area on the lumbar contralateral side.
Conclusion Our results show an asymmetry of the lumbar spine’s muscles which depends on both the convexity and the
extent of the scoliotic curve. While our results cannot prove whether these differences are the deformity’s cause or effect, they
may contribute to a better understanding of AIS pathogenesis and may allow for more specific preoperative physiotherapy.
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Introduction children around puberty and makes up about 80% of scolio-
sis cases. Females are more frequently affected than males
Adolescent idiopathic scoliosis (AIS) is defined as a three- [1,2].
dimensional structural deformity of the spine with a lateral To date, there is no consensus on AIS treatment, which is
curvature of at least 10° which occurs in apparently healthy =~ long-lasting and mostly starts as conservative treatment to
correct the curve and prevent its progression during growth.
Conservative treatment options include physiotherapy, phys-
iotherapeutic scoliosis-specific exercises (PSSEs), and other
types of physical therapy as well as bracing [3]. If the curve
is more severe, surgical correction in terms of spinal stabi-
lization and fusion may be necessary.
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side [6-10], while there are also contradictory results as
reported by de Oliveira et al. [11].

As a muscle’s force production in terms of stabilization
or generation of movement is proportional to its cross-
sectional area, measuring the cross-sectional area of trunk
muscles allows an analysis of their force-generating capac-
ity. In doing so, Watanabe et al. found that in major AIS
curves over 30° at skeletal maturity, a lower trunk muscle
volume correlates with a greater progression of thoraco-
lumbar or lumbar major curves during adulthood. They
hypothesize that the decrease in muscle strength decreases
spinal stability, which in turn results in curve progression
[12].

However, little is known about differences in trunk and
paraspinal muscles’ cross-sectional area associated with
curve characteristics in adolescent patients with idiopathic
scoliosis. Jiang et al. found muscular asymmetries of the
paraspinal muscles in all levels of the thoracic spine, thus
concluding that the muscular asymmetry is not restricted
to the curve’s apex [13]. Our study’s aim therefore was
to analyze whether in addition to the thoracic differences
reported in the literature, there are differences in the erec-
tor spinae, multifidus, quadratus lumborum, and psoas
muscles of the lumbar spine depending on the curve’s
radiographic characteristics.

Materials and methods
Patient inclusion

This study was performed as a retrospective cross-sec-
tional study and was approved by the institutional ethics
committee (EA2/049/22). Patient informed consent was
waived due to the retrospective study design. The study
was carried out according to the declaration of Helsinki.
We included patients who underwent posterior reposition
spondylodesis for the treatment of idiopathic scoliosis
from January 2011 to December 2021. At our center, the
indication for a posterior reposition spondylodesis is given
when the curve’s Cobb angle exceeds 40° with ongoing
curve progression and the patient has reached skeletal
maturity. Exclusion criteria were prior spinal surgery and
incomplete imaging (preoperative magnetic resonance
(MR) imaging, full spinal radiographs, and bending radio-
graphs). One-hundred patients met the inclusion criteria,
and 24 were excluded due to missing imaging and two due
to prior spinal surgery. An overview of patient selection
is shown in Fig. 1.

All radiological measurements were taken by an orthope-
dic surgery resident specifically trained in the classification
according to Lenke as well as MRI muscle measurements.
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Patients with idiopathic scoliosis who underwent
posterior spinal fusion 01/2011 — 12/2021

N=100
Exlusion due to:
Prior spinal surgery
Lack of MR imaging
——

Lack of full spinal X-rays
Lack of full spinal a.p. and lateral X-rays
Lack of bending X-rays

N=26

Included patients
N=74

Fig. 1 Flowchart of patient inclusion

Classification

Patient data were collected from electronic medical reports.
Patients were classified according to the Lenke classifica-
tion [14]. Curves were categorized into structural and com-
pensatory with structural curvatures defined as a persist-
ing curvature over 25° Cobb angle in bending radiographs
and compensatory curvatures as redressable curvatures of
less than 25° Cobb angle. Classification criteria are given
in Table 1. All measurements were performed using the
Phonix-PACS software (Phonix-PACS GmbH, Freiburg im
Breisgau, Germany).

Measurements

The maximal lumbar and thoracic Cobb angles were meas-
ured on anterior—posterior full spine radiographs at the upper
and lower most tilted vertebrae of both the lumbar and tho-
racic curvature.

For muscle measurements, multiplanar reconstructions of
the MR images were performed. For each lumbar vertebra,
a slice parallel to the endplate, including the middle of both
pedicles, was set (Fig. 2). The cross-sectional areas of the
psoas, quadratus lumborum, multifidus, and erector spinae
muscles were manually measured on both the right and left
sides (Fig. 2).

