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Abstract—Computational models of experimental data can
provide a noninvasive method to estimate spinal facet joint
biomechanics. Existing models typically consider each vertebra
as one rigid-body and assume uniform facet cartilage thickness.
However, facet deflection occurs during motion, and cervical
facet cartilage is nonuniform. Multi rigid-body computational
models were used to investigate the effect of specimen-specific
cartilage profiles on facet contact area estimates. Twelve C6/C7
segments underwent non-destructive intervertebral motions.
Kinematics and facet deflections were measured. Three-dimen-
sional models of the vertebra and cartilage thickness estimates
were obtained from pre-test CT data. Motion-capture data was
applied to two model types (2RB: C6, C7 vertebrae each one
rigid body; 3RB: left and right C6 posterior elements, and C7
vertebrae, each one rigid body) and maximum facet mesh
penetration was compared. Constant thickness cartilage (CTC)
and spatially-varying thickness cartilage (SVTC) profiles were
applied to the facet surfaces of the 3RB model. Cartilage
apposition area (CAA) was compared. Linear mixed-effects
models were used for all quantitative comparisons. The 3RB
model significantly reduced penetrating mesh elements by
accounting for facet deflections (p = 0.001). The CTC profile
resulted in incongruent facet articulation, whereas realistic
congruence was observed for the SVTC profile. The SVTC
profile demonstrated significantly larger CAA than the CTC
model (p< 0.001).
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ABBREVIATIONS

CTC Constant thickness cartilage
SVTC Spatially-varying thickness cartilage
CAA Cartilage apposition area

INTRODUCTION

The interaction between articulating subaxial cer-
vical facets prevents excessive intervertebral anterior
shear, axial rotation, and lateral bending motions,5

protecting the spinal cord and contributing to inter-
vertebral kinematics. The facets are often fractured
during neck injury,9 suggesting high load transmission
through these joints due to inter-facet interaction. It is
likely that the magnitude and region of this facet joint
apposition dictates neck kinematics and the risk of
facet dislocation and/or fracture during cervical trau-
ma. Furthermore, some evidence suggests that changes
to facet mechanics (including apposition) due to
degeneration10,32 and surgical intervention,20,30 lead to
facet joint disease. However, there is currently limited
information regarding subaxial cervical facet joint
apposition changes during physiologic and traumatic
intervertebral motions.

The few studies that have measured inter-facet joint
mechanics in ex vivo cadaveric cervical spines have
used invasive techniques, inserting piezoresistive pres-
sure sensors23,34,37 and probes15,16 into the joint space.
The compromise of the joint capsule that is typically
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required to insert these sensors, combined with the
sensors’ interaction with the articulating surfaces,
likely alters joint kinematics42 and leads to overesti-
mated joint apposition.2,18 Such methods are also
typically limited to measuring facet joint apposition in
the region of the sensor and do not detect interaction
in other areas of the joint.

Computational reconstructions of experimental
data and finite element (FE) analyses are non-invasive
methods to quantify spine mechanics parameters that
are difficult to measure directly, such as facet joint
apposition area. FE models have been used to estimate
the effect of surgical interventions36,38,41 and anatom-
ical asymmetry29 on facet joint mechanics, but the
osseous geometry of FE models is typically recon-
structed from medical images of a single healthy indi-
vidual, which is unlikely to represent the variation
within the general population. While they are able to
investigate the effect of an expanded matrix of input
and boundary conditions, FE models are also com-
putationally intensive, and require accurate definition
of tissue material properties and extensive validation
against experimental data. In contrast, rigid-body
computational reconstructions of experimental kine-
matic data have been used to estimate cervical spine
mechanics that are technically challenging to measure
directly, including canal occlusion13 and facet joint
kinematics.14,22 Similar techniques are yet to be applied
to measure facet joint apposition in the cervical spine.

