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Abstract

Objective. Shoulder pain is commonly attributed to rotator cuff injury or osteoarthritis. Ovine translational models are
used to investigate novel treatments aimed at remedying these conditions to prevent articular cartilage degeneration and
subsequent joint degradation. However, topographical properties of articular cartilage in the ovine shoulder are undefined.
This study investigates the biomechanical, morphological, and biochemical attributes of healthy ovine humeral head articular
cartilage and characterizes topographical variations between surface locations. Design. Ten humeral heads were collected
from healthy skeletally mature sheep and each was segregated into 4 quadrants using | 6 regions of interest (ROls) across the
articular surface. Articular cartilage of each ROl was analyzed for creep indentation, thickness, and sulfated glycosaminoglycan
(sGAG) and collagen quantity. Comparisons of each variable were made between quadrants and between ROlIs within
each quadrant. Results. Percent creep, thickness, and sGAG content, but not collagen content, were significantly different
between humeral head quadrants. Subregion analysis of the ROls within each surface quadrant revealed differences in all
measured variables within at least one quadrant. Percent creep was correlated with sGAG (r = —0.32, P = 0.0001). Collagen
content was correlated with percent creep (r = 0.32, P = 0.0009), sGAG (r = —0.19, P = 0.049), and thickness (r = —0.19,
P = 0.04). Conclusions. Topographical variations exist in mechanical, morphologic, and biochemical properties across
the articular surface of the ovine humeral head. Recognizing this variability in ovine humeral head cartilage will provide
researchers and clinicians with accurate information that could impact study outcomes.
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Introduction

Shoulder pain is a common disorder with the cause fre-
quently attributed to acute or chronic rotator cuff injury or
osteoarthritis in the aging population.! Approximately 30%
of patients with rotator cuff tears have concurrent articular
cartilage injury of the glenohumeral joint** and the preva-
lence of glenohumeral osteoarthritis has been estimated as
high as 26%.> Articular cartilage damage leads to the devel-
opment and furthers the progression of osteoarthritis, per-
sisting shoulder pain. New treatment strategies are being
pursued in translational large animal models to improve
rotator cuff repair prior to incorporation into human clinical
trials.>!! However, these studies largely focus on healing of
the humeral tendon-bone enthesis and typically neglecting
the neighboring articular cartilage.
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Figure |. Experimental methods and timeline. Q = quadrant; ROls = regions of interest; sGAGs, sulfated glycosaminoglycans; CT

= computed tomography.

Ovine orthopedic models offer an opportunity to investi-
gate novel cartilage healing and rotator cuff repair approaches
due to their similar joint size and body weight as humans. %12
Articular cartilage has different compositional attributes
across surfaces to accommodate for particular demands
within the joint, which is recognized across human and ani-
mal joints.'*!¥ Due to comparative musculoskeletal features
across mammalian species, the site of preclinical testing in
research animals is frequently adapted to the anatomically
analogous site in humans. For example, the stifle (knee)
joint in sheep is commonly used for preclinical testing of
devices intended for use in human knees.!*?> Despite the
common use of ovine preclinical shoulder models to trans-
late these data to humans, there are no data on the topogra-
phy of ovine humeral head cartilage. Enhanced knowledge
of ovine cartilage properties will optimize the implementa-
tion of human-designed medical devices and therapies
researched in sheep and will improve the accuracy of trans-
lation to humans in forthcoming clinical trials.

The objectives of this study were to describe the mechan-
ical, morphological, and biochemical properties from ovine
humeral head cartilage and delineate differences in those
attributes as they exist across the articular surface. We
hypothesized that there will be topographical differences in
these properties between and within surface locations of
ovine humeral head cartilage.

Methods
Study Design and Sample Harvest

Ten glenohumeral joints (5 left, 5 right) were collected from
10 skeletally mature (3+ years of age) Rambouillet

