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Patient Specific Finite Element Modeling
Outputs Outperform Clinical Metrics in Predicting Fusion
Cage Subsidence

Francis H. V. Lali MEng“ Kay A. Raftery, MSc® Hannah Levy, MD,"
Brett A. Freedman, MD,” and Nicolas Newell PhD*

Study Design. Finite element (FE) analysis of retrospective
clinical cohort.

Objective. To determine whether preoperative CT-derived FE
model outputs can improve subsidence prediction compared
with conventional clinical measurements alone in patients un-
dergoing transforaminal lumbar interbody fusion (TLIF).

Summary of Background Data. Cage subsidence occurs in ~20%
of spinal fusion patients and can lead to complications requiring
reoperation. While individual risk factors are known, no vali-
dated tool integrates patient anatomy, bone quality, and im-
plant characteristics to predict subsidence. Finite element
models have been hypothesized to predict subsidence but lack
clinical validation.

Materials and Methods. Patient-specific FE models were created
from preoperative CT scans of 42 TLIF patients: N =22 severe
subsidence (24 mm); N =20 nonsevere subsidence (<4 mm).
Vertebral geometries were segmented, and bone material prop-
erties were assigned based on Hounsfield units (HU). Cage po-
sitions from postoperative scans were registered to preoperative
anatomy. Endplate and trabecular stresses and strains from FE
models were compared with clinical measures using receiver
operating characteristic analysis.

Results. Fifteen principal stresses and strains of the FE simu-
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lations showed significantly higher values in severely subsided
patients compared with the nonsevere group. Average tra-
becular intermediate strain achieved the highest area under the
curve score (AUC =0.809), outperforming all clinical metrics.
Peak endplate minimum principal stress (AUC =0.775) was the
second-best FE classifier. Traditional clinical measures showed
lower discriminative ability: cage length (AUC=0.797), cage
width (AUC=0.750), and cage height (AUC =0.698).

Conclusion. Patient-specific FE model outputs significantly
correlate with clinical subsidence outcomes and outperform
several traditional metrics in classifying severe subsidence. Both
endplate and trabecular stresses and strains are important pre-
dictors, with average values showing comparable or superior
performance to peak values. Integration of FE models into the
clinical workflow could provide a comprehensive preoperative
subsidence prediction tool.

Key Words: finite element modelling, fusion cage, fusion cage
subsidence, spine, surgery, TLIF, biomechanics, interbody fu-
sion.

(Spine 2026;51:E391-E399)

Lower back pain affects 70% of people in their lifetime
and is the leading cause of disability globally.!l-2 When
conservative treatments fail, interbody fusion surgeries
can restore disc height and provide spinal stability
through the installation of an interbody cage.3 While
multiple fusion approaches exist, TLIF is the most com-
mon, accounting for over 50% of the US spinal fusion
surgery market.4 However, postoperative cage subsidence
remains a common complication with incidence rates up
to 51%.5 This can cause nonunion, progressive spinal
deformity, misalignment, and require reoperation.®7 As
such, subsidence has been correlated with poorer patient
acceptable symptom state and Oswestry Disability Index
scores highlighting the clinical importance of predicting
and minimizing its occurrence.8.9

Both patient and cage-related factors influence
subsidence risk. Patient factors include body mass index
(BMI), smoking, and low bone mineral density
(BMD).10-13 Meanwhile, cage-related risk factors include
cage height, lordotic angle, bone-cage contact area,
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and cage placement.!415 Despite knowledge of these
individual risk factors, no validated clinical tool exists to
integrate patient-specific anatomy, bone quality, and im-
plant characteristics into a single subsidence risk pre-
diction. Some literature presents potential statistical
approaches to combining risk factors to predict
subsidence.14.16.17 This study presents a mechanical ap-
proach to combining risk factors.

Finite element (FE) models offer a potential tool to
predict subsidence by modeling the mechanical stresses
and strains induced by cages on vertebrae. Patient-specific
vertebral geometries can be segmented from CT scans,
and bone material properties inferred from Hounsfield
units (HU).18.19 This enables FE simulations that simul-
taneously account for patient anatomy, bone quality, cage
geometry, and placement factors difficult to assess jointly
through clinical measurements alone.

