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ARTICLE INFO ABSTRACT

Keywords: Background: There is a higher risk of subsidence following transforaminal lumbar interbody fusion (TLIF) relative
Lumbar interbody fusion to other approaches. Decreased subsidence risk is associated with anterior cage placement, speculated to be
Vertebra because of increased apophyseal ring contact. However, this hypothesis is largely based on in vitro evidence and,
Endplate . . . ..

X to date, has not been investigated in a clinical cohort.
Subsidence

Methods: Pre-operative and post-operative computed tomography (CT) images from 42 TLIF patients were used to
segment the endplate and cages. The apophyseal ring boundary was manually landmarked for each endplate. The
pre-operative endplates were rigidly registered with the post-operative cage position, and an iterative closest
point approach was used to calculate the contact area between the cage, apophyseal ring, and endplate. Sub-
sidence was categorised based on severity (No Subsidence: <2 mm; Moderate Subsidence: 2-4 mm; Severe
Subsidence: >4 mm) from post-operative CT.

Findings: Apophyseal ring contact was significantly lower in both Moderate and Severe Subsidence, relative to No
Subsidence (Moderate: —19.6 + 7.0%; Severe: —21.5 + 6.5%; P < 0.05), and negatively correlated with sub-
sidence depth (P < 0.05). Injury risk analysis demonstrated that a 50% subsidence risk was associated with
45.7% (38.4-53.6%) apophyseal ring contact. Suprajacent endplate apophyseal ring contact, but not subjacent,
was significantly predictive of subsidence at the respective endplate (P < 0.05).

Interpretation: The risk of subsidence in TLIF patients can be mitigated by ensuring that at least half of the
interbody cage surface area is in contact with the peripheral endplate rim, particularly at the endplate superior to
the cage.

Apophyseal ring
Interbody cage

1. Introduction operative efficiency, post-operative complications, and fusion outcome

(Mobbs et al., 2015). However, the small surgical window and interbody

Surgical management of lower back pain is becoming an increasing
healthcare burden in the United Kingdom (UK), costing the National
Health Service an estimated £1.6 billion a year (Maniadakis and Gray,
2000; Rushton et al., 2015). Spinal fusion is the most prevalent pro-
cedure (Provaggi et al., 2018; Sivasubramaniam et al., 2015), whereby
an interbody device is implanted into the intervertebral disc space to
encourage bony fusion between two vertebrae. This offers indirect
decompression of nerve roots and maximisation of segmental lordosis to
manage various symptomatic spinal degenerative conditions.

Multiple interbody fusion approaches have emerged, albeit no
conclusive evidence favours a particular approach regarding intra-

cage footprint used in transforaminal lumbar interbody fusion (TLIF)
may result in inaccurate cage placement and insufficient congruency
with the endplate (Lee et al., 2017). These disadvantages manifest in a
37.4% subsidence risk, estimated to be on average 22% higher than
anterior (ALIF), posterior, (PLIF) and oblique (OLIF) approaches (Lee
etal., 2017; Lin et al., 2018). Subsidence describes the event of excessive
interbody cage settling into the underlying bone, and is associated with
reduced fusion rates (Satake et al., 2017) or non-union (Levy et al.,
2024), loss of intervertebral height at the index level (Chen et al., 2005),
and recurrence of symptoms (Fukuta et al., 2011).

Decreased subsidence risk in TLIF is associated with anterior cage
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placement (Amorim-Barbosa et al., 2022; Levy et al., 2024; Yao et al.,
2020). This is speculated to be because anterior placement is synony-
mous with greater contact with the apophyseal ring (Rickert et al.,
2023). The apophyseal ring is a peripheral ring of cortical bone at the
endplate, distinguishable from the central cortex, which is largely sup-
ported by cancellous bone (Grant et al., 2001; Grant et al., 2002).

Previous ex vivo biomechanical studies have reported a greater
failure load, work to subsidence, and apparent stiffness when com-
pressing endplates using cages which span the apophyseal ring relative
to those placed centrally (Andriamifidy et al., 2024; Briski et al., 2017;
Palepu et al., 2019a). However, it is more evident that post-operative
subsidence is a temporal consequence of continuous remodelling at
the cage-endplate boundary, creep, and microfracture accumulation in
the cancellous bone (Fyhrie and Schaffler, 1994). Despite this, no clin-
ical study to date has quantified the contact area between the interbody
cage and the apophyseal ring to predict post-operative subsidence. This
would allow the potentially influential roles of complex dynamic
loading and bone remodelling to be accounted for, and ultimately is
necessary to evaluate whether targeting localised stronger regions of the
endplate is a worthwhile consideration in practical efforts to reduce
subsidence risk.

