Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Lumbar Modic Changes Concentrate Stress at the
Endplate—Vertebral Interface

Yuchenxi Wang

The First People’s Hospital of Yunnan Province, The Affiliated Hospital of Kunming University of
Science and Technology
Sungqi Nian

The First People’s Hospital of Yunnan Province, The Affiliated Hospital of Kunming University of
Science and Technology
Chengjin Li

The First People’s Hospital of Yunnan Province, The Affiliated Hospital of Kunming University of
Science and Technology
Haotian Luo

The First People’s Hospital of Yunnan Province, The Affiliated Hospital of Kunming University of
Science and Technology
Guangyao Zhang

The First People’s Hospital of Yunnan Province, The Affiliated Hospital of Kunming University of
Science and Technology
Fei Chen

The First People’s Hospital of Yunnan Province, The Affiliated Hospital of Kunming University of
Science and Technology
Na Li

920th Hospital of the Joint Logistics Support Force
Jiayu Chen

Jochenspine@163, com

The First People’s Hospital of Yunnan Province, The Affiliated Hospital of Kunming University of
Science and Technology

Research Article

Keywords: Modic changes, finite element analysis, vertebral endplate, disc degeneration, computed
tomography, lumbar spine

Posted Date: November 2nd, 2026


https://doi.org/10.21203/rs.3.rs-11311894/v1
https://doi.org/10.21203/rs.3.rs-11311894/v1

DOI: https://doi.org/10.21203/rs.3.rs-11311894/v1

License: € @ This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-11311894/v1
https://creativecommons.org/licenses/by/4.0/

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Lumbar Modic Changes Concentrate Stress at the Endplate—Vertebral Interface

Yuchenxi Wang?*t, Sunqi Nian*{, Chengjin Li?, Haotian Luo?, Guangyao Zhang?, Fei Chen?, Na
Li**, Jiayu Chen**
@ Department of Orthopaedics, The First People’s Hospital of Yunnan Province, The Affiliated

Hospital of Kunming University of Science and Technology, Kunming 650500, China.

b Department of Anesthesiology, 920th Hospital of Joint Logistic Support Force, Kunming

650032, China.

T Yuchenxi Wang and Sungqi Nian contributed equally to this work.

Corresponding authors

Jiayu Chen, Department of Orthopaedics, The First People’s Hospital of Yunnan Province,

Kunming 650500, China. Email: jchenspine@163.com. ORCID: 0000-0003-1119-6486.

Na Li, Department of Anesthesiology, 920th Hospital of Joint Logistic Support Force, Kunming

650032, China. Email: lina@kmmu.edu.cn. ORCID: 0000-0003-2821-0547.

Abstract

Background: Modic changes occur where the lumbar disc transfers load to the vertebral body.
Regional stress and segmental motion together describe their mechanical effects. We examined

how material inputs for each Modic type changed local stress, with and without disc degeneration.

Methods: Paired computed tomography measurements from 24 patients with Modic changes
provided stiffness multipliers for each type: seven type I, ten type I, and seven type III cases.
Eight L4-L5 finite element models included normal anatomy, isolated disc degeneration, isolated
Modic types I-I1II, and each type combined with disc degeneration. The models shared one base
geometry, with a predefined reduction in disc height in degenerated models. Geometry and

loading were matched to assess material effects. We applied 500 N compression and a 10 N-m
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moment in six directions and descriptively compared endplate and vertebral margin stress, disc

stress, and range of motion.

Results: Models containing Modic changes showed focal stress concentration near the mapped
region. Isolated Modic changes reduced range of motion by 0.5%—7.7%. Type III had the highest
mean margin stress in every tested condition, and maximum stress rankings varied. Maximum L4
margin stress in isolated type III ranged from 13.97 to 36.28 MPa. Geometric mean stiffness
multipliers were 2.05, 2.09, and 5.02 for types I, 11, and III, respectively. With coexisting disc

degeneration, margin stress redistribution depended on vertebral level and loading direction.