Computational reconstructions of flexion-extension
motions applied to lumbar spines (L1-sacrum) have
been used to calculate facet joint apposition at each
spinal level throughout physiological range of motion.
Specimen-specific rigid-body models of each vertebra
were developed from computed tomography (CT)
scans, and optical motion capture data was individu-
ally applied to each level to recreate the experimental
kinematics.6 Each vertebral body and its posterior
elements were considered as a single rigid-body; how-
ever, over 14� of sagittal bending relative to the ver-
tebral body has been observed during replicated
physiological intervertebral flexion of the lumbar
facets.11 This suggests that this rigid-body assumption
may be violated even within physiological loading
bounds. In the cervical spine, bending of the posterior
elements relative to the vertebral body has been
observed during simulated physiological25,26 and
traumatic25,27 intervertebral motions, but these deflec-
tions are not typically considered in computational
reconstructions of spinal motion.6,12,14,22,33 Deflection
of the posterior elements may occur in vivo due to in-
ter-facet contact forces and loading by the capsular
ligament, therefore are likely important for biofidelic
simulations of intervertebral cervical motion; however,
the extent to which posterior element deflection affects

computational estimates of facet and cartilage appo-
sition area has not previously been investigated.

In most computer models of the spine, the facet
cartilage is assumed to have constant thickness across
the osseous surface,6,29,35 but articular cartilage thick-
ness is non-uniform in the cervical spine.39 Spatially-
varying cartilage profiles have been incorporated into
recent advanced FE human neck models.7 These pro-
files provided more accurate predictions of facet joint
apposition when compared to the constant thickness
model,37 but this investigation was limited to a single
cervical spine specimen. The effect of anatomically
accurate, joint-specific cartilage profiles on cervical
spine facet joint apposition area estimations from
computational reconstructions of experimental data
has not been investigated.

The aims of this project were to use specimen-
specific C6/C7 computational reconstructions of
experimental kinematic data to: (1) determine the effect
of incorporating C6 inferior facet deflections on the
fidelity of the reconstruction; and, (2) compare facet
joint apposition area estimates obtained with a con-
stant thickness versus variable thickness articular car-
tilage profile.

METHODS

Experimental Data

Subaxial cervical motion segments (C5-T1 or C6/
C7) were dissected from twelve fresh-frozen human
cadavers (mean donor age 70 ± 13 years, range 46–88;
nine male) and non-osteoligamentous tissue was
removed. The C6/C7 spinal level was of interest in this
study as it is most commonly dislocated (with or
without an accompanying facet fracture) during neck
trauma.28 Six radiopaque, 2 mm diameter aluminium
spheres (fiducial markers; Mingliang Steel Ball Fac-
tory, Guangzhou, China) were rigidly attached to each
of the C6 and C7 vertebrae; three in the vertebral
bodies and three in the spinous processes (12 total)
using a custom bead insertion device and cyanoacry-
late adhesive (Loctite 401, Henkel, Düsseldorf, Ger-
many). Care was taken to ensure that the locations of
the fiducials inserted into each vertebra were non-col-
linear, and were attached to both the left and right
sides of the specimen. Specimens underwent high-res-
olution computed tomography (CT) scanning (SO-
MATOM Force, Siemens, Erlangen, Germany;
0.23 9 0.23 9 0.4 mm voxel size) to screen for C6/C7
joint fusions or osteophytes that may limit interverte-
bral motion, spinal injury or disease, and to generate
three-dimensional (3D) specimen-specific osseous
models of the C6 and C7 vertebrae.
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The distal ends of each specimen were embedded in
molds with polymethylmethacrylate (Vertex Dental,
Utrecht, Netherlands) while maintaining the C6/C7
intervertebral joints and discoligamentous tissues.
Custom, light-weight, motion capture marker carriers
were attached bilaterally to the inferolateral corners of
the C6 inferior facets using cyanoacrylate adhesive
(Loctite 401, Henkel, Düsseldorf, Germany), and were
rigidly fixed to the C6 and C7 vertebral bodies with K-
wires. Each specimen then underwent non-destructive
constrained shear and bending motions, superimposed
with three axial loading conditions, as previously
described.26 Only kinematic data from the ‘‘neutral’’
axial condition (50 N axial compression force to
replicate head-weight)4,8 tests were used to address the
aims of the current study as this loading condition was
most similar to that applied in previous work, allowing
for valid comparison of outputs.37 Briefly, a six-axis
materials testing machine (8802, Instron, High Wy-
combe, UK) was used to apply three repetitions of
anterior shear (limit: 1 mm; rate: 0.1 mm/s), flexion
(10�; 1�/s), right axial rotation (4�; 1�/s) and left lateral
bending (5�; 1�/s). The displacement/rotation limits
were based on in-vivo ranges of motion19,24,31,40 and
displacement rates were optimized relative to motion-
capture sampling rate. A two-second position ‘‘hold’’
was applied at the peak of each rotation/displacement,
over which test outcomes were averaged. Axial force
was monitored using a six-axis load cell (MC3A-6-
1000 ± 4.4 kN, AMTI, Massachusetts, USA).

