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Site-specific and depth-dependent properties of cartilage were implemented within a finite element (FE)
model to determine if compositional or structural changes in the tissue could explain site-specific alter-
ations of chondrocyte deformations due to cartilage loading in rabbit knee joints 3 days after a partial
meniscectomy (PM). Depth-dependent proteoglycan (PG) content, collagen content and collagen orienta-

Key_WOTdS-' . tion in the cartilage extracellular matrix (ECM), and PG content in the pericellular matrix (PCM) were
élztlctljlar cirtllage assessed with microscopic and spectroscopic methods. Patellar, femoral groove and samples from both
ondrocyte

the lateral and medial compartments of the femoral condyle and tibial plateau were extracted from
healthy controls and from the partial meniscectomy group. For both groups and each knee joint site,
axisymmetric FE models with measured properties were generated. Experimental cartilage loading
was applied in the simulations and chondrocyte volumes were compared to the experimental values.
ECM and PCM PG loss occurred within the superficial cartilage layer in the PM group at all locations,
except in the lateral tibial plateau. Collagen content and orientation were not significantly altered due
to the PM. The FE simulations predicted similar chondrocyte volume changes and group differences as
obtained experimentally. Loss of PCM fixed charge density (FCD) decreased cell volume loss, as observed
in the medial femur and medial tibia, whereas loss of ECM FCD increased cell volume loss, as seen in the
patella, femoral groove and lateral femur. The model outcome, cell volume change, was also sensitive to
applied tissue geometry, collagen fibril orientation and loading conditions.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Late stages of osteoarthritis (OA) are well documented (e.g., ero-
sion of cartilage, damage to subchondral bone and total loss of joint
function), but what occurs in the early stages and during the onset
of the disease is of current interest and pivotal in disease preven-
tion and early intervention (Sharma, 2016). Because OA onset is
faster in animals than in humans and sample populations are more
controlled, animal models are frequently used to study OA. A par-
tial meniscectomy (PM) creates abnormal load magnitudes and
distributions within the knee joint (Arunakul et al., 2013;
Mansour et al., 1998), ultimately leading to post-traumatic OA in
rabbits (Colombo et al., 1983; Sokoloff, 1990). PMs are also associ-
ated with post-operative knee OA in humans, and the extent of
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meniscal resection is an important predictor for disease develop-
ment (Papalia et al., 2011).

Cartilage damage has been observed a mere 3 days following a
PM in the lateral knee joint compartment of rabbits (Colombo
et al., 1983). At this time point, superficial proteoglycan (PG) deple-
tion, followed by a formation of cartilage lesions at 1 to 2 weeks
post-surgery was reported. The equilibrium modulus of cartilage,
coupled with the uronic acid content (PG content), was decreased
in tibial cartilages 1 week after a total medial meniscectomy (Hoch
et al., 1983) and collagen type Il breakdown was observed at the
2 week time-point (Lindhorst et al., 2005). Altogether, these stud-
ies imply that cartilage PG content decreases within days, and
the collagen network degrades within weeks of surgical interven-
tion in the rabbit knee joint.

At microscopic-scale, alterations in the cartilage structure take
place concurrently with altered deformation behavior of chondro-
cytes due to tissue loading (Han et al., 2017), and deformation of
chondrocytes affects the cell synthesis, proliferation, apoptosis
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and differentiation (Elder et al., 2001). It is also known that the
local mechanical properties of the pericellular matrix (PCM) are
affected in early OA progression, which may affect its protective
role (Wilusz et al., 2014). However, it is still controversial as to
how much the PCM composition is altered in early OA, although
an intact PCM appears vital for cell survival (de Vries et al.,
2014). As complex alterations in tissue composition and structure
occur during OA, it can be difficult to identify how a single alter-
ation (e.g., PG depletion or collagen network damage) affects tissue
and cell mechanics, and mechano-transduction. To address this
challenge, multi-scale computational finite element (FE) modeling
has proven powerful when studying cartilage and cell mechanics
(Halloran et al., 2012). However, more knowledge about the valid-
ity of cell-level models is warranted, as this information is scarce.
This specifically includes FE models that include experimentally
measured compositional and structural parameters for articular
cartilage.