Conclusions: In the tested L4-L5 geometry, Modic-related material heterogeneity concentrated
stress at the endplate and adjacent vertebral margin. Segmental motion changed relatively little.

Local stress assessment complements segmental motion when studying Modic biomechanics.

Keywords: Modic changes; finite element analysis; vertebral endplate; disc degeneration;

computed tomography; lumbar spine

Background

Load passes between the lumbar disc and vertebral body through the disc—endplate—bone marrow
complex [3—5]. Modic changes (MC) are MRI signal alterations in the adjacent vertebral marrow
[1]. Types I, II, and III broadly correspond to inflammatory or edematous, fatty, and sclerotic
phenotypes [1,2]. Type I has low T1 and high T2 signal, type II has high signal on both
sequences, and type I1I has low signal on both. These phenotypes place material heterogeneity at

an interface where its effect on regional mechanics can be examined.

MC occur in structural and clinical settings where regional load transfer is relevant. They coexist
with endplate defects and disc degeneration, and their association with low back pain varies
across studies [6—12]. Surgical cohorts have reported associations with recurrent herniation
[13,14], fusion outcomes [15—-18], and cage subsidence [17,19,20]. Bone quality affects load

transfer in lumbar fusion models [21]. Residual symptoms also occur in selected MC cohorts [ 16—

2
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18,22,23]. These observations provide a clinical context for studying the mechanics of the

endplate and adjacent vertebral marrow.

Biological studies also examine this interface. Proposed pathways include endplate microdamage
and inflammatory remodeling [3,24-26], bacterial and non-bacterial subgroups [27-32], marrow
conversion [3,33,34], and vertebral innervation [35-38]. Experimental endplate injury can induce
Modic-like marrow changes [24], and immune cells in affected marrow can degrade cartilage
endplates [25]. Regional stress assessment can show how the accompanying material

heterogeneity changes load transfer.

Finite element analysis allows comparison of material effects with geometry and loading held
constant [39,40]. Earlier lumbar models examined disc degeneration, endplate damage, and
segmental motion [41-45]. We used paired computed tomography (CT) Hounsfield unit (HU)
measurements to assign material inputs for each Modic type in eight L4-L5 models. Comparisons
with and without disc degeneration (DD) assessed endplate and vertebral margin stress together
with segmental motion. These matched comparisons identified the regional response to Modic-

related material heterogeneity.

Methods

Study design and model groups

We used eight L4-L5 models to compare MC material effects with and without DD. L4-L5 is a
common location of lumbar MC [46]. Models included normal anatomy, isolated MC types I-III,
isolated DD, and DD combined with each MC type. They shared one base geometry, with a
predefined reduction in disc height in DD models. Meshing, contact definitions, boundary
conditions, and loading were the same across groups. Material properties varied through the

predefined MC and DD modifications.
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Patient imaging and MC classification

We retrospectively reviewed lumbar imaging from patients diagnosed with Modic changes
between January 2021 and May 2025. Two spine surgeons independently classified blinded MRI
examinations as type I, II, or III using established criteria [1,2]. Material calibration included 24
patients: type I, n=7; type II, n=10; and type III, n=7. Eligible patients were older than 18 and
younger than 70 years and had MRI-confirmed Modic changes and complete clinical and imaging
records. Image quality had to allow segmentation, registration, and HU measurement. We
excluded patients with prior spinal surgery, tumor, congenital spinal deformity, metabolic or

immune-mediated spinal disease, infectious spinal disease, acute trauma, or incomplete records.

The retrospective imaging review received institutional ethics approval (KHLL2023-KY083), and
all participants provided written informed consent. Ethics details are reported in the Declarations

section.