Statistical analysis

Statistical analyses were performed using SPSS version 27
(IBM Corporation, New York, USA). For paired data with
pairwise samples, the Wilcoxon rank sum test was used.
The Kruskal-Wallis test with Bonferroni correction for post
hoc testing was used for data with more than two locations.
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Table 1 Parameters of the Lenke classification [14]

Lenke type Description

1 Single structural thoracic curvature

2 Double structural thoracic curvature

3 Double structural thoracic (major) and thoraco-lumbar/lumbar (minor) curvature

4 Triple structural with thoracic or thoraco-lumbar/lumbar main curvature

5 Single structural thoraco-lumbar/lumbar curvature

6 Double structural thoraco-lumbar/lumbar (main) and thoracic (minor) curvature

Lumbar modifier Description

A Central sacral vertical line between pedicles of lumbar vertebral apex

B Central sacral vertical line touches apical vertebral body but not between the
pedicles

C Central sacral vertical line does not cross apical vertebral body

Thoracic modifier Description

N Kyphosis between T5 and T12 Cobb 10°—40°

+ Kyphosis between T5 and T12 Cobb>40

- Kyphosis between T5 and T12 Cobb < 10°

Fig.2 Example of the muscle cross-sectional area measurement at level L3 using the Phonix-PACS software

Correlations were examined using Spearman’s correlation
coefficient. The significance level was set at p <0.05 for all
tests.

Results

Patient characteristics

We included a total of 74 patients with idiopathic scolio-
sis. They had a median age of 16.0 years (IQR +4), height

of 163.0 cm (+ 11.0 cm), weight of 54.0 kg (+ 18.0 kg),
body mass index (BMI) of 19.2 kg/m? (+4.7 kg/m?), a
thoracic Cobb angle of 59.1° (+19.7°), and a lumbar cur-
vature with a Cobb angle of 37.9° (x 14.1°). Fourteen
males and 60 females were included. The distribution of
idiopathic scolioses according to the Lenke classification
is shown in Table 2. In all patients, the principal thoracic
curve’s apex was located on the right side.
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Table 2 Distribution of scolioses according to the Lenke classification [14]

Lenke 1 2 3 4 5 6
N= 30 15 8 3 6 12
Lumbar modifier A B C
N= 36 12 26
Thoracic modifier N + -
N= 53 6 15

Effect of idiopathic scoliosis with functional lumbar
scoliosis on lumbar muscle symmetry

The structural single or double thoracic curve in Lenke 1 and
Lenke 2 scolioses had a significant effect on the symmetry
of the lumbar musculature. While the autochthonous lumbar
back muscles including the erector spinae and the multifidus
muscles had a significantly larger cross-sectional area on
the convex right side of the thoracic curvature, the quadra-
tus lumborum and psoas muscles each had a significantly
larger cross-sectional area on the lumbar contralateral side
(Table 3; Fig. 3).

The thoracic curve’s magnitude correlated negatively
with the cross-sectional area of the erector spinae mus-
cle on both sides (convex p=0.007, r=— 0.265; concave
p=0.031, r=-0.213) and the left quadratus lumborum mus-
cle (p=0.013, r=— 0.265). No correlation with the cross-
sectional area of the psoas, right quadratus lumborum, or
multifidus muscles was detected. The functional lumbar
curve’s magnitude in upright standing showed a signifi-
cant correlation with the cross-sectional area of the right
quadratus lumborum (p =0.009, »=0.204) and the erector
spinae muscles (right p=0.007, r=— 0.266; left p=0.021,
r=— 0.227), while no correlation was observed with the
psoas, left quadratus lumborum, or multifidus muscles.

Relationship of the lumbar modifier
with the muscular cross-sectional area in functional
lumbar curvatures

Regarding the lumbar modifier in Lenke types 1 and 2,
the cross-sectional areas of the psoas (right p =0.336,
left p=0.397), quadratus lumborum (right p =0.331, left
p=0.536), multifidus (right p=0.607, left p=0.541), and
left erector spinae (p =0.541) muscles did not differ sig-
nificantly. For the right erector spinae muscle, a significant
influence of the lumbar modifier was detected (p =0.033)
and a difference without post hoc testing between patients
with lumbar modifier A and C was seen (p =0.024); how-
ever, after Bonferroni correction no differences were
detected (p=0.074).
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Table 3 Muscle cross-sectional areas based on each lumbar segment
between the left and the right sides as well as L1-L5 presented as
median values and interquartile ranges

Left median

(IQR) (cm?)

Right median p-values

(IQR) (cm?)

