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Abstract. Long bones grow by a process in which chondrocytes within growth
plate cartilage near the bone ends synthesize and mineralize a cartilaginous
matrix that serves as a template for bone cells. The growth plate consists of
several distinct zones, including a reserve zone (RZ) that lies between the
epiphyseal subchondral bone plate and the proliferative zone (PZ). Mechanical
loading of the growth plate modulates chondrocyte activity and bone growth,
but the role of RZ in relation to this is unclear. To explore this, an axisymmetric,
large deformation model was developed. In this model, chondrocytes were
embedded at four different depths within the RZ between the SB and PZ.
Growth plate cartilage was partitioned into sections to represent the RZ and the
proliferative/hypertrophic zones and zone of provisional calcification (PC).
Chondrocytes were surrounded by a layer of pericellular matrix (PCM). By
including or excluding the PCM, we could examine the influence of the PCM on
stress-strain distributions within and around the chondrocytes. The volume-
averaged height, width and principal tensile strains in the cells and PCM varied
with the cell depth within the RZ. The presence of the PCM resulted a 10%
decrease in cellular hydrostatic pressure and in a 20% increase in the cellular
maximum principal strains, except near the SB plate border where cellular
maximum principal strains were amplified by 45%. This suggests that the PCM
is a component of the cell’s mechanosensory mechanism and acts to reduce
intra-cellular pressure while amplifying cellular strains.
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1 Introduction

The growth plate or physis consists of a thin layer of hyaline cartilage sandwiched
between epiphyseal and metaphyseal bone; it is responsible for most of the longitudinal
bone growth by an endochondral ossification mechanism. Growth plate cartilage
consists of three main regions: a highly cellular region of proliferative and hypertrophic
chondrocytes located in tubular structures aligned with the bone long axis and a region
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that is more sparsely populated by chondrocytes called the resting zone, or reserve
zone, which is located adjacent to the epiphyseal bone [1]. Blood vessels pass through
the subchondral bone plate and reserve zone ending at the beginning of the proliferative
zone [2, 3], but the RZ itself has no blood supply. In each location throughout the
growth plate every chondrocyte is surrounded by an extracellular matrix (ECM).
Generally, chondrocytes are responsible for making, maintaining and repairing extra-
cellular matrix in response to mechanical loading. It has been shown that mechanical
loading modulates chondrocyte metabolic activities [4]. However, we have a limited
understanding of how biomechanical signals are sensed by the cell and what the
relevant molecular pathways are. Chondrocyte behavior is partly regulated by the
stress-strain state in and around the cell [4—6]. The morphology and mechanical
properties of the growth plate have been measured at the cell and tissue level by
confocal microscopy/fluorescent labeling techniques [7, 8] and atomic force micro-
scopy (AFM) [9, 10]. These studies have revealed differences in the structural and
mechanical properties between the zones of the cartilage [9]. It has been shown that the
chondrocytes are surrounded by a narrow region of pericellular matrix (PCM) [11, 12].

Chondrocytes and their surrounding PCM and territorial matrix were described by
Benninghof as the basic functional units of cartilage and named chondrons using the
analogy of osteons in bone [11, 12, 15]. The PCM has been characterized by type IV
collagen [13, 14]. Experimental and theoretical studies have reported the mechanical
properties of the PCM and extracellular matrix (ECM) within articular cartilage by
various techniques, such as micropipette aspiration and atomic force microscopy
(AFM) [11, 12, 16, 17] and showed that the PCM mechanical and microstructural
properties significantly influence the biomechanical environment of chondrocytes [11,
18, 19]. In contrast to the nonuniformity and mechanical anisotropy of cartilage ECM, the
PCM has zonal uniformity and constant mechanical properties at the microscale [20, 21].
There is a large difference between the elastic moduli of chondrocytes, PCM and ECM [4,
7, 22]. Therefore, the stress-strain fields within the cells are expected to differ from the
surrounding matrix. Although several biomechanical studies have reported microscale
models to study the stress-strain state around the chondrocytes and PCM within articular
cartilage ECM, relatively few studies have been published on the deformation and strain
of chondrocytes in different zones of growth plate cartilage [8, 23, 24] and to our
knowledge none have examined the chondrocytes within the growth plate reserve zone.

