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Abstract—The development of adjacent segment degenera-
tion (ASD) is a major concern after lumbar spinal fusion
surgery, but the causative mechanisms remain unclear. This
study used a combined in vivo and in silico method to
investigate the changes of anatomical dimensions and
biomechanical responses of the adjacent segment (L3-4) after
spinal fusion (L4-S1) in five patients under weight-bearing
upright standing conditions. The in vivo adjacent disc height
changes before and after fusion were measured using a dual
fluoroscopic imaging system (DFIS), and the measured
in vivo intervertebral positions and orientations were used
as displacement boundary conditions of the patient-specific
three-dimensional (3D) finite element (FE) disc models to
simulate the biomechanical responses of adjacent discs to
fusion of the diseased segments. Our data (represented by
medians and 95% confidence intervals) showed that a
significant decrease by — 0.8 (— 1.2, — 0.4) mm (p < 0.05)
in the adjacent disc heights occurred at the posterior region
after fusion. The significant increases in disc tissue strains
and stresses, 0.32 (0.21, 0.43) mm/mm (p < 0.05) and 1.70
(1.07, 3.60) MPa (p < 0.05), respectively, after fusion were
found in the posterolateral portions of the outermost annular
lamella. The intradiscal pressure of the adjacent disc was
significantly increased by 0.29 (0.13, 0.47) MPa after fusion
(p < 0.05). This study demonstrated that fusion could cause
alterations in adjacent disc biomechanics, and the combined
in vivo and in silico method could be a valuable tool for the
quantitative assessment of ASD after fusion.
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INTRODUCTION

In the United States, 80% of adults experience
lower back pain secondary to degenerative spinal dis-
eases in the lumbar spine in their lifetime.*'** Spinal
fusion has been the gold standard surgical procedure
for the treatment of severe lumbar degenerative dis-
eases.'® However, radiographic follow-up studies re-
vealed that 39-86% of fusion patients may develop
adjacent segment degeneration (ASD),'*** and 5-38%
received revision surgery due to adjacent segment dis-
eases within ten years after primary surgery.'>¥’ Al-
though some believe that ASD is merely a natural
progress of degenerative changes in the lumbar spine,
altered segment biomechanics are widely assumed to
be causative factors for ASD development.*4°

In vitro cadaveric tests and computational simula-
tions have been widely used to investigate adjacent
segment motion and mechanical behavior before and
after various fusion surgical treatments using the load-
control, displacement-control, and hybrid proto-
cols. %1327 In general, these previous studies pre-
dicted that spinal fusion causes increasing ROMs at
the adjacent segments using a displacement-control or
hybrid protocol, but no or slight changes in ROMs
using a load control protocol.*® However, an accurate
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representation of the in vivo physiological loading
conditions in the lumbar spine is still a challenge in
cadaveric tests and computational simulations.*® Pre-
vious in vivo studies investigated the changes of lumbar
overall and treated/adjacent segment ROMs after fu-
sion mainly in flexion-extension.>®?*® Albeit a degree
of variability in these reported in vivo data depending
on different experimental setups, generally, no distinct
kinematic changes occur at the segments adjacent to a
fused segment, whereas the overall lumbar ROM after
fusion substantially decreases after spinal fusion.™
That is, in vivo measurements reported in the literature
did not strongly support the assumption that greater
motion at adjacent segments occurring to compensate
for the overall spinal ROMs in functional activity leads
to the changes in the adjacent disc biomechanics. So
far, the underlying mechanisms of how the biome-
chanics, including strains and stresses, in the adjacent
discs are altered by spinal fusion have not been thor-
oughly understood.

In this study, we utilized a combined in vivo and in
silico method (Fig. 1) to investigate the changes of
biomechanical responses of adjacent segments after
lumbar fusion in patients under physiological loading
conditions. The in vivo adjacent disc heights under the
weight-bearing upright standing condition were mea-
sured using a dual fluoroscopic imaging system (DFIS)
with previously validated image registration techniques
pre- and post-operatively. The measured in vivo inter-
vertebral positions and orientations at adjacent seg-
ments were then used as displacement boundary
conditions in three-dimensional (3D) patient-specific
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FIGURE 1. A flowchart of the combined in vivo and in silico
method for analysis of the biomechanics of the adjacent discs
after lumbar fusion surgery. (BCs boundary conditions).
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finite element (FE) disc models to simulate the changes
of adjacent disc stress/strain distributions of patients
caused by fusion. It has been suggested that excessive
distraction at the fusion level could potentially increase
pressurization of adjacent segments,”**> as a conse-
quence of the inter-segment interactions contributed
by surrounding spinal structures which have adapted
to the spinal degenerative status prior to fusion.’®
Moreover, previous simulation of the lumbar spine
during neutral standing using a musculoskeletal model
showed that muscle damage due to the surgical pro-
cedure also plays a role in the increase of adjacent
segment loading.>? Therefore, we hypothesized that
fusion can clevate strains/stresses in the discs at the
adjacent segments under the weight-bearing upright
standing condition.