M. psoas in patients with functional lumbar curvature in Lenke 1 or
2 scolioses

L1 (n=44) 1.1 (0.5) 1.2 (0.7) 0.100
L2 (n=41) 29(1.4) 3.3(1.6) 0.010
L3 (n=32) 6.1(1.9) 6.3 (2.8) 0.466
L4 (n=24) 8.8 (3.0 8.7(2.1) 0.052
L5 (n=18) 10.5 (2.3) 10.8 (2.6) 0.170
L1-L5 (n=159) 4.1(6.2) 4.6 (6.7) <0.001

M. quadratus lumborum in patients with functional lumbar curva-
ture in Lenke 1 or 2 scolioses

L1 (n=28) 1.1 (0.4) 1.2 (0.5) 0.439
L2 (n=26) 1.7 (0.8) 1.8 (1.3) 0.409
L3 (n=18) 2.6 (0.7) 2.9 (0.9) 0.133
L4 (n=8) 3.7(1.9) 4.4 (0.5) 0.161
L1-L5 (n=80) 1.8 (1.5) 2.0 (1.8) 0.034

M. erector spinae in patients with functional lumbar curvature in
Lenke 1 or 2 scolioses

L1 (n=23) 13.7 (4.4) 12.1 (4.1) <0.001
L2 (n=23) 15.1 (5.0) 13.4 (3.7 0.005
L3 (n=19) 16.6 (4.1) 153 (4.3) 0.027
L4 (n=18) 16.5(2.5) 16.3 (2.4) 0.145
L5 (n=20) 17.7(3.2) 16.8 (4.1) 0.009
L1-L5 (n=103) 16.0 (3.9) 14.7 (4.0) <0.001

M. multifidus in patients with functional lumbar curvature in Lenke
1 or 2 scolioses

L1 (n=45) 2.7(0.9) 2.3(0.8) 0.087
L2 (n=45) 3.7(0.8) 33(1.0) 0.002
L3 (n=45) 49(1.3) 4.8(1.8) <0.001
L4 (n=43) 6.8 (2.5) 6.2(22) 0.039
L5 (n=42) 8.0(2.4) 7.8(2.9) 0.995
L1-L5 (n=220) 49 (3.7 4634 <0.001

Significant p-values are marked in bold. Pairwise comparisons were
made using the Wilcoxon rank sum test
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Fig.3 Segmental and overall lumbar muscle asymmetries. The
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bar segment between the left and the right sides as well as L1-L5 of

Differences between structural and functional
lumbar curvature on the lumbar musculature

Comparing patients with structural (Lenke types 3-6) to
patients with functional lumbar curvature (Lenke types 1
and 2), the right quadratus lumborum muscle was signifi-
cantly larger in patients with Lenke types 3—6 (p =0.007).
For the left quadratus lumborum (p =0.242) and the psoas
(right p=0.803, left p=0.717), erector spinae (right
p=0.095, left p=0.157), and multifidus (right p=0.918,
left p=0.867) muscles, no significant differences were
found.
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the psoas, quadratus lumborum, erector spinae, and L1-L4 for mul-
tifidus muscles. Significant differences were evaluated by Wilcoxon
rank sum test and are marked with a *

Discussion

We found a larger cross-sectional area of the lumbar erec-
tor spinae and multifidus muscles on the convex side of
the thoracic curvature of idiopathic scolioses types Lenke
1 and 2. In these types, a larger thoracic curve was associ-
ated with larger cross-sectional areas of the lumbar erec-
tor spinae and left quadratus lumborum muscles, while a
larger lumbar curve was associated with larger cross-sec-
tional areas of the lumbar erector spinae and right quad-
ratus lumborum muscles.
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The paraspinal muscles play a crucial role in maintain-
ing spinal stability and postural control, which is why there
is the hypothesis that they are significant in the develop-
ment and progression of AIS [5, 15]. While several previous
studies have already shown asymmetrical muscle behavior
in AIS, in most of them EMG and histological analyses
were used. These studies found increased EMG activity on
the convex side of the scoliotic curve [6—10]. In addition
to this increased EMG activity, both Stetkarova et al. and
Shao et al. showed a predominance of type I muscle fibers
in the paraspinal muscles of the scoliotic curve’s convexity
[8, 16]. Furthermore, in their study a higher progression of
AIS curve correlated significantly with an increase in type
I fibers on the curve’s convexity. They concluded that these
differences were most likely a sign of secondary adaptation
to the higher load demand on the convex curve side [8].
Similarly, Shahidi et al. found muscle fibers or paraspinal
muscles to be significantly larger on the curve’s convex side
[17]. These asymmetries have been thought to be a sign of
muscular weakness or of stretching of the erector spinae
muscles on the convex side of the curve or may even be
biomechanically necessary to balance the spine [6, 18, 19].
Lu et al. also found an imbalanced EMG activity of paraspi-
nal muscles in patients with AIS, which was diminished by
spine fusion [20]. While other studies have found conflicting
results with no asymmetrical EMG behavior of the paraspi-
nal muscles, this may be due to methodological differences
in study design [11]. However, it is important to note that
a muscle’s functionality may not be represented by its acti-
vation in terms of EMG behavior, position relative to the
spine, or cross-sectional area in isolation but is a result of
all three factors.

