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Abstract

Adolescent idiopathic scoliosis (AlS) is a three-dimensional deformity of the spine, the aetiology and
pathogenesis of which are poorly understood. Unfortunately, biomechanical data describing trunk
muscle activation and intervertebral load, which can contribute to understanding the pathomechanics
of the AIS spine, cannot be measured in vivo due to the invasiveness of the procedures. The present
study provides the biomechanical characterization of the spinal loads in scoliotic subjects by exploiting
musculoskeletal modelling approach, allowing for calculating biomechanical measures in an assigned
posture. A spine model with articulated ribcage previously developed in AnyBody software was applied.
The predicted outcomes were evaluated in the upright posture, depending on scoliosis severity and
curve type, in a population of 132 scoliotic subjects with mild, moderate, and severe scoliosis.
Radiographic based three dimensional reconstruction of vertebral orientations and scaling of body
segments and trunk muscle cross-section area guaranteed geometrical subject-specificity. Validation
analysis supporting the application of the model was performed. Trunk muscles were found more

activated in the convex side of the scoliotic curve, in agreement with reference in vivo measurements,



with progressive increase with scoliosis severity. The intervertebral lateral shear was found positively
correlated with the severity of the scoliosis, demonstrating that the transferred load is not a priori
orthogonal to vertebral endplate in the frontal plane, and thus questioning the assumption of the
‘follower load’ approach in case of experimental or computational study on the scoliotic spine. The
study opens the way for the subject-specific characterization of scoliosis in assigned loading and

motion conditions.

1. Introduction

Adolescent idiopathic scoliosis (AIS) is a three-dimensional deformity of the spine occurring in the
general population with prevalence between 2 and 3% (Fong et al., 2010; Weinstein et al., 2008), the
aetiology and pathogenesis of which are poorly understood (de Séze and Cugy, 2012; Schlosser et al.,
2014). In the frontal plane, scoliosis exhibits a lateral deviation of the spine with one or more curves, the
severity of which is measured on radiographic images by the Cobb angle (Nnadi and Fairbank, 2010)
(Fig. 1a). Several methods have been proposed to differentiate the scoliosis typology depending on
number and extent of the curves and spine level (Ovadia, 2013). The most popular and comprehensive

is the Lenke classification (Lenke et al., 2001), which accounts for six different types.
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Fig. 1. Frontal and lateral radiographic images of one subject (a,b) and corresponding musculoskeletal
model (c,d), also presented highlighting the primary scoliotic curve (apex, upper and lower vertebrae)
with muscles and ribcage not shown (e,f) to better illustrate the replication of the spine alignment and
the position of the centers of mass.

Investigating the relationship between scoliosis and biomechanical measures such as muscle
activation and intervertebral forces could provide valuable information for the understanding of the
pathomechanics of the AIS spine. Unfortunately, these measures cannot be obtained in vivo due to the
invasiveness of the measurement procedures (i.e., intramuscular EMG, and intradiscal pressure or
implant-based vertebral load measurements). An alternative strategy is represented by computational
simulation based on musculoskeletal modelling approach, which allows calculating the biomechanical
loads in assigned kinematic conditions by the means of inverse dynamic analysis (Dreischarf et al.,
2016). In this regard, an investigation of subjects with mild scoliosis has been recently performed in
OpenSim software to evaluate the effects of carrying loads on spinal compressive forces (Schmid et al.,

2020). It is worth noting that idiopathic scoliosis is a multifactorial condition including genetic factors,



growth effects, and structural causes. Its development is often referred to as a “vicious cycle” in which
the spinal curvature provides asymmetric loads, which provide asymmetric growth, which can affect
spinal curvature again (Stokes et al., 1996). Although the musculoskeletal modelling approach requires
an imposed initial anatomical deformity to allow calculating potential muscle asymmetries, thus
preventing the study of the onset of scoliosis, the computed loads can be exploited to simulate postural
and motion conditions as well as to predict their impact on the risk of curve progression.
Modelpredicted loads might provide reference values dictating design of medical devices such as spinal
implants used for correcting deformity, and patient-specific simulations have a potential to guide in the

future treatment and rehabilitation tailored to a particular curve type and severity.

