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Abstract

Purpose Subsidence after anterior cervical discectomy and fusion (ACDF) is a common complication that may be influ-
enced by the degree of endplate removal prior to cage insertion. The optimal degree of endplate removal remains unclear;
therefore, we performed a series of ex vivo experiments to elucidate the relationship between the aggressiveness of endplate
preparation and subsidence risk.

Methods Human cadaveric subaxial cervical endplates were partially decorticated either conservatively (n=10) or aggres-
sively (n=9). The degree of endplate removal was quantified using microCT. Subsidence was modelled by measuring the
strength and stiffness of each specimen when an interbody cage was axially compressed into the endplate.

Results Conservative endplate preparation resulted in less endplate removal than aggressive endplate preparation (mass:
150 vs. 301 mg, p<0.001; volume: 47 vs. 88mm?>, p=0.01; thickness: 0.02 vs. 0.16 mm, p=0.004). There was no significant
difference between the two groups with respect to endplate strength (2.04 vs. 2.04kN, p=0.99) or stiffness (2.38 vs. 2.41kN/
mm, p=0.89). Bone mineral density (BMD) was similar between the two groups (271.6 vs. 271.9 mg/cm?, p=0.98) but
positively correlated with endplate strength (effect size 0.68, p=0.001).

Conclusions When performing partial cervical endplate decortication, the degree of bony endplate removal did not sig-
nificantly predict endplate integrity during ex vivo compression testing, but greater BMD was associated with increased
strength. The degree of endplate removal should be based on individual patient factors and intraoperative findings to achieve
the ideal cage-endplate interface.
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Introduction and implant technology have continued to evolve since

ACDF was first described in the 1950s, the basic premise
Anterior cervical discectomy and fusion (ACDF) is a com-  remains unchanged: removing a portion of the intervertebral
monly performed surgical treatment for disc herniations,  disc and replacing it with a graft that promotes fusion of the

spinal stenosis, and spine fractures. Although techniques  two adjacent vertebral bodies [1].
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Subsidence, the migration of the cage into the vertebral
body endplate, occurs in approximately 21% of cases [2].
Subsidence can lead to spinal malalignment and defor-
mity, pain, neurological injury, or pseudo-arthrosis [2].
Factors believed to increase its risk include patient factors
such as age [3], smoking [4], and osteoporosis [5] as well
as intra-operative factors such as decreased cage width [6],
increased cage height, over-distraction of the endplates [7],
stiffer cage material [8], suboptimal cage position [9], lack
of instrumented fixation [10], and over-preparation of the
endplate [10-12].

Every interbody fusion involves endplate preparation
prior to implant insertion, but there is variation in the tech-
nique for and degree of endplate removal. On one hand,
insufficient preparation (leaving behind portions of disc
material or cartilaginous endplate) may prevent fusion [13]
as decortication exposes the vascular supply and stem cells
from the trabecular bone and marrow [14]. On the other
hand, over-zealous preparation may increase the risk of
subsidence [10—12] by reducing the ability of the vertebral
body to withstand compressive axial loads [15].

However, the optimal proportion of endplate removal
remains unknown. In addition, it is not known whether there
is a threshold of bony endplate removal beyond which the
risk of subsidence increases or whether additional endplate
removal increases subsidence continuously. In this study,
we investigated the relationship between bony endplate
removal and the risk of cage subsidence through biome-
chanical experiments performed on human cadaveric cervi-
cal spine specimens.

Methods
Specimens

Four cadaveric cervical spines were obtained from human
donors aged 22—58 years (mean 45.5 years). Ethical approval
was obtained from [Blinded for Review]. Each spine was
imaged with computed tomography (SOMATOM, Siemens

AG, Munich, Germany) using a clinical spine protocol (field
of view: 35.8 cm, 120 kV; matrix: 512 x512; slice thick-
ness: 1 mm) to allow specimens with prior cervical spine
surgery, osteoporosis (BMD<80 mg/cm®) [16], extensive
degenerative changes, fractures, and lytic or blastic defects
to be excluded. The specimens were frozen at -20 °C until
dissection.

Dissection

Twenty subaxial (C3-7) vertebral bodies were dissected.
Surrounding soft tissues were discarded. The pedicles,
transverse processes, facets, laminae, and spinous processes
were removed, leaving the vertebral bodies and endplates
intact. The inferior endplates were shallowly embedded in
polymethylmethacrylate (PMMA) bone cement such that
the superior endplate was parallel to the horizontal plane.

