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ARTICLE INFO SUMMARY
Article history: Objective: To investigate whether tibiofemoral alignment influences early knee osteoarthritis (OA). We
Received 20 July 2023 hypothesized that varus overload exacerbates early degenerative osteochondral changes, and that valgus
Accepted 18 February 2024 underload diminishes early OA.

Method: Normal, over- and underload were induced by altering alignment via high tibial osteotomy in adult
Keywords: sheep (n = 8 each). Simultaneously, OA was induced by partial medial anterior meniscectomy. At 6 weeks
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postoperatively, OA was examined in five individual subregions of the medial tibial plateau using Kellgren-
Lawrence grading, quantification of macroscopic OA, semiquantitative histopathological OA and im-
Unloading munohistochemical type-II collagen, ADAMTS-5, and MMP-13 scoring, biochemical determination of DNA
Large animal model and proteoglycan contents, and micro-computed tomographic evaluation of the subchondral bone.
Osteochondral unit Results: Multivariate analyses revealed that OA cartilaginous changes had a temporal priority over sub-
chondral bone changes. Underload inhibited early cartilage degeneration in a characteristic topographic
pattern (P > 0.0983 vs. normal), in particular below the meniscal damage, avoided alterations of the sub-
articular spongiosa (P > 0.162 vs. normal), and prevented the disturbance of otherwise normal os-
teochondral correlations. Overload induced early alterations of the subchondral bone plate microstructure
towards osteopenia, including significantly decreased percent bone volume and increased bone surface--
to-volume ratio (all P < 0.0359 vs. normal).
Conclusion: The data provide high-resolution evidence that tibiofemoral alignment modulates early OA
induced by a medial meniscus injury in adult sheep. Since underload inhibits early OA, these data also
support the clinical value of strategies to reduce the load in an affected knee compartment to possibly
decelerate structural OA progression.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Meniscus injury predisposes for early-stage knee osteoarthritis
(OA).""7 Lower limb alignment in the frontal plane influences the
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towards normal.'® For early-stage OA, any potential relationship
between over- and underload and its development following a
medial meniscal injury remains elusive.

In this study, tibiofemoral alignment was surgically modified to
neutral, varus over- and valgus underload in a sheep model of early
OA induced by a medial meniscus injury. We hypothesized that
overload exacerbates topographic early degenerative osteochondral
changes of the medial tibial plateau, and that underload reduces the
development of early OA.

Methods
Experimental design

The effects of normal load, varus overload and valgus underload
on early OA (Fig. 1A)'® were investigated at 6 weeks postoperatively.
Biplanar osteotomies of the right proximal tibiae (HTO) were per-
formed in adult sheep in a standardized fashion, resulting in neutral
alignment, 4.5° tibial varus, and 4.5° tibial valgus, followed by a
partial anterior medial meniscectomy (pMMx). The unoperated
contralateral left knees served as controls.

At 6 weeks, all animals were euthanized and OA was quantified
by radiography, macroscopy, semiquantitative histopathological
scoring, immunohistochemistry, biochemistry, and microcomputed-
tomography (micro-CT). Reproducibility of micro-CT measurements
was confirmed previously.® Kellgren-Lawrence (KL) grading of X-ray
images was repeated by 2 blinded observers, resulting in similar
scores. For histological analysis and semiquantitative scoring, 3
technical repeats (sections) per sample were examined, giving si-
milar results. No outliers or other observations were removed in any
of the experimentation shown. Data were always collected blindly
and decoded after analysis.

