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Although in vivo spinal loads have been previously measured, existing data are limited to certain lum-
bar and thoracic levels. A detailed investigation of spinal loads would assist with injury prevention and
implant design but is unavailable. In this study, we developed a complete and coherent musculoskeletal
model of the entire human spine and studied the intervertebral disc compression forces for physiological
movements on three anatomical planes. This model incorporates the individual vertebrae at the cervi-
cal, thoracic, and lumbar regions, a flexible ribcage, and complete muscle anatomy. Intradiscal pressures
were estimated from predicted compressive forces, and these were generally in close agreement with
previously measured data. We found that compressive forces at the trunk discs increased during trunk
lateral bending and axial rotation of the trunk. During flexion, compressive forces increased in the thora-
columbar and lumbar regions and slightly decreased at the middle thoracic discs. In extension, the forces
generally decreased at the thoracolumbar and lumbar discs whereas they slightly increased at the upper
and middle thoracic discs. Furthermore, similar to a previous biomechanical model of the cervical spine,
our model predicted increased compression forces in neck flexion, lateral bending, and axial rotation, and
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decreased forces in neck extension.
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1. Introduction

Spinal loads have been previously quantified mostly through in-
tervertebral disc pressures or instrumented implants. Several au-
thors have measured in vivo pressures at the lumbar and thoracic
discs [1-6]. Differently, resultant forces and moments on lumbar
telemetered implants were measured [7]. Although detailed knowl-
edge of spinal loads is available, it is limited to certain levels in
the lumbar and thoracic regions due to ethical issues. Also, this
data has been valuable for estimating the compressive forces at
the intervertebral discs but less so for other forces such as shear
forces at the discs or muscle forces. A comprehensive assessment
of spinal loads would assist with injury prevention and implant
design but is yet unavailable.

Several researchers have developed validated models to explore
the nature of the loads within the spine [8-14]|. These models have
evolved in complexity for representing generic or subject-specific
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musculoskeletal systems. Compared to generic models, subject-
specific models offer more realistic representations of the skeletal
and muscular anatomy [15]. The majority of these models included
only a certain region of the spine and assumed a single, lumped,
rigid body representation of the thorax or neck. The effects of
modeling the thorax this way instead of a flexible structure
when estimating the lumbar loads were previously studied for
flexion [16]. They found moderately lower compressive disc forces
but remarkably altered muscle forces. It remains unclear how such
modeling approaches would affect force predictions when other
movements are investigated. The majority of the previous models
have relied on anatomical illustrations for defining muscle lines-
of-action and lacked deeper spinal muscles which function as joint
stabilizers. Recent studies developed methods for implementing
moment arms and cross-sectional areas of major trunk muscles
from medical images [12]. Obtaining muscle origins and insertions
at the bones precisely is still difficult with current imaging modal-
ities particularly for smaller and deeper muscles [17]. Furthermore,
muscle parameters that are needed and influential in the model
(physiological cross-sectional area (PCSA) for example, [18])
can not be reliably determined from two-dimensional medical
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imaging [17,19]. In essence, there is also a need for a complete and
coherent musculoskeletal model of the entire human spine, which
is likely to yield realistic spinal loads [15].

Recently we published a musculoskeletal dataset which was
measured from one single human body [20,21]. In this dataset,
the coordinates of muscle attachments, architectural parameters of
321 muscle-tendon elements, and the spinal geometry were re-
ported. Furthermore, new data were obtained for several muscles
in the thoracic and lumbar regions. The objective of this study
is now to investigate the compressive forces at the intervertebral
discs throughout the spine during basic trunk and neck move-
ments. For this, we developed and used a complete and coher-
ent musculoskeletal model of the entire human spine (based on
the previously published dataset) and validated it by comparing
calculated spinal loads to in vivo measurements. Subsequently, we
used this model to determine the spinal loads at every spinal level,
which until now could not be determined. This model represents a
subject-specific musculoskeletal system and has several particular
features, such as incorporation of the individual vertebrae at the
cervical, thoracic, and lumbar regions, flexible ribcage, and com-
prehensive muscular anatomy.