Prior to testing, the location of each fiducial marker
was digitized relative to their respective vertebral body
marker carrier using a four-marker wand (Optotrak
Certus, Northern Digital Inc., ON, Canada) with a
custom 1 mm diameter spherical probe tip. Anatomical
landmarks on the left and right C6 inferior facets were
digitized relative to their respective marker carriers.
Digitization was performed while the specimen was in
an ‘‘unloaded’’ position (< 10 N axial compression,
all other loads/moments ~ 0 N/Nm). Motion capture
data were acquired at 200 Hz (Optotrak Certus,
Northern Digital Inc., Ontario, Canada; system bias
< 0.09�, precision = 0.006�). The six-axis materials
testing machine actuator positions were collected at
600 Hz using a data acquisition system (PXIe-1073,
BNC-2120 & PXIe-4331 (92), National Instruments,
USA).

Experimental data were processed using custom
MATLAB code (R2020a, Mathworks, MA, USA). All
data were filtered using a second-order, two-way But-
terworth low-pass filter; a cut-off frequency of 100 Hz
was used for actuator positions, and 30 Hz was used
for motion capture data.

Generating Specimen-Specific Computer Models

Three-dimensional osseous models of C6 and C7
were generated from the high-resolution CT scans
(Fig. 1a) of each specimen using 3D image analysis
software (Amira 6.4.0, Thermo Fisher Scientific,
Massachusetts, USA). The C6 and C7 vertebrae, their
corresponding fiducial markers, and the bilateral C6
inferior and C7 superior facet osseous articular sur-
faces, were segmented semi-automatically based on
pixel intensity and anatomical landmarks (Fig. 1b).
Mesh resolution was varied on a subset of models in
order to establish model convergence, and the opti-
mum element parameters were determined; triangular
surface mesh data (vertex coordinates and connectivity
list; mean element surface area and edge lengths =
0.025 mm2 and 0.22 mm, respectively) were exported
(Fig. 1c). The mesh data were then imported into
MATLAB and transformed from the CT coordinate
system to the motion capture (experimental) coordi-
nate system (Fig. 1d) by co-registering the locations of
three or more fiducial markers (with the specimen in
the ‘‘unloaded’’ position) using Procrustes analysis
without scaling (MATLAB function ‘‘Procrustes’’).

Applying Motion Capture Data to Model

Motion-capture data was applied to the C6/C7 ri-
gid-body models to recreate the intervertebral motions
applied in the experiments. To address Aim 1, two
methods of recreating the vertebral kinematics were
applied: the Two Rigid-Body (2RB); and, the Three

FIGURE 1. Generating the specimen-specific computer
models: (a) computed tomography scan data of C6 and C7
vertebra were imported into 3D analysis software; (b) bone
and fiducial marker geometries were segmented from the CT
data; (c) surface mesh data of the vertebra and markers were
generated and exported; and, (d) the models were imported
into MATLAB.
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Rigid-Body (3RB) methods. The 2RB method
assumed that the C6 and C7 vertebrae (vertebral
body + posterior elements) each acted as a rigid-
body. The 3RB method accounted for deflections of
the left and right C6 inferior facets, relative to the
vertebral body,25,26 by modelling C6 as three separate
rigid-bodies: the vertebral body, and the two (bilateral)
inferior facets (Fig. 2). Due to the anatomy of the C6/
C7 facet joints (and surrounding structures), attaching
marker carriers to the C7 facets was not possible; this
necessitated that the C7 vertebrae was modelled as a
single rigid-body.