Therefore, the aims of this retrospective clinical-cohort study were
to:

1) Compare apophyseal ring-interbody cage contact areas at the
suprajacent endplate, subjacent endplate, and whole index level in
TLIF patients categorised by the amount of subsidence measured
post-operatively.

2) Evaluate suprajacent, subjacent, and whole index level apophyseal
ring-interbody cage contact area as a predictive measure of subsi-
dence incidence and depth.

2. Methods
2.1. Patient cohort

Patient information and radiographic images were retrospectively
obtained from a multi-centre academic institution. Ethical approval was
obtained from the Institutional Review Board (Mayo Clinic, Rochester,
USA; approval no: 23-003878) and the Imperial College Science, Engi-
neering and Technology Research Ethics Committee (London, UK;
approval no. 7542982). Informed consent was not required for the
purposes of this study. The STROBE cohort checklist was used when
writing this report (von Elm et al., 2014).

167 patients older than 18 years of age undergoing TLIF surgery for
lumbar spondylosis, neural claudication, or symptomatic disc degener-
ation between 2014 and 2021 with no record of traumatic injury, ma-
lignancy, or infection were screened for inclusion (Supplementary
Fig. 1).

Patients with a radiographic follow-up less than six months after
surgery or incomplete imaging records were excluded. A six-month
follow-up threshold was standard according to routine clinical practice
at the institution, and was considered sufficient to capture subsidence
cases, since 70% of subsidence events are thought to occur by 8 months
post-operation (Choi and Sung, 2006). Other contraindications were
fusion at the L5-S1 index, multiple interbody or instrumented levels, and
any prior fusion surgery or instrumented decompression, as these sur-
gical factors are known to increase the risk of subsidence due to alter-
ations in the mechanical environment (Hu et al., 2019; Yoo et al., 2022;
Zhang et al., 2025). Due to the radiolucency of polyetheretherketone
(PEEK) interbody cages, only fusions using titanium interbody cages
were included.

2.2. Qperative treatment

The lumbar spine was approached via the posterior mid-line and the
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operative index level was confirmed using fluoroscopy. Exposure of the
transverse processes was achieved to enable decortication. A unilateral
facetectomy was performed, additionally removing the ventral facet
capsule and ligamentum flavum. A box annulotomy through the
posterolateral annulus and preparation of the disc space was then per-
formed. Paddle shavers and curettes were used to thoroughly prepare
the endplates, whilst taking care to avoid breaching the cortical bone, of
which was recorded after visual inspection of intra-operative or imme-
diate post-operative standing radiographs. After sufficient preparation,
the interbody cage was inserted into the intervertebral space, as ante-
riorly as possible, and with fluoroscopic guidance. The cages used were
either banana- or bullet-shaped. Fusion was attempted in the disc space,
posterolateral gutter, and contralateral facet. The interbody cage was
packed with autograft or cancellous allograft prior to insertion. If bone
morphogenic protein (BMP) was used, the anterior disc space was filled
before interbody cage insertion, with additional placement in the lateral
gutters. All patients underwent posterolateral fixation with pedicle
SCrews.

2.3. Patient, surgical, and radiographical variables

All patient demographics, pre-operative indications, surgical factors,
post-operative outcomes, and radiographic measurements were retro-
spectively obtained, further details of which can be found in (Levy,
2025; Levy et al., 2024). Briefly, centre point ratio (CPR) was measured
using standing lateral radiographs, defined as the ratio of the distance
between the cage centroid and the posterior extent of the subjacent
endplate, divided by the anterior-posterior length of the subjacent
endplate.

Pre-operative computed tomography (CT) images were used to
calculate L3 Hounsfield units (HU), defined as the average of the supe-
rior, middle, and inferior axial slices of the L3 vertebral body. L3 was
used to ensure that the HU was largely indicative of the bone quality
proximal to the index level, whilst avoiding degenerative changes
common in lower lumbar levels.

Disc height was measured as the average of the anterior, central, and
posterior disc height at the mid-sagittal view of the pre-operative CT.
The height of the interbody cage was divided by the disc height to
calculate the interbody cage height-disc height ratio. All other patient
variables were measured via routine chart review.

Subsidence measurements were conducted by up to six independent
reviewers (Levy, 2025; Levy et al., 2024). Briefly, the mid-coronal and
mid-sagittal slices of the post-operative CT images were used to measure
the maximum depth of the cage with respect to the supra- and subjacent
endplate. Measurements in the sagittal and coronal plane, and between
raters, were averaged to generate the final measurements.

The magnitude of subsidence at each endplate was categorised (No
Subsidence: <2 mm; Moderate Subsidence: >2 and <4 mm; Severe
Subsidence: >4 mm) (Pinter et al., 2023a; Pinter et al., 2023b). The
cohort was additionally categorised based on the maximum amount of
subsidence that the patient sustained across the index level.

