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Abstract

Objective. Pathology of the facet and sacroiliac (SI) joints contributes to 15% to 45% and 10% to 27% of lower back pain
cases, respectively. Although tissue engineering may offer novel treatment options to patients suffering from cartilage
degeneration in these joints, the tribological characteristics of the facet and S| joints have not been studied in either
the human or relevant large animal models, which hinders the development of joint-specific cartilage implants. Design.
Cartilage was isolated from the knee, cervical facet, thoracic facet, lumbar facet, and S| joints of 6 skeletally mature
Yucatan minipigs (Sus scrofa). Tribological characteristics were assessed via coefficient of friction testing, interferometry,
and immunohistochemistry for lubricin organization. Results. Compared with the knee, the coefficient of friction was
higher by 43% in the cervical facet, 77% in the thoracic facet, 37% in the lumbar facet, and 28% in the Sl joint. Likewise,
topographical features of the facet and Sl joints varied significantly, ranging from a | 14% to 384% increase and a 48% to
107% increase in global and local surface roughness measures, respectively, compared with the knee. Additionally, the
amount of lubricin in the Sl joint was substantially greater than in the knee. Statistical correlations among the various
tribological parameters revealed that there was a significant correlation between local roughness and coefficient of friction,
but not global roughness or the presence of lubricin. Conclusion. These location-specific tribological characteristics of the
articular cartilages of the spine will need to be taken into consideration during the development of physiologically relevant,
functional, and durable tissue-engineered replacements for these joints.
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facet joint, sacroiliac joint, tribology, interferometry, lubricin

Introduction but this disrupts the biomechanics of nearby joints causing
adjacent segment disease and further degeneration within
the spine.”® For both the facet and SI joints, there are no
restorative treatment options that target the underlying joint
degeneration, such as a tissue-engineered replacement of
the cartilage tissue. The development of such treatments is
undoubtedly needed by millions of patients but is hindered
by a limited understanding of the biomechanical require-
ments specific to the cartilage of these spinal segments.

Lower back pain afflicts approximately 59 million patients
in the United States.! The etiology of back pain is complex
and can have a multitude of causes, such as the facet joints,
sacroiliac (SI) joints, and intervertebral disc (IVD). Two
facet joints and an IVD make up the 3-joint complex
between spinal segments. Pain originating from the facet
joints of the spine and the SI joint accounts for a significant
portion of this disability; pain associated with facet joint
and SI joint degeneration is estimated to afflict 9 to 26
million'? and 6 to 16 million'? Americans, respectively. 'Department of Biomedical Engineering, University of California, Irvine,
Similar to osteoarthritis of the knee, this pain is often caused CA, USA
by the degeneration of cartilage within the joint. Patients *These authors contributed equally to this work.
suff‘erlng from facet or S arthrosis are most often treated by Supplementary material for this article is available on the Cartilage
palliative methods, such as nerve blocks and neurotomies, website at http:/cart.sagepub.com/supplemental.
to temporarily alleviate the pain.*® Most often palliative .

. Corresponding Author:
treatments, such as nerve blocks and neurotomies, are_ per- Kyriacos A. Athanasiou, Department of Biomedical Engineering,
formed to temporarily alleviate the pain.*® Alternatively, University of California, 3418 Engineering Hall, Irvine, CA 92617, USA.
permanent fusions can be used to immobilize the facet joint, Email: athens@uci.edu
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Articular cartilage has 2 main functions: to transmit and
distribute forces during locomotion and to provide a low
friction surface on which bones can articulate.” While the
load-bearing characteristics of cartilage are often studied,
the lubrication qualities of cartilage have been less com-
monly investigated. Tribology is the science of how 2
surfaces interact as they slide across each other and has
been used within cartilage research to investigate friction
and lubrication characteristics during joint articulation.'”
Several interrelated parameters are used to assess the
tribological properties of cartilage tissue, including surface
roughness and coefficient of friction.!” Lubricin localiza-
tion is another tribological tissue characteristic as it is a

protein produced by superficial zone chondrocytes that
has been shown to reduce the coefficient of friction within
cartilage thereby protecting the articulating surface from
wear.!! Lubricin, along with hyaluronan, aggrecan, phos-
pholipids, and several other proteins, make up a polymer
brush border on the cartilage surface, which has been dem-
onstrated to maintain interstitial fluid pressure and enhance
cartilage lubrication.'? To date, the vast majority of lubricin
research has been conducted in the knee,' including the
articular cartilage and meniscus, but lubricin has also been
shown to be expressed by the IVD'* and vertebral end-
plates.!> While relatively few studies have been conducted
to define the tribological parameters of native cartilage tis-
sue in the knee, the tribological properties of articulating
cartilages of the spine (i.e., facet and SI cartilage) have yet
to be studied.