Procrustes analysis was used to determine the
transformation matrix between successive frames of
motion capture data, for each rigid-body (Fig. 3). For
both methods, the three vertebral body fiducial marker
locations were used to determine the C6 and C7 ver-
tebral body transformations, and the C6 inferior facet
landmarks were used to transform the facet surface
meshes for the 3RB method; these transformations
were applied to the corresponding models in the
experimental coordinate system. This process was
applied to all experimental data to generate computa-
tional reconstructions of the kinematics of the C6 and
C7 vertebral bodies (2RB & 3RB), and the C6 inferior
facets (including specimen-specific cartilage; 3RB only)
for each of the experimental motions.

Calculating Facet Penetration

To evaluate the fidelity of the 2RB and 3RB com-
putational reconstructions, the amount of penetration
of the bony facets within each joint (which cannot
occur in-vivo) was evaluated. Throughout each test, the
maximum number of penetrating mesh elements of
each facet joint was determined for each modelling
method, for statistical comparison. The most biofidelic
rigid-body modelling method was then used to inves-
tigate the effect of two different cartilage profiles on
facet apposition area calculations.

Applying Cartilage Profile to Facet Articular Surfaces

As cartilage was not observed on the CT images, the
articular cartilage profiles on each facet surface were
estimated. Two previously reported cartilage models
were applied to the articulating C6 inferior and C7
superior osseous facet surfaces of each model to eval-
uate their effect on apposition area while the specimen
was in the neutral posture.

For the Constant Thickness Cartilage (CTC) model,
uniform thickness cartilage layers were applied across
the osseous bone surfaces of the C6 inferior and C7
superior facets (0.5 and 0.6 mm, respectively). These
values were informed by cartilage thickness measure-

ments obtained from histology of ~ 100 lower cervical
spine facets, from seven human cadavers.39

Spatially-varying Thickness Cartilage (SVTC) pro-
files were generated by applying a three-dimensional
thickness mapping function (Eq. (1)), derived from
histological analysis of lower cervical spine cartilage,39

to the C6 inferior and C7 superior facet osseous sur-
faces.

t ¼ tmax � cosk
p
2
rratio

� �
ð1Þ

In Eq. (1), the cosine term causes the cartilage
profile to transition from zero thickness around the
entire perimeter of the articular surface, to the maxi-
mum thickness (tmax) at the facet center. The shape
parameter (k) is an empirically determined constant
which dictates the rate of change of cartilage thickness.
It is specific to the spinal level and varies slightly for
the inferior and superior facets of the joint; k = 0.47
and 0.49 for the C6 inferior and C7 superior facets,
respectively.39 rratio is the ratio of the radial distance

FIGURE 2. Lateral (top) and inferior (bottom) view
illustrations of the two rigid-body (2RB; pink) and three
rigid-body (3RB; pink, red, and blue) models. Bending of the
right C6 inferior facet during the 3RB simulations is illustrated
by the black arrow in the lateral view. The locations of the
fiducial markers (closed dots) and anatomical landmarks
(open dots), which were used to determine the
transformations between subsequent experimental frames,
are indicated.
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from a point on the surface, to the co-linear radial
distance from the perimeter. The maximum thickness
value (tmax) applied was specimen and facet-specific,

and was estimated from high-resolution mid-sagittal
CT slices of each facet joint (Fig. 4) using image pro-
cessing software (RadiAnt DICOM Viewer, Medixant,
Poznan, Poland). Measurements were recorded by two
observers on two separate occasions, and inter- and
intra-observer reliability analyses were performed.3

For each cartilage model, a custom MATLAB
function was used to extrude the profile in the direction
normal to the osseous articular surface of each facet,
for each vertebra (Fig. 5). The CTC and SVTC models
of each specimen were saved separately for investi-
gating the effect of cartilage profile on facet apposition
area.

