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ABSTRACT

Background: Incongruity between irregularly shaped vertebral endplates and the uniform surfaces of stock interbody
fusion cages has been identified as contributing to cage subsidence, pseudarthrosis, and unpredictable alignment. Advances
in manufacturing techniques have driven the development of personalized interbody cages (PICs) that can match individual
endplate morphology and provide the exact shape and size needed to fill the disc space and achieve the planned correction.
This study used computed tomography (CT) imaging to evaluate the implant-endplate contact area, fusion, subsidence, and
achievement of planned alignment correction in patients receiving PIC devices.

Methods: This retrospective study included patients treated for adult spinal deformity at a single site and implanted with
PIC devices at L4 to L5 or L5 to S1 for segmental stabilization and alignment correction, who received 1-year postoperative CT
images as part of their standard of care. An evaluation using 3-dimensional thin-section scans was conducted. Implant-endplate
contact and signs of fusion were assessed in each CT slice across both endplates. The degree of subsidence as well as measures
of segmental and global lumbar alignment were also assessed.

Results: Fifteen patients were included in the study, with a mean age of 68.2 years. Follow-up ranged between 9 and 14
months. Twenty-six total lumbar levels were implanted; 20 with PIC devices via the anterior lumbar interbody fusion approach,
2 with stock cages via the anterior lumbar interbody fusion approach, and 4 with PIC devices via the transforaminal lumbar
interbody fusion approach. CT analysis of PIC-implanted levels found an overall implant-endplate contact area ratio of 93.9%,
a subsidence rate of 4.5%, a fusion rate of 100%, and satisfactory segmental and global lumbar correction compared with the
preoperative plan.

Conclusions: PIC implants can provide nearly complete contact with endplate surfaces regardless of the individual
endplate morphology. Subsidence, fusion, and alignment assessments in this tomographic study illustrated results consistent

with the benefits of a personalized interbody implant.
Level of Evidence: 4.

Lumbar Spine

Keywords: lumbar, interbody, fusion, personalized, contact, area, subsidence, alignment

INTRODUCTION

Lumbar spine fusions are among the most common
surgical procedures to address otherwise untreatable
symptoms associated with instability and deformity
involving different segments of the lower spine. The
introduction of lumbar interbody fusion (LIF) cages
and advances in interbody technologies and surgical
approaches sought to enhance the outcomes of these
procedures. Among different efforts to advance LIF,
cage materials having a stiffness closer to that of ver-
tebral bone aimed to reduce rates of subsidence into
the adjacent endplates and improve the rates of bony

fusion.”™ Cages with various lordotic angles were also
developed in order to improve segmental and global
spinal alignment.>® In spite of these advances, subsid-
ence rates for anterior lumbar interbody fusion (ALIF)
and transforaminal lumbar interbody fusion (TLIF) pro-
cedures remain as high as 23.1% and 51.2%, respec-
tively, in studies published within the past decade.’
Rates of nonunion in the lumbosacral junction are
reportedly up to 13% for L5 to S1 fusion, up to 20%
for 2-level fusion,*”! and planned sagittal alignment,
related to coronal and sagittal correction of individual
segments, is achieved in only ~70%-75% of patients
being treated for adult spinal deformity.'® Akintiirk et al
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performed a meta-analysis of 59 adult spinal deformity
studies having a minimum follow-up of 1 year and iden-
tified an average rate of implant-related complications
of 15.3%, including a 13.5% incidence of rod fracture."'
Adogwa et al reported higher rates of rod fracture,
noting that this complication is considered a proxy for
pseudarthrosis.'

The diverse morphology of degenerated endplates
has been recognized as having an influence on the
success rate of LIF procedures. Irregular endplate
morphology is a risk factor for both cage subsidence
and migration, as it affects how well stock cages, with
their preset shapes, sizes, and angles, interface with the
unique anatomy of each patient’s vertebral body and

endplate surface."” Increased overall contact between
interbody cages and the adjacent endplates has been
shown to improve postoperative disc height mainte-
nance and angular correction.'