FE models are already wused in spinal in-
strumentation development to evaluate subsidence risk
with varying factors such as lordotic angle, cage material,
and different bone densities.20-22 Such studies record
outputs such as peak endplate stress, which is hypothe-
sized to indicate subsidence risk. However, these studies
have not yet been validated against clinical outcomes.
Consequently, the FE outputs that best predict clinical
subsidence are currently unknown.

This study aims to determine whether CT-derived
FE model outputs can improve subsidence prediction
compared with conventional clinical measurements alone.
This will be achieved by identifying outputs of FE simu-
lations that successfully classify postoperative subsidence
and comparing their discriminative ability against tradi-
tional clinical measurements.

MATERIALS AND METHODS

Data Collection

A data set of preoperative and postoperative CT
scans was collected by clinicians at the Mayo Clinic
(Rochester, US) across two retrospective studies.?3:24, All
CT scans were acquired from using standardized proto-
cols (140 kV, 280 mAs, 0.75 mm slice thickness). These
were approved for research use by the Mayo Clinic in-
stitutional review board (IRB#23-003878). This data was
then acquired by Imperial College London and approved
for use in this study by the Science, Engineering, and
Technology Research Ethics Committee (SETREC
#7542982). Inclusion criteria were patients over 18 years
of age undergoing lumbar TLIF surgery between 2014
and 2021 with no record of traumatic injury, malignancy,
infection, prior fusions, or instrumented decompression.
Patients with postoperative scans less than six months
after surgery or incomplete imaging records were ex-
cluded. L5-S1 fusions were excluded because mechanical
loading at this level is distinct—the sacral inclination of
L5 introduces an anterior shear in addition to axial
compression—thus, boundary conditions would not be
standardized between patients. Patients receiving multi-
level fusions or polyether ether ketone (PEEK) cages were
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also excluded due to radiolucency, preventing accurate
segmentation. After exclusion, 42 patients remained for
use in this study.

Subsidence Assessment

The full subsidence assessment method is described
in Levy and colleagues. Briefly, preoperative scans were
acquired as part of surgical planning at most three
months before the operation date and postoperative scans
were acquired six months postoperation (settings: 140 kV,
280 mAs, 0.75 mm slice thickness, 0.75%0.75%0.75 mm
resolution). From the postoperative scan, subsidence at
the superior and inferior endplates of each TLIF level was
measured as the distance between the endplate and the
maximum point of intrusion into the vertebra. This was
done by two independent reviewers and averaged for the
final subsidence measure. The patients were classed into
two groups based on the maximally subsided endplate:
severe subsidence (=4 mm, n=22) and nonsevere sub-
sidence (<4 mm, n=20).

Segmentation and Meshing

Vertebral anatomies were obtained from the pre-
operative scans using totalsegmentator,25 which returned
binary masks of the superior and inferior vertebral bodies
(without posterior elements) at the level to be fused. These
masks were converted into stereolithography (stl) files in
3D-Slicer,26 and imported into Materialize 3-matic (v18.0,
Materialize, Leuven, Belgium) for alignment and mesh-
ing. Cage geometries were manually segmented from the
postoperative scans in Materialize Mimics (version 26.0,
Materialize, Leuven, Belgium) and similarly exported to
3-matic for meshing. A mesh of tet4 elements was created
for each preoperative vertebra and segmented cage, with a
target edge length of 0.75 mm. The faces of all surface
elements were converted to 3D shells of 0.75 mm thick-
ness.

Alignment

Using 3-matic, an stl-registration was performed
aligning the preoperative stl with the with the post-
operative (Fig. 1). This provided the spatial trans-
formation between preoperative and postoperative
positions. [Tpre_to_post]'1 was then applied to the segmented
cages, so they aligned with the preoperative endplates. A
local coordinate system was assigned to each vertebra by
computing its principal axes, with the z-axis aligned to the
cranial-caudal direction, the x-axis to the anterior-poste-
rior direction, and the y-axis to the left-right direction. To
avoid initial contact, cages were then translated in the
vertebral z-direction to introduce a 1 £0.1 mm gap with
the endplates. Meshes of both vertebrac and cages were
exported for FE simulation in MSC Marc (v2024.1, MSC
Software, Newport Beach, CA). After alignment, the
model contained the patient’s bone as it was before sur-
gery with the cage in its postoperative position.