2.4. Segmentation pipeline

The interbody cage and the supra- and subjacent endplate regions
from both pre-operative and post-operative CT images (140 kVp, 280
mAs, in-plane resolution: 0.293 mmz, slice thickness: 0.75 mm) were
segmented at the level of fusion. Segmentation was performed by two
raters familiar with spinal anatomy and radiography (KR and LA). To
segment the pre-operative endplates, a semi-automated approach was
employed using a commercial software (Mimics v25.0, Materialise HQ,
Leuven, Belgium) which relied on initial auto-thresholding of HU to
isolate bone from soft tissue, the volume of which was manually refined
and extended in the local axial direction (depth: 5-10 mm) to ensure that
any areas of high concavity were captured (Fig. 1A). For post-operative
endplates, additional manual segmentation was implemented where
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metal-related artefacts and areas of bony fusion prevented reliable auto-
thresholding.

To align the pre-operative endplate with the interbody cage, the pre-
operative endplate was transformed into the post-operative co-ordinate
system. To do this, each supra- and subjacent pre-operative endplate
object was aligned to the respective endplate in the post-operative CT
scan, using an automatic rigid registration tool in Mimics (minimum
point distance filter: 1 mm) (Fig. 1B). This generated patient- and
endplate-specific transformation matrices. Three-dimensional surface
meshes of the transformed pre-operative endplate objects were then
generated in 3-Matic (Materialise HQ, Leuven, Belgium). A maximum
edge length of 0.3 mm was chosen for the mesh size, as this was com-
parable to the CT in-plane resolution (0.293 mm).

2.5. Quantification of cage-endplate and cage-apophyseal ring contact
area

The nodal co-ordinates for both the cage and transformed preoper-
ative endplate meshes were used as an input for a custom-written
MATLAB script (v2023a, MathWorks, Natick, MA, US) to calculate the
cage-endplate contact area (Fig. 1C), which represented the load-
bearing area at the endplate produced by cage contact, accounting for
any mismatch between surfaces. An iterative closest point approach was
employed with a Euclidian distance threshold of 0.3 mm to determine
whether any two three-dimensional co-ordinate pairs (“endplate” co-
ordinates and “cage” co-ordinates) were in contact. The resulting
point cloud of endplate co-ordinates which were defined as in contact
with the cage was meshed using a ball-pivoting surface reconstruction
approach (PyMeshLab v2023.12 (Muntoni and Cignoni, 2025)). The
surface area of the resulting mesh for both the supra- and subjacent
endplates was then calculated.

To quantify the cage contact with the apophyseal ring only, the
boundary of the apophyseal ring was manually segmented in Mimics,
using the rendered object of the pre-operative endplate as a geometrical
guide. The boundary was visually identifiable across the endplate
circumference as an inflection point in the three-dimensional curvature
from the convex peripheral bone to the concave medial endplate
(Fig. 1B,D). Similar approaches to define the apophyseal ring have been
previously documented (Palepu et al., 2019b; Sun et al., 2018; Wang
et al., 2023). To enhance repeatability of the segmentation, each
boundary was replicated by one rater three times, at least 24 h apart, and
blinded to all previous tests. The average boundary was used in subse-
quent analyses (Supplementary Fig. 2).

l Rigid registration

lateral; sup = superior; inf =
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Fig. 1. Workflow of (A) endplate segmentation and (B) cage registration onto the suprajacent (red) and subjacent (pink) endplates to generate the (C) cage-endplate
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To create the apophyseal ring surface co-ordinates, the boundary co-
ordinates were interpolated in MATLAB and any endplate surface co-
ordinates which were located medial to this boundary were removed
(Fig. 1D). The pipeline to quantify surface contact was repeated to
calculate the cage-apophyseal ring contact area, creating a mesh rep-
resenting the load-bearing area of the apophyseal ring only. Apophyseal
ring contact percentage was calculated by normalising the cage-
apophyseal ring contact area to the total cage-endplate contact area.

Cage-endplate contact area, cage-apophyseal ring contact area, and
apophyseal ring contact percentage were recorded separately for the
supra- and subjacent endplate. To additionally evaluate contact at the
whole index level, the sum of both endplate contact areas and average
relative apophyseal ring contact percentage were calculated.

2.6. Measurement reliability

The repeatability of the segmentation, mesh generation, and contact
area quantification pipeline between the segmentations of both raters
was assessed. Both raters performed segmentation on three randomly
chosen patients to separately generate cage-endplate and cage-
apophyseal ring contact area meshes. Intra-rater reliability was further
assessed in one rater (KR), where the segmentation and analysis for the
same three patients were repeated six weeks later. Reliability was
assessed using intra-class correlation coefficient (ICC), where >0.75 and
>0.9 were considered good and excellent reliability, respectively (Koo
and Li, 2016).