METHODS

In vivo Image Collection and Processing

Five symptomatic patients (four males, one female;
mean age: 57.0 & 10.7 years; mean height: 169.7 cm;
mean body weight: 65.7 Kg) were included after the
approval by the internal review board (Protocol
Number: 2011P000314) at Massachusetts General
Hospital.*! All the patients suffered from low back
pain due to degenerative spinal diseases at L4-5 and
L5-S1 segments, and were scheduled for fusion of both
the segments. Following the diagnosis, all patients
underwent lumbar fusion treatments (2 with PLIF, 1
with ALIF + PLIF, and 2 with ALIF; where PLIF =
posterior lumbar interbody fusion, and ALIF =
anterior lumbar interbody fusion) at L4-5 and L5-S1
by two full-time fellowship-trained spine surgeons at
Massachusetts General Hospital within 2 weeks.

Prior to fusion treatments, each subject underwent
computed tomography (CT) scanning (SOMATOM
Definition AS+, Siemens, Forchheim, Amsterdam,
Germany) of the lumbar spine (from LI to S1) in a
supine, relaxed position. Parallel sagittal CT images
with a space of 0.6 mm between two slides and a res-
olution of 512 x 512 pixels each having a pixel size of
0.519 x 0.519 mm were obtained. CT segmentation of
L3, L4, L5, and S1 (Fig. 2a) were performed in the
Rhinoceros 5.0 3D modelling software (Robert
McNeel & Associates, Seattle, WA) using a previously
reported segmentation technique,® to reconstruct 3D
anatomical models of these vertebrae (Fig. 2b).

Following CT scanning, the lumbar spine of each
subject in the upright, weight-bearing standing posi-
tion (Fig. 2c) was imaged using a dual fluoroscopic
imaging system (DFIS), in which two C-arm fluoro-
scopes (BV Pulsera, Philips, Netherlands) were
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FIGURE 2. Image data collection and processing. (a) Segmentation of L3, L4, L5, and S1 from CT images. (b) The segmented 3D
L1-S1 lumbar spine model, in which the L3-4 intervertebral space was zoomed to present the shortest distances at selected
locations, i.e., anterior (A), center (C), posterior (P), left (L), and right (R) sites. (c) The upright, weight-bearing standing position
adopted in biplane fluoroscopic imaging of patients’ lumbar spines. (d) Registration of 3D vertebral models to the pre-operative
biplane fluoroscopic images in upright standing. (e) Registration of 3D vertebral models to the post-operative biplane fluoroscopic

images in upright standing following fusions at L4-5 and L5-S1.

orthogonally aligned. The biplanar fluoroscopic
images captured in the standing position were im-
ported into the Rhinoceros modelling software, in
which a virtual DFIS (Fig. 2d) was created using a
well-established 3D-to-2D registration technique.*®>
The vertebral positions and orientations of the lumbar
segments (L3 ~ S1) in the standing position were
reproduced by matching the projections of the 3D
vertebral models to their radiographic vertebral outli-
nes/features on the pair of fluoroscopic images
(Fig. 2d). Three years after the fusion treatments, the
alignments of these patients’ lumbar segments (L3 ~
S1) in the weight-bearing standing position were eval-
uated again using the same dual fluoroscopic imaging
protocol with the 3D-to-2D registration procedure
(Fig. 2e).

To minimize the non-surgical effects on the pre- and
post-operative standing positions, a standard standing
posture (Fig. 2c) was defined with detailed require-
ments: (1) keep the head level and do not push the head

forward, backward, or to either side; (2) stand straight
with the shoulders pulled backward; (3) keep both the
hands on the thighs and lie down straight; (4) keep
both feet together. After the patients sat down for a
rest of at least 30 min, they were asked to achieve the
standard standing posture as possible as they could
during fluoroscopic imaging; they could hold a handle
settled on the C-arm of a fluoroscope if discomfort or
pain occurred. The lumbar spine of each subject was
imaged by the DFIS at 30 Hz. In data processing, 3D
vertebral models were registered to multiple pairs of
pre-/post-operative fluoroscopic images, when the
captured frame series became steady. We eventually
selected the pre-operative and post-operative registered
lumbar models with minimal differences in their
alignments between each other.

A previous validation of the registration technique
using the same fluoroscope modality showed that the
overall accuracy in determining intervertebral transla-
tions was 0.4 mm by comparing the in vitro measure-
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ments of a testing machine for ovine cadaveric spine
vertebral models, and the average repeatability of the
DFIS technique was £0.3 mm and 40.7° in deter-
mining in vivo intervertebral kinematics.’® Thus, it was
expected that the registration technique could be fea-
sible and repeatable in determining in vivo interverte-
bral alignment of the human lumbar spine.

In vivo Measurement of Intervertebral Heights
at the Adjacent Segment

In the CT supine lumbar spine model, two right-
hand Cartesian local coordinate systems were defined
at the disc proximal and distal endplates of each seg-
ment, respectively. The geometric center of the end-
plate was chosen as the origin of the local coordinate
system. The relative positions/orientations of the
proximal disc endplate in six degrees of freedom
(DOFs) with respect to the distal disc endplate at the
adjacent L3-4 level were determined using these local
coordinate systems. Subsequently, the local coordinate
systems were mapped to the dual fluoroscopic image-
registered models to measure L3-4 intervertebral
positions/orientations in the pre-operative and post-
operative standing positions.