cross-breed ewes euthanized for reasons unrelated to shoulder
joint disease. Shoulders were frozen with surrounding soft tis-
sue intact at —20 °C until the day before testing. Prior to test-
ing, specimens were allowed to thaw completely at room
temperature without compromising tissue integrity in the
planned analyses.?>* After thawing, soft tissue dissection was
performed to expose the joint surface. Gross examination of
the articular surface of the humeral head was performed, and
any shoulder joint surfaces with macroscopic articular carti-
lage or bone abnormalities were excluded. In the first 10 joints
examined, none were excluded due to these criteria. A reus-
able mesh overlay constructed from a pliable fabric was cre-
ated to evenly divide the entire articular surface of the humeral
head into 16 approximately 1 cm? regions of interest (ROIs)
during testing. The same mesh overlay was applied to each
joint surface and examined to ensure consistent locations
were tested across specimens. Joint surface quadrants were
established by grouping the ROIs (4 per quadrant) to depict
anatomically distinct locations (quadrant 1: craniolateral
aspect, quadrant 2: caudolateral, quadrant 3: craniomedial,
and quadrant 4: caudomedial) (Fig. 1). A total of 160 ROIs
(from all 10 limbs) were available for subsequent analysis.
The articular cartilage from each ROI was analyzed for its
mechanical (creep indentation), morphological (articular car-
tilage thickness), and biochemical (sulfated glycosaminogly-
can [sGAG] and collagen) properties.

Mechanical Testing

Mechanical evaluation was accomplished using macro
indentation on the intact articular surface.»?* The intact
humeral head was secured into a multiaxial vice ensuring
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even contact between the articular cartilage and the indenter
tip (perpendicular to the load axis). Testing was performed
under force control using a 3-mm hemispherical indenter
attached to a 100 N load cell and servohydraulic material
testing system (MTS 858, Mini Bionix II, Scotia, NY).!
Hydration of articular cartilage was maintained during test-
ing using a 400 mOsm preservative saline solution that con-
tained nonspecific protease inhibitors, antibiotics, and
antimycotics (5 mM Benzamidine HCI, 5 mM EDTA,
Sigma-Aldrich, St. Louis, MO; 1x Antibiotic-Antimycotic,
Life Tech, Carlsbad, CA) to minimize autolysis during test-
ing. Each test was performed by placing the actuator per-
pendicular to the ROI (approximately 2 mm from the
surface) and then ramped at a rate of .025 mm/s until a pre-
load of .05 N was achieved. The preload was held for 100
seconds, after which the load was increased at a rate of .1
N/s to .8 N and allowed to creep for 100 seconds.'® The
recovery curve data (displacement vs. time) were used to
calculate percent creep at each ROI. Creep was normalized
to the measured displacement during testing at the end of
preload to account for variation between samples.”
Following mechanical testing, an oscillating saw was used
to score samples along the template lines into the subchon-
dral bone plate thus physically delineating and enabling
accuracy of each ROI for each subsequent analysis.

Articular Cartilage Thickness Assessment

En bloc humeral heads were equilibrated for 12 hours in an
iodinated contrast medium solution (24 mg iodine/mL,
Omnipaque, GE Healthcare, Milwaukee, WI). Following
equilibration, the samples were placed into the uCT scan-
ning chamber (uCT80; Scanco Medical, Briittisellen).'%?
All samples were scanned in the same orientation.
Preservative saline-soaked gauze was placed in the scan-
ning chambers, which were then sealed with paraffin wax to
prevent articular cartilage desiccation during scanning. The
UCT scan (UCT80; Scanco Medical) was completed at 20
um? voxel dimensions with 70 kVp energy, 114 pA inten-
sity, and 300 ms integration time. Average cartilage thick-
ness of each ROI was determined by measuring the distance
from the subchondral bone perpendicular to the articular
surface at 5 random locations within each given ROI by a
single investigator with 7 years of quantitative imaging
analysis expertise, and all measurements were performed
on the same day. The 5 measurements were averaged to pro-
vide a mean articular cartilage thickness at each ROIL.
Measurements were obtained using commercially available
software (Scanco Evaluator application; Scanco Medical).

Biochemical Assays

Following uCT imaging, the humeral head was submerged
overnight in a 500 mL bath containing the preservative