2.7. Quantification of HU under the cage-endplate contact site

The HU corresponding to each voxel was extracted from each pre-
operative endplate mask (Fig. 2A). For each endplate, the patient-
specific transformation matrix was applied to transform the HU field
into the post-operative space.

A custom-written MATLAB code identified the HU surface voxels
which were superimposing the cage-endplate contact area, using a
nearest-neighbour approach. The surface area was extended perpen-
dicular to the endplate plane by calculating the normal vector (Fig. 2B).
For each HU surface voxel, the vector was used to translate 0.2 mm until
a 2 mm magnitude was reached (Fig. 2C). HU voxels were identified
using an iterative closest point approach (threshold distance: 0.3 mm). A
2 mm depth was chosen, since previous work has shown that a 1.25-2.5
mm endplate volume is the strongest predictor of subsidence, relative to
other volumetric HU measures (Di et al., 2023).
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2.8. Statistical analysis

Groupwise comparison tests were performed in Prism (v10.0.2,
GraphPad Software, San Diego, California, United States). Groups were
initially assessed for normality using Shapiro-Wilk tests, and Brown-
Forsythe tests were conducted to assess homoscedasticity. To assess
differences between subsidence groups, one-way ANOVA with Tukey's
post-hoc was performed. Where normality and equal variance were
violated, a Kruskal-Wallis test with Dunn's post-hoc was performed;
where equal variance alone was violated, Welch's ANOVA was
performed.

Regression analyses were performed in SPSS (v25, IBM, Chicago, IL).
Contact variables were added to a stepwise logistic regression model to
predict maximum, suprajacent, and subjacent subsidence alongside
patient and surgical factors which have previously been shown to be
significant predictors of TLIF subsidence (Moderate Subsidence: cage
length, cage width, cage type (bullet or banana), CPR; Severe Subsi-
dence: cage length, cage width, cage height, CPR, L3 HU, index-level
disc height, cage height to disc height ratio, BMP use (Levy et al.,
2024)). A stepwise linear regression model to predict subsidence depth
was additionally performed with all respective covariates. Multi-
collinearity between predictor variables were assessed with variance
inflation factors, and normality and homoscedasticity were visually
assessed by plotting the residuals.

2.8.1. Injury risk analysis

To quantify the risk of subsidence associated with apophyseal ring
contact, an injury risk curve was developed in R (R Core Team, 2014)
using parametric survival analysis (Supplementary Methods). The injury
risk function is based on the log-logistic cumulative distribution function
(Eq. (1)):

F(x) = !

-

@

Where x refers to the primary variable, n the scale parameter, and g
the shape parameter. Due to the monotonic constraint of this function,
the inverse of the sum apophyseal ring contact percentage was used as
the primary variable, namely core region contact percentage (100 —
apophyseal ring contact percentage). Subsidence outcomes were
censored (Petitjean et al., 2015), whereby No Subsidence outcomes were
right censored, since no event occurred at the measured apophyseal ring
contact percentage, but it was unknown if greater core region contact
would have resulted in injury. Moderate Subsidence or Severe Subsi-
dence outcomes were left-censored, since the threshold of apophyseal
ring contact required to cause injury was unknown.

The normalised confidence intervals (NCIS) of the injury curve were
computed at discrete probability intervals (5%, 10%, 25%, 50%, 75%,
90%, 95%), where NCIS <0.5: “good”, 0.5-1: “fair”, 1-1.5: “marginal”,
>1.5: “unacceptable” (Yoganandan et al., 2020).

3. Results
3.1. Cohort definition

42 patients were indicated for this study (Table 1). The cage-
apophyseal ring contact area and apophyseal ring contact percentage
of the subjacent endplate (and subsequently the index level) within one
patient were excluded in the Severe Subsidence group, due to an unre-
liable distinguishment of the boundary. The number of intra-operative
endplate violation events was not significantly different between the
subsidence groups (Fisher's exact P > 0.29).

Table 1

Patient groupings, age, gender (% male), and BMI for No Subsidence, Moderate
Subsidence, and Severe Subsidence for the suprajacent endplate, subjacent
endplate, and index level. a = significant difference with No Subsidence group,
b = significant difference with Moderate Subsidence group. **P < 0.01, *P <
0.05.