The objective of this work is to conduct a comparative
study characterizing the tribological properties of the
cervical facet, thoracic facet, lumbar facet, and SI joint to
those of the knee. A problem that plagues tribology litera-
ture is that variable testing conditions make interlaboratory
comparisons difficult.!® Thus, the current study compares
cartilage from multiple joints to establish lubrication char-
acteristics of the joints of interest within a single study.
Given the relatively static contact areas of the facet and SI
joints, we employed a stationary contact area test under
boundary lubrication conditions. Spinal joints with little
articulation lose fluid pressurization, thus minimizing the
role of interstitial lubrication. Moreover, boundary lubrica-
tion conditions are often used to evaluate cartilage.'®"’
Lubrication modes and knee cartilage function have been
more thoroughly reviewed elsewhere.?’ The minipig was
chosen as a relevant animal model because it is an American
Society for Testing and Materials (ASTM)- and Food
and Drug Administration (FDA)-recommended model for
spine-related indications.?’*> Also, we have previously
demonstrated that minipig facet cartilage has similar func-
tional properties to human facet cartilage.?* In this study, we
use 4 different measures to characterize surface properties
(coefficient of friction, local roughness, global roughness,
and lubricin localization) and determine how significantly

they contribute to articulating function through correla-
tions. We hypothesized that the tribological properties of
spinal articular cartilages not only differ from knee articular
cartilage but also depend on location. The results from this
study will allow us to establish design criteria for the devel-
opment of future tissue-engineered facet and SI joint
implants as well as to elucidate structure-function relation-
ships of the facet and SI joints. This work provides an
essential contribution toward the development of future
therapies to treat the underlying degeneration in facet and
SI joint diseases.

Materials and Methods

Tissue Harvest

Tissue was harvested from 6 skeletally mature (18-24
months) female Yucatan minipigs that were sacrificed for
reasons unrelated to the current study. Knee cartilage was
taken from the condyles. Facet tissue was taken from the
inferior surface of the sacral +1 level (i.e., L5-L6 or L4-L5
because minipigs have varying numbers of lumbar seg-
ments), the T4-T5 level, and the C6-C7 level. These clini-
cally relevant locations correspond to facet joints with a
high proclivity for degeneration in the human. SI joint tis-
sue was taken from the sacral surface. Cartilage tissue was
removed from the bone with a scalpel, and the orientation of
the cartilage was marked with India ink. The tissue was
stored at 4 °C in 25 mM HEPES in chemically defined
chondrogenic medium (CHG; Dulbecco’s modified Eagle’s
medium with high glucose/GlutaMAX [Life Technologies,
Grand Island, NY], 1% penicillin-streptomycin-fungizone
[Lonza, Basel, Switzerland], 1% nonessential amino acids
[Life Technologies], 1% ITS+ Premix [BD Biosciences,
San Jose, CA], 50 ng/mL ascorbate-2-phosphate [Sigma-
Aldrich, St. Louis, MO], 40 pg/mL r-proline [Sigma], 100
pg/mL sodium pyruvate [Sigma], and 100 nM dexametha-
sone [Sigma]) until testing. Throughout the study, 0°
denotes the cranial/caudal axis, and 90° denotes the medial/
lateral axis in the knee and facet joints or dorsal/ventral axis
in the case of the SI joint to accommodate for the orienta-
tion of the joint (Fig. 1).

Tribological Testing

The coefficient of friction was measured with a custom pin-
on-disk tribometer, which has been described previously,?*
set up to perform under boundary lubrication conditions.
Tissue punches (2 mm in diameter) were taken from each
sample and glued to the pin. The samples were tested in
both the 0° and 90° orientations, randomizing which direc-
tion was tested first. Samples were immersed in phosphate
buffered saline and tested on a glass plate. A load of 300 g
was applied to the samples. The samples were allowed to
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Figure |. Gross appearance of cartilage in the knee, sacroiliac, lumbar facet, thoracic facet, and cervical facet joints (scale bars = 0.5
cm). All tissue was marked with the cranial/caudal axis representing 0°.

equilibrate for 2 minutes before commencing a 5-minute
friction test that was conducted at a speed of 0.5 mm/s. Data
were collected at a rate of 10 Hz.

Interferometry

Surface topography was measured using a 20X Mirau
objective on an MSA-500 Micro System Analyzer (Polytec,
Waldbronn, Germany). Samples were lightly blotted to
remove excess moisture. Average surface roughness (S,)
and core material volume (V) are measures of the sur-
face’s small- and large-scale features (Fig. 2), respectively,
and were determined using the TMS 3.8 software (Polytec).?
S, is an arithmetical mean of surface height deviations from
a centerline. When calculated for a region of interest with
no large-scale height changes, this is an excellent measure
of the surface’s local roughness. Conversely, small textural
surface features do little to contribute to the roughness pro-
file integral used to calculate V,_, which is used here to
describe the surface’s global roughness. It is important to
note that V__ typically excludes points outside of the 20%
to 80% height range.”® For clarity, we will refer to S, as
local roughness and V__ as global roughness for the remain-
der of the text. Surface anisotropy was quantified using the
Directionality plugin in ImageJ (National Institutes of
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Figure 2. Surface parameters defined on a 2-dimensional
surface profile. Core material volume (V, , green) is calculated
across the entire scan length, capturing large-scale changes in
surface height. V,__excludes points found above 80% and below
20% of the measured range along the Z-axis. Average surface
roughness (S,, pink) is calculated within a user-defined region

of interest at a stable elevation, thus describing small-scale
textural roughness. V_ _and S, are referred to as global and local
roughness, respectively, throughout the text.