Calculating Facet Apposition Area

Custom MATLAB code was developed to measure
facet apposition at each joint by summing intersecting
and penetrating cartilage mesh elements. Elements
from the upper cartilage mesh that intersected or
penetrated the opposing cartilage mesh were deemed to
be articulating. The corresponding apposition area was
calculated by projecting the articulating elements onto
a plane that was fitted to the regions of apposition
(Fig. 6). Graphical representations of the articulating
and non-articulating regions of each joint were pro-
duced to qualitatively assess the fidelity of each carti-
lage profile. The total area of the projected elements
was evaluated for each facet joint to calculate the
transient facet joint cartilage apposition area (CAA).
The mean CAA for the first 100 frames of each test
(while the specimen was statically loaded in the neutral

FIGURE 3. The three rigid-body (3RB) transformation workflow. Linear transformations between subsequent frames were
calculated from the motion capture data and applied to each rigid-body (left C6 facet, right C6 facet, and C7 vertebra). The C6
vertebral body was not included as only the C6 inferior facet positions and motions were required to calculate facet articulation.

FIGURE 4. For each facet, maximum cartilage thickness
(tmax) was estimated from mid-sagittal CT slices of the facet
joint as follows: (1) lines were drawn between the anterior (a)
and posterior (b) edges of the articulating surfaces of the C6
and C7 facets; (2) the midpoints of each of these lines were
connected (c) to define the ‘‘midline’’ of the facet joint space;
(3) tmax C6 and C7 were defined as the largest distance
between the corresponding facet and the midline, normal to
the facet surface.
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position; CAAneutral) was compared for the cartilage
profile methods.

Statistics

Statistical analyses were performed using SPSS v26
(IBM, IL, USA). Linear mixed-effects models (LMMs)
evaluated the difference in facet mesh penetration
between the 2RB and 3RB models, and the change in
CAAneutral between the facets with CTC verses SVTC

profiles. For both LMMs, the effect of rigid-body and
cartilage modelling method, respectively, was adjusted
for facet side (left versus right), and a random effect of
facet side nested within cadaver identifier was included.

Interobserver agreement and intraobserver
repeatability of tmax measurements were evaluated
using intraclass correlation coefficients (ICCs).3

Absolute agreement and consistency of ICC measures
were obtained. The following thresholds were used to
interpret ICC values: > 0.8, almost perfect agreement;
0.61–0.8, substantial agreement; 0.41–0.6, moderate
agreement; 0.21–0.4, fair agreement; and 0–0.2, slight
agreement.17

FIGURE 5. Mid-sagittal cross-section illustrations of the C6/C7 facet joint with the constant thickness cartilage (CTC; left) and
spatially varying thickness cartilage profiles (SVTC; right). These cartilage profiles were extruded from the osseous articular
surface of each facet, for each specimen-specific model (center).

FIGURE 6. Exaggerated illustration of the method used to
determine cartilage apposition area (CAA). A plane (green
rectangle) was fitted to elements from the opposing cartilage
meshes that were ‘‘articulating’’ (intersecting or overlapping).
The articulating elements were then projected onto the plane,
and the area of this projection was the CAA.

FIGURE 7. Mean (6 SEM) of maximum number of
penetrating facet mesh elements for each facet joint
(n 5 23), throughout an entire test, for the two rigid-body
(2RB) and three rigid-body (3RB) computer models.
Significant difference indicated (a 5 0.05).
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RESULTS

Of the twelve computer models generated, the left
facet joint of one specimen (H004) was excluded be-
cause of pathological joint morphology; the C7 oss-
eous surface was flat rather than convex which reduced
the maximum joint space substantially (< 1 mm). The

osseous surfaces of all other facets were comprised of
6138 ± 1796 mesh elements.