In contrast to EMG studies, there are only few stud-
ies investigating MRI-based muscle measurements and
their relationship with radiographic scoliosis parameters.
Jiang et al. found an increased volume of the thoracic erec-
tor spinae muscle on the convex side of the curve [13].
In accordance with those findings, Yeung et al. showed
a significantly higher fatty infiltration of the paraspinal
muscles at the curve’s concavity compared with healthy
controls [15]. However, studies investigating the associa-
tion between asymmetries in trunk and paraspinal muscles
of the lumbar spine with scoliotic curve characteristic in
AIS patients are lacking. In accordance with the above-
mentioned studies showing an increase in muscle activity
and volume of the thoracic spine, we found an increased
cross-sectional area of both the lumbar erector spinae and
the multifidus muscles on the convex side of the scoliotic
thoracic curve which may be due to the increased stretch-
ing of these muscles caused by the convexity. This is also
supported by the fact that a larger extent of both the struc-
tural thoracic and the flexible lumbar curves was associ-
ated with a larger cross-sectional area of the erector spinae
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muscles. In all muscle measurements, it is, however,
important to note that MR images were acquired in the
horizontal position and thus the muscle tonus’ influence on
muscle cross-sectional areas was not assessed [21].

Interestingly, in our study the quadratus lumborum and
psoas muscles showed opposite behavior as they had sig-
nificantly larger cross-sectional areas on the left side. This
may be explained by the lumbar counter-curve as both the
quadratus lumborum and psoas muscles are restricted to the
lumbar spine and therefore may be less affected by the tho-
racic curve in contrast to the paraspinal muscles.

While we did not include patients with curves not requir-
ing surgical correction, we did find a negative correlation
between a larger structural thoracic curve and the cross-
sectional area of both the erector spinae and the left quad-
ratus lumborum muscles. Furthermore, in Lenke 1 und 2
scolioses, a larger lumbar curve was not associated with
a larger cross-sectional area of the erector spinae muscles
but with a larger cross-sectional area of the right quadratus
lumborum muscle. Thus, the deformity’s extent seems to
influence paraspinal muscle growth. While our results do
not allow for a conclusion regarding the influence of curve
progression, they may support the theory that the paraspinal
muscles attempt to compensate the thoracic curve and to
stabilize the spinal column [5].

Furthermore, while in degenerative lumbar diseases mul-
tiple studies investigating the effect of so-called prehabilita-
tive measures including physiotherapy have been published,
the literature for AIS in this regard is lacking to date [22]. As
it seems plausible that physical preparation of the functional
curve may contribute to an improved postoperative outcome
in the surgical treatment of AIS as well, preoperative condi-
tioning of patients undergoing spinal fusion for AIS should
be investigated in future studies. This may not only influ-
ence the patients’ outcome in terms of curve correction but
also quality of life, which is especially important as to date
there is no conclusive evidence showing that Cobb angle
correction correlates with other long-term outcomes such
as function or quality of life [23].

Some limitations need to be discussed. First, as this was
a retrospective study, MRIs were not performed with a
standardized protocol. Second, to ensure comparability, we
performed analyses of similar Lenke types only, thus render-
ing smaller sample sizes. Third, we only included patients
who were treated surgically, which is why our results cannot
be applied to AIS patients with less severe curves. As only
one preoperative MRI was available in each of the included
patients, we cannot make any statements regarding the influ-
ence of muscle asymmetries on curve progression. Further-
more, the MRIs were acquired under horizontal conditions
which is why we cannot provide any data on muscle tonus.
Lastly, it remains unclear whether the differences in muscles
are cause or effect of the deformity.



European Spine Journal (2023) 32:3979-3986

3985

Our results show an asymmetry of the lumbar spine’s
muscles which depends on both the convexity and the extent
of the scoliotic curve. While the paraspinal muscles show
higher cross-sectional areas on the convex side of the main
curve, the quadratus lumborum and psoas muscles show
higher cross-sectional areas on the contralateral side. As
previous work has focused on differences in the thoracic
spine’s paraspinal muscles, our study provides evidence that
muscle asymmetries do not only occur in proximity to the
curve’s apex but are also found in the lumbar spine. While
our results do not allow for any conclusions whether these
differences are cause or effect of the deformity, they may
contribute to a better understanding of the pathogenesis and
mechanisms of progression in AIS patients. Furthermore,
our results may provide the basis for future studies analyz-
ing specific preoperative physiotherapy as part of a preha-
bilitative concept as increasingly performed in other spinal
disorders.
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