Regional disc heights of the adjacent disc at the L3-
4 level were evaluated based on the relative alignment
of the disc endplates in the pre- and post-operative
weight-bearing standing positions. The definition of
local disc heights conformed to the previous descrip-
tion.”! As shown in Fig. 2b, we first positioned the
anterior, center, posterior, left, and right points of the
proximal disc footprint in the CT configuration; these
points were mapped to registered models in the pre-
operative and post-operative standing positions to
measure weight bearing disc heights. The correspond-
ing points on the distal disc endplate surface, which
can be located at the vertices, edges, and facets of the
distal disc endplate surface mesh, were determined by
searching the shortest distances using an online avail-
able algorithm'® in MATLAB R2017b (MathWorks,
Natick, MA). At last, local disc heights were repre-
sented by the projections of these shortest distances
along the normal direction of a plane fitted to the distal
endplate surface.

In Silico Evaluation of Pre- and Post-Operative
Adjacent Disc Biomechanics

The adjacent disc geometry at the L3-4 segment in
the CT supine position was reconstructed in the Rhi-
noceros software. The disc shape was simply modeled
by lofting the marked profiles of adjacent vertebral
bony endplates,* so disc bulging at the annular internal
and external walls*® was not considered. The nucleus
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pulposus (NP) and annulus fibrosis (AF) were scaled,
such that the ratio of the NP volume to the total disc
volume was 44%, with the NP center approximately 2
mm posterior to the disc center.*’ The disc geometry
was meshed to 8-node hexagonal solid finite elements
(which could be reduced to 6-node wedge elements in
the NP) using the Altair HyperWorks V13.0 software
(Altair Engineering Inc., Troy, MI), as presented in
Fig. 3a. To ensure appropriate element aspect ratios,
the solid element size of the AF was gradually
increased from the posterior to the anterior. The solid
element counts and sizes of both the AF and NP in the
disc FE models were summarized in Table 1. The
resulting disc FE model was imported into the ANSYS
15.0 MAPDL software (ANSYS Inc., Canonsburg,
PA) to perform pre-processing, solving, and post-
processing, as described below.

Well-documented normal disc material properties
were assigned to the FE models of adjacent discs,
assuming that no tissue deterioration/disruption at the
adjacent segments occurred after fusion. Linear elas-
ticity (Young’s modulus, £ = 24 MPa and Poisson’s
ratio, v = 0.4)"> was assumed for two cartilaginous
endplates, each with a thickness of 0.5 mm.*” The
Mooney-Rivlin hyperelastic material model was used
to simulate the NP material (¢; = 0.05 MPa, ¢, = 0.01
MPa, and the bulk modulus, xk = 50 MPa) and the AF
ground substance material (¢; = 0.20 MPa, ¢, = 0.01
MPa, and the bulk modulus, k = 6 MPa).>® Six layers
of fiber lamellae (modeled using ANSYS smear rein-
forcing elements, Fig. 3b) in a crossing fiber pattern
were embedded within the AF ground substance.™®
Radially and tangentially varying fiber angles (marked
in Fig. 3b)°” and tangentially varying lamellar thick-
nesses (anterior: 0.73 mm, lateral: 0.56 mm, posterior:
0.39 mm)>’ were assigned to reinforcing elements. To
simulate the gradual transition of Type I and II col-
lagen content within the annulus,® regional fiber stress-
stretch relations (implemented by an ANSYS USER-
MAT subroutine, Fig. 3¢)*® were fitted and interpo-
lated from previously reported single lamellar tensile
test data.”!

In FE analysis, a pilot node was created at the origin
of the proximal disc endplate local coordinate system
in the CT-scanned disc configuration, which repre-
sented the reference (unstrained/unstressed) geometry
(Fig. 4a). All nodes of the proximal endplate surface
were rigidly coupled to the pilot node using ANSYS
multipoint constraint techniques. To simulate disc
deformation in the pre-operative/post-operative
standing positions, the changes in the six DOFs on the
proximal endplate surface, including three translations
(Ty, Ty, T.) and three rotations (0, 0,, 0.) were
applied to the pilot node, while all nodal DOFs of the
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FIGURE 3. Finite element modeling of the adjacent disc at the L3-4 segment. (a) The transverse and sagittal cross-section of the
disc model. (b) Six layers (Lry 1-Lry 6) of fiber lamellae which were embedded within the AF. The alternating fiber angles (°) of the
innermost and outermost lamellae measured with respect to the disc transverse plane in different polar sectors were marked; fiber
angles at other sites were linearly interpolated. (c) Radially and circumferentially varying fiber stress-stretch relations from outer
(Lyr 1) to inner (Lyr 6) layers in different polar sectors.