2. Materials and methods
2.1. Development of the model

We developed a musculoskeletal model for the entire human
spine in AnyBody Modeling System. This model was based on a co-
herent anatomical dataset measured from one embalmed cadaver
(male, 79 years-old, height: 154 cm, mass: 51 kg) [20,21]. In this
model, the bones were idealized as rigid body segments and the
muscle-tendon elements as force actuators. The model included
60 segments (vertebrae, ribs, skull, sternum, hyoid, thyrohyoid,
clavicles, scapulas, humeri, sacrum, and pelvis) and had 193 DoF
(Fig. 1). The lumped masses and the centers-of-mass (CoM) of the
body segments were defined based on previous reports [13,22-24].
The hyoid, thyrohyoid, clavicle, scapula, and the humerus segments
were included without mass properties as these only functioned as
attachment sites for muscles that play a role in lateral bending and
axial rotation. Our model does not explicitly incorporate the lower

extremity and the shoulder-arm complex nor the body segments
and muscles located in these extremities. The arms and other seg-
ments are present for further modeling. External forces and mo-
ments were applied at the third thoracic vertebrae to model the
loads that would be exerted by the shoulder-arm complex [25].
We set the mass moments-of-inertia for all the segments to zero
based on the fact that their rotational velocities and accelerations
are negligible during basic trunk movements [8].

We utilized previously reconstructed stereolithography (STL)
files of the bones [20,21]. First, spinal geometry was made left-
right symmetrical. For this, we established a local reference frame
for each vertebra and mirrored its right side in the local sagit-
tal plane [26] in Solidworks 2016 (Fig. 1). Similarly, the other
bones in the skeletal system also were made left-right symmetri-
cal. Next, the positions and the orientations of the individual seg-
ments were adjusted to reconstruct the spinal curvature at the
supine position. Finally, muscle attachment sites reported in the
global reference frame were expressed in corresponding vertebral
frames.

Our model relied on inverse dynamics principles for predicting
muscle activations where an optimization function was employed.
Similar to previous models [12,13], a third degree, polynomial mus-
cle recruitment criterion was implemented [27].

2.1.1. Muscular anatomy

In total, 351 muscle-tendon elements (per body side) were in-
cluded for 49 muscles. The isometric muscle strength was calcu-
lated by multiplying its PCSA by the specific muscle tension (100
N/cm?2). Because the data for the intercostales and the levatores
costarum longi muscles along the entire ribcage was lacking in the
original dataset, we introduced additional elements for these mus-
cles at the missing levels. The morphological parameters for these
elements were taken as the averages of the measured data. We
also incorporated the abdominal muscle implementation from the
human body model of the AnyBody Managed Model Repository.
The changes in the length of the transversus abdominis muscle el-
ements and the abdominal volume resulted in a change of intra-
abdominal pressure, hence force in these muscles. All the muscles
included in this study are listed in Table 1.

superior
vertebra

inferior
vertebra

Fig. 1. The musculoskeletal model developed in this study, bones are displayed in beige and muscle-tendon elements in red. The reference frame shown in the sagittal view
is the global reference frame (v giobar). The vertebral (¥ yerepra) and intervertebral disc joint reference frames (v/joinc) are illustrated for one motion segment. The origin of the
vertebral reference frame is located at the centroid of the vertebral body, the y-axis passes through the geometric centers of the inferior and superior end-plates, and the
z-axis is parallel to the line connecting similar landmarks on the left and right pedicles (orthogonal to the sagittal plane). The orientation of the intervertebral joint reference
frame is defined as the average of its corresponding superior and inferior vertebra reference frame. The invertebral disc inclinations were calculated as the average angles
of the superior and inferior vertebrae on the sagittal plane. The intervertebral compression force is calculated along the y-axis of the joint reference frame (perpendicular to
the disc inclined plane) while shear is the force component on the xz plane (parallel to the disc inclined plane).
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Table 1
Muscles included in the model.