The main aim of this study was to investigate the effects of scoliosis severity and type on the patterns of
trunk muscle activation and resultant spinal loads, by musculoskeletal simulations of realistic (patient-
specific) spine alignments representing a range of mild, moderate and severe cases. We hypothesized
that the leftto-right imbalance in muscle activity, as well as lateral spinal forces increase with scoliotic
curve severity, and depend on the curvature characteristics (such as: curve apex, or upper and lower
end). To address this aim, a previously established and validated musculoskeletal model of the
thoracolumbar spine with articulated ribcage (Ignasiak et al., 2016a,b) developed in AnyBody modeling
software (AnyBody Technology, Denmark) was modified to allow representation of scoliotic spinal
alignments. Validation of the modified model application to simulate scoliotic alignments was
performed by comparing the predicted muscle activities with in vivo data available in literature and
corresponding values predicted in the previous modelling study by Schmid et al., in which a different
model and simulation software were used. Finally, the upright standing simulations of 132 spinal
alignments corresponding to AlS subjects with various degree of deformity severity were performed, and

resulting muscle and spinal forces were analyzed in relation to curve characteristics.

2. Methods

2.1. Subjects’ dataset

A dataset of 132 AIS subjects (age ranging from 8 to 18 years) with mild (Cobb angle ranging from 10 to
25), moderate (2545), and severe (>45) scoliosis, acquired and evaluated in a previous clinical study
(Bassani et al., 2019) was exploited (Table1). The subjects underwent radiological examination in
orthostatic position, with arms raised and fingertips on cheekbones, by EOS Imaging System (EOS
Imaging, France), providing the simultaneous acquisition of the frontal and lateral plane images (Fig.
1a,b). Age, weight, height, and classification of scoliosis according to Lenke type (Lenke et al., 2001)

were available. The images were processed by sterEOS software allowing for the reconstruction of the



3D orientations of the thoracolumbar vertebrae (from T1 to L5) and the pelvis in the anatomical planes,
as well as for the identification of the scoliotic curves with corresponding Cobb angle (llles and

Somoskeoy, 2012; Somoskeoy et al., 2012).

2.2. Characterization by musculoskeletal modelling

A thoracolumbar spine model with articulated ribcage, previously developed and validated in AnyBody
software by (Ignasiak et al., 2016a,b), was applied (Fig. 1c,d). In this model, the pelvis is constrained to
the ground and rigidly connected to the sacrum. The vertebral segments are connected by spherical
joints (from cervical to lumbar region and between L5 and sacrum), whereas single compound revolute
joints connectribs tovertebraefromT1to T10. The sternum s connected to ribs by 6 degrees of freedom
costo-sternal articulations representing deformable costal cartilages and synovial joints. An additional
spherical joint connecting the mediocranial limit of the sternum to T1 segment, not representing any
anatomical structure, is defined in the present work to allow for the rearrangement of the ribcage as

explained below. Software version 6.1 was used in the present study.

The subject-specific spine alignment was replicated by setting the orientation of the sacrum in the
lateral plane and the rotation of the intervertebral joints from T1 to L5 (Fig. 1e,f). After that, the following
consecutive steps were performed to adjust the orientation of the sternum and ribs segments to obtain
an appropriate rearrangement of the ribcage: i) T1-sternum joint was rotated to align the craniocaudal
axis of the sternum with the line connecting the center of T1 and that of the sacral upper endplate in the
frontal plane; ii) orientation of the joint nodes connecting ribs to vertebrae were counter-rotated with
respect to vertebral orientation, thus obtaining the rearrangement of ribs orientation according to
default not-scoliotic model; iii) additional rotation of the nodes was imposed to minimize the distance

between ribs and sternum attachment points in the frontal and axial plane.

Applying joint rotation angles modifies the orientation of the connected body segment, and thus the
position of the segment’s elements with respect to the center of rotation. As a result, the changes in the
position of the muscle insertion points that are more far from the joint center, such as those of the
abdominal muscles in the thoracolumbar section, can provide non-rational arrangements of the
abdominal structure. Therefore, in order to preserve the original abdominal setting of the default
notscoliotic model, the position of the attachment points of obliquus externum, obliquus internum,
quadratus lumborum, iliocostalis and longissimus muscle defined in T11 and T12 segments were
systematically adjusted by counter-rotating with respect to the joint rotation angles. The model was
scaled by subject’s weight and height using default length-mass-fat approach. Joint moments,
representing the stiffness-related contribution of passive elements such as ligaments and facet joints,

were assumed as zero to replicate neutral upright standing position. Due to the absence of reference in



vivo data, the centers of mass of the body segments were repositioned to preserve the original

placement defined in the default not-scoliotic model (Fig. 1e,f) (Ignasiak et al., 2016a,b).