Advances in three-dimensional (3D) image acquisi-
tion and additive manufacturing technology have driven
the development of interbody cages that better fit the
specific level being treated by addressing the specific
morphology.'> With this approach, computed tomogra-
phy (CT) scans of a patient’s spine are reconstructed
in 3D space, with the resulting image manipulated to
meet the surgeon’s planned segmental and global align-
ment goals. A 3D model of the resulting disc spaces
and endplate surfaces intended for fusion is then used

Figure 1. Sagittal and coronal views of 3-dimensional (3D) reconstruction of the preoperative condition (blue) and 3D model of planned correction (beige).
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Figure 2. Sagittal and coronal L4 to L5 intervertebral angles (A and B); L1 to S1 lordosis and L4 to S1 angles (C) .
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Figure 3. A personalized implant in a model illustrating coronal correction
and added lordosis, along with added anterior/posterior height and contact
surfaces designed to match the inferior and superior endplate shape.

to program the construction of personalized interbody
cages (PICs) from a titanium alloy using additive manu-
facturing techniques (ie, 3D printing).'>'® The objective
of this tomographic study was to determine the effec-
tiveness of PIC devices in providing improved contact
with the endplates, as well as an assessment of fusion,
subsidence, and achievement of segmental and global
lumbar alignment goals.

METHODS

Patients included in this retrospective evaluation
underwent spinal fusion surgeries to address adult
spinal deformity by 1 senior spine surgeon at a single
institution. This study utilized secondary research con-
sisting of deidentified data involving on-label use of a
US Food and Drug Administration—cleared device and
is therefore exempt from review by an institutional
review board under Common Rule requirements.

Figure 4. lllustration of coronal computed tomography slices for
representative anterior lumbar interbody fusion and transforaminal lumbar
interbody fusion personalized interbody cage implants.

Table 1. Bridwell fusion stage classification.

Fusion Grade Description

Fused with remodeling and trabeculae present

1T Graft intact, not fully remodeled and incorporated, but
no lucency present
III Graft intact, potential lucency present at top and bottom
of graft
v Fusion absent, with collapse/resorption of graft

PICs, ALIF or TLIF, were implanted as part of these
surgeries at 1 or 2 levels (L5-S1 or L4-S1) for lumbar
segmental stabilization and angular correction. Patients
with at least 1 PIC implanted were included only if a
spine tomographic study was performed as part of stan-
dard care approximately 1 year after the spinal fusion.

The personalized implants were manufactured for
each patient by first creating a 3D model of planned
correction based on the segmentation of the CT image
of the affected spine (Figure 1). The 3D model incorpo-
rated the goals for intervertebral lordosis angle, inter-
vertebral coronal angle, posterior disc height, L1 to
S1 lordosis, and L4 to S1 angle as determined by the
surgeon for each patient (Figure 2).

The geometry of each implant was determined based
on the desired alignment of the vertebrae (using the
virtual 3D model) as well as the specific morphology of
the patient’s inferior and superior endplates (Figure 3).
The resulting implants were manufactured from a tita-
nium alloy using additive manufacturing techniques.

3D thin-section (1 mm) CT spinal scans of each
patient were performed at approximately 1-year fol-
low-up with subsequent production of multiplanar
reconstructions, including axial, coronal, and sagittal
images. An independent spine surgeon evaluated all
CT slices for the contact area of the implant to the end-
plate, cage subsidence, and degree of fused local bone
inside cages. An evaluation of the alignment was also

Table 2. Operative characteristics.

Characteristic Value
Patient N=15
Age, y, mean (SD) 68.2 (7.1)
Follow-up, mo, mean (range) 12.2 (9-14)
No. of levels instrumented, mean (SD) 10.4 (3.0)
Interbody implants N=26
Interbody implants per patient, mean (SD) 1.6 (0.6)
Level, n (%)
L3-L4 (%) 2 (7.7%)
L4-L5 (%) 10 (38.4%)
L5-S1 (%) 14 (53.8%)
Procedure, No. of levels (%)
ALIF PIC 20 (76.9%)
ALIF stock 2 (7.7%)
TLIF PIC 4 (15.4%)

Abbreviations: ALIF, anterior lumbar interbody fusion; PIC, personalized interbody
cage; TLIF, transforaminal lumbar interbody fusion.
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conducted to compare the intervertebral alignment
achieved to each patient’s preoperative 3D personalized
plan for the variables described above. All tomography
analysis was conducted using DICOM viewer software
(Radiant).