Region Muscle

Cervical spine

Iliocostalis cervicis, Levator scapulae, Longissimus capitis, Longissimus cervicis

Longus capitis, Obliquus capitis inferior, Obliquus capitis superior, Omohyoid

Rectus capitis anterior, Rectus capitis lateralis, Rectus capitis posterior major

Rectus capitis posterior minor, Scalenus anterior, Scalenus medius, Scalenus posterior
Semispinalis capitis, Semispinalis cervicis, Splenius capitis, Splenius cervicis
Sternocleidomastoid, Sternohyoid, Sternothyroid, Thyrohyoid

Thoracic spine

Iliocostalis thoracis, Rhomboideus major, Rhomboideus minor, Rotatores

Semispinalis thoracis, Serratus anterior, Serratus posterior superior, Spinalis thoracis

Subclavious, Trapezius
Ribcage

Intercostales externi, Intercostales interni, Levatores costarum

Subcostales, Transversus thoracis

Lumbar spine

Iliocostalis lumborum, Latissimus dorsi, Longissimus thoracis, Multifidus

Obliquus externus abdominis, Obliquus internus abdominis, Psoas major
Quadratus lumborum, Rectus abdominis, Serratus posterior inferior

Transversus abdominis

Table 2
The stiffness data adapted from the literature [53,54].
Joints Flexion Extension Lateral Axial Tension Compression Shear
bending rotation
[Nm/deg] [Nm/deg] [Nm/deg] [Nm/deg] [KN/m] [KN/m] [KN/m]
Intervertebral
co/C1 0.04 0.02 0.09 0.06 fixed fixed fixed
c1/c2 0.06 0.05 0.09 0.07 fixed fixed fixed
C2-T1 0.43 0.73 0.68 116 fixed fixed fixed
T1-T12 2.65 3.25 2.27 2.60 fixed fixed fixed
T12-S1 1.80 2.60 230 6.90 fixed fixed fixed
Costovertebral fixed fixed fixed fixed 4.9 49 fixed
Costotransverse 0.12 0.12 0.12 0.17 49 49 123
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Fig. 2. Intradiscal pressures at the L4/L5 and L3/L4 discs. The error bars placed over the model’s predictions represent the range due using the minimum and maximum
correction factors [36] whereas those placed over the experimental data show intersubject variance.

2.2. Joints

The intervertebral articulations were modeled as spherical
joints. The locations of lumbar and cervical intervertebral joints
were based on previous reports [28,29]. In the thoracic spine, the
geometric centers of the intervertebral discs were used. The cos-
tosternal articulations between the costal cartilages and the ster-
num were defined as six DoF joints. The costotransverse and the
costovertebral joints were simplified as single-compound revolute
joints which allowed rotation about the ribs’ cervical axes [13,30].
We defined the locations and reference frame axes of the afore-

mentioned joints in line with previous studies [31-33]. Sternoclav-
icular, acromioclavicular, glenohumeral, and the articulations of the
hyoid and the thyroid bones with the C3 and C4 vertebrae, re-
spectively, were modeled as six DoF joints. No movement was pre-
scribed at these joints implying that they were rigidly connected
to the segments they articulated with.

The elastic behavior of the intervertebral joints was modeled
as a lumped stiffness induced by the ligaments, discs, and the
facet joints using linear torsion springs in three directions. In ad-
dition, the tension/compression stiffnesses for the costovertebral
articulations and the tension/compression, shear, and the bending
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Fig. 4. Resultant forces (normalized to standing) at the L1 vertebra. These forces
were calculated as the average of the loads at the T12/L1 and L1/L2 disc joints. The
error bars indicate the variance measured in two patients [7].

Table 3
Intervertebral disc cross-sectional
areas quantified from the CT im-

ages.
Disc Area (mm?)
T6/T7 667
T7/T8 727
T9/T10 852
T10/T11 954
L3/L4 1367
L4/L5 1398

stiffnesses for the costotransverse articulations were defined using
the stiffness data reported in previous studies (Table 2).

Soft constraints were applied for prescribing the movement at
the compound-costotransverse and costovertebral joints and the
costosternal joints. These constraints allowed minimal deviation
from the idealized joints by minimizing the total elastic energy
of deformation and determined the movement at these joints.
This approach facilitated defining the otherwise mechanically
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Fig. 5. Compressive and anterior-posterior shear forces at the intervertebral disc joints during standing upright. The forces were expressed as percentages of the total body

weight (BW) of the cadaver.
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Table 5
Intervertebral disc inclinations on