Since AIS has been reported as associated with side-to-side asymmetries in spinal muscle geometry
(Zapata et al., 2015; Zoabli et al., 2007), the physiological cross-section area (PCSA) of left and right
erector spinae (ES, characterized by 44 fascicles in each side), multifidus (MF, 55 fascicles), psoas
major (11 fascicles) and quadratus lumborum (5 fascicles), was scaled accounting for reference values
acquired in scoliotic subjects for four age ranges (8-10, 11-13, 14-16, and 17-20 years), reported for
respective sides (Been et al., 2018). Specifically, for each spine level from T1 to L5, the cumulative PCSA
was obtained separately for right and left side by summing the PCSAs of the individual fascicles crossing
the respective vertebral mid-plane. The cumulative PCSA was scaled to replicate the reference scoliotic
value and equally subdivided in the muscle fascicles. Since reference values were provided only for
levels from L3 to sacrum (Been et al., 2018), the average of reference values among those levels was
calculated and the cumulative PCSA at another level was set as guaranteeing the same relation

between level and average L3-sacrum as that provided in the default not-scoliotic model.

The head and neck segments were reoriented to preserve horizontal gaze. Two external forces (5% of
subject’s weight each) were applied at T1 level, 10 and 7 cm laterally and frontally to vertebral centroid,
respectively, to simulate the load of the raised arms. Muscle co-activation in maintaining the upright
posture was simulated by imposing lower bound activation threshold of 3% for ES and MF muscle
fascicles. Such level was selected as the minimum value preventing near zero activation levels for all
the simulations. Inverse static analyses were run to calculate muscle activation and intersegmental
reaction forces in the assigned standing posture. The setting steps and simulations were run in batch
process using custom routines written in MATLAB (MathWorks Inc., Natick, MA, USA). The routines
guaranteed the following sequence of automatic tasks: import the subject-specific parameters from
data sheet, assign the corresponding values in the AnyBody script files defining the model, launch the

simulation steps, save the model outcomes in MATLAB format for the comparison of the results.



scoliosis severity

mild moderate severe
subjects (N = 132) 36 69 (52%) 27

(27%) (21%)
age |years| 14(2) 14(2) 14(2)
weight | ke] 47(8) 51(10) 54(10)
height [cm] 160(11) 161(11) 162(9)
Cobb angle [°] 20(3) 33(6) 57(7)
subjects with 1 and 2 curves 2016 3/66 0/27
right and left convexity of the primary 16/20 39/30 23/4

curve

Table 1. Values describing the evaluated population of AIS subjects depending on scoliosis severity
and reported as number of individuals or mean(SD).

2.3. Model validation

The modified model allowing for the characterization of scoliosis was validated by comparing the
predicted values of ES muscle activation to in vivo measurements available from the literature (obtained
by surface-EMG in subjects with Cobb angle ranging from 10 to 30) (Cheung et al., 2005; Kwok et al.,
2015), and to corresponding values predicted by Schmid et al. by exploiting musculoskeletal modelling
developed in OpenSim software (Schmid et al., 2020). Specifically, the activation ratio between the
convex and concave side of the scoliotic curve was compared. In order to perform an accurate
comparison, only the subjects with Cobb angle lower than 30 and characterized by thoracic or
thoracolumbar primary scoliotic curve (i.e., the most severe in case of two curves) were taken into
account. The cumulative muscle activation was computed at each spine level on the right and left side
by summing the activations of the individual fascicles (ranging from 0 to 1) crossing the respective
vertebral mid-plane. The average value in the thoracic (T1-T12) and lumbar (L1-L5) region, as well as the
specific value at the apex, upper and lower vertebral ends of the curve (Fig. 1e) were compared. The
intersegmental forces were not compared due to the lack of in vivo studies reporting on functional spinal
loading (e.g., segmental compressive forces or intradiscal pressure in upright standing conditions) in

AlS patients.