Contact Area Ratio

The parameters determined in CT scans were related
to the analysis of every coronal and sagittal slice at
the superior and inferior endplates (coronal CT slices
shown in Figure 4). The area of the titanium surface of
the implant in intimate contact with the endplate (ie, no
discernable gaps) was compared with the total implant
titanium surface available for contact to determine the
implant-endplate contact area ratio. CT assessments of
fusion included upper and lower segment endplates,
trabecular bone contact, the presence of mature bony
trabeculae bridging in interbody space, and signs of
radiolucency around the implant and graft window.

Subsidence

Cage subsidence was evaluated at both the superior
and inferior endplate on sagittal reconstruction CT
imaging using the 4-grade assessment introduced by

100%

A
98%
*
96%
94%
92%
90%
88%

Sagittal

Contact Area (%)

Coronal Coronal Sagittal

u Upper Endplate = Lower Endplate = Qverall

Figure 5. Ratio of available implant surface area in intimate contact with
endplate (as a percentage). *P < 0.05.

Table 3. Subsidence results.

Figure 6. Two-level implantation showing moderate subsidence of stock
cage into superior endplate at L4 to L5. The solid yellow arrow indicates the
level treated with a stock implant. The dashed yellow arrow indicates the level
treated with a personalized interbody cage.

Marchi et al'* as grade 0: 0% to 24% loss of postopera-
tive disc height; grade I: 25% to 49%; grade II: 50% to
74%; and grade I1I: 75% to 100%.

Fusion

The stages of fusion, as assessed at both the superior
and inferior endplate by review of every CT slice of the
implant-endplate interface, were quantified using the
Bridwell classification (Table 1).17

Angular Correction

The alignment analysis of levels implanted with PIC
devices compared measurements determined from the
CT images for intervertebral lordosis, coronal angle,
posterior disc height at the implanted PIC levels, L5 to

Table 4. Angular correction results.

Stock

Subsidence Degree of PICALIF PICTLIF ALIF Offset Between Goal and
Grade Subsidence (n=20) n=4) n=2) Alignment Parameter Achieved, Mean (SD)
Grade 0 0%—24% 20 (100%) 3 (75%) 0 Intervertebral lordosis (PIC only) 1.3°(3.8°)
Grade I 25%—49% 0 1(25%) 1 (50%) Intervertebral coronal angle (PIC only) 0.7° (1.5°)
Grade 1T 50%—-74% 0 0 1 (50%) Posterior disc height (PIC only) —2.1 mm (2.0 mm)
Grade IIT >75% 0 0 0 L1-S1 lordosis (all patients) 3.1°(10°)

L4-S1 angle (all patients) -0.9° (5.8°)

Abbreviations: ALIF, anterior lumbar interbody fusion; PIC, personalized interbody
cage; TLIF, transforaminal lumbar interbody fusion.

Abbreviation: PIC, personalized interbody cage.
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S1 lordosis, and L4 to S1 angle to the correction goals
set in the planning process, with results reported as
deviations from the goals.

Statistical Methods

Statistical analysis was performed using SPSS
version 29.0.2.0. Descriptive statistics were reported as
mean and SD or median and range for continuous vari-
ables depending on the data distribution and frequen-
cies with percentages for categorical variables. For the
comparison of contact areas, an arcsine transformation
was applied to percentage data to improve normality,
and comparisons were made using paired ¢ tests. All
tests were 2-tailed, with a significance level () of 0.05.

RESULTS

Fifteen patients meeting the inclusion criteria and
having CT’s available at the time of this analysis were
included in the study, having a mean age of 68.2 years
(SD =17.1). Personalized cages were placed at 24 levels
(mean per patient = 1.6, SD = 0.6). In 2 patients, the
senior surgeon chose to use 1 stock ALIF cage at the
adjacent level. The majority of personalized cages were
implanted via the ALIF approach (20; 83.3%), with the
remainder implanted via the TLIF approach (4; 16.7%).
The mean number of instrumented levels was 10.4 (SD
= —3.0). Complete operative characteristics are shown
in Table 2.

The assessment of contact between the implant and
the endplates found an overall average of 93.9% of the
available PIC surface area in contact with the adjacent
endplates, with 93.6% +4.7% and 94.3% + 4.2% contact
when measured in coronal and sagittal views, respec-
tively (Figure 5). The average contact ratio at lower
endplates is higher in both coronal and sagittal views,
although statistically significant differences are only
observed in the sagittal view (P < 0.05). The endplate-
implant contact area for the 2 stock ALIF cages was also
evaluated at the superior and inferior endplates, with an
overall average of 81.9%. For the superior endplate, the
average contact area was 94.6% in the coronal view and
95.6% in the sagittal view. For the inferior endplate, the
average contact area was 67.5% in the coronal view and
70% in the sagittal view.