Material Properties and Boundary Conditions
All materials were modeled as linear elastic and
isotropic, consistent with other lumbar spine FE

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, Inc.
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[Tpre-to-post]

Figure 1. lllustration of preoperative and postoperative scans showing local vertebral coordinate systems and spatial trans-
formation between them. Each vertebra was assigned an independent coordinate system. Vertebrae suprajacent and subjacent to
the installed cage are highlighted red, and the cage in the postoperative CT is highlighted blue.

investigations.27-29 The titanium cage was assigned a
Young modulus 110 GPa and a Poisson ratio of 0.3.30 To
capture interpatient BMD variation, trabecular and cor-
tical bone material properties were assigned for each pa-
tient using the mean HU of the core and peripheral bone
compartments, respectively (Fig. 2). The peripheral region
was defined as the volume between the original surface
and a 1.5 mm inward offset, while the core region was
defined as the volume within a 6 mm inward offset of the
vertebra. These values were based on a preliminary sen-
sitivity analysis showing HU converged at these values
(Supplementary Figure 1, Supplemental Digital Content
1, http:/links.lww.com/BRS/D47). HUs were converted
to bone density and then Young modulus according to

A Axial
displacemnet (Z4)
¢« — Control node

—Installed cage

—Caudal endplate

equations (1) and (2) below:31.32

p =07 x HU + 17.8#(1)
E = 4730 X p"%#(2)

Trabecular and cortical bone were assigned Poisson
ratios of 0.2 and 0.3, respectively.30

Cages were axially displaced through a control node
(fixed in x, y, free to rotate) until the reaction force
reached 50% bodyweight (Fig. 2). This simulated inter-
patient variability in upper bodyweight, supported by the
lumbar spine.2033-36 Distal endplate nodes were rigidly
fixed. Node-to-node touching contact with a friction

—Cranial endplate © :

Peripherl
compartment

compartment

Figure 2. Finite element model setup and material property assignment. (A) Boundary conditions showing highlighted endplate
regions. The inferior (caudal) endplate was rigidly constrained in all degrees of freedom. A control node coupled to the superior
cage surface applied the axial compressive displacement corresponding to 50% bodyweight loading. (B) Peripheral (cortical) and
core (trabecular) bone compartment segmentation. Average HU values within each compartment were used to calculate cortical

and trabecular Young moduli.
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Figure 3. Finite element model setup and material property assignment. (A) Boundary conditions showing highlighted endplate
regions. The inferior (caudal) endplate was rigidly constrained in all degrees of freedom. A control node coupled to the superior
cage surface applied the axial compressive displacement corresponding to 50% bodyweight loading. (B) Peripheral (cortical) and
core (trabecular) bone compartment segmentation. Average HU values within each compartment were used to calculate cortical

and trabecular Young Moduli.

coefficient ©=0.8 was used at the nonconformal cage-
endplate interface.37:38 Cortical shells were glued to tra-
becular elements.

Identifying Relevant FE Outputs

One vertebral model (the maximally subsided end-
plate) was analysed per patient. Analyses focused on two
regions of interest (ROI): (1) the endplate adjacent to the
implanted cage and (2) the subcortical trabecular bone.
Elements belonging to the cage and the fixed distal end-
plate were excluded from analysis. Six elemental scalars
were considered: three principal stresses and three prin-
Cipal strains: Omax> Omin> Ointermediates €max> €mins> €intermediate.
These were selected as they represent the true maximum
and minimum stress and strain states, independent of the
coordinate system.

Within each ROI, both peak and average values of
these scalars were assessed to determine whether local stress-
strain peaks or globally distributed bone loads were better
indicators of subsidence. Peak values were defined as the
mean of the top 5% of element values. This avoided sensitivity
to isolated element spikes that may result from mesh artefacts.
Average values were defined as the median across all elements
in the ROL In total, 24 FE outputs were considered per
model, six scalars, both peak and average, for two ROI’s.