N No Subsidence Moderate Subsidence Severe Subsidence
(<2 mm) (2-4 mm) (>4 mm)

Suprajacent 8 22 12

Subjacent 14 12 16

Index 7 13 22

Age (SD)

Suprajacent  57.4 (11.1) 68.1 (7.9)*° 68.1 (8.5)**

Subjacent 60.6 (10.1) 71.1 (8.5)** 67.0 (7.5)

Index 56.3 (11.4) 67.9 (8.5)** 68.1 (7.7)***

Gender (% male)

Suprajacent  37.5 45.5 58.3

Subjacent 50.0 41.7 50.0

Index 42.9 38.5 54.5

BMI' (SD)

Suprajacent 30.1 (4.1) 30.1 (4.9 30.7 (7.4)

Subjacent 29.5(3.4) 28.3(5.1) 32.4 (6.6)

Index 31.3(2.3) 27.2 (3.35)*° 31.8 (6.5)*"

! Body mass index.
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3.2. Segmentation reliability

Between the two raters, the ICC for contact area (cage-endplate and
cage-apophyseal ring) was 0.969 (95CI 0.903-0.991) (P < 0.001), and
0.887 (0.367-0.983) (P < 0.01) for apophyseal ring contact percentage.
The root mean squared error (RMSE) was 26.3 mm? and 6.3%,
respectively.

For the test-retest evaluation, the ICC was 0.996 (0.985-0.999) (P <
0.001) for contact area and 0.897 (0.508-0.984) (P < 0.01) for apoph-
yseal ring contact percentage. The RMSE was 8.3 mm? and 5.3%,
respectively. No bias was detected between ratings for both the inter-
rater and test-retest evaluation (Supplementary Fig. 3).

3.3. Comparison between subsidence categories

When patients were categorised based on maximum subsidence
across the index level, average cage-endplate contact area was signifi-
cantly lower in Severe Subsidence relative to No Subsidence (P < 0.05)
(Fig. 3A). Additionally, cage-apophyseal ring contact area and apoph-
yseal ring contact percentage were significantly lower in both Moderate
and Severe Subsidence relative to No Subsidence (Moderate: —19.6 +
7.0%, P < 0.05; Severe: —21.5 + 6.5%, P < 0.01) (Fig. 3B,C).

When patients were categorised based on maximum subsidence at
the suprajacent or subjacent endplate only, significantly higher supra-
jacent cage-endplate and cage-apophyseal ring contact area was
observed in the No Subsidence group, relative to Moderate and Severe
Subsidence (P < 0.05) (Fig. 3D,E,J). However, apophyseal ring contact
percentage was not significantly different (P = 0.9) (Fig. 3F). No sig-
nificant differences were observed for any contact variable at the sub-
jacent endplate only (Fig. 3G-I).

3.4. Prediction of subsidence incidence and depth

In the logistic regression model predicting any subsidence event (>2
mm) occurring at the index level, reduced sum cage-endplate contact
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area, sum cage-apophyseal ring contact area, and sum apophyseal ring
contact percentage were all significant univariate predictors (P < 0.05).
The same effect was observed for suprajacent subsidence (P < 0.05), but
not subjacent subsidence. In the stepwise model, the only significant
multivariate predictor for subsidence at the suprajacent, subjacent, and
whole index was cage length (P < 0.01), although sum apophyseal ring
contact percentage remained in the final model (Table 2).

In the event of severe subsidence (>4 mm), no contact variable at
either endplate or the whole index level was a significant univariate
predictor (P > 0.057). Significant multivariate predictors for apophyseal
ring contact percentage were cage length, cage height, and L3 HU (P <
0.05) (Table 2).

At the index level, reduced sum cage-endplate contact area, sum
cage-apophyseal ring contact area, and sum apophyseal ring contact
percentage were all significant univariate predictors of subsidence depth
(P < 0.05). However, only CPR, cage length, and L3 HU were significant
multivariate predictors (P < 0.05) (Table 3).

At the supra- and subjacent endplates, subsidence depth was pre-
dicted by reduced sum cage-endplate contact area, sum cage-apophyseal
ring contact area, and sum apophyseal ring contact percentage at the
respective endplate (P < 0.05). However, in the stepwise model,
suprajacent subsidence was best predicted by cage length and L3 HU (P
< 0.05). Subjacent subsidence was best predicted by cage length and
CPR (P < 0.05) (Table 3).

In the injury risk model, a 50% risk of subsidence was associated
with a core endplate contact percentage of 54.3% (NCIS 46.4-61.6%)
(Fig. 4), or an apophyseal ring contact percentage of 45.7% (NCIS
38.4-53.6%).