MRI examinations used a 1.5-T Siemens system with an eight-channel phased-array spine coil.
Classification used sagittal T1-weighted, T2-weighted, and fat-suppressed sequences. Reported
spatial parameters were a 200 x 248 matrix, 4.0 mm slice thickness, 0.4 mm interslice gap, and
180 x 300 mm field of view. Agreement before adjudication was Cohen’s k = 0.801. A third spine
specialist resolved three discrepant classifications. Intraclass correlation coefficients, I[CC(2,1),
were 0.977 for MC-region HU, 0.944 for reference-region HU, and 0.965 for the derived stiffness

multiplier (Additional file 1, Figure S1).

Base finite element model

We reconstructed the base L4-L5 model from high-resolution CT of one adult male without
known spinal disease. The dataset contained more than 300 contiguous DICOM slices from the
upper border of L1 to the sacrum, with a slice thickness of 1.0 mm. We segmented L4 and L5 in

Mimics 21.0 using thresholding and manual correction of each slice, then refined the geometry
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and reconstructed the disc contours in 3-matic. The model was imported into Ansys 2021 R1 for

meshing, material assignment, and solution (Figure 1a).

Mesh characteristics and contact definitions

The global element size was 2 mm, with local refinement to 1 mm in cartilaginous structures. The

final L4-L5 mesh contained 148,876 nodes and 525,981 elements.

Facet articular surfaces were frictionless contact pairs. Disc—endplate interfaces were bonded, and
ligament attachments were tied to their bony insertion sites. The model did not explicitly include

anatomical facet joint clearance.

MRI-CT registration and ROI measurement

We imported MRI and CT datasets into Mimics, identified Modic regions from their MRI signal
patterns, and recorded their vertebral level, location adjacent to the endplate, and extent. Vertebral
contours, endplate boundaries, and adjacent anatomical landmarks guided matching of the MRI-

labeled regions to CT. We checked correspondence on each slice.

After matching MRI and CT, we defined a CT region of interest (ROI) for each Modic region and
measured its mean HU. A paired reference ROI was selected at a corresponding cranio-caudal or
left-right symmetric location in the same vertebra. Whenever possible, reference ROIs were
placed in unaffected marrow, avoiding cortical bone, obvious endplate sclerosis, vascular
channels, and artifacts. The dataset contained 41 paired ROIs from 24 patients (Additional file 2,

Table S1).

For patient-level HU plots, we separately averaged Modic-region and reference-region
measurements across each patient’s ROI pairs. We calculated stiffness multipliers for each ROI
pair and then averaged them within each patient, as described below. These patient-level

multipliers were used for subtype summaries and material assignment.
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Anatomic structures and constitutive assumptions

The nonlinear model included cortical and cancellous bone, posterior osseous elements, endplates,
the disc, and seven ligamentous structures: the anterior and posterior longitudinal, intertransverse,
supraspinous, interspinous, and capsular ligaments, and the ligamentum flavum. Bone and
endplates were linear elastic isotropic materials. Nearly incompressible Mooney—Rivlin materials
represented the nucleus pulposus and annulus ground substance; the model did not explicitly
include annular fiber layers. Ligaments were nonlinear tension-only springs with the properties

listed in Table 1.

Ligament moduli, Poisson ratios, and cross-sectional areas were taken from Zhu et al. [47].
Lumbar models of sitting posture and osteoporosis have used similar simplifications for bone and

disc materials [48,49].

Construction of MC models

After registering MRI to CT, we mapped the MC region to the right side adjacent to the inferior
L4 and superior L5 endplates (Figure 1b and c¢). Modic models shared this region geometry to
isolate the response to material inputs for each type. The asymmetric right-sided region also

allowed assessment of stress redistribution with loading direction.

HU-based material assignment

Non-MC cortical and cancellous bone were homogeneous isotropic materials. Cortical bone had
an elastic modulus of 12000 MPa and Poisson’s ratio of 0.30; the corresponding values for
cancellous bone were 100 MPa and 0.25. CT HU measurements provided stiffness multipliers for
each MC type. Apparent density and elastic modulus were estimated as p =47 + 1.122 x HU and

E =0.63 x p!*°, respectively [50].