In a previous study (Fick et al., 2016), we investigated chon-
drocyte volume changes under indentation loading at six loca-
tions in the rabbit knee, and tested if lateral PM affects
chondrocyte volume changes 3 days after surgery. In situ chon-
drocytes lost volume when tissues were subjected to experimen-
tal indentation loading, and these cell volume losses were
significantly altered 3 days after the surgery. Simultaneously,
superficial PG content had decreased throughout the joint. How-
ever, the cell volume losses were decreased in the medial
femoral and tibial cartilages, whereas cell volume losses were
increased in the patellar, femoral groove and lateral femoral car-
tilages 3 days after PM surgery. Hence PG depletion in the carti-
lage ECM could not directly explain the altered mechanical
behavior of chondrocytes at different joint locations. However,
previous experimental (Ronkainen et al., 2016) and theoretical
studies (Tanska et al., 2013) have suggested that PCM PG content
and articular cartilage collagen content are associated with cell
responses, and thus, it would be important to investigate if alter-
ations in the collagen network and PCM PG content due to the
PM surgery occurred within 3 days of PM surgery.

As the reasons for the altered cell volume changes due to the
PM surgery remained elusive in Fick et al. (2016), we aimed to
study if these results could be explained by differences in the artic-
ular cartilage ECM and PCM properties, i.e., tissue depth-
dependent PG content, collagen content, collagen fibril orientation,
and pericellular PG content. Based on previous studies (Ronkainen
et al.,, 2016; Tanska et al., 2013), our primary hypotheses were that
the observed loss of PGs in the ECM could explain the increased cell
volume losses 3 days after PM, whereas the loss of PGs in the PCM
could explain the decreased cell volume losses after PM. In order to
test our hypotheses, we used a multi-scale FE model of articular
cartilage for simulating how changes in the experimentally mea-
sured composition and structure of articular cartilage due to PM
would affect the cell volume changes.

2. Methods
2.1. Samples, sample processing and cell deformations

Samples collected in previous studies were used (Fick et al., 2016,
2015). These samples were obtained from six locations of the knee
joint (Fig. 1) of New Zealand White rabbits (n =10 knees/group)
from partially meniscectomized rabbit knees (PM group), their con-
tralateral limbs (C-L group) and from non-operated rabbit knees
(CNTRL group). Cell deformation experiments were previously per-
formed (Fig. 2A and B) within 48 h of sample collection. Samples
were then fixed and stored in formalin and sections for histology
were prepared (Fick et al., 2015; Ronkainen et al., 2016). For more
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Fig. 1. The six studied rabbit knee joint locations, with the “X” marking the location
of indentation testing.

details on these previously performed steps, see supplementary
materials.

2.2. Cartilage composition and structure

Cartilage composition and structure was analyzed previously
for the CNTRL group samples (Ronkainen et al. 2016). This included
cartilage ECM-level data of collagen fibril orientation, proteoglycan
content and collagen content assessed by polarized light micro-
scopy (PLM), digital densitometry (DD) and Fourier transform
infrared imaging (FTIR), respectively. In addition, the PCM-level
PG content was analyzed using the DD at higher magnification
(Ronkainen et al. 2016).

In the current study, we reanalyzed previously measured (Fick
et al., 2016) ECM-level PG content and collagen fibril orientation
data in a depth-dependent manner for the C-L and PM groups, in
order to implement our site-specific FE models (Fig. 2C and D) with
realistic and site-specific tissue composition and structural infor-
mation (Fig. 2E). In addition, we measured the cartilage collagen
content and the PCM-level PG content for the C-L and PM groups
using FTIR and DD, respectively. For FTIR, we prepared new sec-
tions from the stored osteochondral blocks, whereas for the PCM-
level DD, the old sections could be used (Fick et al., 2016). Detailed
descriptions of PLM, DD and FTIR are included in the supplemen-
tary materials, as these methods have been extensively used and
described previously (Camacho et al., 2001; Kiviranta et al,,
1985; Potter et al., 2001; Rieppo et al., 2008; Ronkainen et al.,
2016).