©cn .39 the sagittal plane.
Disc Angle (°)
= S 2/c3 0.0
Qee = c3/c4 ~143
c4/c5 -236
23 C5/C6 -270
eeea- c6/C7 ~303
C7/T1 -36.0
T1/T2 -373
T2/T3 -372
+Rh o2 T3/T4 -349
T4/T5 -312
T5/T6 -220
T6/T7 -10.9
o MmO o T7/T8 —64
- A=A T8/T9 -0.2
TY/T10 3.6
Fel5 e T10/T11 5.3
T11/T12 9.4
T12/L1 116
o088 L1/12 9.0
12/L3 16
L3/L4 122
L4/L5 -356
o Lng L5/S1 —443
over-constrained nature of the costosternal joints in a kinemati-
noFag cally determinant way [34].
cwo® oo 2.3. Comparison with in vivo intradiscal pressures
S We compared the model’s prediction of spinal loading with the
eenese previous in vivo studies [1-6]. For this, the same tasks investi-
gated in these studies were simulated, and the estimated intradis-
cal pressures were compared. We only included experimental data
coooo measured from healthy discs. The intradiscal pressures (in MPa)
were calculated according to Eq. (1):
ke
Reo8Q IDPyodel DA = CF (1)
where Fc represents the predicted compressive force (in N) at
8 § o § 8 the intervertebral joint (Fig. 1), DA represents the disc cross-
sectional area (in mm2), and CF represents a correction factor
needed when calculating compression forces from intradiscal pres-
sures [35]. Dreischarf et al. 2013 reported this correction factor to
SRBES be 0.66 + 0.11. Therefore, we calculated the intradiscal pressures
by using three values for the correction factor (CF;, = 0.55, CFmean
= 0.66, and CFpax = 0.77). For comparison purposes, the median
< values were plotted, and the error bars placed over the model’s es-
NSRS timates represent the range due using different correction factors
(CEpin and CFpax) (Figs. 2 and 3). The pressure magnitudes mea-
eToo sured at the L3/L4 disc were corrected by subtracting 0.25 MPa
as suggested by Nachemson and Elfstrom [1,36]. Intervertebral disc
o cross-sectional areas were quantified from the medical images and
oRoRE _ are given in Table 3.
5
QE 2.4. Simulated tasks
IESER — 8?
— NS~ ~N .
&Ta We simulated several quasi-static tasks with the model. Each
2 ; ; S task started from the standing upright position and finished when
28 2 ® ; the specified maneuver (such as trunk flexion) was achieved. We
= c § % ‘g § % '73 2 performed these simulations for trunk and neck regions separately
g g 5= g5 _§ 5 (referred to as trunk and neck tasks). For neck tasks, we dis-
SE5RE ;;5 orT tributed the total motion over the intervertebral joints between

the skull and T1 segments (hence no trunk motion). Similarly,
for the trunk tasks, we only specified the motion between T1
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Fig. 6. Disc compressive forces in the thoracic spine as functions of trunk inclination. The end postures in each task are shown next to the plots.

and pelvis segments (no neck motion) and partitioned the mo-
tion accordingly. The partitioning of the motion across each in-
tervertebral joint took place according to the spinal rhythm ma-
trices derived from previous reports [37-42]|. Furthermore, the to-
tal trunk motion was distributed between the pelvis and tho-
racic and lumbar regions of the spine. The amount of pelvic ro-
tation in flexion and extension was calculated by using the lumbo-
pelvic ratios reported by Tafazzol et al. [43]. 20%, 73%, and
83% thoracic motion (out of the total rotation in the lumbar and
the thoracic intervertebral joints) was used for the trunk flex-
ion, extension, lateral bending, and axial rotation tasks, respec-
tively. For the trunk tasks, we simulated standing upright, flex-
ion (60°), extension (15°), lateral bending (30°), and axial rota-
tion (30°) maneuvers. For the neck tasks, standing upright, flex-
ion (45°), extension (15°), lateral bending (20°), and axial rotation
(20°) were simulated. All the simulations were batch-processed
and post-processed in Python 3.6 environment using AnyPyTools
library.