Endplate APD (anteroposterior diameter of superior end-
plate) as well as vertebral body height (mid-sagittal cranio-
caudal length) were measured using callipers to calculate
relative proportions of endplate removed (Table 1).

Imaging

MicroCT (Zeiss Xradia Versa, Pleasanton, California, USA)
of the specimens were acquired at 80 kV, 7 W, 0.4x objec-
tive, LES (low energy) filter with 1s exposure and 801
images per scan (50.7 pm resolution). Calibration was per-
formed using a MicroCT-HA D4.5 phantom (QRM GmbH,
Mohrendorf, Germany) with hydroxyapatite concentrations
of 0, 50, 200, 800, and 1200 mg/cm>. Bone mineral den-
sity (BMD) was calculated by measuring trabecular den-
sity in Hounsfield units (HU) at three separate axial planes
within each vertebra [17]. Measurements were taken using
3D Slicer (Brigham and Women’s Hospital, Boston, USA).
Volumes were segmented using a density cut-off to exclude
soft tissue and include cortical and trabecular bone. Corti-
cal endplate thickness was determined using an average of
several (3 x 3) measurements per vertebra [12].

Table 1 Baseline characteristics of specimens prior to testing (BMD: bone mineral density; APD: anteroposterior diameter)

Aggressive Conservative

Mean SD Mean SD p-value
Cadaver characteristics
Age (years) 46.9 14.5 43.9 154 0.66
Height (cm) 177.8 49 176.5 4.8 0.76
Weight (kg) 75.9 7.9 73.7 6.9 0.55
Vertebra characteristics
BMD (mg/cm?) 271.6 413 271.9 41.9 0.98
Endplate APD (mm) 16.9 22 16.7 1.9 0.80
Vertebral height (mm) 12.7 0.8 12.3 1.0 0.43
Endplate thickness (mm) 0.59 0.3 0.48 0.1 0.33
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Table 2 Quantification of endplate removal and biomechanical proper-
ties

Aggressive  Conservative

Mean SD Mean SD  p-value
Endplate preparation
Mass removed (mg) 301 67 150 37 <0.001

Proportion of mass removed 3.4% 0.4% 1.7% 0.5% <0.001
(%)

Volume removed (mm?®) 88 39 47 26 0.01
Proportion of volume 29% 08% 1.5% 0.8% 0.002
removed (%)

Thickness removed (mm) 0.16 0.11 0.02 0.02 0.004

Thickness remaining (mm) 0.43 025 046 0.15 0.76

Proportion of thickness 28% 14% 4% 3%  <0.001
removed (%)

Trabecular bone exposed 0/10 (0%) 6/9 (67%) <0.001
(n, %)

Biomechanical properties

Stiffness (kN/mm) 241 04 238 0.7 0.89
Displacement (mm) 1.9 0.5 20 0.5 0.73
Ultimate strength (kN) 204 05 204 05 0.99
Fracture size (mm) 1.2 0.4 1.3 03 038

Test groups

The endplates were divided into two groups: “conservative”
(n=10) and ‘“aggressive” endplate preparation (n=10).
Means and standard deviations of vertebral dimensions,
BMD, age, and vertebral level were calculated to ensure
similar distributions within the two groups (Table 2). Speci-
mens from each cadaver were distributed equally between
the groups.

Endplate preparation
Endplate preparations were performed by a single surgeon

to improve reproducibility. In both conservative and aggres-
sive groups, endplate preparation began by removal of all

Applied load

Vertebral body

Compression plate ———»+

disc material and cartilaginous endplate using a scalpel and
periosteal elevator to expose a denuded bony endplate.

In the conservative group, we performed the minimal
amount of decortication required to achieve a flat contact
surface for the cage — this typically involved shaving the
periphery of the endplate due to its curvature. This was done
using a high-speed drill (30,000 rpm). Care was taken to not
expose any underlying trabecular bone.

In the aggressive group, the drill was used to decorticate
the entire endplate, ensuring that a thin layer of bone was
removed throughout. Further decortication was then per-
formed wherever necessary to produce a flat contact for the
cage. Exposure of the trabecular bone in certain areas was
permitted but not required.