Large animal experiments

Animal experiments were performed according to the German
legislation on protection of animals and approved by the Saarland
University Animal Committee (43/2015). Sample size (n =24 sheep)
was calculated as described previously.®'®'® All left knees served as
unoperated controls (n=24, normal, Supplementary Fig. 1), right
knees were randomly assigned into 3 treatment groups: HTO
without axial change (n =8, neutral OA), increased load (n =8, varus
OA) and reduced load (n =38, valgus OA) (Fig. 1B). Criteria for exclu-
sion were infection or persistent lameness, which no animal met.
Following 12 h of fasting, healthy female merino ewes (n =24, mean
age 12-20 months, body weight 70 + 20kg, exclusion of radio-
graphic OA) were sedated, received general anesthesia, and under-
went surgery.®'® Briefly, using an anteromedial approach, a medial
biplanar osteotomy of the right proximal tibia was performed and a
small stature TomoFix plate fixator (DePuy Synthes, Tuttlingen,
Germany) was applied.'®?°~2? Subsequently, the anterior horn of the
medial meniscus was resected.®'® The joint was rinsed thoroughly,
incisions were closed in layers and a spray bandage was applied.
Postoperatively, 3 ml of 0.25% fenpipramide/levomethadone (MSD,
UnterschleiBheim, Germany) and amoxicillin clavulanate (30 mg/kg
body weight)(Pfizer, Berlin, Germany) were administered. The fol-
lowing experimental groups with pMMx and HTO were tested: (i)
HTO without changing the axial alignment (neutral OA, n=8), (ii)
closing wedge HTO inducing 4.5° tibial varus (varus OA, n=8), (iii)
opening wedge HTO inducing 4.5° tibial valgus (valgus OA, n=8)."®
The animals were directly allowed full weight bearing. After
6 weeks, ewes were euthanized and the medial tibial plateaus were
evaluated.

Radiographic analysis

After resection of the knee joints, anteroposterior radiographs
were acquired using an Arcadis Varic image intensifier (Siemens,
Erlangen, Germany). Images were evaluated according to the semi-
quantitative KL grading system”?’> by 2 independent, blinded ob-
servers (J.R., LK.H.G.). Disagreements were resolved by a third
observer (H.M.).

Macroscopic grading of OA and definition of topographic subregions

Areas of the medial tibial plateau affected by OA were visualized
by India ink staining.’* The medial tibial plateau was divided into 5
zones to allow for detailed topographic analyses:® anterior periph-
eral and central (each 50% of anterior tibial plateau width), inter-
mediate peripheral and central (40% and 60% of tibial plateau width,
respectively), and posterior zone. To acquire standardized pictures a
Canon PowerShot A480 camera (Canon, Tokyo, Japan) was used with
50 cm distance to the sample, and standard illumination. CellSens
software (Olympus, Hamburg, Germany; version 1.12) was applied
for evaluation of the affected area by 2 blinded observers (J.R., T.O.).
The severity of OA was graded according to the International Carti-
lage Regeneration & Joint Preservation Society (ICRS) Cartilage Injury
Evaluation Package by a blinded observer (T.0.).*

Micro-CT imaging

Ovine tibial plateaus (n =48 total, including n =24 controls, n=8
neutral OA, n =38 varus OA, n =8 valgus OA) were scanned in air in a
micro-CT scanner (SkyScan 1176, Bruker micro-CT, Kontich, Belgium;
90kV tube voltage; 278 pA current; 18 um isotropic resolution;
combined 0.5 mm aluminum/copper filter; 0.4° intervals; 270 ms
exposure time, 3 averaging frames) and reconstructed with NRecon
(v. 1.7.0.4, Bruker micro-CT). After identical rotation of the datasets,
coronal images were saved (DataViewer software v. 1.5.2.4, Bruker
micro-CT).%¢

Volumes of interest (VOIs) of the 5 subregions were marked se-
parately. The following parameters were determined in all VOIs
using the software CTAnalyzer (v. 1.16.4.1, Bruker micro-CT): Bone
mineral density (BMD), percent bone volume (BV/TV), bone surfa-
ce-to-volume ratio (BS/BV) and bone surface density (BS/TV).
Percentage of closed pores (Po(cl)) were calculated only for the
subchondral bone plate. The trabecular thickness (Tb.Th), trabecular
separation (Tb.Sp), trabecular number (Tb.N), trabecular pattern
factor (Tb.Pf), structure model index (SMI), degree of anisotropy
(DA), fractal dimension (FD) and connectivity density (Conn.Dn)
were assessed only for the subarticular spongiosa.’®

Subchondral bone plate and cartilage thickness was measured
manually in three-thirds (outer, middle, inner) of each subregion. For
3-dimensional (3D) reconstruction of the micro-CT image sets and
modeling of trabecular thickness CTVox v. 3.2.0 (Bruker micro-CT)
was used.”® To generate a 3D model of the porosity of the sub-
chondral bone plate CTVol v. 2.3.2.0 (Bruker micro-CT) was applied.®
Evaluations were performed by 2 blinded observers (J.R., T.O.).