saline solution to remove contrast media prior to biochemi-
cal testing. This approach has been shown to extract con-
trast media from the articular cartilage.”® The articular
cartilage from each ROI was excised from the subchondral
bone using a scalpel blade. Resulting cartilage samples
from each ROI were then weighed to obtain a hydrated
(wet) weight, lyophilized for 24 hours, and reweighed to
determine a dry weight. Samples were stored at —80 °C
until all 160 samples were collected and could be analyzed
simultaneously. The lyophilized samples were digested
overnight in a proteinase K solution (100 pg/mL, Fisher
Scientific, Hampton, NH) at 60 °C. Once particulate sam-
ples were fully digested, the sGAG and total collagen con-
tent of each sample were quantified using a
1,9-dimethylmethylene blue binding assay (DMMB)*?’
and a hydroxyproline assay,?®?° respectively. For sGAG
quantification, samples were analyzed in triplicate and eval-
uated on a microplate reader (SpectraMax M3; Molecular
Devices, Sunnyvale, CA) at 530 nm. Samples were aver-
aged and compared with a standard curve of chondroitin
sulfate C (C6737; Sigma-Aldrich, St. Louis, MO). Samples
with R? < .95 or a coefficient of variation >10% between
replicates were re-analyzed. The sGAG content of each
ROI was reported as a mean and normalized to the wet
weight of the sample. For collagen analysis, samples were
hydrolyzed in 12.1 N HCI for 16 hours at 110°C and then
evaporated on a heating block at 60°C overnight. Samples,
along with known hydroxyproline standard concentrations,
were plated in duplicate. Chloramine T reagent (50 mM,
857319, Sigma-Aldrich) was added and incubated for 20
minutes at 25°C. Then, the 4-dimethyl-aminobenzaldehyde
reagent (1 M, 156477, Sigma-Aldrich) was added and incu-
bated at 60°C for 15 minutes followed by 5 minutes at 25°C.
The plates were then read at 550 nm. Hydroxyproline con-
centrations for each sample were determined from the stan-
dard curve. Total collagen was determined using an
established conversion (8.2 mg hydroxyproline/mg colla-
gen)*® recorded as a mean and standardized to tissue dry
weight.

Data and Statistical Analysis

Continuous data were represented as mean * SD. For each
variable, comparisons were made between quadrants using a
mixed model analysis. Fixed effects included surface quad-
rant, ROI, and surface quadrant*ROI interaction. Limb num-
ber and limb number X surface quadrant were random effects
to account for repeated measures. Tukey-Kramer adjustments
were applied to account for bias from multiple comparisons.
Mixed model analysis assumptions were assessed based on
visual inspection of residual diagnostic plots. Correlations
between parameters were calculated accounting for repeated
measures on subjects’' and correlation strength characterized
(slight: 0-.2, fair: .21-.4, moderate: .41-.6, strong: .61-.8, very
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Figure 2. Topographical distribution of percent creep of articular cartilage across the ovine humeral head. The mean values are
reported along with an applied color map displaying the range of values (left). The histogram (right) represents overall comparisons
made between quadrants. Data values are mean = standard deviation. Q = quadrant.

strong: .81-1.0).% Statistical analyses were accomplished
using SAS (SAS University Edition, v9.2; SAS Institute Inc.,
Cary, NC) and significance was defined at P < 0.05.

Results

Mean percent creep values ranged from 48% to 115% and
the overall average of all ROIs was 78% = 29% (Fig. 2).
Mean percent creep at quadrant 1 (105% = 24%) was sig-
nificantly higher than quadrant 2 (82% = 25%, P < 0.0001),
quadrant 3 (73% = 21%, P < 0.0001), and quadrant 4 (54%
* 22%, P < 0.0001). Mean percent creep in quadrant 4 was
significantly lower than quadrant 2 and quadrant 3 (both P
< 0.0001). There were significant differences among ROIs
within quadrant 1 (P = 0.04), quadrant 3 (P = 0.034), and
quadrant 4 (P = 0.04) (Suppl. Fig. S1).

Mean articular cartilage thickness values ranged from
0.66 to 0.92 mm and the overall average of all ROIs was
0.79 mm * 0.13 mm (Fig. 3). Mean thickness at quadrant 1
(0.739 mm = 0.120 mm) was significantly thinner than
quadrant 2 (0.810 mm * 0.132 mm, P = 0.006) and quad-
rant 4 (0.862 mm = 0.121 mm, P < 0.0001). The thickness
in quadrant 4 was significantly thicker than quadrant 2 (P =
0.039) and quadrant 3 (0.758 mm = 0.103 mm, P <
0.0001). Mean articular cartilage thickness in quadrant 2
was thicker than quadrant 3 (P = 0.045). There were sig-
nificant differences among ROIs within quadrant 1

(P = 0.020), quadrant 2 (P = 0.0006), and quadrant 4
(P = 0.005) (Suppl. Fig. S1).

