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1. Introduction

Lumbar spinal stenosis (LSS) is among the most
common spinal disorders and represents one of
the main reasons for spinal surgery in individ-
uals over the age of 65 [1]. This condition is
characterized by a narrowing of the neural canal
and foramina, leading to the compression of the
nerve roots or the cauda equina. This results
in pain and functional limitations that signifi-
cantly impair daily activities and overall qual-
ity of life. It is mostly acquired as a conse-
quence of age-related degenerative changes af-
fecting the lumbar intervertebral discs and facet
joint, and can occur in three distinct anatom-
ical sites, frequently in combination[l]. Cen-
tral canal stenosis most often results from liga-
ments hypertrophy and intravertebral disc pro-
trusion. Subarticular canal stenosis typically
develops due to degenerative ligamentous and
superior facet hypertrophy. Finally, interverte-
bral foramen stenosis arises from osteophyte for-
mation beneath the pars interarticularis where
the ligamentum flavum is attached or from hy-

pertrophy of bursal tissue in association with
spondylitic defect.

Despite the available therapeutic options, that
can be more conservative or invasive, many pa-
tients continue to experience functional limi-
tations and characteristic symptoms associated
with LSS. The most typical manifestation is neu-
rogenic claudication [1]|, a discomfort radiating
from the lumbar region to the buttocks and fre-
quently to the thigh and lower leg, often asso-
ciated with sensory loss, fatigue, weakness and
balance problems. Symptoms are typically ex-
acerbated by standing or walking, particularly
during lumbar extension, which further narrows
the spinal canal and, on the other hand, the
symptoms are alleviated by sitting or forward
bending, which increases canal dimensions [2].
Other compensatory strategies include reduced
stride length and gait speed, asymmetric gait
pattern, for ward flexed trunk posture and re-
duced lumbar lordosis, increased pelvic rigidity
and greater knee flexion compared to healthy
subjects. Although these compensatory mecha-
nisms may temporarily alleviate symptoms, they



can alter spinal alignment and paraspinal muscle
recruitment in order to maintain dynamic bal-
ance. Such alterations may lead to increased
segmental spinal loads, thereby predisposing el-
derly patients, already affected by age-related
muscle loss, to vertebral fractures and poten-
tially increasing the risk of symptom recurrence
and disease progression.

Despite the clinical relevance of this question,
very few studies have quantitatively assessed
spinal loads in patients with lumbar spinal
stenosis, and existing analyses are mostly lim-
ited to walking tasks. Therefore, this project
aims to fill the clinical and scientific gap with the
evaluation of functional and biomechanical al-
terations in patients with lumbar spinal stenosis
during during forward flexion and lateral bend-
ing, which are functional movements represen-
tative of daily activities. To analyze patient-
specific spinal alignment, kinematics, and in-
ternal loads during forward flexion and lateral
bending, the study uses and applies an existing
AnyBody motion capture driven musculoskele-
tal model [[3], [4]] integrated with radiographic
alignment and motion capture data, to better
characterize the functional and mechanical im-
plications of LSS.

2. Methods

2.1. Patient Dataset

The study included 121 patients diagnosed with
lumbar spinal stenosis who were recruited from
the Department of Spine Surgery at the Univer-
sity Hospital of Basel and who underwent clin-
ical assessment, performed standardized motor
tasks, and completed several patient-reported
outcome measures (PROMs) assessing overall
health status, symptom severity, and kinesio-
phobia.

2.2. Kinematic Data Acquisition

To capture whole-body and spine kinematics, a
total of 72 retroreflective markers were applied
on the entire body of the participants and on
the spinous processes from C7 to S1 levels. This
extended configuration allowed a detailed rep-
resentation of spinal curvature and segmental
motion of body segments, enabling the deter-
mination of joint position and angles during the
two motor tasks of forward flexion and lateral

bending. Marker data were pre-processed us-
ing the Vicon Nexus software, which included
identification and labeling of trajectories, as well
as gap filling through interpolation algorithms
to handle short occlusions of markers (figure 1.
After preprocessing, the data were exported in
.c3d format, containing the three-dimensional
trajectories of all optical markers, and imported
into the AnyBody Modeling System (AnyBody
Technology A/S, Aalborg, Denmark). Within
this environment, the trajectories were used to
drive the motion capture—based musculoskeletal
model.

* 9
Ca b

Figure 1: Placement of the retroreflective markers (left)
and reconstruction of the trajectories in Vicon (right).