Health), which generates a histogram indicating the pre-
ferred orientation of the structures in the image. The histo-
gram was fit to a Gaussian function. The dispersion of the
Gaussian’s peak was used as a measure of anisotropy.
Highly anisotropic surfaces show low dispersion.
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Lubricin IHC

The boundary lubricant found in cartilage’s superficial zone
is known as either proteoglycan 4 (PRG4), superficial zone
protein (SZP), or lubricin.?* These are all isoforms of the
prg4 gene. In the current study, we used the term lubricin as
prescribed by the antibody manufacturer. Samples were
fixed in 10% buffered formalin for 48 hours and embedded
in paraffin. The samples were sectioned at a thickness of 6
pm and treated for 20 seconds on a hot plate and 3 minutes
in an oven at 60 °C to increase adherence of the samples to
the silanized slides. Prior to staining, slides were baked at
60 °C in 2 mL of formalin for 1 hour. Endogenous peroxi-
dase activity was quenched with 3% hydrogen peroxide in
methanol for 30 minutes. Antigen retrieval was performed
in citrate buffer at 90 to 100 °C for 30 minutes. The slides
were incubated overnight with a 1:500 dilution of the mouse
anti-lubricin primary antibody, clone 9G3 (Sigma) at 4 °C.
Secondary antibody incubation was then performed at room
temperature for 30 minutes using the mouse IgG Vectastain
ABC kit. Last, DAB (Vector Laboratories) was applied for
4 minutes to induce color development. All slides were
stained together.

A custom-made Matlab program was made to semiquan-
titatively assess differences in lubricin staining. A 340 X
130 pum region of interest was defined for each micrograph,
excluding areas without tissue as well as deeper regions of
the tissue sections which universally lacked lubricin. These
images were thresholded to isolate lubricin-positive pixels.
Lubricin-positive pixels were counted and used to calculate
a percentage of lubricin within the region of interest. Depth
of lubricin staining was evaluated by ImagelJ analysis.

Statistics

Statistics were carried out in Prism 8 (GraphPad Software,
San Diego, CA). Two-way and 1-way analyses of variance
(ANOVA) were used to analyze data sets with Tukey’s post
hoc testing at P < 0.05. Data are presented as the average =
standard deviation. Spearman’s p correlations were per-
formed between the coefficient of friction, local roughness,
global roughness, and lubricin localization. Correlations
were conducted on the data as a whole, rather than in a
joint-specific manner. The strength and direction of the
correlation are given by p and significance is obtained when
P <0.05.

Results

Gross Morphology of Joints

On visual inspection of the joints, the cartilage of the facet
joints resembled the hyaline articular cartilage of the con-
dyle (Fig. 1). Relatively smooth articulating surfaces were
observed in all facet joints while the SI joint appeared to be

more textured. Moreover, the cartilage in the facet joints
and the knee was translucent white, whereas the SI joint
exhibited yellow coloration in some locations.

Friction

The coefficient of friction was dependent on the joint from
which the cartilage was isolated (Fig. 3). In a 2-way
ANOVA, the effect of joint was statistically significant, but
the effect of orientation was not significant. The coefficient
of friction of knee cartilage was 0.28, which was signifi-
cantly lower than in the cervical (P = 0.021) and thoracic
(P = 0.0003) joints with coefficients of friction of 0.43 and
0.50 (i.e., 54% and 77% higher), respectively. The thoracic
cartilage coefficient of friction was also significantly higher
than the SI joint coefficient of friction of 0.36 (P = 0.042).
While not significantly greater, the coefficient of friction in
the SI joint was 28% higher than in the knee. The lumbar
joint, with a coefficient of friction of 0.38, was not signifi-
cantly different than any other joint but trended 37% higher
than in the knee.

Interferometry

The surface topography of the cartilage samples is qualita-
tively different across the various joints (Fig. 4). The topo-
graphical images were used to quantify surface roughness
(global and local) and anisotropy. Global roughness values,
V... are significantly higher in the SI joint by 384% and
126% compared with the knee (P = 0.0006) and cervical (P
= 0.0200) joints, respectively (Fig. SA). These data concur
with the topographical images in Figure 4. With regard to
local surface roughness, the knee’s S, is significantly lower
than the thoracic (P = 0.0066), lumbar (P = 0.037), and SI
(P = 0.042) joint’s values by at least 32% (Fig. SB).
Although surface anisotropy follows a similar trend to the
roughness measures, no significant differences were found
across the different joints.