The overall goal of this study was to explore the role of the PCM in modulating
chondrocyte deformation and stress-strain state as a function of depth within the
reserve zone under normal physiological loads. Specifically, we sought to answer the
following three questions: (1) How do deformation, strain and stress within the
chondrocyte and PCM vary through the depth of the reserve zone? (2) Does the PCM
protect reserve zone chondrocytes from excessive stress? (3) Does the PCM amplify or
reduce strains in the reserve zone chondrocytes?
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2 Method

2.1 Model Description

An axisymmetric linearly elastic microscale model was developed in which circular
chondrocytes were embedded within the RZ extracellular matrix (ECM) at four depths
between the subchondral bone plate and the proliferative zone. The PCM wall thick-
ness was set to be half of the chondrocyte radius (cell radius = 10 pum, PCM thick-
ness = 5 pm) [25, 26]. Chondrocytes make up only about 10% of the reserve zone
volume [7]. Therefore, to simplify the model, we simulated four cells in the RZ in a
finite element microscale model using ABAQUS/CAE 2019 (SIMULIA, USA).
A chondrocyte was placed in four different locations of the RZ, starting with a location
near the subchondral bone (SB) interface and moving along the symmetry axis to a
location near the proliferative zone (PZ) interface. Homogeneous isotropic linearly
elastic materials (Table 1) were used for all components. The cartilage was unconfined
along the perichondrial periphery. This static elastic analysis represents a state during
fast loading (short duration relative to the stress relaxation time), such as heal strike in
gait, during which the cartilage does not have time to undergo relaxation and creep and
the influence of the fluid component is negligible.

Table 1. Material properties and dimensions

Young’s modulus (MPa) | Poisson’s ratio | Thickness (mm) | Radius (mm)
Chondrocyte | 0.002 [27] 0.4999 [27] - 0.01 [26]
PCM 0.265 [17] 0.45 [17] 0.005 [26] -
RZ (ECM) |0.98 [27] 0.47 [27] 0.94 [28] -
PZ/HZ 0.49 [27] 0.47 [27] 0.4 [28] -
PC 300 [29] 0.2 [30] 0.16* -
SB 1100 [31] 0.3 [31] 0.5% -

*Based on our histology of a 20-day piglet distal ulnar growth plate. The harvesting of tissue
was exempt from IACUC review as it was obtained from euthanized animals in another
University of Memphis IACUC approved study.

To account for large deformation, the effect of geometrical nonlinearity was con-
sidered by turning on NLGEOM. The idealized geometry of our model is shown in
Fig. 1, in which each cell is surrounded by a PCM and both are embedded in the ECM
of the reserve zone (RZ) along the symmetry axis of the axisymmetric model. The
growth plate layer was partitioned into two sections to represent the reserve zone
(RZ) and the proliferative/hypertrophic zones (PZ/HZ). The bottom of the model was
fixed at the junction between the zone of provisional calcification (PC) and the
metaphyseal cancellous bone; and the nodes at the subchondral bone plate surface were
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constrained to prevent translation in the horizontal direction and a vertical displacement
was prescribed equal to 15% of the overall growth plate thickness (height) representing
normal physiological loading along the bone long axis (vertical axis). Axisymmetric
quadrilateral bilinear, hybrid with constant pressure elements (CAX4H) were used for
all parts to avoid hour-glassing and volumetric locking during analysis, which is caused
by zero energy deformation modes because nearly incompressible material properties
have been assigned for all growth plate regions. A mesh convergence study for the
microscale model was done to optimize the mesh. The microscale model was run with
all four cells and with a single cell at each depth which confirmed that there were no
cell-cell interactions in the stress-strain field.
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Fig. 1. Overview of the modeling approach. (A) Cross-section of a cylindrical plug of growth
plate cartilage, subjected to a displacement of 15% of the overall cartilage thickness. (B) Idealized
axisymmetric model consisting of subchondral bone plate (SB), reserve zone (RZ), proliferative/
hypertrophic zone (PZ/HZ), provisional calcification (PC). (C) Chondrocyte cell wrapped with a
narrow region of pericellular matrix (PCM) embedded in extracellular matrix (ECM).