3. Results
3.1. Comparison of spinal loading with in vivo measurements

Calculated intradiscal pressures at the lumbar region (L4/L5 and
L3/L4 discs in Fig. 2) were highly correlated to previous experi-
mental measurements [1-5] (R = 0.91 and RMSE = 0.16). How-
ever, the model slightly underpredicted the compressive loading at
the L3/L4 disc for certain postures. When the two levels were ana-
lyzed separately, the following correspondences were found: L4/L5
(R =0.95 and RMSE = 0.11) and L3/L4 (R = 0.95 and RMSE = 0.21).
The thoracic disc pressures (T6-T8 and T9-T11 discs in Fig. 3)
predicted by the model were generally within the range previ-
ously reported [6], though a good correlation was lacking (R = 0.45
and RMSE = 0.23). The model predicted the trends (the pressure
change compared to upright position) qualitatively well except for
the lower thoracic discs in extension. Furthermore, the model cap-
tured the relative pressure levels between the middle and lower
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thoracic discs well except in lateral bending where our model pre-
dicted higher pressures at the middle thoracic discs than the lower
levels. Moreover, the model predicted the trends well for the up-
right posture that the pressure levels (median values) from the
highest to the lowest (similar to previous experiments) were as fol-
lows: T6-T8, T9-T11, L4/L5, and L3/L4. Further, we compared nor-
malized resultant loads (as the percentage of the load at the up-
right standing) predicted by the model with the loads quantified
from the instrumented devices implanted at the L1 vertebrae in
Fig. 4. The model’s estimates were within the measured range ex-
cept in extension where the model overpredicted the normalized
loads.

3.2. Comparison of muscle function with previous studies
Muscle forces and their activation patterns computed by the

model were compared to previous modeling and experimental
studies in Table 4. Although force magnitudes differed, in gen-

eral, our model predicted similar activation trends to previous ex-
perimental and computational studies [2,14,44]|. For example, erec-
tor spinae muscle group was prevalent in flexion and also played
a role in lateral bending and axial rotation of the trunk. Latis-
simus dorsi was active during all the movements and was dom-
inant in axial rotation. Similar to EMG measurements, except for
extension, rectus abdominis was inactive. Obliquus internus abdo-
minis and obliquus externus abdominis muscles followed similar
patterns, and they were mainly active during trunk flexion, lateral
bending, and axial rotation.

3.3. Intervertebral disc joint forces

3.3.1. Compressive and shear forces at the standing upright position
Compressive and anterior-posterior shear forces predicted at
the intervertebral disc joints during standing were expressed as
percentages of the total body weight (BW) and are shown in Fig. 5.
The smallest and the largest compressive forces were found at
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the CO/C1 (14%) and L5/S1 (101%) joints, respectively. The com-
pressive forces increased from cervical to lumbar, and there were
some fluctuations at the thoracolumbar junction and middle lum-
bar levels. The median values for the cervical (CO-T1), thoracic
(T1-L1), and lumbar (L1-S1) regions were 20%, 70%, and 95% of
body weight, respectively.

Shear forces were remarkably lower than the compressive
forces throughout the spine, and they were relatively higher at the
upper thoracic and lower lumbar levels. The lowest and the highest
shear forces were found at the C3/C4 (0.2%) and L5/S1 (61%) joints,
respectively. Regional medians were as follows: cervical (4%), tho-
racic (7%), and lumbar (28%). The correlation analysis between the
disc inclinations (Table 5) and shear forces did not reveal a signif-
icant relation (R = 0.64) across all discs. However, when the three
regions were analyzed separately, we found good to strong rela-
tions between disc inclination and shear force: cervical (R = 0.69),
thoracic (R = 0.95), and lumbar (R = 0.99).

3.3.2. Compressive forces during trunk tasks

We present the model’s compressive forces at the thoracic and
lumbar discs during the motion for the trunk (Figs. 6 and 7):
standing upright, flexion, extension, lateral bending, and axial ro-
tation. The forces were computed as percentages of the total body
weight of the cadaver.

In general, flexion caused the largest spinal loads at the lumbar
and thoracic discs at the final positions among all the maneuvers.
When the same trunk rotations were considered (30° flexion, lat-
eral bending, and axial rotation), axial rotation generally induced
higher loading at the thoracic discs, whereas forward flexion in-
duced higher loads in the lumbar discs. The disc forces mainly in-
creased with increasing trunk motion except in extension where
they decreased at the lower thoracic and lumbar discs. Further-
more, in general, the forces increased caudally.

In forward flexion, the compressive forces at the upper and
lower thoracic discs as well as the lumbar discs gradually increased
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whereas they slightly decreased at the middle thoracic discs with
increased trunk inclination. At 60° trunk flexion, the highest and
lowest forces were noted for the L5/S1 (250%) and T3/T4 (49%)
joints, respectively.