The 3RB modelling method resulted in a signifi-
cantly lower maximum number of penetrating facet
bone mesh elements compared to the 2RB method
(Fig. 7; Table S1; p = 0.001). This penetration oc-
curred in 75% of tests for the 2RB method, compared
to 58% for the 3RB method (Table S2). When mesh
penetration did occur (regardless of rigid-body meth-
od), the maximum penetration was most often during
anterior shear (43%) or axial rotation (35%) motions,
and never occurred during intervertebral flexion.

Intra-class correlation analysis demonstrated at
least good agreement for inter-rater and intra-rater
measurements of maximum cartilage thickness from
CT (Table S3). Maximum cartilage thickness mea-
surements ranged between 0.47 and 1.93 mm for the
C6 facets, and 0.43 and 1.55 mm for the C7 facets
(Table 1).

In general, the CTC profile resulted in apposition
around the perimeter of the articular surface of the
facet, with an absence of articulating cartilage in the
center. In contrast, the SVTC profile created an even
distribution of apposition (Fig. 8). As a result, the
SVTC profile demonstrated significantly larger
CAAneutral compared to the CTC method (Fig. 9;
p< 0.001); when adjusting for specimen type and ID,
this difference was 6.6 mm2 (30.6%; 28.2 ± 2.5 vs.
21.6 ± 2.5 mm2; Table S4).

DISCUSSION

Computer reconstructions of experimental kine-
matic data offer a non-invasive method of investigating
the biomechanics of anatomical structures that cannot
be directly visualized or instrumented. This is partic-

TABLE 1. Maximum cartilage thickness measurements for each facet, for each specimen.

Specimen ID

Maximum cartilage thickness (mm)

C6 L C7 L C6 R C7 R

H002 1.05 0.50 1.30 0.81

H003 1.93 1.35 1.82 1.26

H004 – – 1.11 1.09

H009 0.63 0.55 0.55 0.43

H010 1.24 0.98 1.47 1.42

H013 1.42 1.14 1.41 1.55

H014 1.22 0.94 1.19 0.83

H020 1.93 1.26 1.24 1.37

H033 0.90 0.82 0.89 1.03

H036 1.27 0.85 1.16 1.15

H041 0.74 0.99 0.47 0.68

H043 0.90 0.85 1.24 0.55

Mean ± SD 1.20 ± 0.43 0.93 ± 0.26 1.15 ± 0.38 1.01 ± 0.36

FIGURE 8. Cartilage apposition areas for the constant
thickness cartilage (CTC; top) and spatially varying
thickness cartilage (SVTC; bottom) profiles for Specimen
H020, displayed on the superior facets of C7.
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ularly important when exploring synovial joint
mechanics, as alterations to the capsule or the articu-
lating surfaces may change joint kinematics.42 Existing
kinematic models of the human cervical spine have
limited utility for investigating facet joint mechanics,
as they consider each vertebra to be a single rigid-
body,6,12,14,22,33 while FE models often apply a carti-
lage layer of constant thickness across the osseous
articular surface.6,29,35 In the current study, incorpo-
rating specimen-specific facet deflections and spatially-
varying cartilage profiles significantly reduced non-
physiologic bone penetration, and produced more
uniform estimates of facet joint apposition area,
respectively. It is likely that these factors would affect
predictions of other facet biomechanical parameters
(e.g., contact force, pressure), so future computer
reconstructions of spinal motion data should consider
posterior element deflections and include specimen-
specific cartilage profiles.