Semiquantitative histological scoring

Paraffin-embedded samples were sectioned (5um) at constant
positions corresponding to the previously described regions. A total
of 1200 sections (including immunohistochemistry) were analyzed.
Safranin O/fast green (n=720: 3 technical repeats for each of the 5
subregions of n=24 normal, n=8 neutral OA, n=8 varus OA, and
n =8 valgus OA samples) and Masson-Goldner trichrome (n =240: 1
technical repeat for each of the 5 subregions of n=24 normal, n=8
neutral OA, n=8 varus OA, and n=8 valgus OA samples) stained
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sections’* were evaluated with the Osteoarthritis Research Society
International (OARSI) grades (values increase with OA severity)?’
and stage, modified after Pritzker et al. 2006>’ (based on the extent
of macroscopic India ink staining) by 2 blinded observers (J.R., T.O.;
mean values were used) selected because of its capability to detect
early OA.”®° The resulting score equals grade x stage, where stage
is the extent of OA: stage 1 < 10%; stage 2 10-25%; stage 3 25-50%;
stage 4 > 50% involvement.”’

Mean values of the analyzed sections were calculated for further
analyses. Pictures were obtained with an Olympus BX45 microscope
and processed with Photoshop CS5 (Adobe, San Jose, CA, USA).

Immunohistochemistry

Immunohistochemical determination of type-Il collagen,
ADAMTS-5, and MMP-13 expression was conducted on paraffin-
embedded sections (n=384) using a 1/45 dilution of a monoclonal
mouse anti-type-II collagen IgG (AF5710; Acris, Herford, Germany),
a 1/50 dilution of a polyclonal rabbit anti-ADAMTS-5 IgG (AB
231595, Abcam, Germany), a 1/100 dilution of a polyclonal rabbit
anti-MMP-13 IgG (PA5 - 27242; Invitrogen, Germany), and a bioti-
nylated secondary anti-mouse or anti-rabbit antibody (BA-9200 or
BA-1000; Vector Laboratories, Burlingame, CA, USA).>! A standar-
dized semiquantitative score was used to compare the im-
munoreactivity to type-II collagen, ADAMTS-5, and MMP-13 in the
treated right knees of each animal (score 0 =no immunoreactivity;
1=weaker; 2 =similar; 3 = stronger immunoreactivity) with that of
the corresponding normal left knees serving as an internal control
(always score 2), by a blinded observer (J.R. or T.O.).

Biochemical analyses

Cartilage samples were harvested from the anterior part of the
intermediate subregions, snap-frozen in liquid nitrogen and stored
at -80°C until use. Samples were digested in papain (0.5 mg/ml;
overnight at 65°C) to monitor the DNA contents by the Hoechst
33258 fluorometric assay,*” the proteoglycan contents by binding to
dimethyl methylene blue dye (DMMB; Serva, Heidelberg, Germany),
and the total cellular protein contents for normalization by using a
reliable BCA assay (Pierce BCA Protein Assay Kit, ThermoFisher Sci-
entific,c, Waltham, MA, USA; #23225).°? All measurements were
performed using a GENios spectrophotometer/fluorometer (Tecan,
Madnnedorf, Switzerland) by a blinded observer (T.O.).

Statistical analysis

To test normal distribution, the Shapiro-Wilk normality test was
used. Comparing statistical significance depending on a normal dis-
tribution, One Way Analysis of Variance (ANOVA) followed by the
Tukey test for all pairwise multiple comparisons or Kruskal-Wallis One
Way ANOVA followed by Dunn'’s test for all pairwise multiple com-
parisons were used, and multiplicity adjusted P values were reported.
To test osteochondral correlations, Pearson correlation coefficient (r)
was calculated. Heat maps were created with Morpheus (https://
software.broadinstitute.org/morpheus). Multivariate analyses were
performed for all available bone and cartilage parameters of the re-
levant individual subregions of the samples as described previously.®!*
Principal components analysis (PCA) with a variance-covariance matrix
routine, hierarchical cluster analysis with Ward’s method and Eu-
clidean similarity index, and one-way permutational multivariate
analysis of variance (PERMANOVA) with Euclidean similarity index

were used, and considering multiplicity issues, the Bonferroni-cor-
rected P values were reported.” All calculations were performed with
Prism v. 8.2.1 (GraphPad Software Inc., San Diego, CA, USA), or Past v.
4,04;> P < 0.05 was considered statistically significant. Data was ex-
pressed as mean * SD. Box plot diagrams always show the 75th and
25th percentiles (upper and lower borders of the boxes), the minimum
and maximum (whiskers), the mean value (+), the median (middle
line), and the individual data points (dots).