Lubricin Organization

As expected, lubricin was found in the superficial zone of
knee cartilage (Fig. 6). Cells and lacunae within 200 pm of
the knee cartilage surface were also positively stained.
Cartilage from the cervical, thoracic, and lumbar facets all
showed a thin layer of lubricin. Lubricin staining was not
seen for the cells of the facet samples. When lubricin was
assessed using our semiquantitative Matlab code, joint-
specific differences were observed (Fig. 6G). Interestingly,
the SI joint’s lubricin staining differed greatly across sam-
ples, ranging from 2.9% to 59.8% of the predefined region of
interest. Lubricin quantification of all other joints was much
more consistent, and no significant differences were observed.
Depth of lubricin staining showed similar trends (Fig. 6H).
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Figure 3. Coefficients of friction of the articulating surfaces in the knee, facet, and sacroiliac (Sl) joints. A 2-way analysis of variance
(ANOVA) was used to determine statistically significant differences with factors of joint and orientation. Orientation was not found
to be a significant factor. Joint groups not connected by the same letter (o, 3, or ¥) in the legend are statistically different from each
other.

Lumbar

Height [um]

Figure 4. Surface topography of cartilage samples from various joints. Compared with the knee, the sacroiliac (S) joint displays a
large range of surface heights, as indicated by the color differences. Samples from the Sl joint show substantial variation within their
group. Striations on the cartilage surface are indicative of linear and circular topographical anisotropy, such as in the knee and cervical
samples, respectively. Scale bar = 50 um.
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Figure 5. Surface parameters significantly differ across joints. The global (A) and local (B) roughness values of the cervical facet and
knee joints are not statistically different. Both global and local roughness are substantially higher for the joints of the inferior spine.

Groups that do not share the same letters are significantly different.

Tribological Correlations

There was a significant (P = 0.009) correlation between S,
and coefficient of friction (Fig. 7). The strength of the corre-
lation (p) was moderate at 0.47. For the current data set, V,__
and the percentage of lubricin were not significantly corre-
lated to the coefficient of friction (Supplemental Fig. 1).

Discussion

Although the facet and SI joints are increasingly implicated
as frequent sources of back pain,?’?® there are still major
gaps in our understanding of their function. Research on the
biomechanics of these joints has traditionally focused on
their kinematics?®3? and loading patterns.?'*> Additionally,
load-bearing properties of the facet and SI joints’ articular
cartilage, such as Young’s modulus and aggregate modulus,
have been experimentally measured®**3¢ and subsequently
used in computational models.’”*® However, despite the
importance of low friction articulation to joint mechanics,
the tribological properties (e.g., coefficient of friction, local
surface roughness, global roughness, and lubricin localiza-
tion) of spinal articular cartilage are severely understudied.
The objective of this study was to characterize the tribology
of the facet, SI, and knee joints, which we hypothesized
would differ across joints. In support of this hypothesis, we
found that tribological factors, such as coefficient of fric-
tion and surface topography, were joint dependent and var-
ied across spinal levels. We also found that the cartilage

surfaces displayed scale-dependent topographical features
(local surface roughness, global roughness), which may
provide distinct contributions to tribological function. Also,
lubricin THC varied greatly across joints, with the SI joint
showing substantially more lubricin localization than the
knee. These data were used to show that local surface
roughness has a significant impact on the joint’s friction
coefficient. This study provides a much-needed survey of
facet and SI joint cartilage tribological properties in a clini-
cally relevant animal model, not only for improved under-
standing of spinal joint mechanics but also for the
development of targeted joint-specific therapies.
Tribological properties of the facet and SI joint vary sig-
nificantly from the tribological properties of the knee,
which could have important structure-function implica-
tions. The friction coefficients for knee cartilage reported
here are comparable to those found in the literature under
similar testing conditions.!®*° To the best of our knowledge,
these data do not exist for the facet and SI joints. The fric-
tion coefficients from the present study may correlate to the
greater range of motion (ROM) required in the knee than in
either the facet or SI joints. Specifically, in the human, the
knee has been reported to have a flexion/extension ROM of
approximately 140°% whereas the flexion/extension ROM
has been reported to be 8° to 17° in the cervical facet, 1° to
4° in the thoracic facet, 12° to 20° in the lumbar facet,*' and
3° in the SI joint.*? In this study, differential lubricin local-
ization was observed. Lubricin has been shown to inhibit
synovial cell overgrowth on articulating cartilage** and has
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Figure 6. Immunohistochemistry of lubricin distribution in the (A) knee, (B) cervical facet, (C) thoracic facet, (D) lumbar facet, (E)
sacroiliac joint, and (F) rib (negative control) (scale bars = 50 um). A semiquantitative representation of (G) lubricin staining intensity
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Figure 7. Coefficient of friction and local roughness have a
moderate, yet significant, correlation (p = 0.47, P = 0.009).
Individual data points are represented by markers, where color
and shape correspond to the specified joint, and the correlation
is represented by the solid black line.