TABLE 1. The solid element counts and sizes of both the AF and the NP in the five adjacent (L3-4) disc FE models

Numbers of patients #1 #2 #3 #4 #5

Min/max lengths (mm/mm) of posterior AF elements 0.6/1.1 0.7/1.0 0.6/1.1 0.9/1.1 0.6/1.1
Min/max lengths (mm/mm) of anterior AF elements 1.2/1.9 1.3/2.5 1.4/2.6 1.3/2.5 1.0/2.0
AF element counts 3840 2700 2880 2880 3360
NP element counts 3176 2415 2418 2658 2758
Total element counts 7016 5115 5298 5538 6118

To ensure appropriate element aspect ratios, the solid element size (represented by min/max lengths of an element) of the AF was gradually

increased from the posterior to the anterior.

distal disc endplate surface were fully constrained. A
detailed description regarding the calculation of six
DOFs can be found in Appendix A. We have validated
that the resulting nodal positions of the proximal disc
endplate surface in FE analysis could exactly match
the proximal disc endplate footprint of the deformed
disc geometries in the pre-operative and post-operative
standing positions, as shown in Figs. 4b and 4c,
respectively.

Data Analysis

The regional in vivo disc heights of the adjacent discs
in the pre- and post-operative standing positions were

measured and compared. Using FE analysis, von
Misses strains, annular fiber stresses, and intradiscal
pressures (i.e., the average hydrostatic pressure in the
NP) of the adjacent disc in the weight-bearing pre- and
post-operative standing positions were simulated. The
differences in disc strains and annulus stresses before
and after lumbar fusion were also calculated using the
corresponding nodal solutions of the pre- and post-
operative disc FE models, and the distributions of both
strain and stress differences were mapped to the post-
operative deformed disc FE models to visualize. All
results were presented using “median (CI)”, where CI
is the 95% confidence interval. A paired, two-sided
Wilcoxon signed-rank test (IBM SPSS Statistics Ver-
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FIGURE 4. Validation of the application of six DOFs in FE analysis by examining if the nodes of the proximal disc endplate
surface exactly align on the proximal disc footprint in the reference (CT supine) and deformed (pre-/post-operative standing) L3-4
segment models. (a) The reference configuration segmented from CT images; (b) The pre-operative standing configuration after
the registration to dual fluoroscopic images; (c) The post-operative standing configuration after the registration to dual

fluoroscopic images.

sion 24, Chicago, IL) was used to compare the disc
heights, disc strains, annulus stresses, and intradiscal
pressures (IDPs) at the adjacent level before and after
lumbar fusion. Statistical significance was set as p-va-
lue less than 0.05, and the powers of significant dif-
ferences were calculated using post hoc power analysis
(G*Power Version 3.1.9.6, Universitdt Kiel, Ger-
many).

RESULTS

Measurements of Adjacent Disc Heights

In the weight-bearing standing position, the adja-
cent disc heights were 12.8 (11.2, 13.7) mm, 9.7 (7.9,
10.2) mm, 4.6 (3.9, 6.3) mm, 7.1 (6.1, 9.2) mm, and 8.3
(6.4, 9.7) mm at the anterior, center, posterior, left, and
right locations, respectively, before fusion, and were
11.3 (9.5, 13.1) mm, 9.4 (7.8, 9.7) mm, 3.6 (3.1, 5.5)
mm, 6.5 (5.6, 8.5) mm, and 8.3 (6.7, 10.1) mm, corre-
spondingly at the five locations after fusion (Fig. 5).
Only the disc height at the posterior location was sig-
nificantly decreased by — 0.8 (= 1.2, — 0.4) mm (p <
0.05, power = 73%) after the fusion treatment (Ta-
ble 2 and Fig. 5).

Simulation Results of Adjacent Disc Responses
Strains of the Adjacent Disc

The maximal strains of the whole disc in the
standing positions before and after fusion were 0.41
(0.32, 0.56) mm/mm and 0.70 (0.57, 0.75) mm/mm,
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FIGURE 5. Regional in vivo disc heights (mm) at the
adjacent L3-4 segment measured at anterior, center,
posterior, left, and right locations (Fig. 2b) in the pre- and
post-operative weight-bearing standing postures. Significant
differences (p < 0.05) before and after fusion were marked by
asterisk signs, and their statistical powers (%) were presented
in parentheses.

respectively, and both were located near the outermost
and posterior annulus portion (Figs. 6b and 7). The
maximal increase of the strain after fusion was 0.32
(0.21, 0.43) mm/mm (p < 0.05, power = 89%), which
occurred at the posterior annulus portion, followed by
the peak changes of 0.24 (0.19, 0.43) mm/mm (p <
0.05, power = 67%) at the left annulus portion and
0.29 (0.18, 0.35) mm/mm (p < 0.05, power = 96%) at
the nucleus/center portion (Fig. 6¢ and Table 2).
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FIGURE 6. Simulated strains (mm/mm) of the adjacent discs of the five subjects (viewed from the top). The five patients were
denoted by #1 ~ #5. (a) The disc reference geometries in the CT supine position; (b) The disc strain distributions in the pre- and
post-operative standing positions; (c) The strain difference distributions between both standing positions.

Annular Stresses of the Adjacent Disc

The maximal stress across the whole annulus before
fusion was 2.10 (0.86, 4.26) MPa, occurring in the
outermost lamellae of the posterior annulus portion in
the standing position (Figs. 8b and 9). After fusion, the
peak stress at the posterior annulus portion was 2.99
(2.14, 4.12) MPa, followed by the peak annulus stress
of 2.87 (2.38, 4.61) MPa occurring at the left annulus
portion. It was observed that the annular stresses in the
outermost lamella were significantly increased by 1.70
(1.07, 3.60) MPa at the left annulus portion (p < 0.05,
power = 69%), and by 1.20 (0.57, 2.25) MPa at the
anterior annulus portion (p < 0.05, power = 61%)
(Fig. 8¢ and Table 2).