Comparing FE Metrics to Univariate Clinical
Measures

The recorded clinical measurements were patient
mass, trabecular HU, peripheral HU, cage height, cage
length, cage width, cage degree of lordosis, cage type (ba-
nana or bullet), preoperative disc height, bone morphoge-
netic protein (BMP) use and cage height: disc height ratio.
HUs were calculated from preoperative CTs by the method
outlined in section 2.5. Meanwhile, cage parameters were
obtained from operative notes and device implantation re-
cords. Preoperative disc height was measured from the
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midsagittal CT slice. The anterior, middle, and posterior
heights were recorded and averaged for the final disc height.

A one-tailed independent-samples ¢ test was per-
formed in SPSS Statistics (Version 30.0.0.0, IBM, Armonk,
NY) to identify which model outputs showed significant
increases in the severe subsidence compared with the
nonsevere group. To account for multiple comparisons
across 24 FE outputs, a Benjamini-Hochberg false dis-
covery rate (FDR) correction was applied to P-values with
a=0.05. Variables that showed significant differences after
correction were compared with the clinical metrics as dis-
criminators through receiver operator characteristic (ROC)
analysis. Relative values between groups were analysed
rather than absolute, given that HU were uncalibrated.

ROC analysis of the significant variables and clin-
ical measures was carried out in SPSS, providing an area
under the curve (AUC) score for each variable. The AUC
score indicates the variable’s ability to classify severe
subsidence and nonsevere subsidence groups. AUC values
range from 0 to 1, where 0.5 represents random guessing
and 0 or 1 represents a perfect classifier. The discrim-
ination assessed was between severe (n=22) and non-
severe (n=20) subsided patients.

RESULTS

Load Distributions Resulting From Cage
Compression

Figure 3 shows the maximum principal strain dis-
tribution of a typical cage-vertebra model. Due to the
nonconforming shapes of concave endplates and flat
cages, multiple points of contact at the cage-bone inter-
face were frequently observed. These contact points co-
incided with the highest endplate stress and strain.
Trabecular stress-strain peaks occurred in the subcortical
region underlying these contact points.

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, Inc.
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Figure 4. Mean £ SE margin of (A) peak strain means, (B) peak stress means,

(C) average strain means, and (D) average stress

means for each FE output. * Denotes significant difference in means after FDR correction.

Comparison of FE Outputs Between Severe and
Nonsevere Groups

Figure 4 summarizes the differences between FE output
means in the nonsevere subsidence and severe subsidence
groups. Six trabecular and nine endplate outputs were sig-
nificantly higher in the severe subsidence group.

Five of the considered stress metrics and nine of the
considered strain metrics were significantly higher in the
severe subsidence group as well as eight of the peak values
and seven average values. Table 1 summarizes the exact
values of these FE outputs by group and the multiple
comparison correction used to identify significance.

Identifying Which Metrics Best Classify Severe
Versus Nonsevere Subsidence

ROC curves of each significant FE metric are shown
in Figure 5. Varying the output threshold to determine
patient groups affected the sensitivity and specificity of
each output differently. However, the general trend of

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, Inc.

increasing sensitivity decreasing the specificity of each
output was consistent.

The AUC scores produced by each ROC curve are
summarized and compared with the clinical metrics in
Figure 6.

Of the clinical metrics only cage length and cage
width achieved AUC scores above 0.7 which is a general
threshold for an acceptable diagnostic tool.3% HU peripherats
cage angle, and preoperative disc height achieved the
lowest AUC’s ~0.5 indicating that as univariate pre-
dictors they perform similarly to a random guess.

DISCUSSION
This is the first study to compare the outputs of
preoperative patient-specific FE models of fusion cages
with postoperative clinical subsidence outcomes. Our re-
sults demonstrate that FE outputs previously hypothe-
sized to be linked with subsidence are indeed correlated
with patient outcomes, providing evidence that these
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TABLE 1. FE Output Means + SD for the Nonsevere and Severe Subsidence Group