Grade I (moderate) subsidence was found in 1 level
implanted with a PIC device via the TLIF approach
with no subsidence seen in ALIF levels having a PIC
implant (Table 3). Both stock implants were assessed
as having subsided into the endplates, 1 with grade I

(Figure 6), and the other with grade II (high-grade). No
rod fractures were observed at any level.

Complete fusion assessed as Bridwell Grade I on CT
images was observed in 100% of the levels implanted
with PIC implants at 1-year follow-up. For the 2 levels
implanted with stock cages, both were assessed as
grade II, that is, graft intact, but not fully remodeled
and incorporated.

The results of the angular correction analysis are
shown in Table 4. Only levels implanted with PIC
devices were included in the analysis of intervertebral
lordosis, intervertebral coronal angle, and posterior disc
height because the intervertebral goals at stock cage
levels were unknown. The measures of L1 to S1 lordo-
sis and L4 to S1 angle included the patients implanted
with stock cages.

DISCUSSION

Degeneration of the intervertebral disc is char-
acterized by numerous cellular and structural
changes, including increased inflammatory activ-
ity, changes in collagen structure within the disc
tissue, reduced permeability and vascular supply
of vertebral endplate cartilage, and loss of hydro-
static pressure within the disc nucleus, all of which
negatively impact both physiological and mechan-
ical disc functions.'®'” These changes can include
increases in bony endplate porosity and decreases
in trabecular bone thickness with increasing degen-
eration,”® as well as increases in outward bulging of
the annulus and overall loss of disc height leading
to decreases in motion segment stiffness.*"*

Changes in lumbar endplate morphology are also
related to disc degeneration. While endplates of
healthy disc spaces are predominantly concave in
the broadest sense,” > the trend is to flatten and
progress to an irregular morphology with increas-
ing disc degeneration.”®™*® Variations in endplate
morphology have been evaluated in relation to the
endplate lesions commonly seen with the progres-
sion of disc degeneration, including calcification,
fractures, erosion, and Schmorl’s nodes.”** The
morphology of the degenerated endplate has signif-
icant implications for fusion procedures relying on
interbody cages for stabilization and angular cor-
rection of the motion segment. A systematic review
of failed interbody fusions by Yu et al identified
an irregular disc space morphology as a risk factor
for spacer subsidence into the endplate and spacer
migration."?
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Contact Area Ratio

The advent of 3D printing technologies for inter-
vertebral cages allows the design and production of
cages shaped to fit the specific endplate morphology
of an individual patient’s disc space.'> Computer mod-
eling and biomechanical studies have both illustrated
the benefits of PICs for interbody fusion. Chatham et
al performed a finite element study based on the L4
to LS5 level of a 70-year old man having flat endplates
with uneven lateral heights, comparing a standard ALIF
spacer having parallel, flat endplate contact surfaces to
a custom spacer designed to conform to the curvature
of the endplates. The authors found that the custom
spacer reduced stresses at the endplate-spacer interface
between 37% and 54% and reduced von Mises stresses
in rods used for posterior stabilization by 28%—-29%
when compared with the standard spacer.®’ The results
of a biomechanical study by Fernandes et al in cadaver
spines found similar results in which a vertebral end-
plate could withstand up to 64% more force before
subsidence occurred with a patient-specific implant
than with standard cages.”*> This study also found
that patient-specific cages increased the contact area
between the cage and the endplate by up to 74% com-
pared with commercially available cages, resulting in
better utilization of the cage’s total area, improved load
sharing across the endplate, and significantly lower
contact stress.”