Intradiscal Pressure of the Adjacent Disc

As shown in Fig. 10, the intradiscal pressure (IDP)
of the adjacent disc in the standing position was 0.37
(0.20, 0.42) MPa before fusion and 0.66 (0.43, 0.80)
MPa after fusion. The intradiscal pressure was signif-
icantly increased by 0.29 (0.13, 0.47) MPa (p < 0.05,
power = 78%) after the fusion treatment (Table 2).

Effects of Different Fusion Treatments

The five fusion patients investigated in this study
underwent different fusion approaches at L4-5 and L5-
S1. The effects of these fusion approaches on the
anatomic and biomechanical changes of the adjacent
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(L3-4) discs were presented in Table 3. It was observed
that especially at the L4-5 segments, ALIF caused
greater distractions than PLIF. Correspondingly,
greater changes in the disc heights, strains, and IDPs
were measured at the immediately adjacent segments
for those patients who underwent ALIF than PLIF.

DISCUSSION

This study utilized a combined in vivo (DFIS) and in
silico (3D FE modelling) technique (Fig. 1) to investi-
gate the in vivo biomechanical changes of the adjacent
disc at the L3-4 segment, after L4-S1 underwent spinal
fusion in five patients. Our measurements and simu-
lation results revealed decreases in adjacent disc
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FIGURE 7. Predicted regional peak strains (mm/mm)
measured in anterior annulus, nucleus (center), posterior
annulus, left annulus, and right annulus (Fig. 3b) in the
weight-bearing standing postures before and after lumbar
fusion. Significant differences (p < 0.05) before and after
fusion were marked by asterisk signs, and their statistical
powers (%) were presented in parentheses.
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heights, as well as elevations in disc strains, annular
stresses, and intradiscal pressure after spinal fusion. It
was observed that the maximal increases in strains and
stresses were located within the outermost annular
lamellae at the posterior and lateral portions of the
adjacent disc, respectively (Figs. 6 and 8). The mis-
match between the locations of maximal strain and
stress changes could result from the non-homogeneous
annular material properties (Fig. 3c); fibers in the lat-
eral annulus are tauter (narrower toe regions) and
stiffer (steeper linear regions) than the posterior
annulus. Overall, we demonstrated the feasibility of the
combined in vivo and in silico technique, and the pre-
liminary data supported our hypothesis that spinal
fusion reduced adjacent disc heights but elevated
strains/stresses in the adjacent discs. In addition, it
appeared that ALIF was related to greater changes in
the disc heights and biomechanical responses at the
adjacent segments than PLIF. However, care should be
taken to interpret the effects of surgical approaches
due to the small sample size in this study, as it has been
reported that ALIF resulted in a lower incidence of
ASD than PLIF in previous clinical studies.®

In this study, the anatomical dimensions of the
adjacent segments were determined in the weight-
bearing standing position that was consistently per-
formed by each patient before and after fusion surgery.
The disc heights were represented by the projections of
minimal distances measured between the proximal and
distal endplates of the disc at selected locations along
the normal direction of the distal endplate surface.*’>!
Therefore, this enabled evaluating the anatomical
changes of the discs in the weight-bearing positions of
patients before and after the fusion treatment in a
consistent manner. Furthermore, the measured in vivo
intervertebral positions and orientations were intro-
duced to patient-specific FE models as the displace-
ment boundary conditions to simulate the stress/strain
responses of the adjacent discs. It avoided assumptions

TABLE 2. A summary of the changes in the adjacent disc heights and simulated responses (represented by medians and 95%
Cls) at different disc regions from the pre-operative to the post-operative standing positions

Measurement sites Anterior Center Posterior Left Right
Disc height changes (mm) - 1.6 - 03 - 0.8 - 0.7 0.6

(—21,—-0.1) (= 0.5, — 0.1) (= 1.2, —0.4) (— 1.7, 0.5) (— 1.6,2.4)
Peak changes of disc strains (mm/mm) 0.21 0.29 0.32 0.24 0.12

(0.10, 0.31) (0.18, 0.35) (0.21, 0.43) (0.19, 0.43) (0.07, 0.30)
Peak changes of annular stresses (MPa) 1.20 - 1.97 1.70 1.42

(0.57, 2.25) (1.55, 2.50) (1.07, 3.60) (0.34, 3.72)
Intradiscal pressure changes (MPa) - 0.29 - - -

(0.13, 0.47)