2.4. Relationship between biomechanical measures and scoliosis
The activation of ES and MF muscle was evaluated, accounting for all subjects, in the primary scoliotic
curve at apex, upper and lower end vertebral levels. The cumulative muscle activation was computed

at each spine level. Similar to that performed in the validation analysis, the imbalance in muscle



activation was evaluated between the convex and concave side. In this case, a normalized activity ratio
calculated as (convex concave)/(convex + concave), was considered. This parameter provides values
near zero in correspondence of balanced activation, and positive and negative values (ranging from 0 to
+ 1) in case of larger activation in the convex and concave side, respectively. Such an approach was
chosen because providing values distributions and range that are more homogeneous and comparable
(also in statistical perspective) with respect to computing convex/concave ratio, which in case of more
severe scoliosis (exceeding 30) can provide considerably larger and scattered values. The changes in

muscle activation were evaluated depending on the scoliosis severity and spine level.

The intersegmental reaction force, F, was evaluated at the apex, upper and lower end levels, expressed
in the local reference system of the vertebra: anteroposterior and lateral shear (Fap and Flat,
respectively) and axial compression force (Fax) (Fig. 1). Since expected as the most affected by lateral
deviations of the spine in the frontal plane which characterize scoliosis, the absolute value of Flat was
put in relation with scoliosis severity and Lenke type. The strength of the relation was evaluated by
Pearson correlation coefficient or Spearman rank in case of non-normal distribution of data. In order to
evaluate how scoliosis affects the orientation of the transferred intervertebral load, the distribution of
the components of F (Fap, Fax, and Flat) was assessed in relation to scoliosis severity and spine level.
Each component was normalized as the ratio between its absolute value and the sum of the absolute

values of the three.

2.5. Statistical analysis

The significance of differences in the normalized activity ratio of ES and MS muscle, as well as in the
absolute value of Flat, were tested depending on two factors: scoliosis severity (mild, moderate, and
severe), and vertebral level in the scoliotic curve (apex, upper and lower end). Two-way ANOVA was
applied if the tested subgroups were verified as normally distributed (Bassani and Galbusera, 2020). If
that condition was not satisfied, each factor was tested separately according to one-way ANOVA or
KruskalWallis test. In case of overall significance, post-hoc pairwise comparisons were performed
exploiting the Tukey-Kramer approach. The significance of Pearson or Spearman correlation coefficient
in being statistically different from zero was tested according to two-tailed t test or permutation
distribution test, respectively. All the tests assumed 0.05 as significance level. The analyses were

performed in MATLAB software.



3. Results

3.1. Model validation

The subgroup of subjects with Cobb angle < 30 and thoracic or thoracolumbar primary scoliotic curve
(63 subjects) was considered. Overall, the predicted activation ratio of ES muscle was found
comparable to in vivo measurements and values predicted by Schmid et al. (Fig. 2). Values larger than
one, indicating higher activation in the side of the convexity of the scoliotic curve, were found in the
thoracic region (1.53(0.91) and 1.14(0.46), as mean(SD), for subjects with thoracic and thoracolumbar
curve, respectively) and lumbar region (1.34(0.47) and 1.21(0.33)), as well as at the apex (1.51(0.83))
and upper and lower ends (1.41(0.91) and 1.29 (0.59)) of the curve. The computed values were found
very similar to those previously predicted, whereas the in vivo measurements provided lower values in

the lumbar region when considering thoracolumbar curves, and at the upper end of the curve.

3.2. Relationship between biomechanical measures and scoliosis

Examples of the prediction of muscle activation and intersegmental load (F) are presented in Fig. 3
(depicted by markers plots and vectors, respectively) for representative subjects with mild, moderate
and severe scoliosis. In these cases, the normalized activity ratio of ES and MF is determined as (Left
Right)/(Left + Right) muscle activity, allowing for a direct representation of its distribution along the
vertebral levels. The normalized muscle activity ratios were found dependent on spine alignment, with
increasingly greater values predicted for the moderate and severe cases. The direction of F was in
general orthogonal to the vertebral endplate in the lateral plane, but was more laterally oriented in the

frontal plane for the greater scoliosis severities.

