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Abstract Growth plate chondrocytes are responsible for
bone growth through proliferation and differentiation. How-
ever, the way they experience physiological loads and
regulate bone formation, especially during the later devel-
opmental phase in the mature growth plate, is still under
active investigation. In this study, a previously developed
multiscale finite element model of the growth plate is uti-
lized to study the stress and strain distributions within the
cartilage at the cellular level when rapidly compressed to
20 %. Detailed structures of the chondron are included in the
model to examine the hypothesis that the same combination
of mechanoregulatory signals shown to maintain cartilage or
stimulate osteogenesis or fibrogenesis in the cartilage anlage
or fracture callus also performs the same function at the
cell level within the chondrons of growth plate cartilage.
Our cell-level results are qualitatively and quantitatively in
agreement with tissue-level theories when both hydrostatic
cellular stress and strain are considered simultaneously in a
mechanoregulatory phase diagram similar to that proposed
at the tissue level by Claes and Heigele for fracture heal-
ing. Chondrocytes near the reserve/proliferative zone border
are subjected to combinations of high compressive hydrosta-
tic stresses (—0.4MPa), and cell height and width strains
of —12 to +9 % respectively, that maintain cartilage and
keep chondrocytes from differentiating and provide condi-
tions favorable for cell division, whereas chondrocytes closer
to the hypertrophic/calcified zone undergo combinations of
lower compressive hydrostatic stress (—0.18 MPa) and cell
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height and width strains as low as —4 to +4 %, respectively,
that promote cell differentiation toward osteogenesis; cells
near the outer periphery of the growth plate structure expe-
rience a combination of low compressive hydrostatic stress
(0 to —0.15MPa) and high maximum principal strain (20—
29 %) that stimulate cell differentiation toward fibrocartilage
or fibrous tissue.

Keywords Cartilage - Finite element model - Multiscale
model - Chondron - Skeletal development - Physis

1 Introduction

Bone is formed by one of two basic processes: endochon-
dral and intramembranous ossification. Endochondral bone
formation is primarily involved in the long bone formation
by replacing a hyaline cartilage ‘model’ or anlage by bone.
In early development, the cartilage anlage grows along the
long axis of what will become the long bone by continu-
ous chondrocyte division and extracellular matrix secretion.
The anlage also grows transverse to the long axis when cells
from the perichondrium secrete extracellular matrix at the
periphery of the long bone.

Around birth, in most mammals, a secondary center of
ossification appears at both epiphyseal ends of a long bone.
The bone then grows from the secondary ossification center
in two directions: toward the joint and toward the primary
ossification center in the diaphysis. The cartilage that is left
between the primary and secondary ossification centers is
called the epiphyseal plate (growth plate). The thickness of
this plate is gradually reduced until a thin undulating layer
shaped by mammillary processes remains. In humans, this
thin layer (0.5-3 mm) continues to grow for many years to
produce new cartilage, which is replaced by bone, thereby
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increasing the length of the bone. While chemical factors,
such as oxygen tension and many biological factors (Kro-
nenberg 2003), regulate bone growth at this later stage of
development (Mackie et al. 2008), there is abundant clini-
cal and experimental evidence that mechanical factors also
play a role in regulating bone growth (Frost 1990; Mao and
Nah 2004; Villemure and Stokes 2009). However, among the
various mechanoregulatory bone growth theories that have
been proposed (Hueter 1863; Volkmann 1862; Pauwels 1960;
Carter and Wong 1988b; Frost 1997; Stokes 2002), to our
knowledge none have been shown to apply specifically at the
microscale level to the thin layer of growth plate cartilage dur-
ing the later stages of growth, which can last for many years.

Hueter (1863) and Volkmann (1862) observed clinically
that greater than normal compression across the physis
reduced normal growth whereas less than normal compres-
sion led to overgrowth. These observations are referred to
in the current literature as the Hueter—Volkmann “law” or
principle which is widely accepted as a concept of growth
modulation. There is little in the way of experimental work
to provide exact limits of stress or strain magnitude, time
duration, frequency, strain or loading rate, number of cycles
of loading, etc. In vivo loading experiments suggest a linear
relationship exists between sustained static stress magnitudes
and change in growth rate over the range of stresses exam-
ined (Stokes et al. 2006, 2007). By comparison, dynamic
compressive loading has been suggested to be as efficient
but more conservative than static loading for bone growth
modulation (Valteau et al. 2011).

The predominant mechanoregulatory theories considered
today are extensions of these ideas and those originally
expressed by Pauwels (1960, 1965, 1980). Pauwels pro-
posed that the differentiation pathway of mesenchymal cells
is determined by two types of stress, either pure distortion
of shape by stretch or pure change in volume by hydrostatic
stress. Carter and colleagues further developed these ideas
to include growth modulation aspects by proposing that the
speed of endochondral ossification within the cartilage model
is accelerated by cyclic octahedral shear stresses (which
are accompanied by tensile principal stresses or strain) and
slowed by cyclic compressive dilatational stresses (Carter
et al. 1988; Carter and Wong 1988a; Wong and Carter 1990).
These theories have coalesced around the hypothesis that
octahedral shear stress (or tensile strain) promotes either ossi-
fication of cartilage or formation of fibrous tissues, while
hydrostatic stress tends to maintain the cartilage.