Mean sGAG content values ranged from 1.9% to 4.8%
wet weight and the overall average of all ROIs was 3.4% =
1.6% (Fig. 4). Mean sGAG content at quadrant 4 (3.9% =
1.8%) was significantly higher than quadrant 1 (2.8% =
1.3%, P = 0.0005) and quadrant 3 (3.3% = 1.5%, P <
0.05). There were significant differences among ROIs
within quadrant 1 (P = 0.003), quadrant 3 (P < 0.0001),
and quadrant 4 (P = 0.007) (Suppl. Fig. S1).

Mean collagen content values ranged from 25% to 42%
dry weight and the overall average of all ROIs was 34% =
16% dry weight (Fig. 5). There were significant differences
among ROIs within quadrant 2 (P = 0.037) (Suppl. Fig.
S1).

There was a fair correlation between collagen content
and creep (r = 0.32, P = 0.0009), a slight negative correla-
tion between collagen content and sGAG (r = —0.19, P =
0.049), and between collagen content and thickness (r =
—0.19, P = 0.04). There was a fair negative correlation
between creep and sSGAG (r = 0.32, P = 0.0001).

Discussion

This study characterized the topographical properties of
ovine humeral head cartilage and revealed that locations
across the surface vary in their mechanical, morphologic,
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Figure 3. Topographical distribution of articular cartilage thickness of articular cartilage across the ovine humeral head. The mean
values are reported along with an applied color map displaying the range of values (left). The histogram (right) represents overall
comparisons made between quadrants. Data values are mean * standard deviation. Q = quadrant.
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CARTILAGE

Cranial

25% (dry weight)

45% (dry weight)

*P<0.05
**P<0.0001

60 1

50 1

40 1

30 1

Collagen (% dry weight)

1 2 3 4
Quadrant

Figure 5. Topographical distribution of collagen content of articular cartilage across the ovine humeral head. The mean values are
reported along with an applied color map displaying the range of values (left). The histogram (right) represents overall comparisons
made between quadrants. Data values are mean * standard deviation. Q = quadrant.

and biochemical attributes. The frequency of concurrent
articular cartilage damage in rotator cuff injury and the
prevalence of shoulder osteoarthritis raises awareness of the
quality and integrity of this joint tissue in preclinical stud-
ies. In part, the data from this study supported our hypoth-
esis. We found that mean percent creep, thickness, and
sGAG content, but not collagen content, of articular carti-
lage of the humeral head varied between surface quadrants.
In addition, subregion analysis of the ROIs within each sur-
face quadrant revealed differences in all variables within at
least one quadrant.

Thickness of ovine cartilage varied across the surface,
while variation in human humeral head cartilage thickness
has been reported.>*3% Generally, articular cartilage thick-
ness of the humeral head in humans (average 1.2 mm)**-3? is
thicker than was measured from sheep in this study (aver-
age 0.79 mm). In this study, cartilage thickness was signifi-
cantly different between quadrants, though the mean
difference between ROIs in our study was 0.1 to 0.2 mm
(~12%-27% of average thickness), whereas 0.5 to 0.8 mm
difference (~42%-66% of average thickness) has been
reported in humans.? The thickest portion of humeral head
cartilage in humans is localized to the central and superior
portions.>>* In this study, the central portion was not the
thickest and the caudal portion (analogous to the posterior
location in humans) had slightly thicker cartilage relative to
other locations. Despite these nuances, varying methods are

used to measure cartilage thickness in human and animal
models challenging the direct comparisons between stud-
ies.!8333 Variability in resolution and processing of the
used method, whether it be needle penetration, MRI, micro—
computed tomography (micro-CT), or histology,'®!7-1941-43
can influence outcomes and comparisons between studies
should be made recognizing this caveat.