3.5. HU beneath the contact site

The HU beneath the interbody cage averaged across the index level
was significantly higher in No Subsidence relative to Severe Subsidence
(+131.2 + 38.8, P < 0.01). When considering the suprajacent endplate
only, HU was significantly higher in No Subsidence relative to Severe

Relative

J Endplate  Apophyseal ring

ss ¢ € —

m Endplate
m Cage
m Contact area

NS MS ss

Fig. 3. (A,D,G) Cage-endplate contact area, (B,E,H) cage-apophyseal ring contact area, and (C,F,I) apophyseal ring contact percentage for the (A-C) whole index
level, (D-F) the suprajacent endplate, and (G-I) the subjacent endplate. NS: No Subsidence, MS: Moderate Subsidence, SS: Severe Subsidence. Mean (SD) is shown for
normally distributed data and median (inter-quartile range) is shown otherwise. (J) Depiction of apophyseal ring contact in a typical No Subsidence and Severe
Subsidence endplate. Ant: anterior; lat = lateral; sup = superior. **P < 0.01, *P < 0.05.
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Subsidence (+133.3 & 39.0, P < 0.01). This was also the case for the
subjacent endplate (+109.4 + 43.3, P < 0.05).

Across the index level, apophyseal ring contact percentage was
positively correlated with HU beneath the contact site, whilst control-
ling for global bone quality (L3 HU) (partial correlation coefficient:
0.460, P < 0.01). This effect was similarly observed for the subjacent
endplate (0.587, P < 0.001), but not the suprajacent (0.189, P = 0.24).

(0.525-0.998)*

2.175
(0.934-0.994)*

Index
0.724
(0.971-4.871)
0.963
1.344
(0.877-2.058)

4. Discussion

Subjacent

0.555
(0.302-1.018)
2.998
(1.062-8.462)*
< 0.0001 (<
0.0001-2.497)
2.032
(0.977-4.226)

Poor cage-apophyseal ring contact is an acclaimed risk factor of
subsidence in the biomechanical literature (Briski et al., 2017; Deuk-
medjian et al., 2014; Palepu et al., 2019a; Wang et al., 2023), yet no
study thus far has investigated this within a clinical cohort. This study
developed a novel biomechanical approach to extract apophyseal ring
geometry from routinely captured radiographic images to verify the
importance of apophyseal ring contact in vivo. Results showed that poor
apophyseal ring contact percentage across the index level is associated
with subsidence (>2 mm), requiring 45.7% (38.4-53.6%) contact at
both endplates to achieve a 50% subsidence risk. The RMSE of the
calculated apophyseal ring contact percentage is up to 6.3%, which
means that prediction uncertainty from inter-sample variance and
measurement error are of comparable magnitude. Due to this mea-
surement error, the upper limit of cage-apophyseal ring contact (54%)
holds more confidence in exceeding the 50% subsidence risk estimate
and thus, may be used as a conservative target in theory, although in
practice it should be noted that precision to this level is likely
unachievable.

It remains elusive as to what tissue-level property drives the strength
increase between the apophyseal ring and core region. Indentation tests
have repeatedly demonstrated that the apparent-level stiffness and
strength of the peripheral bone is significantly greater than the central
region (Grant et al., 2001; Grant et al., 2002; Liu et al., 2016), of which
correlates with both the density of the trabecular architecture 6 mm
| | | below the endplate (Liu et al., 2016), and endplate cortex thickness
(Zhao et al., 2009). In the present study, cortical thickness could not be
quantified due to the partial volume effect in radiographic follow-up,
but the HU volume 2 mm beneath the cage correlated with apophy-
seal ring contact percentage. Furthermore, recent evidence has
! ! ! demonstrated that TLIF subsidence force is weakly correlated with the
aggressiveness of endplate preparation (Wang et al., 2025) and the
endplate thickness after preparation (Palepu et al., 2019a). Taken
together, it is likely that resistance to subsidence is also mediated
through a stronger scaffold of trabecular bone underlying the apophy-
I I I seal ring, where failure may originate through strut collapse or perma-
nent deformation of the trabecular structure. Although the cortex
strength is a key modulator of stress transfer through the cage-vertebra
interface (Polikeit et al., 2003) and should not be disregarded, this
interpretation may mitigate the limitation that in this study, any con-
I I I founding effects of endplate preparation and residual cortex thickness
could not be analysed.

The significant effect of index-level apophyseal ring contact per-
centage across the subsidence categories was lost when considering the
suprajacent and subjacent endplate individually (Fig. 3). This suggests
! ! ! that a synergistic effect is revealed when contact is sufficient at both
endplates, whereby the subsidence event is influenced by the combined
contact status, rather than at an individual endplate. This effect may
favour suprajacent endplate contact, where No Subsidence patients
exhibited greater cage-apophyseal contact area (Fig. 3B), and both
apophyseal ring contact at the suprajacent endplate and the index-level
were significant predictors of subsidence occurrence and depth, but not
the subjacent (Table 2, Table 3). The superior (subjacent) endplate has
been extensively documented for its reduced strength (Liu et al., 2016),
bony endplate thickness, and trabecular bone density (Zhao et al., 2009)
compared to the inferior (suprajacent), which may enhance suscepti-
bility to cage subsidence irrespective of cage position. Additionally, the