2.3. Spinal Alignment Assessment

To further enhance the patient-specific nature
of the study, the posture of each participant
was reconstructed using low-dose EOS radio-
graphs acquired in standardized posture. Verte-
bral endplates were manually annotated in the
KEOPS Balance Analyzer software, and the re-
sulting pixel coordinates were imported into a
MATLAB pipeline to compute vertebral cen-
troids and orientations, as shown in figure 2.
These spinal parameteres were calculated from
from C2 to L5 and centroid coordinates from
C2 to S1, and the exported into .any files, to-
gether with the lumbar lordosis (LL), thoracic
kyphosis (TK), sacral slope (SS), and other
subject-specific information such as body mass
and weight. Each patient therefore had dedi-
cated input file (in a .any format), which were
used to scale the AnyBody musculoskeletal mod-
els.



Figure 2: Manual vertebral annotation in KEOPS (left)
and calculation of vertebral angles and centroids through
a MATLAB pipeline (right).

2.4. Patient Specific Musculoskeletal
Modeling

Patient-specific simulations were conducted us-
ing the AnyBody Modeling System (version
8.1 Beta), which combines a generic muscu-
loskeletal model with a full-body motion cap-
ture framework and a detailed thoracolumbar
spine module (figure 3). The model was en-
hanced through patient-specific ribcage scaling,
determined by the ratio between the overall
trunk length (T1-S1) and the thoracic length
(T1-T12), and further refined by integrating
sagittal spinal alignment parameters such as
thoracic kyphosis and lumbar lordosis. In ad-
dition, the intervertebral disc behavior was im-
proved by implementing level-specific stiffness
equations for each vertebral segment, based on
previous studies reported in the literature.

Figure 3: The complete full-body mocap muscoloskeletal
model.

FEach model underwent an initial homogeneous
anthropometric scaling based on the partici-
pant’s height and body mass. A subsequent
marker-based optimization was then performed
in AnyBody to minimize the distance between
physical and virtual markers during an up-
right standing trial. This optimization adjusted
bone segment lengths and virtual marker posi-

tions, ensuring accurate correspondence between
recorded and simulated motion. The resulting
configuration was saved for each subject in an
.anyset file, which contained the orientation and
centroids of all vertebrae and the lengths of the
corresponding bony segments. These individual
parameter sets were then combined with the mo-
tion capture and radiographic data to produce
fully patient-specific musculoskeletal models for
biomechanical analysis.

2.5. Biomechanical and Statistical
Analysis

Statistical analysis was carried out after ver-
ifying the normality of each variable using
the Shapiro-Wilk test.  Depending on the
data distribution, Pearson or Spearman cor-
relation coefficients were computed. To miti-
gate type I errors arising from multiple com-
parisons, all p-values were corrected using the
Benjamini—-Hochberg false discovery rate proce-
dure. Comparisons with age-matched healthy
subjects were performed using Welch’s t-test or
Mann—Whitney tests, depending on the avail-
ability of raw data in the literature. Kinematic
behaviour was analysed using a set of parame-
ters that captured both spinal alignment and dy-
namic motion, including spinopelvic measures,
trunk overall flexion, thoracic and lumbar range
of motion (ROM), movement velocity, and seg-
mental intervertebral motion. These variables
were then associated to the spinal loads to iden-
tify which aspects of spinal motion contributed
most to increased mechanical demand. Finally,
the kinematic and kinetic measurements were
associated with patient-reported outcome mea-
sures (PROMs), to understand the psychological
impact of LSS. In addition, forward flexion was
evaluated by comparing sagittal-plane motion
and spinal loads of LSS population with those
of an age-matched healthy cohort. For lateral
bending, the analysis instead focused mainly
on detecting asymmetries by comparing ipsilat-
eral and contralateral bending, where ’ipsilat-
eral’ refers to bending on the same side as the
stenosis and ’contralateral’ to bending on the
opposite side.