3. Finite element model
3.1. Model generation

In order to clarify the effects of the aforementioned cartilage
composition and structure on cell volume changes (see our
hypotheses), axisymmetric, multi-scale FE models (Fig. 2C) with
experimentally measured composition and structure were con-
structed for the CNTRL and PM groups (cell deformations and tis-
sue properties of the C-L group were similar to those of the
CNTRL group (Fick et al., 2016), thus models for that group were
not needed). A separate model was constructed for each knee joint
location (Fig. 1; patella, femoral groove, lateral femur, medial
femur, lateral tibia, medial tibia) for both groups (CNTRL and PM,
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Fig. 2. (A) Confocal laser scanning microscope equipped with a light-transmittable indenter (d =2 mm) was used to image chondrocytes before and after indentation (Fick
etal., 2016, 2015). Cartilage-on-bone samples were fixed in a sample holder using dental cement and immersed in Dulbecco’s Modified Eagle Medium (DMEM) during testing.
Indentation was performed at constant velocity (10 pm/s) until 2 MPa nominal pressure was reached. (B) To calculate chondrocyte volume changes, 10 chondrocytes from
before and after loading image stacks were identified, cropped and had their volume reconstructed. (C) Axisymmetric multi-scale FE model was generated to replicate the
experiments. The cell model was located in the first 50 pm of cartilage depth and next to the symmetry axis as shown. (D) Example of collagen orientation in the FE model. (E)
Knee joint location and group specific cartilage composition was implemented (details in supplementary materials) according to measured microscopic data.

n =6 models/group) (Fig. 2C). Each of the twelve FE models was
implemented with the average composition and structure of the
given knee joint location, as determined through the microspectro-
scopic and microscopic methods for collagen content, PG content
and collagen fibril orientation (n=10 samples per location)
(Fig. 2E). Each multi-scale FE model consisted of a macro-scale
cartilage model (n=6/group) and a micro-scale cell model

(n=6/group). The ECM and PCM were modelled using fibril-
reinforced, poroelastic, swelling (FRPES) material properties
(Table 1) (Julkunen et al., 2013; Tanska et al.,, 2013; Wilson,
2005; Wilson et al., 2006, 2005) and the same ECM behaviour
was implemented on both the macro and micro-scale models for
consistency between the ECM and PCM. As this material model
has been characterized extensively in these previous studies, the
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Table 1

General mechanical properties for the ECM, PCM and chondrocyte in the FE models.
One order of magnitude difference between the PCM and ECM properties was
implemented (Guilak et al., 2005; Korhonen et al., 2008). Cell properties were
assumed from earlier studies (Florea et al., 2016; Guilak et al., 2002; Korhonen et al.,
2015). Normalized depth z (0 = cartilage surface, 1= cartilage-bone interface) was
used to implement decreasing fluid volume fraction in the ECM (Wilson et al., 2005).
Parameters based on PLM, DD and FTIR data were different for each model (for
examples, see supplemental Figs. 1 and 2) and Ef, E,, and ko were different between
joint locations (Table 2).

Parameter (units) ECM PCM Chondrocyte
E¢(MPa) [3.0-7.0] 10% - EEM -
Em(MPa) [07-1.3] 10% - EEEM 3.3%- EEM
ko(107"® m#* N~1 s-1) [1.3-3.5] 10% - KEM 0.79
Um 0.42 0.3 0.3
M 8.1 - -
ng 0.85-0.15z 0.85 0.6
Ocol (°) PLM data (Sup. Tangential to cell -
Fig. 2) surface
P, FTIR data (Sup.  pEM -
Fig. 3)

DD data (Fig. 2) Cell-level DD data

(Fig. 6)

c¢(mEq ml™!) 90% - cFM

E; = fibril network modulus, Ey, = non-fibrillar matrix modulus, ko = initial perme-
ability, 0, = primary fibril orientation, cf = fixed charge density, p, = relative fibril
volume density, v, = Poisson’s ratio of the non-fibrillar matrix, M = permeability
strain-dependency factor, n¢ = fluid volume fraction.

" Parameter is knee joint location-specific (see Table 2) [minimum - maximum]
range is given.

details are included in the supplementary materials. Model geome-
tries (Fig. 2C) were based on the experimental microscopy data, for
details, see supplementary materials.

3.2. Implementation of measured composition

The collagen orientation was implemented into the FE models
(Fig. 2D and 2E) based on the experimentally measured PLM data
of the samples (Fick et al., 2016; Supplemental Fig. 4). Implemen-
tation was performed as described previously (Julkunen et al.,
2007; Tanska et al., 2013; Wilson et al., 2004) with 2 variables:
superficial zone thickness (d,..) and bending radius of the collagen
fibrils in the middle zone (1), see supplementary materials for an
example. The collagen content was implemented with a relative
fibril volume density (p,), which was estimated from the FTIR data
(Supplemental Fig. 5), as described previously (Mdkeld and
Korhonen, 2016) by fitting a line to the normalized collagen con-
tent (Supplemental Fig. 2).