For each paired ROI, we calculated the stiffness multiplier as k = E(MC) / E(reference). The

arithmetic mean of ROI-level multipliers gave one value per patient. Subtype estimates were
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geometric means of the patient-level values. Two-sided 95% confidence intervals were calculated
on the natural-log scale using a t distribution with n — 1 degrees of freedom and then back-
transformed to the ratio scale. We also reported medians and interquartile ranges. Each subtype’s

geometric mean multiplier was used as its finite element material input.

Disc degeneration model

We represented disc degeneration by reducing L4—L5 disc height by 20% and changing the
nucleus pulposus Mooney-Rivlin constants (Figure 1d). In the normal model, C10/CO1 was
0.12/0.03 MPa for the nucleus pulposus and 0.18/0.045 MPa for the annulus ground substance. In
the degenerated model, nucleus pulposus C10/C01 was 0.14/0.035 MPa; annulus ground
substance constants remained unchanged. These modifications isolated the effects of disc-height
reduction and nucleus dehydration, following previous models of disc degeneration and load

redistribution [41-44].

Boundary and loading conditions

We fully constrained the inferior L5 endplate and applied a 500 N axial preload to the superior L4
endplate, followed by a 10 N-m moment in each of six directions: flexion, extension, left and right

axial rotation, and left and right lateral bending. All eight models used the same protocol.

Model outputs and analysis

Primary outputs were maximum and mean von Mises stress at the inferior L4 and superior L5
Modic-region margins under each loading condition. Secondary outputs were segmental range of
motion (ROM), maximum disc von Mises stress, and endplate and vertebral stress maps.

Percentage comparisons used absolute ROM values; signs indicated motion direction.

We extracted segmental ROM and maximum disc von Mises stress under all six loading
conditions. Relative changes used prespecified reference models: isolated DD and isolated MC

were compared with the normal model, and combined DD plus MC were compared with isolated
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DD. ROM relative change was calculated from absolute values as 100 x (ROM(model)| —
[IROM(reference)|) / [ROM(reference)|. Relative change in maximum disc von Mises stress was
calculated as 100 x (o(model) — o(reference)) / o(reference), where ¢ denotes maximum disc von

Mises stress.

Each finite element output was a single deterministic solution. We summarized ROM, disc stress,

and Modic-region margin stress descriptively.

Baseline ROM comparison

We compared baseline ROM with published in vitro and finite element ranges for comparable
loading directions (Figure 2) [51-56]. Agreement supported the model’s global motion response

under this loading protocol.

Results

Stress concentrated near the mapped MC endplate region

Models containing MC showed focal high-stress regions near the mapped superior endplate
region, superimposed on the normal model’s peripheral stress band (Figure 3). This pattern was
most conspicuous in type III. Isolated DD showed predominantly peripheral stress with local

increases along the ring.

Stress also concentrated near the mapped region of the inferior endplate (Figure 4). Normal and
isolated DD models had predominantly peripheral stress patterns. In combined models, stress
redistribution depended on loading direction, particularly during flexion, lateral bending, and

axial rotation.

Type III had the highest mean MC-region margin stress

High-stress bands followed the MC-region margins adjacent to the inferior L4 and superior L5

endplates (Figure 5). Type III had the highest mean margin stress in every tested condition
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(Figure 6; Additional file 3). Margin stresses were similar in types I and II. The ranking of

maximum stresses varied across conditions.

Across the six directions, maximum L4 margin stress in isolated type III ranged from 13.97 to
36.28 MPa. At L5, isolated models approached 30 MPa in flexion and extension. Combined type

III reached 34.34 MPa in extension (Additional file 3, Table S2).

Disc degeneration changed margin stress differently at L4 and L5. In extension, combined models
had lower maximum L4 stress and higher maximum L5 stress than isolated Modic models. MC-

region margin stress redistribution therefore depended on vertebral level and loading direction.