Inter-facet contact forces occur during physiologic
and traumatic motions of the cervical spine, causing
bending of the posterior elements relative to the ver-
tebral body.25,26 If this bending is not replicated during
non-contact computational reconstructions, and each
vertebra is modelled as a single rigid-body, the facet
meshes will overlap, leading to erroneous joint appo-
sition area calculations. In the current study, the fide-
lity of the 2RB and 3RB models was evaluated by
measuring the amount of bony penetration of the fa-
cets. Sagittal-plane facet deflections of over 1.5� were
applied to the 3RB models,26 resulting in a significantly

reduced overlap of the opposing facet meshes com-
pared to the 2RB models (Fig. 7). Overlap still oc-
curred for 58% of 3RB tests (Table S1), and this
always occurred at peak motion, likely due to the
inability of the method to account for bending of the
C7 superior facets; however, measuring these facet
deflections is extremely challenging in practice.

Simplified, non-anatomical cartilage profiles applied
to computational models of the cervical spine produce
inaccurate facet joint apposition area and contact
pressure estimates37, leading to substantially different
predictions in facet joint kinematics and disc strain.7

For synovial joints such as the spinal facets, congru-
ency of opposing articular cartilage surfaces distributes
joint contact forces to reduce local stresses.37 In the
subaxial cervical spine, the osseous surfaces of each
facet curve away from the joint space (both concave,
relative to the joint space) in the sagittal plane
(Fig. 4).39 Therefore, the bony joint surfaces are non-
congruent, creating an approximately elliptical ‘‘void’’
within the joint space that is thickest at the middle. As
a result, when the CTC profile was applied to
anatomically accurate bone models the cartilage sur-
faces did not articulate in the central region of the
joint; in contrast, the SVTC profile provided a more
consistent congruence of cartilage apposition across all
regions (Fig. 8), as is expected for healthy joints, and
this resulted in significantly larger CAAneutral com-
pared to that for the CTC profile (Fig. 9).

The SVTC apposition area estimates in the current
study were comparable to those measured by piezore-
sistive pressure sensors placed within the C4/C5 and
C5/C6 facet joints (mean = 29.9 ± 23.3 vs.
27.0 ± 7.13 mm2 in the current study) of C3–C7
human cadaver cervical spine segments under 40 N of
axial compression, while in the neutral posture37; the
authors are not aware of similar apposition area data
for the C6/C7 facet joints, but osseous surface area and
cartilage thickness profiles do not vary substantially
throughout the subaxial cervical spine.21,39 Although
not explicitly stated, it is assumed that these apposition
measurements required a portion of the facet capsule
to be resected to insert each sensor, which likely altered
joint kinematics during intervertebral motions42;
however, the capsule should not influence facet
mechanics when compression is applied to spinal seg-
ments in the ‘‘neutral’’ posture, so comparison against
these measured values would be most suited to vali-
dation.26

Despite good agreement with published facet joint
articulation area measurements, the lack of specimen-
specific validation is a limitation of the current study.
Ideally, direct measurements of CAA would have been
obtained post-test, from pressure sensors (or similar)
inserted into the C6/C7 facet joint, to provide a

FIGURE 9. Mean (6 SEM) of facet cartilage apposition area
for the Constant Thickness Cartilage (CTC) and Spatially
Varying Thickness Cartilage (SVTC) profiles (n 5 23).
Significant difference indicated (a 5 0.05).
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‘‘ground truth’’ for comparisons. This was not possible
in the current study, as it was designed to complement
a series of experimental studies in which the specimens
were eventually subjected to destructive testing.27 As
such, these models are best suited for use in repeated
measures analyses to evaluate the effect of (for exam-
ple) variations in specimen anatomy, surgical inter-
vention, and changes in external loading, on facet joint
apposition area.

The cartilage models applied in the current study
did not incorporate hyperelastic material properties, so
any cartilage deformation that may have occurred
during facet articulation was not represented. Com-
pressive loading of unconstrained articular cartilage
causes an initial lateral expansion of the tissue,1 which
may have resulted in a slight increase in CCA at the
periphery of the facet joints; however, the CAAneutral

values produced were similar to those measured
experimentally and estimated by Womack et al.’s val-
idated model (approximately 20 mm2),37 suggesting
that the proposed reconstruction pipeline accurately
estimates facet joint apposition from experimental
kinematic data.