The phase diagrams utilized during the evolution of these
mechanoregulatory theories of Pauwels (1980) and Carter
and coworkers (Carter et al. 1987; Carter and Wong 1988b,
1990; Carter and Orr 1992; Carter et al. 1998) were refor-
matted in a quantitative form by Claes and Heigele (1999) by
comparing stresses and strains in a finite element (FE) model
to the developing fracture callus histology at different stages
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of fracture healing. Since fracture repair or bone regenera-
tion and endochondral ossification invoke a similar process of
osteogenesis (Ferguson et al. 1999), similar mechanoregula-
tory theories have been proposed for both. Claes and Heigele
(1999) showed that endochondral ossification was associ-
ated with compressive stresses larger than about —0.15 MPa
and strains smaller than +/ — 15 %. Intramembranous
bone formation coincided with strains smaller than approx-
imately +/ — 5% and hydrostatic pressures smaller than
+/ — 0.15MPa. All other conditions seemed to lead to con-
nective tissue or fibrous cartilage.

To explore the relevance of mechanoregulatory concepts at
the chondron and chondrocyte level, we used a 3D multiscale
FE model of the growth plate that we previously developed to
investigate chondrocyte stress and strain distributions within
the growth plate (Gao et al. 2015). Gao et al. (2015) pre-
sented the cell stress, strain and aspect ratio distributions as a
function of location within the chondron and within a growth
plate specimen and provided the details of the FE model and
its assigned material properties. It examined the influence of
the physeal free surface (at the periphery of the explant) on
stresses and strains developed within chondrons near the free
surface in comparison with those in the interior. In the present
work, our model assumes an already established thin growth
plate layer with chondrocytes arranged in columnar arrange-
ment. It does not explain how this arrangement develops,
which is an event occurring during the development of the
secondary centers of ossification, preceding the mature stage
of the growth plate that our model is concerned with. From
the work of Claes and Heigele (1999) as summarized in their
quantitative phase diagram in Fig. 1, one can infer that super-
imposed hydrostatic stresses and strains stimulate cells to
go down one of several pathways, to form intramembranous
bone, endochondral bone, fibrocartilage tissue or fibrous tis-
sue.

We hypothesized that the same combination of macro-
scopic tissue-level mechanoregulatory signals (hydrostatic
stress and maximum tensile strain) shown to maintain carti-
lage or stimulate osteogenesis or fibrogenesis in the cartilage
anlage or fracture callus also performs the same func-
tion at the cell level within the organization of chondrons
in growth plate cartilage. Our objective was to determine
whether moderate compressive loading of the growth plate
produces a gradation in the combination of cellular com-
pressive hydrostatic stresses and maximum tensile strains
from the proliferative down to the hypertrophic zone that is
consistent with the known cellular function in these zones.
We refer to the combination of absolute values of hydro-
static stress and maximum strain as the mechanoregulatory
state function (MSF), a function that is closely related to the
osteogenic index, which is a combination of cyclic octahe-
dral shear and hydrostatic stress proposed for endochondral
ossification proposed by Carter and Wong (1988a, b).
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Specifically, we asked whether (1) the MSF in chon-
drocytes in the proliferative zone produces conditions that
maintain cartilage, prevent cell differentiation and perhaps
favor cell division (large MSF); and (2) the MSF decreases
along the chondron through the zone of maturation and
reaches a minimum value in the hypertrophic zone, condi-
tions that favor differentiation and osteogenesis.

2 Methods
2.1 Model description

A multiscale large displacement static FE submodeling
approach was utilized in this study with ABAQUS version
6.12 (Simulia, Providence, RI) in order to determine how the
macroscopic loads are transmitted through the microstruc-
ture of the growth plate to the chondrocytes. The model has
been described in detail elsewhere (Gao et al. 2015). Two
simplified shapes (flat and ‘m’ shapes) of the growth plate
were modeled in order to examine the influence of mam-
millary processes on stresses and strains (Fig. 2a). Limiting
geometric variation in one direction of the growth plate while
allowing it in the other allows the influence of geometry to
be explored in 3D. Moreover, some growth plates of this size
show minor variation in shape along one of the directions
parallel to the physis as indicated in our idealized model
(see, for example, the distal rabbit femoral physis in Lerner
et al. 1998). Multiscale submodeling was used to study the
transmission of loads from the macroscopic structure (in mil-
limeters) to microscopic structures such as cells (in microns)

Strain (%)