Specimens were re-imaged with microCT. Pre- and post-
preparation endplate volume and thickness were calculated.
Pre-and post-preparation vertebral mass was measured using
a scale (0.01 g resolution). Endplates were also classified as
either having trabecular bone exposed or not (Table 2).

Cage design

A custom interbody cage was modelled in Fusion 360
(Autodesk, Inc., San Francisco, California, USA) and
3D-printed (Fig. 1a) using micro-carbon-fibre-filled nylon
(Onyx, Markforged, Waltham, Massachusetts, USA); see
Supplementary File 1 for cage design. The cage was 14 mm
(lateral) by 12 mm (anteroposterior) by 6 mm (craniocaudal).

Compression test

Each specimen was thawed to room temperature (20 °C) and
tested sequentially. The specimens were placed in an Instron
5866 Universal Testing Machine (Norwood, Massachusetts,
USA) using a 10kN load cell (Fig. 1b). The specimens were
clamped to prevent horizontal translation. A new cage was

b

Cage

Bone cement

Base plate

Fig. 1 a: 3D-printed interbody cage (micro-carbon-fibre-filled nylon). b: Experimental setup for compression testing — a compressive load was
applied to the cage, which was placed on top of the endplate; the vertebral body was potted in PMMA bone cement
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placed on top of each endplate with the anterior margin of
the cage flush with the anterior margin of the vertebral body
(ring apophysis).

A compressive preload of 50 N was initially applied to
ensure full contact between the compression platen and the
cage (Fig. 1b). Force and displacement were then recorded
while ramp compression was applied at 10 mm/min. The
first specimen (aggressive group) was discarded prior to
statistical analysis due to a technical error during compres-
sion. A total of 19 specimens (10 conservative, 9 aggressive)
were analysed.

Failure was defined as a decrease in compressive force
[15] (3% from peak) or >3 mm displacement [2, 18].
Compliance in the cage was accounted for through a com-
pression test on an isolated cage (up to a maximum force
of 8kN); displacement values from test were subtracted
from specimen displacements such that only displacement
due to endplate subsidence were included in the final force-
displacement curves (Fig. 2).

Quantification of trabecular microarchitecture

Specimens were re-imaged with microCT. Endplate volume
and thickness were re-measured. Endplate “fracture size”
was defined and measured as the distance from the surface
of the endplate to the line beyond which the bone appeared
structurally intact.

3

Force (kN)

—

0 1 2

Displacement (mm)

Fig. 2 Typical force-displacement curve (solid black line) for one of
the specimens obtained from compression testing. The dotted black
line represents ultimate strength (2.3kN for this specimen) and the dot-
ted orange line represents the linear region stiffness (2.5kN/mm for
this specimen). The dotted blue line represents the displacement at
peak force (1.4 mm for this specimen)

All microarchitecture parameters were calculated using
ImageJ (v1.53t, Bethesda, Maryland, US) and the BoneJ
plugin (Doube et al., 2010). The micro-CT image of each
cervical vertebra was thresholded at the second local trough
of the histogram. To exclude the cortical endplate, a 5 mm
thick region of interest (ROI) was isolated where the most
superior slice was 2 mm below the slice in which the supe-
rior endplate was continuous in the axial plane. The ROI
was further manually segmented to exclude the peripheral
cortical bone.

Statistical analysis

Statistics were performed using Microsoft Excel (Redmond,
Washington, USA) and Prism (v10.0.2, GraphPad Software,
San Diego, California, United States). For two-group com-
parisons, Shapiro-Wilk and Brown-Forsythe tests were used
to assess normality and heteroscedasticity, respectively.
Unpaired two-tailed Student’s t-tests were performed, or
Mann-Whitney where normality was violated. Welch’s t-test
was used in the case of unequal variances. Linear associa-
tions between two variables were analysed using Pearson’s
correlation coefficient. Post-hoc power analyses were per-
formed in G*Power [19]. An alpha<0.05 was considered
significant.

Results
Baseline specimen characteristics

Cadaver (age, height, weight) and vertebral (cervical level,
BMD, dimensions) characteristics for the aggressive and
conservative groups are presented in Table 1. There were no
significant differences with respect to potential confounders
such as age, BMD, and vertebral level.