CT-derived stiffness inputs were higher for type 111

Geometric mean MC-to-reference stiffness multipliers were 2.05 (95% confidence interval, 1.82—
2.31),2.09 (1.97-2.22), and 5.02 (3.77-6.68) for types I, II, and III, respectively (Table 2).
Estimates for types I and II were similar. Type III had a higher estimate and more variation
between patients (Additional file 1, Figure S2). Additional file 2, Table S1 contains the 41 paired

ROI measurements.

Local stress concentration accompanied small changes in segmental motion

Isolated MC models had ROM profiles close to normal in all six directions (Figure 7). DD

reduced motion more markedly, especially in extension and lateral bending.

Isolated MC reduced ROM by 0.5%—7.7% relative to normal (Table 3; Figure 8a). Flexion values

were 2.30°, 2.30°, and 2.29° for types I, 11, and III, respectively; normal flexion was 2.48°.

Adding Modic changes to the degenerated-disc model changed ROM by —9.8% to +3.2%,
depending on loading direction. Isolated disc degeneration reduced ROM by 17.7%-83.6%
relative to normal (Table 3; Figure 8a).

The disc stress response to Modic changes depended on loading direction (Figure 8b; Figure 9;

Table 4). Relative to normal, isolated Modic models increased maximum disc von Mises stress by
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22.3%—45.5% 1n flexion, approximately 11.1% in extension, and approximately 14.3% in right
axial rotation. Changes were small in left axial rotation. Stress decreased by 6.3%—6.5% in right
lateral bending. Adding Modic changes to the degenerated-disc model changed maximum disc

stress by —4.4% to +15.9%.

Discussion

Stress concentration at the endplate and adjacent vertebral margin was the main mechanical
response to MC-related material heterogeneity. In the matched L4-L5 models, isolated MC
caused relatively small changes in ROM. Type III had the highest mean margin stress; peak stress
depended on location and loading direction. Stress maps and margin measurements describe a

regional response that complements assessment of segmental motion.

Geometry and loading were matched across MC types within each disc condition to compare load
transfer across regions of differing assigned stiffness. Earlier lumbar models examined how disc-
height loss and nucleus properties affect motion and load sharing [41-44]. Our comparisons
extend that approach to material heterogeneity adjacent to the endplate. The regional stress
response provides a mechanical context for reported associations among endplate defects, MC,

and disc degeneration [4,5,10-12,24,33].

The subtype comparison related the assigned stiffness contrast to margin stress. Types I and II had
similar stiffness multipliers and margin stresses, consistent with previous CT observations [57].
The larger type III multiplier accompanied higher mean margin stress. These results describe the
response to CT-informed material inputs. Clinical relationships among MC, endplate sclerosis,
subsidence, and fusion vary across studies [17,19,20,34,58] and involve bone structure and

biology as well as mechanics.

Regional stress assessment added information about MC with coexisting DD. Disc degeneration

substantially reduced ROM, while its effects on margin stress depended on vertebral level and

10
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loading direction. Stress and motion describe different aspects of the combined response. The

fixed right-sided MC region sets the anatomical context for these directional effects.

The endplate and adjacent vertebral margin are sites where regional mechanics could interact with
Modic-associated biological pathways. Modic composition varies within conventional MRI
categories [33,59]. Studies describe marrow inflammation, endplate damage, vertebral
innervation, and experimental pain behavior [25,26,35,36,38,60—63]. Altered loading at the
margin could interact with these processes. Relating regional stress to tissue changes and

symptoms would test that link.

In implant studies, the MC-region margin is a candidate site for assessing contact-related load
transfer. Reported associations between MC and subsidence or fusion vary across studies [15,17—
20]. Models that include endplate integrity, local material properties, and implant geometry could

test whether the identified stress pattern affects implant contact mechanics.

The comparisons describe material effects in one L4-L5 geometry with a fixed asymmetric MC
region under the specified material assumptions and loading conditions. Endplate and vertebral

margin stress measurements characterize the regional response to MC in this setting.