To evaluate the effect of the PCM on the stress-strain distribution in the chondrocytes,
ECM material properties were assigned for the elements in the PCM region to compare it
with the model in which chondrocyte, PCM and ECM material properties were defined to
be different for each individual location. In addition, a ‘macroscale’ model without cells
and PCM was analyzed to evaluate the volume-averaged stresses and strains in the same
four cell/PCM locations within the reserve zone by assigning material properties of the
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ECM to the regions otherwise occupied by the cells and PCM. This allowed for com-
parisons of stresses and strains over the same cell and PCM regions of the mesh in the
microscale cell model as the macroscale cell model devoid of cells and PCM.

2.2 Stress-Strain Measurement

To analyze the interaction between cell and matrix and study the local stress-strain state
of the cell, hydrostatic stresses and maximum tensile principal strains of the cells were
calculated as the main key mechanobiological factors. The volume averaged hydro-
static compressive stress (volumetric or dilatational stress) and principal tensile strain
(related to octahedral shear stress) of the cells and PCM were calculated according to
Egs. (1) and (2), respectively.

Average cellular stress = Zin:l ciEvoli / ZLI Evoli (1)

where i represent the element number, N is total number of the elements for the cell,
Evol; refers to the element volume and o¢; is hydrostatic stress for the i element.

Average cellular strain = ZT: (Ei/n (2)

where i is the element number, ¢; represents the maximum tensile principal strain for
each element within the cell and n is the total number of elements for each chondrocyte.

In this paper, the maximum principal strain was used as a substitute for octahedral
shear stress since the maximum principal (tensile) strains in the cells and PCM of the
reserve zone were found to vary by location in a very similar manner to the octahedral
shear stresses. The maximum principal strain results were extracted in terms of loga-
rithmic strains.

Cell height and width engineering strains were calculated based on the change in
the horizontal diameter and vertical radius of the cell, respectively before and after
compression. PCM height and width strains were also defined as the change in the
vertical and horizontal wall thickness, respectively, of the PCM divided by the original
wall thickness. This was also done for the reserve zone macroscale model which had no
cells or PCM, by using the same mesh used for the microscale model in which cells and
PCM were present, but in which the reserve zone was homogenous (assigned Young’s
modulus and Poisson’s ratio of the ECM).

3 Results

The results revealed a highly non-homogenous and depth-dependent strain field within
and around the cells for the model that included the PCM and the model that excluded
the PCM. Figure 2 shows the contour plots of maximum principal tensile strain
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(logarithmic strain) distribution within and around the cell at different locations within
the growth plate reserve zone (RZ). The magnitudes of the cell-averaged hydrostatic
stresses and maximum principal tensile strains change throughout the depth of RZ as
we move our view point from close to the epiphyseal subchondral bone (cell location 1)
to near the PZ/HZ interface (cell location 4) (Fig. 2).
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Fig. 2. Distribution of maximum principal strains around and within the cell for models
(A) with PCM and (B) without PCM (when material properties of ECM are assigned to the PCM,
ie. PCM = ECM), for different locations of the cell within the reserve zone, moving from
subchondral bone to proliferative zone, subjected to 15% compression and using CAX4H
elements.