Proteoglycan quantity varied across the surface of the
ovine humeral head. The central and caudal (posterior) por-
tions had the highest sGAG content on a wet weight basis.
These findings could suggest that higher areas of weight
bearing loads may occur at these locations compared with
the anterior surface. However, the positive correlation
between sGAG content and stiffer cartilage is observed in
some,>* but not all studies.* This inconsistency could be
attributed to variations among animals and joints used or
other cartilage constituents that influence the mechanical
behavior of cartilage. Using this identical methodology and
age-, sex-, and breed-matched sheep used in this study,"
sGAG quantity of articular cartilage in the ovine knee was
similar to the humeral head. The similar proteoglycan den-
sity between ovine knee and shoulder cartilage could be
explained by the quadrupedal stature of sheep, where tho-
racic and pelvic limbs both experience weight-bearing
loads. However, SGAG values are also similar between
human shoulder and knee cartilage.'>!'® In humans, proteo-
glycan type but not the amount varies between joints.'?
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Shoulder joint cartilage has larger proteoglycans with
increased chondroitin sulfate-rich regions compared with
the knee and hip.'® Proteoglycan types as they exist in non-
human mammalian joints require further investigation.
Despite structural differences observed on safranin-O his-
tology, sGAG quantity and synthesis are not different
between human knee, ankle, and shoulder joint cartilage.'®
Chubinskaya et al.'® reported that sGAG quantity normal-
ized to DNA content was higher in articular cartilage of the
humeral head and glenoid when compared with the distal
femur or talus, though this did not reach statistical signifi-
cance.'® Notably, these studies'>'® report sGAG as a global
representation or single site over the surface and do not take
into account the topographical distribution. The inequalities
of methods used to measure sGAG and normalization prac-
tices limit accurate comparisons between studies.

Biomechanical variation in cartilage occurs across the
ovine humeral head. The mechanical behavior of articular
cartilage is complex—displaying anisotropy, inhomogene-
ity, and tension-compression nonlinearity—with some stud-
ies reporting aggregate or equilibrium compressive modulus
and others reporting creep.'?#!4047 While creep represents
cartilage deformation at a constant load (with lower values
indicating less deformation and a higher resistance to load-
ing), aggregate modulus represents cartilage stiffness at
equilibrium (higher values indicate less deformation and a
higher resistance to loading). We chose to measure creep as
ameasure of mechanical behavior of cartilage as this identi-
cal methodology was used by our group previously for top-
ographic mapping'® and would enable consistent
comparisons between those data and this study. Although
this methodology enabled efficiency to perform multiple
assessments on the same ROI, allowed us to capture differ-
ences in mechanical properties and an ability to directly
compare data,'® creep values do not solely represent the
complex mechanical behavior of cartilage.*®*° The central
portion of ovine humeral head cartilage varied from 48% to
95% creep and the craniolateral quadrant had the highest
mean percent creep, relative to the other sites. The caudo-
medial aspect of sheep humeral head cartilage had the low-
est mean percent creep, whereas the central portion in
humans*® had the highest reported compressive modulus. In
human cadaveric joints, articular cartilage evaluation of
material (compressive) constants is different between gle-
noid and humeral head sites.*® While the anterior surface of
the humeral head had lower compressive modulus and the
central region had the highest mean compressive modulus,
direct comparisons within humeral head sites were not
clearly outlined in this human cadaveric study.*® The topo-
graphical differences between studies could be attributed to
slight variations in mechanical testing protocols, bipedal
versus quadrupedal stature of the species, or variations in
articular cartilage thickness and composition of the under-
lying subchondral bone.

Topographical variations were observed in this study,
though there are limitations to these data. Healthy, skele-
tally mature ewes were used to characterize cartilage and
the determination of cartilage integrity was ascertained by
visual inspection and through scrutiny of the outcome mea-
sures collected. Nonetheless, subtle degeneration may have
gone unnoticed. Many of the studies using human joints use
this same process to define healthy cartilage despite collec-
tion of cadaveric tissues from an aged population.*®*” The
limited availability of young human glenohumeral cartilage
in research challenges the ability to make accurate age-
matched comparisons between species. Considering the fre-
quency of shoulder osteoarthritis and that human cadaveric
samples are usually obtained from older donors, ecarly
degenerative cartilage could be mistaken for healthy using
macroscopic evaluation alone. In this study, a statistically
significant difference was observed between quadrants and
among ROIs within quadrants, though statistical differ-
ences do not equate to biological differences and the magni-
tude of these changes must be interpreted in context with
how these data are used.

Preclinical ovine models of orthopedic disease are preva-
lent in medical research and these data define articular carti-
lage properties across the surface of the ovine humeral head.
Therapeutic interventions or medical devices that are opti-
mized for addressing degenerative cartilage or that rely on
specific mechanical or biochemical attributes of cartilage
adjacent to the device would benefit to integrate this infor-
mation, ensuring that study objectives are applicable to the
translational model used. Noting the variations in mechani-
cal, structural, and biochemical properties across the articu-
lar surface will improve our understanding of ovine cartilage
in orthopedic research, ensuring that these attributes are con-
sidered for the optimization of future experimental studies.
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