Output Nonsevere Mean + SD Severe Mean = SD Raw P Adjusted-a
Stresses (MPa) Endplate 6., avg 0.12£0.07 0.18+£0.11 0.012 *0.021
Endplate 6,,,x avg 0.24+0.13 0.36+£0.25 0.027 *0.029
Endplate 6,,,x peak 5.59+1.55 7.28%2.19 0.003 *0.015
Endplate o, peak 8.62+£2.65 11.00+2.86 0.004 *0.017
Endplate 6y ermediate Peak 3.21+£1.19 3.99+£0.99 0.015 *0.023
Trabecular 6., avg 0.06%0.17 0.08£0.18 0.139 0.040
Trabecular 6ipermediate P€2K 0.26 +£0.07 0.30£0.08 0.040 0.033
Trabecular o,,,,x peak 0.42+0.17 0.47£0.18 0.182 0.046
Trabecular o, peak 2.13£0.65 2.35+£0.47 0.115 0.038
Trabecular 6iyermediate 2V€ 0.03+0.01 0.03£0.01 0.306 0.048
Endplate ipermediate aVE 0.00 £0.00 0.00 £0.00 0.165 0.044
Trabecular 6, avg 0.17£0.06 0.16£0.05 0.315 0.050
Strains (ue) Trabecular €;yermediate 2VE 88.5+£29.3 164+ 79 0.001 *0.002
Trabecular €, avg 529212 881+ 623 0.010 *0.019
Endplate &, avg 343+ 168 550+ 397 0.017 *0.025
Endplate g, avg 499 + 241 781+ 597 0.026 *0.027
Trabecular e,,,x peak 4150+ 1370 6450 = 3140 0.002 *0.008
Trabecular €;ermediate PeaK 2280 £ 708 3410+ 1470 0.002 *0.006
Trabecular ¢,,;, peak 11800 + 3810 17700 + 6950 0.001 *0.004
Endplate e,,,,x peak 10000 2500 13700 + 4480 0.002 *0.010
Endplate e, peak 13800 + 3890 18100 + 5270 0.002 *0.013
Trabecular g,;, avg 999 £419 1280 + 538 0.031 *0.031
Endplate €inermediate Peak 2390+978 2900 + 949 0.050 0.035
Endplate €iyermediate aV€ 0.00 £ 6.35 0.00 £ 0.00 0.165 0.042

*Denotes adjusted-a values greater than Raw p-values. Indicated outputs are significantly different between severe and non severe subsidence group.

metrics would be useful to integrate into clinical pre-
diction tools. Specifically, maximum, minimum, and in-
termediate principal stresses and strains are significantly
higher in severely subsided patients (Fig. 4). These FE
outputs can discriminate severely subsided patients better
than some clinical measures currently available to sur-
geons (Fig. 6).

Previous FE investigations into cage subsidence
have often used peak endplate stresses and contact pres-
sures as indicators of subsidence risk, concluding that
cage installations that induce higher stresses may increase
subsidence risk.214041 This study confirms that endplate
stresses are significantly higher in severely subsided pa-
tients (Fig. 4). Specifically, minimum principal stress
(peak endplate 6,,i,), which was the second-best classifier
of severe subsidence patients and on average 27% higher
in the severe subsidence group compared with the non-
severe subsidence group. These high stress and strain re-
gions are likely due to a nonconformal endplate-implant
interface. Using this FE approach preoperatively would
allow surgeons to model multiple implants and select that
which has the lowest stress and strain peaks, and thus the
lowest subsidence risk. Some clinical measures considered
in preoperative planning were poor predictors of sub-
sidence (preoperative disc height: 0.522, cage angle: 0.533,
and peripheral bone quality: 0.543). Out of the clinical
measures, cage length, width, and height were the best
classifiers of severe subsidence patients with. This sup-
ports the findings of several studies that link increasing
cage dimensions to subsidence.!04243 Similarly, tra-
becular HU and patient mass had moderate discrim-
inative power (0.661 and 0.659. respectively) which is also
consistent with studies linking lower BMD and higher
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BMI to subsidence risk.%!3 While this list of clinical
measures is not exhaustive, and other variables may
provide improved discriminative ability, this study’s pri-
mary contribution is demonstrating the potential of FE
modeling approaches to predict subsidence by mechanis-
tically integrating multiple risk factors.

In addition to these findings, this data also suggests
that (1) trabecular stresses and strains have similar dis-
criminative power to endplate metrics. (2) Both peak and
average stresses and strains in the endplate and trabecular
region are significant indicators of subsidence. Supporting
both points, the best classifier of severe subsidence patients
was average trabecular €iermediate, Which had an AUC
score of 0.809 and was 66% higher in the severe subsidence
group. This suggests that the average load rather than lo-
calized peaks could be better indicators of subsidence risk.
Given that peaks in stress and strain are localized, heter-
ogeneous material mapping could provide more accurate
peak values and provide insight as to whether local peaks
or global averages contribute more to subsidence.