3.1 Influence of Cell Location in the Reserve Zone on Chondrocyte Stress
and Strain

When the PCM was included in the model, the cell-averaged maximum principal
tensile strains within the chondrocytes increased in magnitude from a value of 6%
strain near the epiphyseal subchondral bone (SB) to 22% near the proliferative zone
(PZ) interface, representing a nearly 4-fold increase (Fig. 3A). Cellular height and
width strains followed a similar trend (Fig. 3C). However, the opposite pattern was
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observed for the cell hydrostatic compressive stresses which decreased from a value
0.12 near the SB to 0.09 MPa near the PZ, an approximate location-dependent decline
of 26%. Figure 2 represents how the presence of the PCM changes the stress-strain
state around and within the cell.
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Fig. 3. (A) Cell-averaged hydrostatic stress and maximum principal tensile strain for cells in
different locations within the reserve zone moving from subchondral bone (SB) to proliferative
zone (PZ) subjected to 15% compression of the growth plate cartilage for two models
(with/without PCM). (B) Changes in hydrostatic stress and maximum principal strain due to the
presence of the PCM, (C) Chondrocyte height and width strains in locations 1-4, (D) Changes in
width and height strains due to the presence of the PCM.
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The height and width strains of the matrix within the cell locations in the macro-
scale model in which there were no cells within the matrix, are compared with the
microscale model in which cells and PCM were present, in Fig. 4.
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Fig. 4. Chondrocyte region height and width strains within each cell location moving from
subchondral bone (SB) to proliferative zone (PZ) for: the microscale model in which cells and
PCM are present; and the macroscale model in which there are no cells or PCM (‘Chondrocyte
Strain’ in this case refers the ECM strain in the macroscale model location of the cell).

3.2 Influence of the Pericellular Matrix on Chondrocyte Stress and Strain

The presence of the pericellular matrix (PCM) resulted in an approximate 20% increase
in the cell-averaged maximum principal strains in reserve zone locations 2, 3 and 4 and
in a 10-12% decrease in cell-averaged hydrostatic pressure. The influence of the PCM
on strains was greatest for the cell located near the SB border where the presence of the
PCM amplified the cell-averaged maximum principal strains by 45% (Fig. 3B).
Likewise, cellular height strain of the cell closet to the SB was most influenced by the
presence of the PCM (Fig. 3D), while the influence of the PCM on cell width strains
appeared not to vary much with cell locations (Fig. 3D).

The height and width strains of the PCM followed similar trends to those for cell
height and width (Fig. 5). Heights of both cells and PCM decreased under the applied
compression, while their widths increased.
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Fig. 5. PCM region height and width strains within each cell location moving from subchondral
bone (SB) to proliferative zone (PZ) for: the microscale model in which cells and PCM are
present; and the macroscale model in which there are no cells or PCM (‘PCM Strain’ in this case
refers the ECM strain in the macroscale model location of the PCM).

4 Discussion

We developed a computational model to simulate chondrocyte deformation and study
chondrocyte-matrix interactions as a function of cell depth within reserve zone of
growth plate cartilage under physiological compression. The main objectives of the
current study were to characterize the depth-dependent chondrocyte stress-strain dis-
tribution within the reserve zone and the influence of the microenvironment of the
chondrocytes. Our findings indicate that the pericellular matrix (PCM) amplifies the
cell’s internal strains and the cell’s height and width strains, while slightly reducing the
cell’s internal hydrostatic stress. The results showed that the state of stress and strain in
the reserve zone chondrocytes are significantly depth dependent. The cell-averaged
maximum principal strain increased from a minimum near the SB interface and reached
maximum near the PZ interface. Cell height and width strains were also smallest at the
SB border and greatest at the border with the PZ. This may play a role in preparing the
reserve zone chondrocyte for cell alignment in the proliferative zone column of cells
(chondron) and for the cell’s function as a daughter cell. In the this study, the presence
of PCM with a Young modulus value between that of the chondrocyte and ECM,
decreased the cell-averaged hydrostatic stress, while it had the opposite effect on the
cellular strains and acted as a strain amplifier, which is similar to the results reported for
articular cartilage [4, 11].