Results
Early cartilage degeneration is reduced by unloading

After 6 weeks, KL grades ranged from O to 2 and were not sig-
nificantly different between the 4 groups (all P>0.1315) (Fig. 1C, D).
The anterior subregions displayed the most prominent early OA
changes versus normal in all 3 OA groups as determined by mac-
roscopic and microscopic analyses. The anterior central subregion
was always predominantly affected (Fig. 1A). When valgus OA was
compared with normal, areas affected by macroscopic OA of either
the entire medial tibial plateau or the anterior peripheral subregion
(Fig. 1A) did not differ significantly (P>0.0983) (Fig. 1E). The OA-
affected areas within the same subregions of neutral and varus OA
knees were always significantly greater than in normal (P <0.0045)
(Fig. 1E). Significantly less OA was found in the intermediate per-
ipheral region of valgus OA than in that of the normal (P<0.0383)
and neutral OA groups (P<0.0447) (Fig. 1E). Significantly more se-
vere macroscopic cartilage damage in neutral OA developed in the
anterior peripheral subregion (P=0.0153), and in all treatment
groups in the anterior central subregion (P<0.0047) than in normal
(Fig. 1F). The histopathological cartilage grades and scores”’ in the
anterior peripheral subregions were significantly worse in neutral
and varus OA compared to normal (P<0.0051) (Fig. 1G-I). The his-
topathological cartilage structure in valgus OA did not differ sig-
nificantly from normal (P=0.1012). Mostly unaltered cartilage
thickness (Fig. 1]), significantly lower in the peripheral (meniscus-
covered) regions compared to the central regions in most groups
(P<0.0288) (Fig. 1]), and changed biochemical composition, in-
cluding reduced type-Il collagen immunoreactivity in neutral OA
compared to all other groups in the anterior central subregion
(P<0.0078) (Fig. 2A, B) (Supplementary Figs. 2-3) were revealed.
Underload resulting from valgus OA caused a lower DNA content in
the antero-intermediate central subregion (P=0.0036) (Fig. 2C).
Immunoreactivities in the anterior central subregion to ADAMTS-5
were significantly higher in neutral and varus OA versus normal
(P=0.01) and significantly lower in valgus versus normal and varus
OA (P=0.0191). Immunoreactivities to MMP-13 were significantly
higher in neutral and varus OA versus valgus OA (P<0.0472)
(Fig. 2D-G).

Unloading reverses early OA subchondral bone remodeling

Only varus overload induced a significant early reduction in the
percent bone volume (BV/TV) of the subchondral bone plate
(P<0.0218), together with other microstructural changes, among
which bone surface density (BS/TV), bone surface-to-volume ratio
(BS/BV), and bone mineral density (BMD) in certain subregions
versus normal (all P<0.0359) (Fig. 3A-C, Supplementary Fig. 4).

In the subarticular spongiosa, OA both in neutral and varus
alignment induced significant (P<0.0469) microstructural changes
compared to normal (Fig. 3,A, D-G), mostly in the anterior
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Tl

Macroscopic and microscopic osteoarthritic changes of the articular cartilage. (A) Effect of partial anterior medial meniscectomy (pMMx; arrow
shows the movement of the destabilized meniscus) and subregions in the medial tibial plateau. (B) Treatment groups with altered axial alignment.
Gray line indicates the weight bearing axis. (C) Representative x-ray images (normal is mirrored) and (D) Kellgren-Lawrence grades® (boxes:
75th-25th percentiles, whiskers: minimum and maximum, middle line: median, +: mean, dots: individual data points). (E) Extent of macroscopic
OA lesions and (F) ICRS grading. (G) Representative safranin O stained histological sections from the anterior region, (H) OARSI grades®’ and (1)
OARSI scores.”’ (J) Articular cartilage thickness measured with micro-CT. No inter-group differences were detected with ANOVA (P > 0.05);
peripheral vs. central regional differences were determined with paired T-test or Wilcoxon test. Abbreviations: a, anterior; d, distal; |, lateral; m,
medial; MCL, medial collateral ligament; p, posterior; pr, proximal. Normal, n = 24; treatment groups, n = 8 each. P values were determined with