The FCD in the swelling equations (see supplemental equations
S7 and S8) was acquired from the DD data by converting experi-

Table 2

mental optical density (OD) profiles into FCD according to Kiraly
et al. (1996)

0D +1.105
15.153
The ECM FCD (cE™) at different depths in the model was calcu-

lated by fitting a 12th order polynomial to the FCD profiles (Sup-

plemental Fig. 2). The FCD in the PCM (cf™™) was calculated from
the surrounding ECM FCD as

CIF’CM = Olpey - CIECM7 (2)

FCD = mEq,/ml. (1)

where the multiplier opem Was calculated from the normalized cell-
level DD data as the average value from the PCM region (region
marked in Fig. 6, for values see Table 2).

3.3. Mechanical properties

After implementing the measured composition and structure in
the models, the material properties of the ECM (collagen network
modulus, E;, non-fibrillar matrix modulus, E,, and initial
permeability, ko; Table 2) were optimized. The rest of the material
parameters of the ECM were obtained from the literature and were
identical in all models (Table 1). Optimization was carried out by
simulating the experimental indentation protocol and adjusting
these values until the difference between the experimental and
simulated peak and equilibrium contact pressures was less than
2% (Table 2). The same optimized parameter values were used
for both the CNTRL and PM group samples (Table 2), as the PM sur-
gery did not alter the force-response of the tissue at any knee joint
location (peak and equilibrium stresses, strains and moduli) (Fick
et al., 2016). Chondrocyte and PCM properties were taken from
the literature (Table 1) except for the FCD of the PCM, which was
implemented based on the experimental data obtained in the cur-
rent study (Eq. (2) and Table 2).

3.4. Finite element analysis of cell deformation experiments

The experimental indentation protocol (Fick et al., 2016) was
simulated using a multi-scale approach. First, in the macro-scale
site models, the indenter was moved into contact with the carti-
lage surface after free swelling of the tissue. This initial swelling
step was included before application of the mechanical loading
in order to mimic an experimental reference state where the carti-
lage is immersed in a physiological environment (0.15 M saline
solution) (Julkunen et al.,, 2009; Korhonen et al., 2008; Wilson
et al., 2005). The tissue level response of cartilage indentation
was simulated for each site (macro-scale site models), before sim-

The FRPES material properties were optimized for each knee joint location. Optimization criteria for Ef, E, and ko were to minimize the absolute errors (<2%) between the
experimental and simulated peak and equilibrium pressures in indentation testing. Zonal thicknesses were same in CNTRL and PM groups (Supplemental Fig. 4), whereas the PCM
to ECM fixed charge density (Fig. 6) and cartilage thicknesses were experimentally measured for both groups.

Parameter (units) Patella Groove Lateral Femur Lateral Tibia Medial Femur Medial Tibia
Optimized E¢(MPa) 7.0 4.0 6.0 7.0 4.0 3.5
Em(MPa) 0.7 13 0.8 1.0 0.8 0.7
ko(10™° mAN's1) 2.0 1.3 35 1.5 2.5 1.5
PLM dyec 5% 10% 6% 9% 5% 3%
Tvec 9% 15% 18% 25% 15% 9%
CNTRL opem 1.119 1.063 1.012 1.044 1.078 1.089
h 877 pym 538 um 472 um 388 pum 559 um 803 um
PM opem 1.231 1.142 1.078 1.077 1.170 1.214
h 831 um 534 pm 421 pm 384 um 589 um 850 um

E¢ = fibril network modulus, Ey, = non-fibrillar matrix modulus, ko = initial permeability, dyec = superficial zone thickness, ryec = bending radius of middle zone fibrils,

dpcm = PCM to ECM fixed charge density, h = cartilage thickness.
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ulating microscopic cell models. Note that cells were excluded
from the macro-scale site models.