For simulated responses, the center location represents the NP, and the anterior, posterior, left and right locations represent different AF
portions (Fig. 3b). Note that the regional peak changes in disc strains / annular stresses are the maximal values of each portion in the
diagrams of the pre- and post-operative difference distributions (Figs. 6¢ and 8c).
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FIGURE 8. Simulated annulus stresses (MPa) of the adjacent discs of the five subjects (viewed from the posterior). For better
visualization, the fiber stresses in the fiber lamellar elements (Fig. 3b) have been mapped to the annular ground substance
elements. The five patients were denoted by #1 ~ #5. (a) The annulus reference geometries in the CT supine position; (b) The
annular stress distributions in the pre- and post-operative standing positions; (c) The stress difference distributions between both
standing positions.
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in anterior, posterior, left, and right annulus portions (Fig. 3b) FIGURE 10. The predicted intradiscal pressures (MPa) in the
in the weight-bearing standing postures before and after weight-bearing standing postures before and after lumbar
lumbar fusion. Significant differences (p < 0.05) before and fusion. The significant difference (p < 0.05) before and after
after fusion were marked by asterisk signs, and their fusion was marked by an asterisk sign, and its statistical
statistical powers (%) were presented in parentheses. power (%) was presented in parentheses.
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TABLE 3. The effects of different fusion approaches performed at L4-5 and L5-S1 of the five patients on the changes of disc

heights, strains, and IDPs of the adjacent (L34) disc in the upright standing position

Numbers of patients #1 #2 #3 #4 #5
L3-4 Pre-operative disc heights (mm) 9.7 71 8.5 9.8 10.3
Disc height changes (mm) - 0.1 0.1 - 03 - 04 - 0.7
Peak changes of disc strains (mm/mm) 0.15 0.37 0.18 0.34 0.29
IDP changes (MPa) 0.09 0.14 0.29 0.44 0.55
L4-5 Surgical approaches PLIF PLIF PLIF ALIF ALIF
Pre-operative disc heights (mm) 11.7 9.3 10.4 6.7 7.4
Disc height changes (mm) -1.9 0.4 1.9 3.2 3.7
L5-S1 Surgical approaches PLIF PLIF ALIF ALIF ALIF
Pre-operative disc heights (mm) 9.5 7.2 5.3 9.5 4.2
Disc height changes (mm) - 0.1 3.4 5.5 - 1.6 2.4

Disc heights measured at the disc centers were presented; strains and IDPs measured in the NP were presented. (Note: PLIF posterior

lumbar interbody fusion; ALIF anterior lumbar interbody fusion).

regarding the preloading in the neutral position (e.g.,
introducing the follower preload** or standing-specific
compressive loads)’ in computational FE simulations.
Therefore, this combined in vivo and in silico method
could quantitatively evaluate anatomic and biome-
chanical changes in adjacent discs after fusion treat-
ments under physiological loading conditions.

According to clinical results ten years after 360°
fusions, Schulte et al. showed that the average reduc-
tion in the disc height at the proximally adjacent seg-
ment amounts approximately 20%.4¢ In contrast, in
the group of the patients three years after PLIF and
ALIF in our study, the adjacent disc heights only
decreased by ~ 3% at the disc center but by ~ 17% at
the posterior disc location. A recent study by Lay et al.
evaluated adjacent disc height changes following ex-
treme lateral interbody fusion using 3D CT scanning
of patients’ lumbar spines pre-operatively and post-
operatively within seven days.?” They reported that the
proximally adjacent segment was significantly
decreased by an average of 0.50 mm, with significant
decreases in local disc heights at the nucleus portion,
the posterior annulus portion, and the right annulus
portion. In general, our data are in agreement with
their findings that fusion could result in decreases of
the adjacent disc heights, depending on different
measurement locations. However, differences need to
notice; we evaluated the adjacent disc height changes
during standing upright, and the follow-up was three
years after fusion.

In terms of disc biomechanical responses, our sim-
ulation predicted that the pre-operative intradiscal
pressure was 0.37 (0.20, 0.42) MPa at the L3-4 seg-
ments in the standing posture; by comparison, it was
reported that those at the L4-5 segments of the normal
spines were 0.40 MPa (range: 0.23-0.50 MPa) pre-
dicted using a similar combined in vivo and in silico
technique in a recent study* and 0.5 MPa measured
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in vivo using a needle pressure transducer.’>>* How-
ever, a consistent comparison of the responses (strains/
stresses) of the adjacent discs before and after the fu-
sion treatment lacks in the literature. It is worth noting
that three aspects could result in the lower pre-opera-
tive IDP at L3-4 in our simulation compared to pub-
lished data. First, the IDPs of discs in the lumbar spine
are level-dependent, and the L3-4 disc could be less
loaded and pressurized than the L4-5 disc.” Second, the
previous simulation modeled the nucleus as fluid,* but
we considered the compressibility of the nucleus by
assigning a bulk modulus of 50 MP,” since the nucleus
of the adjacent discs in fusion patients might have
undergone a loss of water content. At last, healthy
discs in vivo are swelled by high water content in the
nucleus,>>*”*® thus higher IDPs were measured in vivo
using needle transducers.’>>?