Quantification of endplate removal

Mean endplate thickness prior to preparation was 0.53 mm
(range 0.26—-1.27 mm). There was a significant difference in
the endplate mass, thickness, and volume removed between
the two preparation techniques (Table 2). Trabecular bone
was exposed (breach of the bony endplate) in 6/9 (67%)
of the aggressively prepared endplates, and 0/10 (none) of
the conservatively prepared endplates (p<0.001). Figure 3
shows that the methods for quantifying endplate removal
(mass, thickness, volume) correlated with each other
(»<0.001).
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Fig. 3 Relationships between endplate mass, thickness, and volume
demonstrating consistency between different methods of quantifying
endplate removal (blue circles: conservative; orange squares: aggres-
sive). a: Endplate mass removed plotted against volume removed,

Compression testing

A typical force-displacement response of the cage being
compressed into the endplate of one of the samples is shown
in Fig. 2.

Stiffness values ranged from 1.6-3.6kN/mm, with a mean
of 2.4kN/mm. Displacement values at peak force ranged
from 1.2 to 2.6 mm, with a mean of 1.9 mm. Strength val-
ues ranged from 1.2-2.7kN, with a mean of 2.0kN. Fracture
size ranged from 0.8 to 2.0 mm, with a mean of 1.2 mm.
There were no statistically significant differences in aver-
age stiffness (kN/mm), final displacement (mm), or ultimate
compressive strength (kN) between the aggressive and con-
servative groups (Table 2).

Higher BMD (mg/cm’) was associated with greater
endplate strength (kN), as seen in Fig. 4c (p=0.001, effect
size=0.68). There was no relationship between BMD and
stiffness (Fig. 4a), displacement (Fig. 4b), or fracture size
(Fig. 4d).

No significant trend was observed between any biome-
chanical properties (strength, stiffness, displacement, frac-
ture size) and the amount of endplate removed (proportion
of mass removed (Fig. 5a), thickness of endplate removed
(Fig. 5b), remaining endplate thickness (Fig. 5c), or volume
of endplate removed (Fig. 5d)). There was no significant
difference between the samples with breach of the trabecu-
lar bone vs. without breach with respect to strength (2.0 vs.
2.1kN, p=0.77) or stiffness (2.5 vs. 2.3kN/mm, p=0.61).

There was a significant correlation between trabecular
thickness and stiffness (p=0.02, effect size=0.53) as well as
strength (p=0.03, effect size=0.49) (Fig. 6a and b). There
was no significant correlation between trabecular separation
and stiffness (p=0.67) nor strength (p=0.90) (Fig. 6¢c and
d).
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p<0.001. b: Endplate thickness removed plotted against volume
removed, p<0.001. ¢: Endplate thickness removed plotted against
mass removed, p<0.001

Discussion

Our study is the first ex vivo biomechanical study to com-
prehensively investigate whether partial endplate decortica-
tion affects cage subsidence in the human cervical spine.
Our data reveal the effects of partial endplate removal on
endplate strength, stiffness, and fracture size.

Degree of partial endplate removal

We found that when the endplate is partially removed, the
degree of endplate removal does not correlate with end-
plate integrity. The mean percentage of endplate thickness
removed was 4% in the conservative group and 28% in the
aggressive group (range 0.1-57.8%). Due to the natural
endplate curvature, a mean removal of 28% in the aggres-
sive group was already associated with cortical breach
(exposure of trabecular bone) in the majority (6/9) of speci-
mens. Had we performed even more aggressive decortica-
tion, we would have likely observed cortical breaches in all
specimens. While this may have resulted in enough endplate
removal to affect endplate strength or stiffness, our aim
was to study the effects of partial, not complete, endplate
removal. Previous investigators have already determined
that vertebrae with complete endplate removal have sig-
nificantly decreased load to failure than specimens with an
intact endplate [12], but this situation does not reflect realis-
tic endplate preparation conditions during ACDF.

Conservative vs. aggressive endplate decortication
There is disagreement amongst surgeons about the ideal

technique for and amount of endplate removal. In addi-
tion, it has yet to be experimentally demonstrated that the
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men, p=0.97. b: BMD values plotted against the displacement (mm)

degree of endplate decortication can be deliberately varied
in a realistic and reproducible fashion. Other ex vivo studies
have used 1-2 mm indentation probes to model partial end-
plate destruction [20, 21], which does not replicate endplate
preparation during ACDF. Our data demonstrate that an
intentional modification of endplate preparation aggression
does translate to a quantifiable and reproducible difference
in endplate removal (Table 2).
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at maximum force of each specimen, p=0.53. ¢: BMD values plot-
ted against the ultimate compressive strength (kN) of each specimen,
p=0.001, effect size 0.68. d: BMD values plotted against the fracture
size (mm) of each specimen, p=0.83