been demonstrated to modulate the coefficient of friction
between 2 surfaces.* In the current study, we found rela-
tively low lubricin localization in the facet joints compared
with the knee, which could be the result of lower ROM in
the facets leading to a reduced need for a low coefficient of
friction. Conversely, as lubricin is known to prevent carti-
lage degeneration, low lubricin localization in the spine
could contribute to the strikingly high rates of facet arthro-
sis, which has been estimated to affect 57% of adults by 30
years of age and 100% of adults by 60 years of age.¥
Paradoxically, the SI joint, with a low ROM, had relatively
high lubricin localization levels. In the current study, the
method of evaluation was semiquantitative, but, neverthe-
less, this unexpected finding warrants further investigation.
This could possibly be due to a larger superficial zone in the
joint since lubricin is produced by superficial zone chon-
drocytes. While the SI joint had greater macroscopic texture
than the other joints, the greater lubricin localization may
have reduced the coefficient of friction in the SI joints.
Overall, the differential coefficient of friction and lubricin
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amount among the knee, facet, and SI joints has intriguing
structure-function implications, and understanding these
differences will help elucidate the global biomechanics of
the joints.

In addition to cartilage lubrication, low-friction joint
articulation depends on surface topography. We defined two
surface parameters, S, and V|, to help elucidate the role of
scale-dependent topographical features (local surface rough-
ness, global roughness) on joint tribological function. These
two topographical size scales may directly, but differently,
affect a joint’s frictional properties. For example, inter-
ferometry (Fig. 4) shows that the knee’s surface is both glob-
ally flat (low V_ ) and locally smooth (low S,). Thus, one
may attribute the knee’s low coefficient of friction to either
of these topographical measures. Examination of joints with
differing scale-specific topographical properties may help
distinguish each parameter’s contribution. For example, in
the thoracic facet joint, the surface maintains a low global
roughness but has a significantly greater local roughness
than the knee. Interestingly, the thoracic facet has the highest
coefficient of friction in our tribological test, suggesting
that, for this surface, local roughness has a greater impact on
the coefficient of friction than global roughness. This is sup-
ported by examining statistical correlations of the data.
Correlating both of these topographical measures to the
coefficient of friction reveals that our friction measurements
are significantly impacted by local roughness (Fig. 7), but
not global roughness. Given this correlation and the charac-
teristics of our tribological testing, we posit that the mea-
sured coefficient of friction is specific to small-scale surface
interactions. We further hypothesize that testing parameters
may be modified to determine a large-scale coefficient of
friction that would better correlate with global roughness.
This notion of multiscale topographical and frictional prop-
erties is well known in the context of nonbiological engi-
neering materials’****’ and should be considered when
characterizing biological tissues. In this study, the relation-
ship between surface topography and frictional function
may be instrumental to our understanding of cartilage articu-
lation and the development of biomimetic designs.

While this is the first study to examine the tribological
properties of the facet and SI joints, there are numerous
opportunities for further characterization of these often-
overlooked joints. For example, future tribological charac-
terization of spinal joints should include testing interstitial
lubrication with a migrating contact area test for high fre-
quency motion that may be experienced in injuries.
Additionally, we have previously conducted an interspecies
characterization of the morphological, biochemical, and
biomechanical properties of the facet joint,? but similar
characterizations should be conducted in the SI joint. While
the minipig is a relevant large animal model that is recom-
mended for spine-related preclinical research,?! research in
a quadruped cannot replace the need for characterization of
human tissue. Tribological properties between quadrupeds

and bipeds may vary due to different mechanical demands
and loading patterns in the spine. Additionally, as the field
develops, tribological properties of other animal models
should be examined in the future. As described above, an
in-depth characterization of lubricin distribution in the SI
joint is also needed. These and other topics of facet and SI
joint biology warrant greater investigation.

In the current study, we conducted the first tribological
characterization of the facet and SI joints. We demon-
strated that tribological characteristics of spine articular
cartilages depend on the joint they originate from and are
distinctly different from the tribological characteristics of
the knee. Specifically, the coefficient of friction was 53%,
79%, and 36% higher in the cervical, thoracic, and lumbar
facet joints, respectively, than in the knee joint. The ele-
vated coefficients of friction in the facet joints corre-
sponded to greater local roughness along with low lubricin
localization. Surprisingly, the SI joint, which exhibited
high global roughness, had a coefficient of friction that
was more akin to that of the knee being only 29% higher.
The local surface roughness of the SI joint was not ele-
vated compared with the facet joints, and a high degree of
lubricin was detected within the joint. Altogether, these
data demonstrate that the articular cartilage of the facet
and SI joints exhibits joint-specific tribological character-
istics, augmenting our understanding of both spine biome-
chanics and cartilage tribology. This work provides a
foundation from which future studies can expand to better
clucidate the structure-function relationships in these
joints and develop novel treatment options for patients
suffering from facet or SI joint pain.