Conclusions

MC-related material heterogeneity concentrated stress at the endplate and adjacent vertebral
margin in the tested L4-L5 models. Type III had the highest mean margin stress. Isolated MC
caused relatively small changes in ROM, and coexisting DD redistributed margin stress according
to vertebral level and loading direction. Regional stress and segmental motion together describe

these aspects of Modic biomechanics.
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CI, confidence interval; CT, computed tomography; DD, disc degeneration; DICOM, Digital

Imaging and Communications in Medicine; HU, Hounsfield unit; ICC, intraclass correlation
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Figure legends

Figure 1. L4-L5 finite element models constructed in Ansys Workbench 2021 R1. (a) Normal
control. (b) Modic change. (c¢) Disc degeneration combined with Modic change. (d) Disc

degeneration.

Figure 2. Baseline segmental motion comparison. Range of motion (ROM) was compared with

published in vitro and finite element data under six loading conditions.

Figure 3. Superior endplate von Mises stress maps under six loading conditions. Rows a—h show
normal, isolated disc degeneration, isolated Modic types 1, 11, and III, and disc degeneration

combined with Modic types I, II, and III, respectively. MC, Modic changes.

Figure 4. Inferior endplate von Mises stress maps under six loading conditions. Rows a—h show
normal, isolated disc degeneration, isolated Modic types I, 11, and III, and disc degeneration

combined with Modic types I, II, and III, respectively. MC, Modic changes.

Figure 5. Vertebral von Mises stress maps under six loading conditions. Rows a—h show normal,
isolated disc degeneration, isolated Modic types I, II, and III, and disc degeneration combined
with Modic types 1, II, and III, respectively. Modic regions are located on the right side adjacent

to the inferior L4 and superior L5 endplates. MC, Modic changes.

Figure 6. Modic-region margin stress in isolated and combined models. (a, b) Maximum and
mean L4 margin stress. (¢, d) Maximum and mean L5 margin stress. The horizontal axis shows
the six loading conditions. Colors indicate types I-III; solid lines show isolated Modic models and
dashed lines show combined models. Small horizontal offsets separate overlapping type I and II
traces without changing stress values. Values are deterministic outputs in MPa. Normal and
isolated disc-degeneration models have no defined Modic-region margin and are not shown. DD,

disc degeneration; MC, Modic changes.

Figure 7. ROM profiles under six loading conditions. Panels a—g compare the normal model

(black) with isolated disc degeneration, isolated Modic types I, II, and III, and disc degeneration
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combined with each type, respectively. Radial values are absolute ROM in degrees; extension,
right axial rotation, and right lateral bending are displayed as magnitudes. DD, disc degeneration;

MC, Modic changes; ROM, range of motion.

Figure 8. Relative changes in segmental motion and maximum disc stress. (a) Segmental ROM;
(b) maximum disc von Mises stress. For isolated disc degeneration and isolated MC models,
values are expressed relative to the normal model. For combined disc degeneration plus MC
models, values are expressed relative to the isolated disc degeneration model. ROM changes were
calculated from absolute values as 100 x ([JROM(model)| — [ROM(reference)|) / [ROM(reference)|;
maximum disc von Mises stress changes were calculated as 100 x (o(model) — o(reference)) /
o(reference), where ¢ denotes maximum disc von Mises stress. Blue indicates a relative reduction,
red indicates a relative increase, and white indicates no relative change. Each cell represents one
deterministic finite element solution and does not represent statistical significance. DD, disc

degeneration; MC, Modic changes.

Figure 9. L4-L5 disc von Mises stress maps under six loading conditions. Rows a—h show
normal, isolated disc degeneration, isolated Modic types I, 11, and III, and disc degeneration
combined with Modic types I, 11, and III, respectively. Columns show flexion, extension, left and

right axial rotation, and left and right lateral bending. MC, Modic changes.