Then, the displacements and pore pressures of the macro-scale
model were obtained (by interpolation) from the nodes closest to
the boundary nodes of the micro-scale cell model (Fig. 1C). The
time varying fluid pressures and displacements were implemented
as boundary conditions for the micro-scale cell model, and they
produced the loading for the cell-level simulations. The initial
swelling step produced slight changes to the initially round cell
shapes (i.e. the cell shapes prior to and after the initial swelling
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step) in the micro-scale models (Korhonen et al., 2008), because
the swelling step is governed by the composition (mainly FCD dis-
tribution) and mechanical properties of cartilage (see equations S7
and S8 in the supplemental materials).

The indenter-cartilage contact was assumed frictionless. Subse-
quent indentation steps were displacement-controlled and per-
formed up to experimentally observed axial strains at a
compression rate of 10 um/s. Indentation was followed by a
1200 s relaxation step, as done in the experiments, which was suf-
ficient time to reach equilibrium in all simulations. In each cell
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Fig. 3. Proteoglycan content as a function of cartilage depth (normalized to 1-100%) for each studied anatomical location analyzed from previous DD measurements (Fick
et al,, 2016; Ronkainen et al., 2016) together with Bonferroni adjusted 95% confidence intervals. Point-by-point comparisons between the groups were performed using a
linear mixed model. Statistically significant differences (p < 0.05) between the groups are indicated with dashed lines above the corresponding depth.
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model, volume changes of chondrocytes were calculated as

V;;’U = 6—‘;, where V) is the initial cell volume after the free swelling

step, and V is the cell volume after indentation.

3.5. Parametric analysis

There are uncertainties in the analysed experimental data, espe-
cially at the microscopic scale close to the cells. These uncertainties
may affect the model results. The specific effect of each property
associated with the PM intervention, namely the changes in the
FCD of the ECM and PCM, were not individually assessed in the
previous analysis. Therefore, in addition to the site-specific models,
a parametric analysis was performed to assess how sensitive the
model output (i.e., the cell volume change) was to variations in
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FCD content. In addition, we tested the sensitivity of the cell vol-
ume changes to collagen orientation, because this parameter has
been linked previously to altered cell deformations (Tanska et al.,
2013; Turunen et al., 2013). Since this analysis is generic and
invariant to the initial conditions, it was sufficient to use only
one model, the CNTRL model of the medial femoral condyle as
the baseline for the parametric analysis (i.e., the FCD distribution
or collagen orientation was varied while keeping the remaining
properties unchanged). Three FCD distributions (range 0.0-
0.2 mEq/ml) were considered: varying FCD of the ECM and PCM
at the same time (Parametric ECM + PCM), varying FCD of the
ECM (Parametric ECM), or varying FCD of the PCM (Parametric
PCM). For the parametric analysis of the collagen orientation, the
relative thickness of the superficial zone (range 0% - —-10%) or the
middle zone (range 10% - —20%) was varied.
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Point-by-point comparisons between the groups were performed using linear mixed model. Significant differences (p < 0.05) between the groups are marked with dashed

lines at the corresponding locations.

3.6. Statistics

Significance of differences in experimentally measured depth-
dependent cartilage composition and structure (i.e., PG content,
collagen content and collagen orientation) between the groups
(CNTRL, C-L, PM) was tested with a linear mixed model (LMM).
Bonferroni adjusted 95% confidence intervals were used in testing
group differences. For more details on LMM setup, see supplemen-
tal materials. All statistical analyses were carried out in SPSS (ver.
21, SPSS Inc., Chicago, IL). All descriptive statistics are given as
means + 95% confidence intervals (CI).

4. Results
4.1. Cartilage ECM and PCM composition

Cartilage collagen content and collagen orientation angle were
not significantly different between the CNTRL, PM and C-L groups

at any tissue depth (Supplemental Figs. 4 and 5). However, PG loss
occurred in the PM group at all locations (p < 0.05), except for the
lateral tibial plateau, when compared against the CNTRL or C-L
group (Fig. 3). This PG loss was restricted to the first 20% of carti-
lage thickness, with the exception of the medial tibial plateau,
where significant PG loss was found up to 30% of the cartilage
depth when comparing the PM to the C-L group. Pericellular PG
content also decreased in the PM group (Fig. 4), except for the lat-
eral tibial plateau, but this PG loss was not as extensive as that
found in the ECM. This result becomes more obvious when the
PG content in the pericellular matrix is normalized to the value
of the ECM in the immediate vicinity of chondrocytes (Fig. 5).