Author Contributions

RCN and MGE contributed to study design, data acquisition and
analysis, and manuscript preparation. JCH contributed to data
interpretation and manuscript preparation. KAA contributed to
study design, data interpretation, and manuscript preparation. All
authors approved the manuscript.

Acknowledgments and Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
The project described was supported by the National Center for
Research Resources and the National Center for Advancing
Translational Sciences, National Institutes of Health (NIH),
through Grant TL1 TR001415 (RCN), the National Institutes of
Health Diversity Supplement (MGE), and NIH grants ROl
AR067821 and RO1 AR067821 (KAA). The content is solely the
responsibility of the authors and does not necessarily represent the
official views of the NIH. We would like to thank Alison Fragale
for assistance with the illustration.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest
with respect to the research, authorship, and/or publication of this



Nordberg et al.

article: In terms of Grant # ROl AR067821, Drs. Athanasiou and
Hu have an equity interest in Cartilage, Inc. Their relationship
with Cartilage, Inc. has been reviewed and approved by the
University of California, Irvine in accordance with its conflict of
interest policies.

Ethical Approval

Guidelines for humane animal treatment did not apply to the pres-
ent study because live animals were not used (i.e., all animal tissues
were obtained from animals that were sacrificed for reasons unre-
lated to the current study).

ORCID iDs
Rachel C. Nordberg

Kyriacos A. Athanasiou

https://orcid.org/0000-0001-6047-6009
https://orcid.org/0000-0001-5387-8405

References

1. Lawrence RC, Felson DT, Helmick CG, Arnold LM, Choi
H, Deyo RA, et al. Estimates of the prevalence of arthritis
and other rheumatic conditions in the United States. Part II.
Arthritis Rheum. 2008;58(1):26-35. doi:10.1002/art.23176

2. Manchikanti L, Boswell MV, Singh V, Pampati V, Damron KS,
Beyer CD. Prevalence of facet joint pain in chronic spinal pain
of cervical, thoracic, and lumbar regions. BMC Musculoskelet
Disord. 2004;5:15. doi:10.1186/1471-2474-5-15

3. Cohen SP, Chen Y, Neufeld NJ. Sacroiliac joint pain: a com-
prehensive review of epidemiology, diagnosis and treatment.
Expert Rev Neurother. 2013;13(1):99-116. doi:10.1586/ern
.12.148

4. Glaser J, Kreiner S. Facet joint interventions. North American
Spine Society; 2016.

5. Stelzer W, Stelzer V, Stelzer D, Braune M, Duller C.
Influence of BMI, gender, and sports on pain decrease and
medication usage after facet-medial branch neurotomy or SI
joint lateral branch cooled RF-neurotomy in case of low back
pain: original research in the Austrian population. J Pain Res.
2017;10:183-90. doi:10.2147/JPR.S121897

6. Ashman B, Norvell DC, Hermsmeyer JT. Chronic sacroiliac
joint pain: fusion versus denervation as treatment options.
Evid Based Spine Care J. 2010;1(3):35-44. doi:10.1055
/s-0030-1267066

7. Park P, Garton HJ, Gala VC, Hoff JT, McGillicuddy JE.
Adjacent segment disease after lumbar or lumbosacral fusion:
review of the literature. Spine (Phila Pa 1976). 2004;29:
1938-44.

8. Sears WR, Sergides IG, Kazemi N, Smith M, White GJ,
Osburg B. Incidence and prevalence of surgery at segments
adjacent to a previous posterior lumbar arthrodesis. Spine J.
2011;11:11-20. doi:10.1016/j.spinee.2010.09.026

9. Athanasiou K, Darling E, DuRaine GD, Hu JC, Reddi AH.
Articular cartilage. 2nd ed. CRC Press; 2017. doi:10.1201
/9781315194158

10. Link JM, Salinas EY, Hu JC, Athanasiou KA. The tribol-
ogy of cartilage: mechanisms, experimental techniques, and
relevance to translational tissue engineering. Clin Biomech
(Bristol, Avon). 2020;79:104880. doi:10.1016/j.clinbiomech
.2019.10.016

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Jay GD, Waller KA. The biology of lubricin: near friction-
less joint motion. Matrix Biol. 2014;39:17-24. doi:10.1016/].
matbio.2014.08.008

. Liao JJ, Smith DW, Miramini S, Gardiner BS, Zhang L.