In extension, the forces in the thoracolumbar and lumbar re-
gions slightly decreased until around 10°, after which they gradu-
ally increased. The forces at the upper and middle thoracic joints
slightly increased, and the lower thoracic discs had smaller com-
pression (10-23% decrease) compared to upright posture. At the
end of the maneuver, the L2/L3 disc had the highest compression
(94%), and the T1/T2 disc had the lowest (40%).

Lateral bending increased the compression at all the discs grad-
ually and almost linearly, around 6 to 25% rise at the thoracic discs
and 20 to 30% rise at the Iumbar discs. The highest and lowest
forces were predicted for the L5/S1 (131%) and T1/T2 (49%) joints,
respectively.

Similar to lateral bending, axial rotation increased the disc com-
pressions almost linearly at all the joints. Compared to lateral
bending, axial rotation led to relatively higher increases in the tho-
racic region yet smaller in the lumbar region. We found the largest
and smallest forces as 118% at the L5/S1 joint and 73% at the T1/T2
joint, respectively.

3.3.3. Compressive forces during neck tasks

The compressive forces at the cervical discs (Fig 8) were much
lower than those of the lumbar and thoracic discs. In general, the
forces increased in flexion, lateral bending, and axial rotation but
decreased in extension. Lateral bending induced the largest forces
at the lower discs (43% at C7/T1) whereas axial rotation did at the
upper discs (56% at C1/C2).

In flexion, the highest and lowest forces were noted at the
C7/T1 (37%) and C2/C3 (21%) joints, respectively. Compared to the
neutral position, the force increases ranged from 3% (C6/C7) to 17%
(co/c1).

In extension, the compressions gradually decreased except at
the C5/C6 and C6/C7 discs where they almost did not change com-
pared to neutral position. The model predicted the highest and
lowest forces at the C6/C7 (25%) and CO/C1 (9%) joints, respectively.

During early lateral bending, the forces did not change much
until around 4° but consistently increased afterward at all the
joints roughly linearly. The highest and lowest forces were found
at the C7/T1 (43%) and C4/C5 (32%) discs.

In axial rotation, the forces first did not change much until
around 10-14° but increased rapidly afterward at all the joints.
At the final position, the upper joints were loaded the largest. All
the joints had significantly higher forces at the end of the maneu-
ver when compared to upright position. The C1/C2 joint had the
largest force (56%) and C4/C5 (35%) the smallest.

4. Discussion and conclusion

Accurate characterization of spinal loads is fundamental to
understanding normal and pathological spine functioning [45],
injury prevention during occupational tasks [10], optimization of
surgical interventions, and pre-clinical testing of implants. In the
past, spinal loads have been measured through intervertebral disc
pressures and telemetered vertebral implants [1-7]. Despite these
previous experimental studies, our understanding of the relation
between the movement and the spinal loads remains largely
unexplored mainly due to technical difficulties in experimenta-
tion and the related ethical concerns. Musculoskeletal modeling
accommodates great opportunities to study spine biomechanics in
depth and to estimate in vivo loads.

In this study, we developed a complete and coherent mus-
culoskeletal model of the entire human spine by incorporating
the anatomical dataset reported in earlier work [20,21]. When

developing this model, skeletal and muscle morphologies were
reconstructed from this dataset while segment mass properties,
joint definitions, and stiffness properties, and spinal rhythms
were implemented based on previous investigations. Since all the
muscle and skeletal data were obtained from one single spine,
our model essentially represents a subject-specific musculoskeletal
system and, unlike generic models, it does not require combining
anatomical data from other datasets [15]. This model includes
body segments, mechanical joints to mimic their articulations, and
muscle groups and can predict spinal loading using an inverse dy-
namic approach. The inherent redundancy in the musculoskeletal
system is solved using an optimization criterion in which muscle
activations are computed based on minimization of muscle fatigue.
Our model has several particular features, such as the incorpora-
tion of individual vertebrae (cervical, thoracic, and lumbar), flexible
ribcage, and comprehensive muscular anatomy which included
various deeper muscles in the spine. Incorporation of non-rigid
cervical and thoracic spines enables more realistic and detailed
investigations of the muscle activation patterns and the spinal
loads [16]. These features might be particularly important when
studying the joints connecting different regions of the spinal col-
umn (for example, C7/T1 joint) as the changes in moment arms of
the muscles spanning these joints would be better implemented.