Tables

Table 1. Ligament material parameters and source.

Elastic Modulus Cross-sectional Direct source
Ligament Poisson's Ratio
(MPa) Area (mm?)
Anterior longitudinal ligament 20 0.30 63.7 [47]
Posterior longitudinal ligament 20 0.30 20 [47]
Intertransverse ligament 58.7 0.30 3.6 [47]
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Elastic Modulus Cross-sectional Direct source
Ligament Poisson's Ratio
(MPa) Area (mm?)
Supraspinous ligament 15 0.30 30 [47]
Interspinous ligament 11.6 0.30 40 [47]
Capsular ligament 329 0.30 60 [47]
Ligamentum flavum 19.5 0.30 40 [47]
538 Source: Ligament material properties were adopted from Zhu et al. [47].
Table 2. Patient-level HU-derived stiffness multipliers by Modic change type.
Geometric
Median
Type n GM (ratio) Q1 (ratio) Q3 (ratio) IQR (ratio) mean, 95%
(ratio)
CI (ratio)
I 7 2.05 2.02 1.86 222 0.36 1.82-2.31
I 10 2.09 2.06 1.96 2.22 0.26 1.97-2.22
I 7 5.02 4.39 4.03 6.42 2.39 3.77-6.68

539
540
541

GM, geometric mean; CI, confidence interval; IQR, interquartile range. The 95% confidence intervals were

calculated on the natural-log scale using the t distribution with (n — 1) degrees of freedom and back-transformed to

the original ratio scale. Values are patient-level stiffness multipliers relative to paired reference regions.

Table 3. Segmental range of motion under compression and moments.

Right Left Right
Left axial
Model Flexion Extension axial lateral lateral
rotation
rotation bending bending

Normal 2.48 -3.84 5.29 -5.07 5.26 -4.52
Disc degeneration 2.04 -0.63 3.14 -2.82 1.61 -0.98
MC I 2.30 -3.82 5.04 -4.97 5.06 -4.26
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Right Left Right
Left axial
Model Flexion Extension axial lateral lateral
rotation
rotation bending bending

MCII 2.30 -3.82 5.04 -4.97 5.05 -4.25
MC III 2.29 -3.81 5.04 -4.97 5.04 -4.25
Disc degeneration + MC I 1.85 -0.65 3.00 -2.76 1.57 -0.96
Disc degeneration + MC II 1.85 -0.65 3.00 -2.76 1.57 -0.96
Disc degeneration + MC 111 1.84 -0.65 3.00 -2.76 1.57 -0.95

542 ROM values are in degrees. Negative signs indicate motion direction only; percentage changes were calculated using

543  absolute values.

Table 4. Maximum von Mises stress in the L4-L5 disc.

Left Right Left Right
Model Flexion Extension
rotation rotation bending bending

Normal 1.21 2.08 2.17 1.82 4.16 4.92
Disc degeneration 0.90 0.64 2.05 2.54 1.35 1.32
MC1 1.76 2.31 2.17 2.08 4.45 4.61
MCII 1.73 231 2.17 2.08 4.45 4.61
MC III 1.48 2.31 2.17 2.08 4.45 4.60
Disc degeneration + MC I 0.86 0.72 1.98 2.49 1.45 1.53
Disc degeneration + MC II 0.86 0.72 1.98 2.49 1.44 1.53
Disc degeneration + MC 111 0.86 0.72 1.98 2.49 1.44 1.52

544  Stress values are MPa.
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Additional files
Additional file 1: Additional file 1.docx. Supplementary figures S1 and S2 showing repeatability
of HU-derived inputs and patient-level HU measurements and stiffness multipliers.

Additional file 2: Additional file 2.csv. Supplementary Table S1 containing 41 paired ROI

measurements from 24 patients and derived stiffness multipliers.

Additional file 3: Additional file 3.csv. Supplementary Table S2 containing maximum and mean

MC-region margin stresses under six loading conditions.
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