Multivariate
Suprajacent
0.972
(0.948-0.996)*
1.268
(0.875-1.837)

Index
0.992
(0.985-1.000)
0.987
(0.973-1.001)
0.964 (1.007)

> 4 mm (Severe Subsidence only)

Subjacent

0.993
(0.982-1.003)
0.987
(0.967-1.008)
0.985
(0.953-1.018)

Univariate
Suprajacent
0.995
(0.983-1.007)
0.975
(0.941-1.010)
0.963
(0.91-1.018)

(0.832-1.033)
(0.208-0.926)*

Index
0.927
0.438

(0.812-2.465)

Subjacent
1.415

Multivariate
Suprajacent
(0.224-0.868)*

0.441

(0.967-0.994)

k%
(0.953-0.993)

Index

0.980

0.973

*dk

0.929
(0.877-0.93)*

Subjacent
0.991
(0.981-1.001)
0.981
(0.962-1.000)
0.974
(0.944-1.005)

(0.959-0.995)*
(0.931-0.993)*
(0.911-0.998)*

Univariate
Suprajacent

0.976
0.961
0.953

contact area
ring contact
area
Apophyseal ring
contact %
height ratio

> 2 mm (Moderate + Severe Subsidence)

Cage-endplate
Cage-apophyseal
Cage length
Cage height
Centre point
ratio
L3 HU'
Cage height: disc
! Hounsfield unit.

Univariate and multivariate logistic odds ratios (95CI) to predict subsidence severity. Note that variables which were not included in the final iteration of multivariate analysis, and covariates which were not considered

for univariate analysis, are indicated by a dash. **P < 0.01, *P < 0.05 (bold typeface).

Table 2
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Table 3
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— Univariate Pearson correlation coefficients and multivariate standardised Beta coefficients to predict subsidence depth. Note that variables which were not included
in the final iteration of multivariate analysis, and covariates which were not considered for univariate analysis, are indicated by a dash. ***P < 0.001, **P < 0.01, *P <

0.05.
Univariate Multivariate
Suprajacent Subjacent Index Suprajacent Subjacent Index
Cage-endplate contact area —0.332% —0.298* —0.523%** - - -
Cage-apophyseal ring contact area —0.444%* —0.409** —0.491** - - -
Apophyseal ring contact % —0.371%* —0.304* —0.357* - - -
Cage length - - - —0.421** —0.359* —0.353*
Centre point ratio - - - - —0.339* —0.327*
L3 HU' - - - —0.324* - —0.345%*
! Hounsfield unit.
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Fig. 4. (A) Injury risk curve of subsidence probability against core region contact percentage (100 — apophyseal ring contact percentage). Shaded region = nor-

malised confidence interval size (NCIS). (B) NCIS for discrete probability intervals.

increased endplate concavity of the suprajacent endplate (van der
Houwen et al., 2010) may penalise cage-endplate congruency if the cage
is not predominantly resting on the outer rim, which may explain why
suprajacent cage-endplate contact was significantly lower for subsi-
dence cases, but there was no effect for subjacent (Fig. 3D,G).

Cage-apophyseal ring contact percentage demonstrated weaker
predictive capability of subsidence severity (>4 mm) compared to
incidence (>2 mm), although it was a significant univariate predictor of
subsidence depth (Table 2, Table 3). Conversely, the HU beneath the
cage was significantly lower in Severe Subsidence patients relative to No
Subsidence, and L3 HU was a significant multivariate predictor of Severe
Subsidence (Table 2). There is discordance in prior clinical and biome-
chanical studies to support this finding. Whilst severe subsidence and
subsidence depth has been associated with bone quality (Katz et al.,
2024; Levy et al., 2024), the relationship between endplate BMD and
cage-endplate interface stiffness has been shown to be non-significant
after 5000 loading cycles (Alkalay et al., 2018). This supports other
clinical observations of 1-year post-operative subsidence being mini-
mally dependent on bone quality, the latter of which is more crucial in
the initiation of intra-operative endplate injury (Satake et al., 2017).
Considering this, it is possible that the apophyseal ring resists initial
onset of subsidence due to support from the proximal trabecular bone,
but after damage has initiated, there is a gradual redundancy of the bone
quality in failure propagation. Further work dichotomising intra-
operative and post-operative events is needed to establish the role of
the underlying trabeculae in subsidence progression.