Investigation of role of cartilage surface polymer brush
border in lubrication of biological joints. Friction. Epub 2021
January 7. doi:10.1007/s40544-020-0468-y

Watkins AR, Reesink HL. Lubricin in experimental and
naturally occurring osteoarthritis: a systematic review.
Osteoarthritis Cartilage. 2020;28(10):1303-15. doi:10.1016/].
joca.2020.05.009

Shine KM, Simson JA, Spector M. Lubricin distribution
in the human intervertebral disc. J Bone Joint Surg Am.
2009;91(9):2205-12. doi:10.2106/JBJS.H.01344

Liu J, Wei X, Huang B, Wu H, Zhang X, Chen J, et al.
Lubricin expression in the lumbar endplate and its associa-
tion with Modic changes. J Orthop Translat. 2020;22:124-31.
doi:10.1016/j.jot.2019.10.009

Sun Z, Feeney E, Guan Y, Cook SG, Gourdon D, Bonassar
LJ, et al. Boundary mode lubrication of articular cartilage
with a biomimetic diblock copolymer. Proc Natl Acad Sci U
S A.2019;116(25):12437-41. doi:10.1073/pnas.1900716116
Chan SMT, Neu CP, Komvopoulos K, Reddi AH. The role
of lubricant entrapment at biological interfaces: reduction
of friction and adhesion in articular cartilage. J Biomech.
2011;44(11):2015-20. doi:10.1016/j.jbiomech.2011.04.015
Gleghorn JP, Bonassar LJ. Lubrication mode analysis of
articular cartilage using Stribeck surfaces. J Biomech. 2008;
41(9):1910-18. doi:10.1016/j.jbiomech.2008.03.043

Patel JM, Wise BC, Bonnevie ED, Mauck RL. A system-
atic review and guide to mechanical testing for articular
cartilage tissue engineering. Tissue Eng Part C Methods.
2019;25(10):593-608. doi:10.1089/ten.tec.2019.0116
Ateshian GA. The role of interstitial fluid pressurization
in articular cartilage lubrication. J Biomech. 2009;42(9):
1163-76. doi:10.1016/j.jbiomech.2009.04.040

ASTM International. Standard guide for pre-clinical in vivo
evaluation of spinal fusion 1. Available from: https://www.
astm.org/Standards/F2884.htm. doi:10.1520/F2884

US Food and Drug Administration. Guidance for Industry
and/or FDA Reviewers/Staff Guidance Document for the
Preparation of IDEs for Spinal Systems. Available from:
https://www.fda.gov/cdrh/ode/87.pdf

O’Leary SA, Link JM, Klineberg EO, Hu JC, Athanasiou
KA. Characterization of facet joint cartilage properties in
the human and interspecies comparisons. Acta Biomater.
2017;54:367-76. doi:10.1016/j.actbio.2017.03.017

Peng G, McNary SM, Athanasiou KA, Reddi AH. The distri-
bution of superficial zone protein (SZP)/lubricin/PRG4 and
boundary mode frictional properties of the bovine diarthro-
dial joint. J Biomech. 2015;48(12):3406-12. doi:10.1016/j.
jbiomech.2015.05.032

Loberg J, Mattisson [, Hansson S, Ahlberg E. Characterisation
of titanium dental implants I: critical assessment of surface
roughness parameters. Open Biomater J. 2010;2:18-35.
doi:10.2174/1876502501002010018

Deltombe R, Kubiak KJ, Bigerelle M. How to select the most
relevant 3D roughness parameters of a surface. Scanning.
2014;36(1):150-60. doi:10.1002/sca.21113


https://orcid.org/0000-0001-6047-6009
https://orcid.org/0000-0001-5387-8405
https://www.astm.org/Standards/F2884.htm
https://www.astm.org/Standards/F2884.htm
https://www.fda.gov/cdrh/ode/87.pdf

CARTILAGE 00(0)

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Manchikanti L, Abdi S, Atluri S, Benyamin RM, Boswell
MYV, Buenaventura RM, et al. An update of comprehensive
evidence-based guidelines for interventional techniques in
chronic spinal pain. Part II: guidance and recommendations.
Pain Physician. 2013;16(2 Suppl):S49-283.