When considering all subjects, the results are provided by heatmap plots reporting the mean values (or
specific value in case of conditions with single subject) calculated in the subgroups characterized by
specific spine level (for apex, upper and lower end vertebra) and Cobb angle (Fig. 4 and Fig. 5d,e,f). The
number of subjects within each subgroup is reported in Fig. 4a,b,c. Subgroups including only a single
subject are displayed as well, in order to provide a broader scope of results. Overall, ES and MF were
found to be progressively more activated in the convex side (yellow to red shades of color) depending
on increase in scoliosis severity, and generally in the spine levels from T7 to T11 for the apex (Fig. 4a,d),
T6-T8 for upper end (Fig. 4b,e), and T10-L1 for lower end (Fig. 4c,f). The mean value was higher for severe
scoliosis (ranging from 0.24 to 0.35 and from 0.04 to 0.33 for ES and MF, respectively) compared to mild
(0.03-0.08, 0.03-0.14) and moderate (0.15-0.23, 0.01-0.23) conditions, and larger values were

generally found at upper and lower end compared to apex (Table2).



The lateral component of the intersegmental load (Flat) correlated strongly with scoliosis severity at
lower and upper end (0.79 and 0.69, Fig. 5b,c) and moderately at apex (0.57, Fig. 5a), with similar linear
relationship among the Lenke types. The heatmap plots highlighted that greatest values of Flat were
generally found at the spine levels which presented the greatest muscle activation (Fig. 5d-f). The mean
value ranged from 183 to 250 N for severe scoliosis, and was lower in moderate (70-118 N) and mild (27—
55 N) condition (Table2). Lower values were found at the upper end compared to the other curve levels.
The evaluation of the distribution of the components of F (F,,, Fax, and Fi) confirmed the progressive
increase of Flat depending on the scoliosis severity (black bars in Fig. 6), and showed that the
anteroposterior shear, Fap, is in general negligible with respect to the axial compression, F, in all the

considered conditions (light and dark grey bars, respectively).

ES activity ratio

average value in the spine region specific value in the scoliotic curve
4 - 4 -
3 3 A
2
1 ,,,,,
0 - ;
thoracic lumbar thoracic lumbar apex upper lower
thoracic curves thoracolumbar curves
M in vivo measurements M predicted by OpenSim model | predicted by the present model
Kwok et al_, 2015 (left panel) Schmid et al., 2020 in AnyBody

Cheung et al., 2005 (right)

Fig. 2. Convex to concave ratio for erector spinae (ES) muscle activity provided as mean + SD: average
value in the thoracic and lumbar regions for subjects with thoracic or thoracolumbar primary curve (left
panel), and specific value at the apex and the upper and lower ends of the curve (right panel).
Comparison between in vivo measurements provided by (Kwok et al., 2015) (left panel) and by (Cheung
etal., 2005) (right panel), and results predicted by (Schmid et al., 2020) and by the present model.
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Fig. 3. Example of predicted intersegmental load, F, and normalized activity ratio for erector spinae (ES)
and multifidus (MF) muscle at spine levels from T1 to L5, in subjects with mild (panel a), moderate (b)
and severe (c) scoliosis. The normalized activity ratio is calculated as (Left-Right)/(Left + Right).



ES normalized activity ratio (mean value among subijects)
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MF normalized activity ratio (mean value among subjects)
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Fig. 4. Heatmap plots depicting the mean value of the normalized activity ratio for erector spinae (ES)
and multifidus (MF) muscle, calculated among subjects in correspondence of spine level and scoliosis
severity at apex (a,d), upper end (b,e) and lower end (c,f) vertebra of the scoliotic curve. For example, the
first cell (colored in light blue) in correspondence of T7 and 10-20 in (a), depicts the mean value among
those subjects with Cobb angle in that range and curve apexin T7. The number of evaluated subjects for
each spine level/Cobb angle condition is reported in the corresponding cell in the plots of the first row
(a,b,c). The white spaces indicate absence of subjects in the considered condition. The normalized ratio
is calculated as (convex side — concave side)/(convex side + concave side). The green color depicts the
zero value.