In addition to L3 HU, cage length and CPR were multivariate pre-
dictors of subsidence depth (Table 3). It is well documented that anterior
positioning remains optimal for minimising TLIF subsidence risk
(Amorim-Barbosa et al., 2022; Fukuta et al., 2011; Levy et al., 2024; Yao
et al., 2020). Alongside indirect placement on the apophyseal ring,

anterior placement may promote a more stable biomechanical envi-
ronment (Castellvi et al., 2015; Kwon et al., 2003). Based on this,
maximising apophyseal ring contact should not be at the expense of
achieving index-level stability through an anteriorly placed cage. It may
also be possible that the inflection point at the apophyseal ring-core
region boundary creates an unfavourable interface for the cage to
settle, where the higher curvature reduces the congruency between the
cage and the endplate (Palepu et al., 2019a). Therefore, greater anterior
positioning may also represent greater settlement onto the broader,
flatter, cortex. Whether this hypothesis applies along the entire bound-
ary of the apophyseal ring is unknown, owing to the nature of this cohort
(i.e., absence of deformity correction cases), which meant achievement
of anterior-medial cage placement was prioritised intra-operatively.
Despite this, sum apophyseal ring contact remained in the multivar-
iate prediction of moderate subsidence, demonstrating its use as an in-
dependent risk factor to supplement subsidence prediction.

This study bears a strength in its novel approach to determine the
three-dimensional boundary of the apophyseal ring, routinely neglected
in radiographic analyses, and may bear particular importance for uni-
lateral approaches. It has been previously attempted to make recom-
mendations on cage type based on apophyseal ring width (Sun et al.,
2018). Pre-operative assessment of apophyseal ring surface area may
also influence decisions regarding the LIF approach (i.e., patients with
limited apophyseal ring surface area may be better suited to approaches
whereby the cage footprint is larger).

The inability to quantify cage migration during the post-operative
phase could be seen as a significant methodological limitation. During
TLIF procedures, as high as 85.1% of patients may exhibit cage migra-
tion (Rickert et al., 2023), meaning that the location of the cage quan-
tified in the post-operative CT images may not represent the initial cage
placement. Whilst this limitation does not concern the presented results,
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as the contact area post-settlement is a true reflection of the interface
before a subsidence event, it highlights that pre-and intra-operative ef-
forts to optimise cage placement can be futile due to movement in the
post-operative phase. However, Rickert et al. demonstrated that
migration events were on average <1 mm and in 90% of cases, <3 mm
(Rickert et al., 2023). Therefore, it is unlikely that the apophyseal ring
contact would be substantially altered alongside consideration of the
error margin observed in this study (& 6.3%).

Additionally, it was not possible to stratify the groups such that an
equal number of patients were in each category. The smaller number of
No Subsidence patients, whilst inevitable due to the retrospective nature
of this study and minimal availability of this patient sub-category,
means that caution must be applied when generalising these findings,
particularly to cohorts of alternative fusion approaches, where No
Subsidence cases are expected to be of greater availability. However,
generalisability may be partially restored by the multi-centre study
design, which controls bias introduced by surgeon technique. Further-
more, a post-hoc power analysis (G*Power v3.1.9.7 (Faul et al., 2007))
accounting for these unequal groupings demonstrated that the power to
detect statistical changes in apophyseal ring contact percentage was
0.83 (Cohen's f: 0.53, a = 0.05), which is considered sufficient upon
consideration with additional multivariate analyses.

Another limitation was the definition of cage-endplate contact area,
which did not account for micro-scale incongruencies of endplate and
the cage due to irregular endplate topology. Contact area instead relied
on the macroscopic endplate profile at the retrospectively-inferred cage
position. Due to this, it is possible that contact area was over-estimated
in subsidence cases, as cage settling reduced the cage-endplate
mismatch. However, contact area was still significantly lower in Se-
vere Subsidence relative to No Subsidence, demonstrating that the effect
size was larger than potential bias arising in subsidence cases.

5. Conclusions

This study highlights that contact between the cage and the apoph-
yseal ring may be an important consideration when predicting risk of
subsidence following TLIF. However, the association with severe sub-
sidence remains unclear. Based on this study, it is recommended that at
least 54% of the cage should contact the apophyseal ring as a conser-
vative target, with particular attention given to the suprajacent
endplate.
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Glossary

Endplate: the bony interface between the vertebral body and the intervertebral disc

Apophyseal ring: peripheral rim of cortical bone on the vertebral endplate

Subsidence: excessive settling of the interbody cage into the vertebral body

Interbody cage: an implant used in spinal fusion procedures to house bone graft and
encourage bony fusion between the two adjacent vertebra

Footprint: surface area of implant which engages with the vertebral bone

Suprajacent endplate: the endplate immediately above, or cranial to, the implant in space

Subjacent endplate: the endplate immediately below, or caudal to, the implant in space
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