We calculated the intradiscal pressures from predicted com-
pressive forces at the disc joints during physiological trunk move-
ments. For this, we simulated several trunk postures similar to
previous experiments where in vivo pressures at certain lumbar
and thoracic discs were measured. Disc pressures estimated by our
model at the L4/L5 and L3/L4 levels were overall in good agree-
ment (R = 0.91) with the previous data from several investiga-
tions [1-5]. For the third lumbar disc, we used the data measured
in two different studies [1,2]. These studies reported intradiscal
pressures in a broad range (0.3 - 0.7 MPa) and found increases
in pressures during trunk flexion. Our model underpredicted the
compression at this disc level during flexion and side lateral bend-
ing but predicted the increase trends compared to upright position
well (Fig. 2). Polga et al. reported the pressures at the middle and
lower thoracic discs from six healthy individuals [6]. Polga’s data
also showed significant variations for all the trunk postures yet rel-
atively higher variations in extension and lateral bending. Never-
theless, the model’s estimations were generally within the range
reported, and it predicted the change in pressures compared to
upright position qualitatively well except for the lower discs dur-
ing extension (Fig. 3). In addition, the model captured the relative
pressures between the middle and lower discs (except in lateral
bending) in accordance with the measurements. These variances
between the in vivo data, as well as the discrepancies in our find-
ings, can perhaps be explained by subject-specific factors such as
spinal curvature and rhythm or simplified modeling of the arms as
lumped masses [46]. Finally, our estimations at the thoracic and
lumbar levels during an upright position were in excellent agree-
ment with the experimental data. We found that the pressures
decreased caudally from 0.85 MPa at T6-T8 and 0.71 MPa at T9-
T11 to 0.51 MPa at L3/L4 but then increased to 0.55 MPa at L4/L5
disc [36]. In this study, we generally achieved good agreements
with the previous in vivo measurements at the lumbar and thoracic
discs. This demonstrated a preliminary validation of our model and
gave us the confidence to study the development of the compres-
sion forces at the intervertebral discs during basic activities of daily
living. It is important to note that further validation of the model
in terms of muscle forces and joint moments under more demand-
ing activities is necessary. This will enable to expand the model’s
credibility for investigating occupational tasks such as manual ma-
terials handling and will be the subject of future research.

During standing, predicted compressive forces (% BW) at all
levels (Fig. 5) were consistently higher than those reported in
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previous computational models [10,13,14,16,47] but similar to
measured data. For example, previous models’ estimations at the
L4/L5 disc ranged from 52% to 89% BW whereas in vivo data (de-
rived from Dreischarfs review paper [36]) indicated huge varia-
tions: Wilke et al. [4] (71%-99%), Sato et al. [3] (22%-143%), and
Takahashi et al. [5] (54%-75%). We found compression of 101%
BW at the L4/L5 disc during standing. For the T9/T10 disc, previ-
ous models found ratios ranging from 31% to 77% while data from
Polga et al. [6] suggests between ~33% and ~ 81% (estimated from
the reported range and disc areas [48]). We found a comparable
compressive force of 83% BW at the T9/T10 level. We saw that
similar variations existed for the third lumbar and middle thoracic
discs and that our estimations fit within the in vivo data reported.
Furthermore, our predictions of compression forces were closest to
those reported from a generic musculoskeletal model of the thora-
columbar spine which assumed a single-lumped rigid body repre-
sentation of the neck and overpredicted intradiscal pressures at the
thoracic discs [13]. Predicted anterior-posterior shear forces dur-
ing standing (Fig. 5) were also generally higher than those found
in the aforementioned models which reported varying shear force
distributions at the lumbar spine. Previous models estimated the
forces between ~4% and ~ 10% BW at the first lumbar disc com-
pared to the current study (6%) and the experimental measure-
ments ~ 10% [7]. This indicated that our prediction of the anterior-
posterior shear at the L1/L2 level was in accordance with the pre-
vious models and the in vivo data. Unfortunately, we are unaware
of any experimental data to validate our predictions further at the
other levels. The variations between the previous models and our
cadaver-based model are possibly due to the differences in the
simulated muscle and skeletal anatomy or modeling practices.
Dreischarf et al. [35] elaborated that the compressive forces at
the healthy intervertebral discs can be estimated from the intradis-
cal pressures during all the maneuvers studied in this work ex-
cept extension. They found increasing facet joint forces, decreasing
disc forces and discussed the non-proportionality of the pressure
and compression force during extension because the pressure in-
creased in vivo [4]. In extension, we found decreasing compression
forces at the thoracolumbar discs and slightly increasing forces at
the middle thoracic discs with increased trunk inclinations (Fig. 6).
At the lumbar discs, the forces descended during early extension
but increased later for trunk angles larger than ~ 10° (Fig. 7). This
increase was caused by saturated activities of deep muscles such
as spinalis thoracis, rotatores, and multifidus to balance the exter-
nal loads around the thoracolumbar joints. Due to this force in-
crease at the L1/L2 joint (although a decrease at the T12/L1 joint),
our model, similar to the previous models [12,14,44], overpredicted
the normalized loads at the L1 level in extension (Fig. 4). Although
the rises at the middle thoracic discs and the drops at the lumbar
discs during early extension were in accordance with the in vivo
data, the decreases at the lower thoracic discs and the increases
in the lumbar region were in disagreement [6,7]. These suggest
that our predictions for extension might not be very reliable af-
ter all and necessitates a further study. In line with the experi-
mental studies [4,6,7], we found increased compressions at all the
trunk discs during lateral bending and axial rotation maneuvers.
Similarly, our simulations indicated increased compressive forces at
the lower thoracic discs and lumbar regions and slightly decreased
forces at the middle thoracic discs during trunk flexion. These find-
ings were also in agreement with the in vivo measurements and
differed from a previous thoracolumbar spine model which re-
ported higher compression forces and thus intradiscal pressures
(compared to upright position) at the middle thoracic discs [13].
The predicted compressive forces at the cervical discs were
significantly lower than those of the thoracic and lumbar discs
(Fig. 8). Due to the lack of in vivo data on cervical disc pressures, it
was not possible to validate our findings for the cervical levels. But