ANOVA or Kruskal-Wallis ANOVA.

subregions, including significantly lower BV/TV, trabecular thickness
(Tb.Th), and fractal dimension (FD) (P<0.0469) (Fig. 3B-E), and
higher BS/BV (P<0.0289) (Fig. 3D-G, Supplementary Fig. 5). As op-
posed to neutral and varus OA, no significant differences from
normal were found in valgus OA in BV/TV, Tb.Th, FD, BS/BV, trabe-
cular pattern factor (Tb.Pf), and structure model index (SMI), (all
P>0.162) (Fig. 3D-G, Supplementary Fig. 5) in any of the examined
subregions.

Multivariate and correlation analyses indicate decelerated early OA
following unloading

Principal components analysis (PCA) supported by one-way
permutational multivariate analysis of variance (PERMANOVA) of
the articular cartilage exposed a clear separation between normal
controls and the three treatment groups (all P=0.001) (Fig. 4A,
Supplementary Fig. 6). Unloading from valgus OA showed a greater
degree of similarity (F=13.42, P=0.001) to normal than neutral and
varus OA (F>18.90, P=0.001) (Fig. 4A). When subchondral bone
parameters were considered, all groups mostly overlapped (Fig. 4B,
Supplementary Fig. 6). Although none of the groups differed from
each other significantly (P>0.109), valgus unloading was also the
most similar to normal (F=0.84, P=1.000) (Fig. 4B).

In the combined anterior subregions of normal knees, correla-
tions between the osteochondral parameters were tested without a
priori exclusions, and 106 out of the n=253 comparisons were sig-
nificant (P < 0.05). Seventy of the correlations were significant in
neutral OA; 68 in varus OA; and 91 in valgus OA (Fig. 4C). The sig-
nificant positive correlations between subchondral bone plate and
cartilage thickness (Fig. 4D), and subarticular spongiosa BMD and
Tb.Th (Fig. 4E), typical features of a normal osteochondral unit
(r=0.511 to 0.759, P<0.0002), became non-significant in neutral
(r=0.129 to 0.388, P>0.138) and varus OA (r=0.144 to 0.489,
P>0.055). In valgus OA such pathological disturbances were pre-
vented (r=0.616 to 0.641, P<0.011) (Fig. 4D, E).

Comparison of the early and mid-term patterns of load modulation

Finally, these early effects were compared with the data from a
mid-term study (endpoint: 6 months) that was performed pre-
viously with an identical study design.'® In the articular cartilage we
observed worse macroscopic ICRS scores and thickening of the ar-
ticular cartilage at 6 months in the neutral and varus OA groups,
while valgus OA prevented such changes (Fig. 5A-C). In the sub-
chondral bone plate, at 6 weeks, reduced thickness and increased
bone surface was found mostly in the varus and in some degree at
the valgus OA groups, and lower BMD only in the varus OA group. In
contrast, at 6 months slightly increased bone mass and reduction of

the bone surface and pores was combined with a lower BMD in all
groups (Fig. 5A-C).'® In the subarticular spongiosa, at 6 months, a
general loss of trabecular volume and structural complexity was
observed in all treatment groups, while at the early, 6 weeks time
point these changes only partly developed, and in the valgus un-
loading group they were mostly completely absent (Fig. 5A-C).

Discussion

This study makes several major contributions to understand how
early OA induced by a medial meniscus injury is modulated by ti-
biofemoral alignment in a clinically relevant ovine model: Early
cartilaginous changes have a temporal priority over subchondral
bone changes. Overload considerably alters the subchondral bone
plate microstructure toward osteopenia (decreased BV/TV, thick-
ness, BMD, and increased BS/BV, BS/TV). Underload inhibits early
cartilage degeneration in a characteristic spatial pattern, in parti-
cular in the area below the meniscal damage, avoids modifications of
the subarticular spongiosa, and prevents the disturbance of other-
wise normal osteochondral correlations. When compared with the
results at 6 months, unloading prevented the aggravation of the ar-
ticular cartilage damage, while it was only temporarily capable of
altering the pattern of osteoporotic changes in the subarticular
spongiosa.