This study also reinforces the notion that there is a
link between distractions at the treated segments and
anatomical/biomechanical alterations at the immedi-
ately adjacent segments after spinal fusion.”** Con-
temporary fusion surgery primarily aims to restore the
degenerative intervertebral space to ‘“‘normal” disc
heights and lordosis,”” whereas the “normal” height/
lordosis for a degenerative disc is unknown, since
degenerative changes in patients have been developed
at the diseased segment for decades prior to treat-
ments. As a result, it is difficult to avoid an excessive
distraction at the instrumented level in spinal fusion,
and such operation may increase compression of the
adjacent discs, which could be associated to progres-
sive disc tissue disruption and degenerative
changes.”*** It should be noted that even a slight de-
crease in the disc height can result in a marked increase
in disc compression. A previous in vitro experiment
showed that the disc load soared to approximately
1000 N, when only a compressive displacement of 1
mm was applied to a disc specimen.>® However, it is
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also acknowledged that not all fusion patients would
experience the development of post-operative ASD.®
A clinical study reported that the incidence of post-
operative radiographic changes at adjacent segments
reached 42.6% in a minimal 5-year follow-up of a total
of 188 fusion patients."' Hence, it is important to
quantitatively determine the threshold values of the
altered loading that could accelerate the ASD devel-
opment. The combined in vivo and in silico evaluation
provides a useful approach in clinical prognosis of
ASD following spinal fusion, by establishing thresh-
olds in various biomechanical measures as used in this
study.

Several limitations in this study should be
acknowledged when interpreting our data. Only five
patients were included for the evaluation of adjacent
segment biomechanics after fusion in this study, due to
revision surgery or losing follow-up, albeit our initial
recruitment of 14 fusion patients. Therefore, the power
of statistical analysis and analysis of the effects of
different fusion treatments on adjacent disc heights and
biomechanical responses were limited by the small
sample size. Since it is challenging to collect the data of
patients with the treatments at the same levels, future
studies should include a large group of fusion patients
through a collaboration of multiple medical centers, to
further examine how fusion surgery affects adjacent
disc responses and establish their thresholds causing
ASD. Additionally, we only investigated the patients in
the weight-bearing upright standing position in this
study. It is also necessary to more comprehensively
evaluate pre- and post-operative adjacent disc
responses in functional spinal activity, weight lifting,
and level walking.

Previous validation studies of the 3D-to-2D regis-
tration technique for the same fluoroscope modality
showed that the accuracy in determining translations
was 0.4 mm;’" in this study, the change of the adjacent
disc height especially at the center site (Table 3), to
which the simulated IDP changes could be sensitive,
was near or within the accuracy limit. As generally
required in computational simulation of spinal
responses using in vivo boundary conditions,*!” higher
accuracy (less than 0.1 mm) in determining in vivo
DOFs'” is desirable to detect radiographic and
biomechanical changes following fusion. Moreover,
changes in disc responses do not only depend on
changes in axial translations, but also on changes in
disc inclinations in both the sagittal and coronal
planes. Hence, it also requires high accuracy in deter-
mining rotational DOFs. Future work should adopt
newer dual fluoroscopes with clearer radiographic
imaging to improve the reliability of image registra-
tion, and relevant validation of the accuracy and

repeatability using upgraded modalities is also war-
ranted.

In this study, well-documented material properties
of normal discs were adopted for all the FE models of
adjacent discs. Since the MRI images of the patients
before and after fusion were not available, it limited
our capability of creating high-fidelity disc FE models
in terms of the disc geometry and material properties.
Correspondingly, we did not consider tissue deterio-
ration/disruption potentially developed in adjacent
discs. It should be interpreted that the biomechanical
responses simulated in this study are the upper bounds
of the actual responses (e.g., creep in the adjacent disc
may reduce disc stresses). In the future, it is anticipated
to establish the correlation of disc material properties
with MRI signals (e.g., T2 mapping values),'® such
that patient-specific tissue properties can be incorpo-
rated to enhance the biofidelity of the disc FE models.
In terms of upright standing, disc behavior was almost
not influenced by the anterior and posterior longitu-
dinal ligaments when displacement boundary condi-
tions were applied (Appendix B), although both
ligaments closely attach to the anterior and posterior
portions of the disc annulus. However, these sur-
rounding spinal structures should be considered in the
simulation of disc responses in functional spinal mo-
tions, which would cause large disc deformation and
bulging.

CONCLUSION

In conclusion, a combined in vivo and in silico
method was proposed to investigate the changes in
adjacent disc anatomy and biomechanical responses
before and after lumbar fusion. This study demon-
strated the feasibility of this proposed method, and
showed that fusion could lower the adjacent disc
height, and elevate intradiscal pressures and disc stress/
strain primarily in the outermost lamellae of the pos-
terolateral annulus portion of the disc. The proposed
method can help future studies more systematically
and comprehensively investigate biomechanical factors
associated with the accelerated development of ASD in
fusion patients.

APPENDIX A

Calculation of Six-Degree-of-Freedom Boundary
Conditions Applied in Finite Element Analysis

In this study, the reference (unstrained/unstressed)
geometry of the adjacent disc (LL.3-4) was assumed to be
that in the preoperative CT supine position. When the
disc deformed (e.g., in the preoperative/postoperative
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weight-bearing standing position), changes in six de-
grees of freedom (DOFs) of the proximal disc endplate
relative to the distal disc endplate (for convenience,
which was assumed to be stationary in the calculation
of relative motion) were measured by the position and
orientation of a local coordinate system defined at the
centroid of the proximal disc endplate surface in reg-
istered models (Fig. 3).

Three translations of the proximal endplate from
the reference geometry to the deformed geometry
along the axes of the global coordinate system, i.e., T,
T,, T., were calculated by the difference between the
origin positions (O, and Oger) of the local coordinate
systems in the reference and deformed configurations,
as shown in Eq. Al.