Flat correlation plots
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Fig. 5. Upper row: scatter correlation plots depicting the relation between lateral shear (Flat, absolute
value) and scoliosis severity, depending on Lenke type, at apex (a), upper end (b) and lower end (c)
vertebra of the scoliotic curve. For each subplot, the regression line with 95% confidence interval, the
correlation coefficient (with statistical significance of being different from zero) and the line slope are
reported. Lower row: heatmap plots depicting the mean value of Flat, calculated among subjects in
correspondence of spine level and scoliosis severity at apex (d), upper end (e) and lower end (f) vertebra
of the scoliotic curve. The white spaces indicate absence of subjects in the considered level/degrees
condition.

ES normalized activity ratio

scoliosis severity

mild (A) moderate (B) severe (C) significance
curve level apex (I} 0.03(0.18) 0.15(031) 0.24{0.39) AvsC
upper (II) 0.08(0.15) 0.23(03) 0.34(0.31) AvsB,C
lower (I11) 0.05(0.14) 0.16(0.28) 0.35(0.23) CvsAB
significance 1T ws LI I ws LI 11 ws LI

MF normalized activity ratio
scoliosis severity

mild (A) moderate (B) severe (C) significance
curve level apex (I) —0.03(023) —0.01(0.26) 0.04(0.33) -
upper (II) 0.14(0.24) 0.23(033) 0.33(0.37) -
lower (I1I) 0.06(0.27) 0.18(031) 0.23(0.38) -
significance Tvsll I ws ILIT Tvsll
F|¢ll
scoliosis severity
mild (A) moderate (B) severe (C) significance
curve level apex (I} 55(33) 118(61) 183(81) all pairs
upper (I1) 27(30) 70(54) 103(55) all pairs
lower (I11) 45(20) 98(58) 250(190) all pairs

significance 1T ws LI I ws LI 11 ws LI

-. indicates no significances found.

Table 2. Mean (SD) values for normalized activity ratio of ES and MF muscle, and for lateral shear (Flat),
depending on scoliosis severity and vertebral level in the scoliotic curve. Statistical significance of the
pairwise post-hoc comparisons is reported as well.



4. Discussion

The present study investigated the relationships between model-predicted biomechanical measures
(trunk muscle activation and intervertebral forces) and scoliosis characteristics in static upright posture
(Fig. 1), using a previously developed musculoskeletal (AnyBody) model of the thoracolumbar spine with
appropriate modifications. The modified model allowing for characterizing scoliosis was validated by
comparing the activation ratio of ES muscle to in vivo measurements based on EMG (Cheung et al.,
2005; Kwok et al., 2015) and corresponding values predicted by Schmid et al. by a recently developed
model based on OpenSim software (Schmid et al., 2020). The analysis, performed for subjects with mild
and moderate scoliosis (<30), provided comparable values and supported the suitability of the present
model, confirming that the muscle activation is generally larger in the convex side of the scoliotic curve
(activity ratio > 1, Fig. 2). Interestingly, the analysis also confirmed that the musculoskeletal models
predict in general a more balanced activation compared to in vivo measurements, in particular in the

lumbar region for thoracolumbar curves.

As regards the relationship between ES and MF muscle activation and scoliosis severity, the evaluation
of all subjects (mild, moderate and severe cases) revealed a progressive imbalance (increase in the
convex side) dependent on curve severity (Fig. 4). This relation can be observed in detail in the examples
illustrated in Fig. 3, in which the activation ratio shows to be dependent on spine alighment as well as
on curve severity. Overall, the increase was larger and statistically significant for ES, and lower for MF
(Table2). Moreover, for both muscles the convex side resulted significantly more activated at the ends
of the curve compared to apex. Similar differences were found by evaluating the intersegmental reaction
forces. As illustrated in the examples provided (Fig. 3, frontal plane view), the lateral shear component
of the force vector increased with scoliosis severity. Overall, Flat resulted strongly correlated with the
scoliosis severity (Fig. 5a-c), and the increase from mild to severe scoliosis condition was significant at
each curve level (Table2). Higher values were found at apex and lower end compared to upper end, due

to the increase of transferred body weight load from the upper to lower spine levels.