Detailed topographical consequences on both components of the
osteochondral unit early after OA induction by a meniscus injury are
barely known. In human normal® and late OA*® knees and in normal
sheep,® a specific topographic pattern of sclerotic subchondral bone
and thicker but softer®’ articular cartilage was observed at the me-
niscus uncovered central areas of the tibial plateau. Moreover, re-
gions of meniscus tissue loss in the tibial plateau of patients with
early OA correlated significantly with regions of articular cartilage
damage.® Here, macroscopic and microscopic OA was more pro-
nounced in the (mostly anterior) central area (Supplementary Fig. 7),
suggesting that the remnants of the meniscus retain an ability to
protect, as in human OA.*° Cartilage has been examined after
3 months in sheep after total lateral meniscectomy>®>° and applying
various protocols of medial meniscus injury.” The present multi-
variate analyses indicate that cartilaginous changes have a temporal
priority over subchondral bone changes, considering all associated
parameters. Many of the physiological correlations between char-
acteristic parameters of the components of the osteochondral unit
were already reduced in neutral and varus OA. Interestingly, these
changes were undetectable by KL grading, emphasizing the need for
precise 3D evaluation methods.*’*! In (neutral) OA, articular carti-
lage damage at 6 weeks was characterized by increased expression
of the stress-responsive matrix degrading enzymes MMP-13 and
ADAMTS-5, loss of matrix staining, surface discontinuity, fissures
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Immunohistochemistry of the articular cartilage. (A) Representative immunolabeling of type-Il collagen from the anterior and intermediate

subregions of normal, neutral OA, varus OA and valgus OA samples. Dashed lines indicate the alignment of the images according to the cement
line. (B) Type-Il collagen scores. (C) DNA concentration normalized to the total protein concentration in samples derived from the boundary of
the anterior and intermediate subregions. Representative images from the anterior peripheral and central subregions showing immunoreactivity
to (D) ADAMTS-5 and (E) MMP-13. (F) ADAMTS-5 and (G) MMP-13 scores. Normal, n =24; treatment groups, n=8 each. P values were

determined with ANOVA or Kruskal-Wallis ANOVA.

(reaching the mid zone) and erosion (in a few samples local denu-
dation; corresponding to OARSI grades ranging between 1-6). Of
note, areas with large macroscopic OA (higher OARSI stage) showed
an advanced degree of microscopic cartilage degeneration (higher
OARSI grade), pronouncing the differences between less and more
affected subregions. The subchondral bone microstructure was af-
fected by minor disturbances among which decreased BV/TV, Tb.Th,
FD, and increased BS/BV, that developed in the anterior subregion of
the subarticular spongiosa, possibly reflecting meniscal instability.

Several clinical studies indicate that malalignment positively
correlates with the risk and severity of OA,'*'® facilitates cartilage
thickness loss'” and accelerates its progression.'"'*'®*? Importantly,
overload alone did not evoke OA without an additional injury of the
meniscus in a similar model of modulated alignment.”**> Here,
overload contributed to a considerably weaker subchondral bone
plate microstructure (reflected in decreased BV/TV, thickness, BMD,
and increased BS/BV, BS/TV), besides the cartilage changes. Such
osteopenic changes may preclude subchondral bone plate sclerosis,
an indisputable mark of advanced OA that co-localizes with articular
cartilage loss"*® and that can be reversed by knee joint distraction
(KJD).** An osteopenic early OA subchondral bone morphology was
reported when examining subregional differences human os-
teochondral OA specimen without associated bone marrow lesions
(OARSI grades ~2-3).%° It is possible that the increased local contact
pressures caused by pMMX lead to the osteopenic subchondral bone
plate changes that predispose for subchondral insufficiency frac-
tures, representing an etiological mechanism for osteonecrosis of the
knee.*®