4.2. FE simulations of chondrocyte deformations

The simulated cell volume changes were similar to those found
experimentally (ranging from —5.3% to —19.3% in simulations and
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from —1.4% to —19.5% in experiments), and replicated the trend of
site-specific group differences (Fig. 6). That is, chondrocytes from
the patella, femoral groove and lateral femur of the PM group ani-
mals lost more volume during compression than the CNTRL group
chondrocytes. In contrast, in the medial femur and tibia, chondro-
cyte volume loss was reduced in the PM group compared to the
CNTRL group samples.
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4.3. Parametric analysis

A minor loss of FCD in the ECM from normal, healthy values
(around 0.15 mEq/ml) affected the cell volume only little, whereas
greater loss of FCD would increase the cell volume loss (Fig. 7). On
the other hand, loss of FCD in the PCM from normal, healthy values
(around 0.17 mEq/ml) reduced cell volume loss. This latter result
was obtained also when FCD was reduced simultaneously both
from the ECM and PCM.

Increasing the thickness of the superficial zone from the refer-
ence value had little effect on the cell volume response, whereas
an increase in the middle zone thickness reduced cell volume loss,
and could even cause cell volumes to increase due to the indenta-
tion (Fig. 7). Decreasing the thickness of either zone caused a
strong increase in cell volume loss.

5. Discussion
5.1. Overview of the experiments and simulations

The depth-dependent composition and structure of rabbit carti-
lage was analyzed at six rabbit knee joint locations for cartilage
harvested 3 days after a partial meniscectomy and compared with
previously measured non-operated rabbits. Superficial PGs were
lost at this early time point, as shown originally earlier (Fick
et al., 2016), without corresponding signs of collagen network dis-
organization or content changes in the patella, femoral groove, lat-
eral and medial femoral condyles and medial tibial plateau.
Pericellular PG content had also decreased at the same knee joint
sites in PM group animals. Loss of PGs seems to precede alterations
in the collagen network, which implies that this can be used as a
target for disease intervention.

The composition-based multi-scale FE models were able to
reproduce the magnitude of experimentally measured cell volume
changes in each knee joint location of the CNTRL and PM group.
The site-specific differences in cell volume changes between the
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Fig. 7. Parametric analysis on how the fixed charge density (PG content) and the zone thickness (collagen orientation) affect the cell volume change. Each marker corresponds
to a one simulation, resulting in a set of 33 unique FCD distributions and 21 different zone thickness variations. Arrows indicate the reference values in the medial femoral
condyle tissue of the CNTRL group. The dashed vertical line indicates the implemented chondrocyte fixed charge density. A minimal cell volume loss was observed when the
FCD of the PCM was similar to the chondrocyte’s FCD. However, alterations in collagen orientation had a greater effect on the cell volume change than alterations of the FCD.
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CNTRL and PM groups were also reproduced, although the magni-
tudes of the cell volume changes were not perfectly predicted. Two
mechanisms controlled the cell volume changes in the models: (1)
decreased ECM FCD was associated with increased cell volume loss
and appeared to be the cause for the cell volume losses observed in
the patella, femoral groove and lateral femur after PM. In contrast,
(2) decreased PCM FCD was associated with decreased cell volume
loss, and appeared to be the cause for the results observed in the
medial femur and medial tibial plateau.

The parametric investigation of the FE model showed also that
small uncertainties, for example in local collagen orientation, could
affect cell volume changes substantially. If we were to implement
the full range of values for each model parameter within the uncer-
tainty limits, the exact experimental cell volume changes would
likely fall into the range of simulated cell volume changes. However,
this was not the aim of the study and was therefore not pursued.

5.2. Experimental outcomes after partial meniscectomy
The PM created significant superficial PG loss at all sites, except

for the lateral tibia, when compared to the C-L or CNTRL group
knees (Fig. 3). The PG loss also occurred in the pericellular regions,

but not as strongly (Figs. 4 and 5). This result indicates that PGs
may be bound more strongly to the PCM than the ECM, or chondro-
cytes have started to synthesize new PGs in response to the altered
loading conditions or the ECM PG loss. However, in early and late
OA human cartilage, the ratio of the PCM and surrounding ECM
PG content stayed constant during OA progression (Korhonen
et al., 2011). Based on this finding, the retention of the pericellular
PGs after the PM as observed here could be a transient
phenomenon.