The model used in this study was deliberately sim-
plified to homogeneous linear materials, purely axial
compression with no bending, and cages fixed in the x-y
direction. These simplifications enabled patient specificity
to be maintained and standardized across the data set,
minimizing the need for manual input on model setup.
However, this potentially reduces physiological accuracy,
which should be the focus of future studies. Furthermore,
postoperative data were used to determine cage geometry
and placement; to make this completely preoperative,
geometries directly from manufacturers and intended
positions from surgeons could be used. This would also
facilitate the inclusion of PEEK cages.

Copyright © 2026 The Author(s). Published by Wolters Kluwer Health, Inc.
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Figure 5. ROC curves for FE metrics significantly associated with severe subsidence. This includes: five of the peak principal
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Figure 6. Area under the ROC curve for all FE parameters and clinical measures in descending order.
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this modeling approach to the sacral, thoracic, and cervical
spine, their respective loading conditions would need to be
considered. Future models must balance increased complex-
ity against model setup time and clinical feasibility

This study considered 42 patients, a limited sample
size requiring external validation for clinical translation in
larger populations with varying TLIF indications. In ad-
dition, HU values were not calibrated using standardized
phantoms, limiting the comparability of absolute material
property values across patients. However, our comparative
analysis between subsidence groups is less affected by sys-
tematic HU offsets than the establishment of absolute
clinical thresholds would be. Future clinical deployment
would require calibration to ensure material property
standardization. These discussed improvements would
improve model accuracy and increase the sensitivity of FE
outputs for predicting subsidence, providing a range of FE
outputs to supplement traditional clinical metrics.

This study demonstrates that FE modeling can com-
bine multiple patient and cage-level risk factors to provide
outputs that predict subsidence better than several clinical
variables. This mechanistic approach, based on physical re-
lationships between variables, is inherently more general-
izable to wider populations than statistical approaches relying
on empirical correlations. Combining FE outputs with Clin-
ical metrics should be done but with care regarding the
multiple collinearities between variables. To maintain the
generalisable approach offered by mechanistic model research
into how to factor clinical variables as inputs to FE is nec-
essary. This would remove some dependency on retrospective
data sets; reduce risk of overfitting to small sample sizes and
move toward a purely predictive tool.

This methodology could enhance preoperative
planning and implant selection. Once a candidate implant
is selected, an FE model could be generated and run to
predict subsidence risk. Cases where risk exceeds clinically
established thresholds could prompt consideration of al-
ternative cage designs or interventions such as anabolic
therapy, thereby identifying and mitigating high-risk
procedures. In addition, this framework could serve as a
digital twin platform to optimize cage designs and surgi-
cal technique. By running large-scale in silico trials across
a range of patient anatomies, bone qualities, and implant
configurations, manufacturers and researchers could sys-
tematically evaluate and refine cage designs to minimize
subsidence risk before clinical deployment.

Together, these applications demonstrate a clear
pathway from the validated FE outputs presented in this
study to meaningful surgical decision-making.

CONCLUSION

FE modeling provides a viable platform for jointly
assessing patient-level and cage-level subsidence risk fac-
tors. On the basis of the clinical validation demonstrated
in this study, it is possible to develop FE-informed sub-
sidence prediction models that could aid clinical decisions
on treatment options for individual patients. These FE
models—which outperformed several traditional metrics
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in classifying severe subsidence—should be integrated
into the clinical workflow to develop a comprehensive
subsidence risk prediction tool.

> Key Points

Q@ Patient-specific finite element models success-
fully predict severe cage subsidence (>4 mm)
following TLIF surgery.

O Average trabecular intermediate strain
(AUC=0.809) outperformed all clinical met-
rics, including cage length and width.

Q Both endplate and trabecular stress/strain
metrics are significant predictors, with average
values performing comparably to peak values.

Q FE model outputs provide a viable platform
for preoperative subsidence risk assessment,
integrating patient anatomy, bone quality, and
implant characteristics.
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