Foley BS, Buschbacher RM. Sacroiliac joint pain: anatomy,
biomechanics, diagnosis, and treatment. Am J Phys Med
Rehabil. 2006;85(12):997-1006. doi:10.1097/01.phm.000024
7633.68694.c1

Pearson AM, Ivancic PC, Ito S, Panjabi MM. Facet Joint kine-
matics and injury mechanisms during simulated whiplash.
Spine (Phila Pa 1976). 2004;29(4):390-7. doi:10.1097/01.
BRS.0000090836.50508.F7

Hammer N, Scholze M, Kibsgard T, Klima S, Schleifenbaum
S, Seidel T, et al. Physiological in vitro sacroiliac joint motion:
a study on three-dimensional posterior pelvic ring kinematics.
J Anat. 2019;234(3):346-58. doi:10.1111/joa.12924

Jaumard NV, Bauman JA, Weisshaar CL, Guarino BB, Welch
WC, Winkelstein BA. Contact pressure in the facet joint dur-
ing sagittal bending of the cadaveric cervical spine. ] Biomech
Eng. 2011;133(7):071004. doi:10.1115/1.4004409

Van Wingerden JP, Vleeming A, Buyruk HM, Raissadat K.
Stabilization of the sacroiliac joint in vivo: Verification of
muscular contribution to force closure of the pelvis. Eur Spine
J.2004;13(3):199-205. doi:10.1007/s00586-003-0575-2

Abd Latif MJ, Jin Z, Wilcox RK. Biomechanical charac-
terisation of ovine spinal facet joint cartilage. J Biomech.
2012;45(8):1346-52. doi:10.1016/j.jbiomech.2012.03.015
O’Leary SA, White JL, Hu JC, Athanasiou KA. Biochemical
and biomechanical characterisation of equine cervical facet
joint cartilage. Equine Vet J. 2018;50(6):800-8. doi:10.1111/
evj.12845

Miura H. Biomechanical properties of the sacroiliac joint [in
Japanese]. Nihon Seikeigeka Gakkai Zasshi. 1987;61(10):
1093-105.

Elder BD, Kim DH, Athanasiou KA. Developing an articular
cartilage decellularization process toward facet joint cartilage
replacement. Neurosurgery. 2010;66:722-7. doi:10.1227/01.
neu.0000367616.49291.9f

Jaumard NV, Welch WC, Winkelstein BA. Spinal facet joint
biomechanics and mechanotransduction in normal, injury and
degenerative conditions. J Biomech Eng. 2011;133(7):071010.
doi:10.1115/1.4004493

38

39.

40.

41.

42.

43.

44.

45.

46.

47.

. Shi D, Wang F, Wang D, Li X, Wang Q. 3-D finite element
analysis of the influence of synovial condition in sacroiliac
joint on the load transmission in human pelvic system. Med
Eng Phys. 2014;36(6):745-53. doi:10.1016/j.medengphy.2014
.01.002

Espinosa G, Otarola G, Hu JC, Athanasiou KA. Cartilage
assessment requires a surface characterization protocol:
roughness, friction, and function. Tissue Eng Part C Methods.
2021;27(4):276-86. doi:10.1089/ten. TEC.2020.0367

Soucie JM, Wang C, Forsyth A, Funk S, Denny M, Roach
KE, et al. Range of motion measurements: reference values
and a database for comparison studies. Haemophilia. 2011;
17(3):500-7. doi:10.1111/j.1365-2516.2010.02399.x
O’Leary SA, Paschos NK, Link JM, Klineberg EO, Hu JC,
Athanasiou KA. Facet joints of the spine: structure—function
relationships, problems and treatments, and the potential
for regeneration. Annu Rev Biomed Eng. 2018;20:145-70.
doi:10.1146/annurev-bioeng-062117-120924

Kiapour A, Joukar A, Elgafy H, Erbulut DU, Agarwal AK,
Goel VK. Biomechanics of the sacroiliac joint: anatomy,
function, biomechanics, sexual dimorphism, and causes of
pain. Int J Spine Surg. 2020;14(Suppl 1):3-13. doi:10.14444/
6077

Rhee DK, Marcelino J, Baker M, Gong Y, Smits P, Lefebvre
V, et al. The secreted glycoprotein lubricin protects cartilage
surfaces and inhibits synovial cell overgrowth. J Clin Invest.
2005;115(3):622-31. doi:10.1172/JC1200522263

Chang DP, Abu-Lail NI, Coles JM, Guilak F, Jay GD,
Zauscher S. Friction force microscopy of lubricin and hyal-
uronic acid between hydrophobic and hydrophilic surfaces.
Soft Matter. 2009;5(18):3438-45. doi:10.1039/b907155¢
Eubanks JD, Lee MJ, Cassinelli E, Ahn NU. Prevalence
of lumbar facet arthrosis and its relationship to age, sex,
and race: an anatomic study of cadaveric specimens. Spine
(Phila Pa 1976). 2007;32:2058-62. doi:10.1097/BRS.0b013
e318145a3a9

Achanta S, Celis JP. On the scale dependence of coefficient
of friction in unlubricated sliding contacts. Wear. 2010;
269(5-6):435-42. doi:10.1016/j.wear.2010.04.029
Nosonovsky M, Bhushan B. Multiscale friction mecha-
nisms and hierarchical surfaces in nano- and bio-tribology.
Mater Sci Eng R Rep. 2007;58(3-5):162-93. doi:10.1016/j.
mser.2007.09.001