The PG content in the PCM was also lower in the C-L group
patellar cartilages compared to the CNTRL group samples (Fig. 4).
Altered loading of the patella in the operated contralateral rabbit
limb may produce this difference. However, we observed no differ-
ences in any other parameter between these two groups. As alter-
ations in the contralateral joint have been previously reported at
time periods longer than the one studied here (Maikeld et al.,
2014; Ojanen et al., 2018), one needs to be cautious when using
contralateral limb as a normal control reference.

Consistent with a previous study (Colombo et al., 1983), the col-
lagen network was not significantly affected at this early time
point after the PM intervention (Supplemental Figs. 4 and 5). As
lesions have been observed previously 1 to 2 weeks after PM on
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both the femoral and tibial cartilages (Lindhorst et al., 2005), it is
possible that the collagen network is disorganized in a ultrastruc-
tural fibril-level, for example, the fibril network interconnectivity
could be reduced (Nickien et al., 2017). With the current methods,
we only capture the collagen content and primary orientation of
the collagen network; hence, this kind of changes could go unno-
ticed. Another possibility is that collagen damage follows the initial
PG loss (Hunziker, 2002). One pathway for this sequence of events
could arise from a reduced cartilage fluid pressurization due to the
loss of FCD, predisposing the collagen matrix to higher strains than
one would expect in normal cartilage and subsequent damage
(Maroudas, 1976). This hypothesis is supported by the observation
that cartilage softening has been suggested to precede collagen
damage (Hosseini et al., 2013), and the fact that aggrecan is more
prone to degradation than the cartilage collagen network
(Roughley and Mort, 2014). However, it remains unknown if fluid
pressurization of cartilage in the knee was indeed altered due to
the amount of PG loss observed here, and future studies should
investigate this.

5.3. Computational analysis of cell-tissue interactions

To explain site-specific volume responses of chondrocytes to
indentation loading in our models, we summarized the differences
observed between the CNTRL and PM group models, and studied
how each parameter affects cell volume behavior (Fig. 8). The col-
lagen content differences between groups were statistically non-
significant; however, slight differences are present in the models,
as collagen content is implemented according to the mean profiles
(Supplemental Fig. 2). A smaller superficial collagen content would
be related to an amplified loss in cell volume (Ronkainen et al.,
2016). The final parameters that differed between the CNTRL and
PM models were cartilage thickness and applied compression
(Fig. 8). Thicker cartilage has a thicker superficial and middle zone,
which leads to a reduced cell volume loss, according to the para-
metric investigation (Fig. 8). Surprisingly, at the experimental
strains used here, higher absolute tissue compression reduced cell
volume loss. This finding was explained by the higher in-plane cell
elongations perpendicular to the compression axis, possibly due to
the local collagen orientation and the increasing depth-wise PG
content. Altogether, the ECM and PCM FCD losses, differences in
cartilage structure and in absolute compression between the
CNTRL and PM groups are in agreement with the altered cell vol-
ume changes at each location (Fig. 8).

5.4. Limitations

The limitations of this study are discussed briefly here and in
more detail in the supplementary materials. First, the FE models
have a simplified geometry and material properties compared to
the reality. These simplifications warrant a degree of caution as
the potential variability in input parameters could produce differ-
ent modeling results relative to the experimental studies, espe-
cially when trying to investigate small chondrocyte volume
changes (<10%). In addition, due to differences in cartilage biology
and mechanics, relating the current findings to human tissue must
be done with caution. Finally, the FE model does not account for
biological events, such as inflammation, that could affect the
mechanical results.

5.5. Conclusions

Loss of PG content was evident 3 days after the PM surgery in
the cartilage superficial ECM and in the PCM surrounding cells. In
contrast, there were no observable changes to the collagen net-
work. As shown in the FE model results, increased cell volume

losses following PM surgery (e.g., in the patellar samples) were
associated with a loss of PGs in the cartilage ECM, whereas a loss
of PGs in the PCM allowed for increased cell swelling and reduced
cell volume losses (e.g., in the medial femoral samples). As such,
reversing or preventing the PG loss may allow cells to maintain
their normal physiological response to load, thereby slowing the
progression of cartilage degeneration after PM surgery. In addi-
tion, cell volume changes were highly sensitive to collagen orien-
tation, implying that it is important to incorporate realistic
collagen network structure in cell-level FE models of articular
cartilage.
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