In particular, the cell-averaged maximum principal strains, cell height, and cell
width strains all increased with cell location from the SB towards the PZ border where
they reached maximal values. The addition of the PCM in the model further increased
the maximum principal strains, width, and height strains near the PZ by about 20%,
5%, and 16.6%, respectively. The most notable influence of the PCM in amplifying
cellular strains occurred for the cell located near the subchondral bone, where cellular
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strains were at a minimum. This further suggests that the PCM may act as a mechano-
transducer and serve as a transitional zone between cell and ECM. Our results revealed
that PCM plays a more dominant role in regulating the micro-mechanical strain
environment of chondrocytes near the interface with the much ‘stiffer’ subchondral
bone.

Experimental and computational studies on PCM biological function and its
chemical and mechanical properties, suggest that the PCM chemical composition, and
physical and mechanical properties are directly proportional to one another [19].
The PCM can function as a thin barrier between the cell and ECM to filter molecules
and regulate the biochemical environment of articular cartilage chondrocytes, and is
hypothesized to have a prominent role in cartilage degeneration and osteoarthritis [12,
32]. Computational studies of micromechanical environment of chondrocytes in dif-
ferent zones of articular cartilage imply that the PCM plays a dominant role in mod-
ifying the cellular stress-strain state; and any change in PCM properties with aging or
cartilage abnormality can significantly affect the biophysical/biomechanical environ-
ment of the chondrocytes [18, 33]. Computational modeling of articular cartilage has
given rise to the idea that the PCM can act as a mechano-transducer between cells and
ECM [4, 11].

Generally, chondrocytes are responsible for making, maintaining and repairing
extracellular matrix in response to mechanical loading. Despite the cited foregoing
studies on cell-matrix interactions, it is not known how biomechanical signals are
transmitted to the cell and transduced—exact molecular mechanisms and pathways are
still unknown. One proposed general mechanism by which chondrocytes may sense
mechanical signal variations, is through the alteration of cell shape and volume [6].
A confocal microscopy study revealed that the micromechanical environment in
articular cartilage is depth and zone dependent and causes an inhomogeneous and
anisotropic deformation of the cells [6]. Other studies have proposed that primary cilia
on the surface of the cell can act as mechanosensory organelles, which transduce
mechanical forces into biological signals [34, 35]. The PCM may function in con-
junction with cilia to provide a feasible signal transducer [4, 11]. In articular cartilage,
the PCM reduces the local stress of the cell, providing a protective role for the PCM
while amplifying the cellular strain [4, 11]. The current study on growth plate cartilage
reserve zone suggests a similar role for the PCM in the growth plate reserve zone.
Understanding the sequence of events by which cells and ECM can communicate and
convert the biomechanical and biochemical signals or signal transduction is still a
challenge to investigators. Further evaluation on how PCM components contribute to
chondrocyte mechano-transduction in the reserve zone of growth plate cartilage may
elucidate factors contributing growth abnormalities and disturbances and enhance our
understanding of regulatory mechanical factors that modulate bone growth.

In the current model we have chosen to represent the reserve zone with a thickness
slightly more than double the height or thickness of the proliferative and hypertrophic
zones combined, based on our histological studies of twenty-day old mixed breed
piglet distal ulnar growth plates. The relative thickness of each zone varies by age and
location and may influence the reserve zone chondrocyte stress and strain magnitudes.
We also chose to model a flat growth plate and need to explore the influence of
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mammillary processes on reserve zone cell stress and strain and the possible role that
reserve zone cells might play in mammillary processes development.

Although macroscale models have been reported of the three zones of the growth
plate for various loading conditions [24, 27, 36-39], to date there has been no model
that includes chondrocytes in the reserve zone or of the interaction between reserve
zone cells, PCM and ECM. Further computational studies of cell-PCM-ECM inter-
action in growth plate cartilage may generate new insights into the role played by the
micromechanical environment around chondrocytes in the mechano-transduction
mechanisms of bone and cartilage growth.
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