Bone mineral density and trabecular architecture

Our study validates previous work by other authors that tra-
becular BMD is a significant predictor of the yield strength
of specimens in compression testing [12, 21]. We found
a clear correlation between BMD and ultimate strength
(»=0.001), as shown in Fig. 4c.
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properties (blue circles: conservative; orange squares: aggressive).
a: Proportion of mass removed plotted against ultimate compressive
strength (kN), p=0.43. b: Proportion of endplate thickness removed

Trabecular thickness was significantly associated with
both stiffness and strength (Fig. 6a and b). These data sug-
gest that density of the trabecular bone (larger strut diameter)
predicts subsidence and support a subsidence mechanism
involving buckling of internal trabeculae. This is consistent
with Palepu et al.’s observation that trabecular bone volume
fraction was better than endplate thickness for predicting
force to subsidence [22]. However, due to the smaller effect
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Endplate removed (% volume)

plotted against strength (kN), p=0.56. ¢: Remaining endplate thick-
ness removed plotted against strength (kN), p=0.94. d: Proportion of
volume removed plotted against strength (kN), p=0.14

size likely generated from the small sample tested, these
relationships must be treated with caution. Interestingly, tra-
becular separation was not correlated with either stiffness or
strength (Fig. 6¢ and d). However, because cervical verte-
brae exhibit significantly greater trabecular thickness than
thoracic and lumbar vertebrae [23], relative thickness may
be a greater determinant of strength in this region.
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Fracture size

MicroCT of post-compression specimens revealed that end-
plate fractures resulted from destruction of the trabecular
bony architecture within a few millimetres of the endplate
(endplate fracture size, Table 2), but the rest of the verte-
bral body, including much of the deeper trabecular bone
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against ultimate compressive strength (kN), p=0.03, effect size 0.49.
¢: Median trabecular separation plotted against stiffness (kN/mm),
p=0.67. d: Median trabecular separation plotted against strength (kN),
p=0.90

structure, was largely maintained. In other words, the frac-
ture occurred in the endplate itself and the trabecular bone
close to the endplate, but not within the central trabecular
bone of the vertebra. It is therefore interesting that BMD
reliably predicts endplate integrity. Although we hypoth-
esized that a greater BMD would predict a smaller fracture
size, we did not observe any relationship between the two
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(p=0.83). Our understanding of this phenomenon remains
quite limited.

Limitations

In our study, we investigated only superior/cranial end-
plates, which is the site of most (67-89%) instances of sub-
sidence [24]. However, in vivo cage subsidence is complex
and involves two endplate-cage interfaces, with an inter-
body cage compressed between two endplates.

Additionally, our specimens included the entire subaxial
spine (C3-7), which is representative of most clinical cases
of ACDF. While studies have shown no significant differ-
ence in BMD between subaxial cervical levels [12], differ-
ences in physiological loading exist in vivo [25], which may
limit the generalizability of our data. Our cadaveric speci-
mens are from relatively young donors (mean age: 45.5
years) with relatively normal BMD; caution should be used
in applying our findings to elderly or osteoporotic patients.

Finally, our biomechanical testing involved ramped pure
axial compression. This is a common method for studying
vertebral endplate subsidence [12, 20, 21] as its simplicity
allows for reproducibility and comparison between studies;
however, clinical cases of subsidence may be a result of
more complex cyclic loading with greater degrees of free-
dom, including flexion/extension, lateral bending, and axial
rotation.

Conclusions

We performed ex vivo biomechanical experiments to eluci-
date the relationship between the degree of endplate prepa-
ration and subsidence risk in ACDF. We demonstrated that
endplates can be reproducibly decorticated in a conservative
or aggressive fashion and that endplate preparation can be
quantified using mass, thickness, or 3D volume. When per-
forming partial endplate decortication, the degree of bony
endplate removal did not significantly predict the ultimate
compressive strength or stiffness of endplates during axial
compression testing with an interbody cage, while increased
BMD was associated with greater strength. The degree of
endplate removal should therefore be left to surgeon discre-
tion, considering individual patient factors and intraopera-
tive findings to achieve the ideal cage-endplate interface.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00586-0
25-08997-5.
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