when comparing our model’s findings to those of previous models,
they give similar results. Snijders et al. [49] found in their cervi-
cal biomechanical model that disc forces increased during flexion,
reached their minimums in extension, increased in lateral bending,
and did not change much until 35° axial rotation but increased fast
with further axial rotation. Our findings for the cervical joints were
in close agreement with these observations. We found that the disc
forces increased significantly after ~ 14° in axial rotation instead of
35¢. Furthermore, the normalized compressive forces at the neutral
position were similar to a previous cervico-thoraco-lumbar spine
model [14].

Several limitations affect the data presented in this work.
Firstly, our model used a simplified approach for modeling the
shoulder-arm complex. This practice facilitated including trunk
muscles such as latissimus dorsi and trapezius that played roles
during lateral bending and axial rotation. We estimated and ap-
plied external forces and moments at the third thoracic verte-
brae to model the loads due to these extremities [25]. Thus, our
model is not usable for tasks that cause large arm forces. Sec-
ondly, we used a simple muscle model where force-length and
force-velocity relationships were not considered. For simplicity, we
opt to not include them as some muscle parameters such as op-
timal fiber length and tendon slack length would require further
calibrations. Thirdly, the intervertebral disc articulations were sim-
plified as spherical joints which lacked translational DoFs. Recent
studies discussed that neglecting translational DoFs and thus as-
suming fixed locations for joint centers of axial rotation might af-
fect the joint reaction and muscle forces [50,51]. Fourthly, we did
not model the facet joints. Earlier studies discussed that the facet
joints will cause a decrease in the transmission of forces through
the anterior column during extension [12,35]. Fifthly, we did not
include spinal ligaments but included their collective rotational
stiffnesses linearly in the intervertebral and ribcage joints. The lack
of ligaments or simplifying their non-linear mechanical behaviors
in the model would change the load sharing patterns between the
muscles and thus affect our findings [52]. Sixthly, our cadaver-
based model was not scaled to match anthropometric features of
the subjects volunteered in the previous in vivo measurements of
spinal loads. We found it more realistic to compare disc pressures
as was done in this study rather than applying complex scaling
protocols which were not available. Seventhly, this subject-specific
model represents an elderly male with a body height of 154 cm
and a mass of 51 kg. Thus, the applicability of the findings pre-
sented in this work might be limited when individuals with differ-
ent anthropometric features and morphologies are studied. Finally,
we refer the reader to our previous works where limitations pecu-
liar to the anatomical dataset used in this model were described
in detail [20,21].
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