While there are few CT-based clinical studies mea-
suring the endplate-to-implant interface with stock
interbody cages, the available literature is consistent
with expectations based on bench studies, showing
an increased risk of complications associated with
reduced implant-endplate contact area ratios. These
retrospective studies showed increased rates of non-
union, cage subsidence, and pedicle screw loosening in
patients having lower contact area ratios than in those
with higher ratios.**** Similarly, Lee et al reported
a prospective controlled study of 78 PLIF levels in
54 patients. The ratio of the fused area of local bone
inside the cages against the upper and lower vertebral
endplates was measured by CT analysis at 1-year fol-
low-up. The fusion area ranged from 46.4% to 52.2%
of the available area, which was deemed insufficient
for physiologic load transmission and the prevention
of cage subsidence. Cage subsidence was found to be
moderate in 41% of patients and substantial in 12% of
patients.*

The overall average contact area ratio of 93.9% seen
with the PIC implants in the current study is likely
attributable to the personalized implant design closely

matching the patients’ vertebral endplates to produce a
lock and key fit. Any areas where the endplate did not
make contact may be due to a minor area of osteointe-
gration still being formed or image artifacts that did not
allow for a precise visualization of that specific loca-
tion. Both ALIF stock cages in this cohort developed
subsidence at the superior endplate and had a com-
paratively low level of contact at the inferior endplate
(67%—70%), leading to an overall average endplate-
implant contact ratio of 81.9%.

Subsidence

Cage subsidence primarily impacts restoration of
disc height with its indirect decompression of the neural
foramina resulting in increased stenosis and risk of
symptom return, as well as increasing the risk of non-
union and sagittal imbalance.'**"~* Subsidence in the
current study was seen in only 1 of the 24 PIC levels
(4.2%), implanted via the TLIF approach and assessed
as moderate (grade II). In a systematic review of 20
articles reporting results on ALIF and TLIF procedures
with stock cages, Parisien et al found subsidence rates
for the ALIF approach of 6% to 23.1% and for the TLIF
approach of 0.0% to 51.2%. The TLIF approach with
posterior stabilization showed the highest median sub-
sidence rates.’

Fusion

The use of stock cages in ALIF and TLIF procedures
for degenerative spine conditions has generally been
reported with high mean fusion rates, in the range of
97.8% and 96.0%, for ALIF and TLIF, respectively.®
However, in the treatment of adult spinal deformity,
where rod fracture is viewed as a proxy for pseudarthro-
sis, a combined rod fracture rate of 19% was reported
between patients receiving ALIF and TLIF interbody
fusion, with 20.30% in the TLIF group and 16.92% in
the ALIF group.'? These data suggest that there remains
a continued need to reduce nonunion rates, especially
for providing stability of the lumbosacral junction for
global sagittal balance in long fusions for deformity cor-
rection.”’ The 100% fusion rate for the 24 PIC implants
in this study compares favorably against the results seen
with stock cages and supports the concept of improved
fusion rates resulting from increased implant-endplate
contact and bone graft loading.

Intervertebral Alignment Correction

A normal sagittal spinopelvic alignment contributes
to maintaining a stable posture, and restoring sagittal
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spinal balance has been shown to reduce pain, improve
function, and reduce the risk of postoperative malalign-
ment.*'™* Proper alignment of the segments involved
in lumbar fusion procedures has also been associated
with improved patient quality of life.* Malalignment
can result in inefficient energy use,'* increased risk of
adjacent level disease,”*® and recurrence of lumbar
back and radicular pain.**

The need for proper lumbar alignment highlights
the importance of achieving the planned intervertebral
and lumbar lordosis. Considering the degree of disc
space and segmental lordosis correction commonly
sought in ALIF and TLIF procedures (up to 11° and 7°,
respectively),”™ the mean offset of 1.3° found in levels
implanted with PIC devices suggests that personaliza-
tion of the interbody device may contribute to more
precise intervertebral alignment.

Limitations

The relatively small sample size of this study, com-
bined with the limited available literature on similar CT
analyses measuring endplate-to-implant contact with
stock devices, limits the potential to make objective
comparisons to other studies of stock devices. Another
study with a larger cohort and a direct comparison to the
use of stock implants performed by the same surgeon
on patients with similar characteristics would enhance
the analysis of postoperative alignment, fusion rate,
and subsidence using PIC. The analysis of the implant-
endplate interface was conducted based on CT analysis
using a manual measurement methodology. Integrating
a machine-learning computational tool would poten-
tially enhance the analysis providing increased accu-
racy and precision. Finally, the observations are limited
to ALIF and TLIF procedures.

CONCLUSION

This 1-year follow-up CT analysis of PICs provides
a unique opportunity to assess implant-to-endplate
contact. Personalized interbody devices appear to offer
a high level of endplate-to-implant contact at 1-year
follow-up, which may contribute to improved interbody
fusion rates, less subsidence, maintenance of align-
ment, and potentially decreased risk of implant-related
complications.
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