Three-dimensional facet cartilage geometry could
not be segmented for the specimens in this study be-
cause the soft tissues of the joint were not clearly vis-
ible on the CT images, and subsequent destructive
experiments precluded direct measurement of the car-
tilage following testing. Instead, spatially-varying
thickness mapping functions were applied to the C6
inferior and C7 superior osseous articular facet sur-
faces (Eq. 1). These level-specific profiles were derived
from histological measurements of ~100 subaxial cer-
vical facets,39 and contact area estimates from com-
putational models incorporating these profiles have
previously been validated against measurements from
pressure maps inserted into 24 human cadaver subaxial
cervical facet joints.37 In the current study, specimen-
specific tmax values were estimated for each facet from
measurements of the joint space on parasagittal CT
images. These maximum cartilage thickness estimates
were comparable to measurements obtained from se-
rial histological sectioning of facets from seven human
cadaver cervical spines (n = 14 per level; C6 inferior =
1.17 ± 0.39 vs. 0.94 ± 0.23 mm; C7 superior =
0.97 ± 0.30 vs. 1.14 ± 0.17 mm).39

A small co-registration ‘‘offset error’’ was intro-
duced by the distance between the tip of the digitizing
wand (used to determine the fiducial marker coordi-
nates in the experimental reference frame) and the
fiducial marker centroid (diameter = 2 mm; calculated
from the CT-extracted point cloud of each marker).
The maximum possible positional difference (offset
error) between a pair of fiducial markers would occur
if they were digitized on geometrically opposite sides,

and could amount to at least the diameter of a marker
(2 mm). However, this potential digitization/transfor-
mation error was minimized by using a highly accurate
Optotrak system (positional accuracy 0.01 mm), small
diameter fiducial markers to minimize the offset dis-
tance, and iterative Procrustes analysis for co-regis-
tration. In the current study, the Procrustes function
was used to determine the transformation matrix that
transformed the CT-derived fiducial marker locations
to best-fit the fiducial marker coordinates digitised in
the experimental space (with the specimen in the ‘‘un-
loaded’’ posture). Using this method, a linear transla-
tion aligned the center position (i.e., mean location) of
the CT coordinates with that of the digitised points,
and the best-fit rotation matrix minimized the total
offset error (cumulative for all marker pairs); scaling
was not permitted so that the model’s anatomical
geometry was maintained. For each vertebra, this
Procrustes analysis was iteratively performed for every
combination of ‡ 3 markers (of the 6 per vertebra) to
determine the combination that produced the trans-
formation that best fit the motion capture coordinates.
On average, the co-registration total offset error
amongst all specimens was 0.65 ± 0.17 mm (less than
half the diameter of a fiducial marker), which indicated
excellent accuracy of the reconstruction pipeline.

In this study, posterior element deflections of C6
were accounted for by considering the vertebral body
and posterior elements as separate rigid bodies. The
rigid-body assumptions are violated if a fracture occurs
through part of the body, so facet joint apposition
cannot be accurately estimated following a facet frac-
ture. This limits the utility of this method for injury
biomechanics research, but facet mechanics during
traumatic injury are typically not of interest beyond
the point of bony failure.

The results of the current study demonstrate the
importance of accounting for posterior element
deflections, and specimen-specific articular cartilage
profiles, in computational models of the subaxial cer-
vical spine. Including these factors significantly im-
proved the fidelity of the computer simulations and the
estimates of cartilage apposition area, which could
alter predictions of cervical spine biomechanics. The
non-invasive method of estimating facet joint apposi-
tion area used in the current study, which also
accounted for facet deflections, could be applied to
longer spinal segments and used to estimate changes in
apposition area during experimental investigations of
cervical spine trauma, or due to surgical implants and
interventions. This information would provide valu-
able insight into the biomechanics underlying trau-
matic spinal injuries such as facet dislocation, assess
the ability of spinal implants (such as intervertebral
disc replacements) to recreate non-pathologic facet
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joint mechanics, and investigate adjacent level effects
following surgical intervention.
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