3. Results



3.1. Forward Flexion

Out of the 121 patients initially recruited, 101
were successfully simulated during the forward
flexion task. The reduction in sample size was
due to missing ground reaction force data, in-
complete trials, or simulation errors, including
muscle overloading or optimization failures.
During the forward flexion movement, patients
with LSS exhibited a pronounced reduction in
both global and segmental motion compared to
a age matched healthy population [5]. The mean
maximum trunk flexion angle reached 85.65°
+ 15.62°, significantly lower than the 107.11°
+ 17.41° reported for healthy elderly controls.
Both thoracic and lumbar contributions to total
trunk flexion were reduced, with a mean thoracic
range of motion of 10.3° + 3.6° and a lumbar
range of motion of 28.3° + 8.0° in contrast with
the healthy age matched population who typi-
cally exhibit 15.7°+ 7.3° of thoracic and 46.4 +
11.0° of lumbar mobility. The execution velocity
of the task was found to be significantly higher
in the healthy group than in the LSS group, re-
spectively 12.66 + 9.94 °/s and 9.38 £+ 3.17 °/s.
At the segmental level, motion was consistently
restricted across all lumbar segments and sta-
tistically reduced compared with age-matched
healthy individuals. In patients with LSS, the
mean flexion angles progressively decreased from
1.95° 4+ 0.61° at L1-L2, 1.54° & 0.56° at L2-L3,
1.12° 4+ 0.49° at L3-L4, 0.67° 4+ 0.43° at L4-L5,
and 0.21° £ 0.33° at L5-S1, whereas healthy
subjects exhibited substantially larger values of
7.00° &+ 2.20°, 6.80° & 2.00°, 7.00° £ 1.80°, 7.00°
+ 1.70°, and 10.00° £+ 3.10°, respectively. A
significant correlation with stenosis severity was
found at the L3-L4 level, one of the most fre-
quently affected segments, where higher sever-
ity was associated with reduced segmental mo-
tion. Additionally, the flexion at the L3-1.4 level
was negatively correlated with the presence of
spondylolisthesis, a condition that frequently co-
exists with lumbar spinal stenosis.

The analysis of spinal loads exhibited increased
compression and shear forces throughout the
lumbar region compared to the healthy age-
matched population [5], as illustrated in figure
4, and were negatively correlated with the kine-
matic and spinal parameters.

Figure 4: Maximum compressive forces (top) and maxi-
mum shear forces (bottom) estimated across the lumbar
spine during the forward flexion task.

Higher scores on the PROMSs, indiciating higher
pain, symptoms and kinesiophobia, were asso-
ciated with reduced trunk and pelvic mobility,
smaller maximum segmental flexion angles, and
diminished thoracic and lumbar ranges of mo-
tion. Participants reporting higher disability
demonstrated an increased thoracic kyphosis, re-
duced lumbar lordosis and increased pelvic rigid-

ity.
3.2. Lateral Bending

For the lateral bending task, 98 patients were
successfully simulated, where the reduction in
the cohort is once again due to missing ground
reaction force data, incomplete trials, or sim-
ulation errors, including muscle overloading or
optimization failures.

The main research question was whether the
presence of foraminal stenosis led to an asym-
metric and different bending pattern between
the affected and non-affected sides, and so
the difference between right and left segmental
bending was analyzed (figure 5).
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Figure 5: Comparison of the frontal segmental flexion on
the right side (blue) and left side (left)

To further investigate the observed asymmetry
in the L4-L5 and L5-Sacrum levels, lateral flex-
ion to the right and left was analyzed separately
in patients with right-sided and left-sided foram-
inal stenosis and revealed that the segmental
bending in these the spinal level is greater to the
right, indipendently to the position of the foram-
inal stenosis. To summarize, ipsilateral and con-
tralateral flexion were compared, but no statisti-
cally significant differences were found between
the two conditions.

Although, in patients with right-sided foraminal
stenosis, the ratio between right and left trunk
and lumbar range of motion progressively de-
creased with increasing stenosis grade (image 6,
indicating a reduction in ipsilateral mobility or
increase in the controlateral mobility.
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Figure 6: Violin plots showing the ratios between the
maximum right and left trunk (left) and lumbar (right)
range of motion across increasing grades of right foram-
inal stenosis severity.

Additionally, patients with a more severe right-
sided foraminal stenosis tended to exhibit in-
creased axial rotation during movement, rather
than purely frontal-plane motion, as illustrated
in figure 7.
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Figure 7: Violin plot comparing throughout severity lev-
els the ratio between lateral bending and axial rotation.

Regarding spinal loads, lateral bending pro-
duced generally lower compression and shear
forces than forward flexion, and correlated pos-
itively with the magnitude of bending angles,
both globally and segmentally.
Patient-reported measures exhibited similar pat-
terns of forward flexion. Higher scores of pain
and presence of symptoms were associated with
reduced trunk and segmental motion and with
increased thoracic kyphosis, while elevated ki-
nesiophobia corresponded to lower lumbar and
thoracic range of motion.