Interestingly, differently from that observed in the frontal plane, the orientation of the force vector
resulted orthogonalto the vertebral endplates in the lateral plane (Fig. 3). This finding is better illustrated
by comparing the distribution of the force components in relation to scoliosis severity and spine level
(Fig. 8), showing that the anteroposterior shear, Fap, was in general negligible with respect to the axial
compression, Fax, in all the considered conditions. This outcome questions the assumption of the
‘follower load’ approach in case of experimental or computational study on the scoliotic spine
(Buttermann and Beaubien, 2008; Hachem et al., 2017; Stokes and Gardner-Morse, 2004). This method

consists indeed in applying a compressive pre-load to vertebral bodies avoiding any intervertebral



rotation (Patwardhan et al., 1999), and is nowadays applied in many in vitro experiments and finite
element analyses to mimic the in vivo situation, most commonly for non-scoliotic spines (Dreischarf et
al., 2010; Panjabi et al., 2007; Rohlmann et al., 2001; Rohlmann et al., 2009; Wilke et al., 2003).
Accordingly, assuming purely orthogonal load when investigating scoliosis conditions, neglecting the

contribution of the lateral shear component, should be considered as an intrinsic limitation.

Structural peculiarities and strengths and limitations of using musculoskeletal modelling approach for
the characterization of the human spine have been extensively reviewed and discussed previously
(Dreischarf et al., 2016; Dao, 2016; Bassani and Galbusera, 2018). In the context of the present study,
the following limitations should be mentioned. The validation was performed only for mild and moderate
scoliosis (<30), due to the lack of experimental data characterizing more severe cases, and was based
only on comparison of ES muscle activations to surface EMG signals. As regards the model structure,
the pelvis was constrained to the ground, neglecting lower limbs and arms, as well as sacroiliac
mobility. However, this limitation is expected to potentially affect the activation of the psoas and
abdominal muscle in upright posture and not that of ES and MF, as well as the prediction of the
intervertebral forces. In the thoracolumbar segments, the position of several muscle insertion points

was systematically adjusted to preserve the original abdominal structure.
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Fig. 6. Bar plots depicting the mean value of the normalized components of the intersegmental load F
(Faps Fax, and Fir, See Fig. 3), calculated among subjects in correspondence of spine level and scoliosis
severity at apex (a), upper end (b) and lower end (c) vertebra of the scoliotic curve. The white spaces
indicate absence of subjects in the considered level/degrees condition. Each normalized component is
calculated as the ratio between the absolute value of the considered component and the sum of the
absolute values of the three components.

However, such an approach is not expected to affect the evaluated outcomes since the contribution of
the abdominal muscle can be considered as negligible in standing position. As commonly performed in
spine musculoskeletal modelling, passive elements such as ligaments and facet joints were neglected,
and the position of the intervertebral centers of rotation was kept fixed. Moreover, due to the lack of

reference in vivo values in AlS, the joint moments (interpreting the role of the passive elements) were



assumed to be zero in the considered upright posture, considering the spinal segments to be in the
neutral condition of the spine (Smit et al., 2011). However, stiffness-related reaction moments would
only have occurred with induced segmental rotations. The rotatory muscles were not implemented,
thus not allowing for predicting the contribution of the related torque, which could be associated with
the axial rotation of the curve, considered by many clinicians a primary aspect of the deformity. Finally,
muscle recruitment by central nervous system might be affected by scoliosis pathology, therefore
muscle optimization method as used in typical musculoskeletal simulations of the healthy spine might
be a source of limitation. Overall, according to the given explanations and to the structural peculiarities
commonly assumed in the musculoskeletal modelling of the human spine, the reported limitations can

be considered to have a minor influence, which does not compromise the validity of the results.

In conclusion, the study demonstrated the suitability of the spine model in replicating subject-specific
scoliotic alignments. Trunk muscles were found more activated in the convex side of the scoliotic curve,
in agreement with reference in vivo measurements, with progressive increase with scoliosis severity.
The intervertebral lateral shear was found positively correlated with scoliosis severity, demonstrating
that the transferred load is not a priori orthogonal to the vertebral endplate in the frontal plane, and thus
questioning the assumption of the ‘follower load’ approach in case of experimental or computational
study on the scoliotic spine. The computed biomechanical parameters can be exploited for clinical and
computational applications, e.g., as potential predictors of the progression of the curve, and as inputs

in numerical simulations based on finite element modelling.
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