[T\ Ty Tz ]T: Odef - Oref (Al)

where the superscript of “T”” represents the transpose
operation.

The Euler angles defined by extrinsic rotations
(meaning rotations with respect to the global coordi-
nate system) with a sequence of “xyz”, i.e., 0y, 0,, 0.,
were used to describe changes in three rotational
DOFs,'* as adopted by ANSYS to apply rotations.
The overall rotation matrix (R) was be calculated by
the orthogonal matrices (R.f and Rger, Which satisfy
R =R, and Ry} =R}, respectively) with each
column consisting of basis vectors of the local coor-
dinate system in the reference and deformed configu-
rations, respectively, according to the former equation
in Eq. A2, which was derived from Ry = RRr (note
that R, was pre-multiplied by R causing Ry for
extrinsic rotations). Subsequently, the overall rotation
matrix (R) was decomposed into three rotation
matrices (R, R,, and R.) along each global coordinate
axis using pre-multiplication, according to the latter
equation in Eq. A2. At last, the Euler angles (0., 0,,

(a)

ALL

FIGURE B1.
elements.
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and 0.) can be calculated from these axial rotation
matrices (R., R,, and R.) using additional formulas
which have been well established.?

R = Ry, e = R-(0:)R,(0,) Ry (0:)

z

(A2)

The conversion from the overall rotation matrix (R)
to three Euler angles (0., 0,, 0.) can be conveniently
performed using the MATLAB function of “rotm2eul”
but setting the sequence to be “‘zyx”. It should be
noted that the convention of intrinsic rotations is
adopted by the MATLAB function, opposite to the
extrinsic rotations in this study; however, both
decompositions in terms of the extrinsic rotations with
“xyz” (using pre-multiplication) and the intrinsic
rotations with “zyx” (using post-multiplication) have
the exactly same formula, i.e., the latter equation in
Eq. A2.

APPENDIX B

The Influence of Anterior and Posterior Longitudinal
Ligaments on Disc Mechanical Behavior in the Upright
Standing Position

Since both the anterior longitudinal ligament (ALL)
and posterior longitudinal ligament (PLL) closely at-
tach to the anterior and posterior portions of the disc
annulus, disc bulges under weightbearing conditions
may be restrained by both ligaments. Therefore, we
examined whether the ALL and PLL influenced disc
behavior in both the pre- and post-operative standing
positions, by comparing simulated disc responses
without and with considering both ligaments in the
disc FE models. The adjacent (L3-4) disc of Subject #4
was chosen in the investigation, since greater disc
strains before and after fusion were found, compared
to those of other subjects (Fig. 6).

2001 f
—ALL i
- =PLL
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— |
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o /
A /
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0 r— — st i J
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Deflection (mm)

FE model representations of ALL and PLL (a) and their force-deflection relations (b) assigned to the ALL/PLL spring
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Both ALL and PLL were modeled using nonlinear
spring elements (COMBIN39) with the tension-only
option in ANSYS 15.0.°” As shown in Fig. Bla, these
spring elements shared the nodes with the annulus
matrix elements, to simulate the close attachment of
both ligaments to the exterior of the disc annulus. The
ligament force (Fj;,) is assumed to be an exponential

function of the ligament deflection (D) in tension,*
o a(ebD"'g — 1), D>0
Fltg—{ 0’ D<0 (Bl)

TABLE B1. The material constants of ALL and PLL used to
simulate the ligament tensile behavior

ALL PLL
a 365.8 0.451
b 0.553 4.506
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where ¢ and b are two material constants. Both the
material constants of ALL and PLL calibrated previ-
ously®” were adopted here (Table B1), and the result-
ing force-deflection curves of ALL and PLL according
to Eq. Bl were presented in Fig. B1b.

In simulation, the same in vivo boundary conditions
measured in the pre- and post-operative standing
postures were applied to two FE disc models without
and with the ALL and PLL. Our simulation results
demonstrated that there were almost no changes in disc
strains (Fig. B2) and annular stresses (Fig. B3) in both
pre- and post-operative weightbearing, when intro-
ducing the ALL and PLL. The fiber bundles of ALL
were much more tensioned and loaded than those of
PLL (Table B2). Although there were more distinct
disc bulges at the posterior annulus, such disc bulging
was not substantially restrained by the PLL (Ta-
ble B2), due to the slacker tensile behavior of the PLL
(Fig. B1b).

Post-op

BNREEOOON S s NENNNOODN S

°
o
s

FIGURE B2. Comparison of simulated von Mises disc strains (mm/mm) in pre- and post-operative upright standing using the disc
models without (upper) and with (lower) considering both the ALL and PLL
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FIGURE B3. Comparison of simulated annular von Mises stresses (MPa) in pre- and post-operative upright standing using the

disc models without (upper) and with (lower) considering both the ALL and PLL. Only the outermost lamella is presented; since
the fibers within were tauter and stiffer (Fig. 3c), the outermost lamella was typically more stressed than inner lamellae

TABLE B2. The ranges of forces (N) of individual ALL and
PLL fiber bundles, which were modeled using spring
elements (Fig. Bla)

Pre-op Post-op
ALL [0, 8.94] [0, 7.43]
PLL [0, 0.14] [0, 0.10]
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