Underload reduced early focal macroscopic and microscopic
cartilage damage at 6 weeks, suggesting an immediate beneficial
structural effect, similar to findings at 6 months,'® and normalized
expression of MMP-13 and ADAMTS-5. Unloading largely prevented
the disturbance of otherwise normal osteochondral correlations. The
severe (67% affected area with erosions of OARSI grade 4) develop-
ment of anterior central OA is likely caused by more meniscal ex-
trusion compared to more posterior subregions which are stabilized
by the medial collateral ligament, the posterior root (Fig. 1A) and
other structures.”” Underload did not compensate for these changes,
only later at 6 months.'® Here, in the anterior central subregion, the
valgus underload group was significantly worse than normal. It did
not differ significantly from neutral OA in macroscopic OA area, ICRS
score, microscopic OARSI grade, OARSI score. Underload significantly
reduced the pathological cell proliferation occurring in neutral early
OA. However, it has to be emphasized that underloading based on
reduced physical activity coupled with low body mass index is
detrimental for the medial tibiofemoral cartilage.”® Thus, from a
clinical point of view, maintaining physical activity is still necessary
to provide for an adequate (dynamic) stimulus to prevent degen-
eration after reducing the magnitude of load.*>°° Unloading also
prevented degradation of the subarticular spongiosa trabeculae, in
contrast to neutral and varus OA. BV/TV, BS/BV, Th.Pf, SMI, Tb.Th, and
FD
of

the subarticular spongiosa were preserved at normal levels in all of
the examined subregions upon unloading. These data provide sup-
porting structural evidence for load-altering therapies, among which
HTO®' or KJD.*?

When early and mid-term'® results were compared, a worsening
articular cartilage degeneration with swelling at mid-term, an in-
creased then decreased bone surface of the subchondral bone plate,
related to the changes of its porosity, and a gradually developing
general loss of trabecular volume and structural complexity in the
subarticular spongiosa were observed in most of the treatment
groups, which effects were largely reduced or at least delayed by
unloading. Additionally, at 6 weeks, overload evoked similar macro-
scopic and microscopic OA changes of the articular cartilage, trabe-
cular alterations of the subarticular spongiosa, and anterior loss of
osteochondral correlations to neutral OA. This is in contrast to those
observed at 6 months, when structural and biochemical changes of
the cartilage were more pronounced after overload than in neutral
OA.'® The high similarity of the different alignments at this early
phase suggests that the effects of overload develop at a lower velocity.

This study has several limitations. Although the data suggest
protective early and mid-term effects of unloading on osteochondral
integrity in an early OA-affected compartment,'® longer-term
follow-up is necessary. Considering that sham-operated knees were
similar to normal controls,” and that sheep undergoing an identical
osteotomy without pMMx did not display significant cartilage®! or
subchondral bone changes®’ between operated and non-operated
knees, no additional sham-operated controls were included. Based
on published evidence®*>° and the lack of precise tools for mea-
suring loading force in vivo, no data on intraarticular load distribu-
tion are provided. Since at the commonly used micro-CT imaging
resolutions the calcified cartilage and subchondral cortical bone
cannot be separated,”’ a separate histological or high resolution
(>2 pm°®) micro-CT analysis of these distinct microanatomic struc-
tures will be useful in future studies. As the relationship between the
amount of antigens and the intensity of immunoreactivity is not
stoichiometric,”” the type-II collagen data should be interpreted
with caution. Areas of positive type-II collagen immunoreactivity
and safranin O staining were not quantified due to the absence of
specific programs allowing to accurately select the articular carti-
lage. Strengths are the precise inductions of tibiofemoral (mal)
alignments in a large animal model highly similar to the clinical
situation, 2 control groups including neutral alignment to rule out
possible confounding effects of the osteotomy, and the extensive
topographical analysis of the entire osteochondral unit at an early
time point. Finally, the data support the value of expressing OA both
in terms of areal coverage (e.g. OARSI stage) and degree (and depth)
of degeneration (e.g. OARSI grade).”’

In conclusion, we provide high-resolution evidence for the mod-
ulation by tibiofemoral alignment of osteochondral changes in early
OA induced by a medial meniscus injury in adult sheep, broadening
our understanding of this important phase. Since underload inhibits
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Structural changes in the subchondral bone. (A) Representative 3D reconstructed micro-CT models showing the morphology of the subchondral
bone plate, subarticular spongiosa, and color-coding of trabecular thickness of the anterior region. Regional analysis of the (B) bone volume
fraction (BV/TV), and (C) bone surface-to-volume ratio (BS/BV) of the subchondral bone plate (SCBP), and (D) BV/TV, (E) trabecular thickness
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the graphs were determined with ANOVA or Kruskal-Wallis ANOVA.
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early OA, these data also support the clinical value of nonsurgical or
surgical strategies to reduce the load in an affected knee compart-
ment to possibly decelerate its structural progression.”®
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