4. Discussions

A major difference was observed between the
two tasks: while trunk and segmental flexion
correlated negatively with spinal loads during
forward flexion, they showed a positive corre-
lation during lateral bending. Infact, during
during forward flexion, as the flexion increases,
the contribution of passive spinal structures such
as the intervertebral discs and ligaments be-
comes more relevant and support part of the
applied load, thereby reducing muscular activ-
ity and compressive and shear forces. On the
other hand, during lateral bending, the range of
motion is more restricted and consequently the
passive components are less engaged, and the
muscular system remains the main contributor
to spinal stabilization and load bearing.

During forward flexion, patients with LSS exhib-
ited reduced global and segmental mobility com-
pared with healthy controls, and the segmental
flexion at the L3-L4 level, one of the most af-
fected levels, is associated negatively with steno-
sis severity and spondylolisthesis, that could ex-
plain the more restricted motion.

Despite slower movement execution, patients
showed significantly higher spinal loads, reflect-



ing altered biomechanics rather than dynamic
effects. Such elevated loading may increase frac-
ture risk in elderly individuals who may also
suffer from other age-related degenerative condi-
tions, such as osteoporosis or muscle weakness.
The PROMs also reflected this restricted mo-
tion. Higher Oswestry Disability Index and
Tampa Scale for Kinesiophobia scores were as-
sociated with smaller trunk and pelvic ranges of
motion and reduced overall flexion. Moreover,
patients reporting more severe symptoms tended
to exhibit increased thoracic kyphosis, reduced
lumbar lordosis, and greater pelvic rigidity, that
are typical compensatory strategies adopted by
individuals with LSS to alleviate neural com-
pression. However, these compensatory patterns
were not confirmed in the severity analysis, sug-
gesting that they are more likely driven by psy-
chological and behavioral factors rather than by
structural impairment.

Regarding the lateral bending task, the main
finding was a tendency toward greater segmen-
tal bending to the right, independent of the
side of the foraminal stenosis, suggesting that
the condition does not induce a clear asymme-
try in movement. This may be explained by
the fact that many patients presented bilateral
foraminal stenosis, making it difficult to discrim-
inate side-specific differences. In addition, part
of the cohort exhibited a certain degree of sco-
liosis, which may have further influenced the
movement pattern in the frontal plane. How-
ever, when focusing specifically on patients with
right-sided foraminal stenosis, a different trend
was observed. As the severity of the stenosis in-
creased, both the ratio between right and left
trunk ROM and the ratio between right and
left lumbar ROM progressively decreased. These
findings suggests that, despite the overall ab-
sence of a population-level asymmetry, patients
with more severe right-sided stenosis tend to
limit lateral bending toward the affected side,
likely as a protective mechanism to avoid pain
or neural compression during movement.

It was also observed that, with increasing sever-
ity of the right-sided foraminal stenosis, there
was a decrease in the ratio between right lat-
eral bending and right axial rotation, indicating
that patients with more severe stenosis tend to
add a greater component of axial rotation during
bending.

5. Conclusions and future de-
velopments

LSS alters both movement patterns and mechan-
ical load distribution during daily motor tasks.
By examining biomechanics, structural align-
ment, and PROMs, this work provides a compre-
hensive framework for understanding the func-
tional consequences of LSS and may guide future
rehabilitation strategies.

The study presents several limitations. The
musculoskeletal model relied on a simplified
muscle representation rather than a Hill-type
formulation, potentially leading to an overes-
timation of active muscle forces, relevant in
particular during forward flexion where pas-
sive muscle components play a greater role in
load support. Moreover, coronal alignment was
not incorporated into the patient-specific re-
construction, limiting the ability to represent
frontal-plane asymmetries that are especially
relevant during the lateral bending task. The
accuracy of marker-based kinematic reconstruc-
tion is also influenced by operator-dependent
marker placement and soft tissue artefacts, par-
ticularly in individuals with higher BMI. Ad-
ditionally, PROMs inherently reflect subjective
perceptions of pain and disability, which may
vary considerably across patients. Future de-
velopments should focus on integrating Hill-
type muscle models and coronal alignment into
the modeling pipeline, as well as incorporating
subject-specific disc and paraspinal muscle de-
generation to better capture the entire biome-
chanical effect of LSS.
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