(Fig. 2b). A 7 x 7 x 7Tmm model of a bone-growth plate-
bone sample was constrained in all directions at the base
(Y = 0), and acompressive displacement equal to 20 % of the
growth plate thickness was applied at the top surface along
the long (Y) axis of the bone, resulting in an average vertical
reaction pressure of 0.4 MPa at the fixed surface. Ten equal
incremental steps were used to reach the final displacement.
Isotropic linear elastic materials were used in a large dis-
placement analysis to simulate the response of instantaneous
loading applied on top of the model. The elastic modulus
of interterritorial matrix (ITM) gradually changed from 0.38
to 1.87 MPa (Radhakrishnan et al. 2004) (Fig. 3), while the
elastic modulus of the territorial matrix (TM) and chondro-
cytes was taken to be 0.26 MPa (Allen and Mao 2004) and
2 kPa (Leipzig and Athanasiou 2005; Ng et al. 2007), respec-
tively (Gao et al. 2015). Chondrocytes were assumed to be
incompressible (Poisson’s ratio = 0.5). Fluid effects were
ignored due to the assumption of short-time-scale loading.
Mesh convergence studies were performed at each scale to
ensure adequate mesh sizes for the models used in the study.

The macroscale model consisted of 181,056 eight-node
hexagonal elements with reduced integration (C3DS8R).
Mesoscale models (three-layered and ten-layered model)
consisted of 159,848 and 119,700 eight-node hexagonal ele-
ments with reduced integration (C3D8RH), respectively. As
for the microscale level, the chondron model consisted of
268,455 hybrid four-node tetrahedral (C3D4H) elements
for cells and general purpose four-node tetrahedral C3D4
elements with reduced integration for the TM and ITM.
Reduced integration formulation was used to prevent volu-
metric locking and save computational time. Hybrid elements
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Fig. 2 (a) Two idealized models were constructed consisting of epi-
physeal bone, growth plate (GP) cartilage and metaphyseal bone (about
7 x 7 x 7mm) with variations of mammillary processes: flat and ‘m’
shaped. (b) Schematic of the multiscale modeling approach. At the
macroscale level, quarter models were used for analysis. Growth plate
cartilage (0.69 mm in height) was partitioned into two sections to repre-
sent the reserve zone (RZ) and the proliferative/hypertrophic (P/H) zone.
Calcified cartilage (CC) was also included in the macroscale model. A
compressive displacement equal to 20 % of the growth plate height was
prescribed at the top surface in the direction along the long axis of the
bone. At the mesoscale level, three individual layers were generated in
the P/H zone to represent the gradient change in elastic modulus through
the thickness of the growth plate. The microscale model of the chondron
consisted of interterritorial matrix (ITM), territorial matrix (TM) and
46 chondrocytes with gradually changing cellular shape along with the
same number of ITM sections. The elastic modulus of ITM increased
from the RZ to the metaphyseal side to represent the gradual change
in its material properties. As a model simplification the chondrocyte
widths remained unchanged along the length of the chondrons whereas
these normally increase as shown in Fig. 3

with enhanced hourglass control (C3D8RH for macroscale
and mesoscale models, C3D4H for microscale model) were
utilized for incompressible materials to remedy potential
locking problems during the analyses. Further details of the
model are provided elsewhere (Gao et al. 2015).

2.2 Averaged cell stress and strain calculation

The average hydrostatic stress (oj) in each chondrocyte was
calculated as:

n n
Average cellular stress = Zi:l o;Evol; / Zi:l Evol;,
()
where i is the ith element within the same chondrocyte which
includes a total number of n elements, o; is the stress at the

integration point of each element and Evol is the element
volume. Compressive hydrostatic stress is negative.
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Fig. 3 Determination of the elastic moduli of the growth plate utilized
in the models. a Stained histological slice (hematoxylin and eosin) of
a 4-month-old bovine growth plate; chondrocytes are dispersed in the
reserve zone (RZ) and are stacked in tubes (chondrons) extending from
the zone of proliferation (P) through the zones of maturation and hyper-
trophy (H). The walls of the chondron tubes (interterritorial matrix)
become increasingly calcified toward the metaphyseal side. Following
chondrocyte death, the walls of tubes or bars of calcified cartilage (CC)
matrix form the scaffolding upon which bone is laid down (primary
spongiosa); scale bar = 100 pum. b Distribution of the elastic modulus
of the P/H zone (three-layered mesoscale and ten-layered mesoscale
models) and interterritorial matrix (ITM) (microscale model) (from:
Gao et al. 2015)

The average maximum principal strain (&) in each chon-
drocyte was calculated:

Average cellular strain = Zn

o ei/n, )
where i is the ith element within the same chondrocyte which
includes a total number of n elements, ¢; is the strain at the
integration point of each element. Maximum principal strain
is tensile strain and is positive.

2.3 Strain measures

All strain results were directly extracted from the analysis
as logarithmic strains (LE) with the exception of cell height
and width strains. Chondrocyte height and width strains were
reported as engineering strain from the measurements of the
cell heights and widths. The cell-averaged maximum prin-
cipal strains and the cell-averaged hydrostatic stresses were
used to create a tissue differentiation phase diagram similar
to that proposed by Claes and Heigele (1999). The vertical
axis in their phase diagram corresponds to strains (positive
or negative) parallel and transverse to the bone long axes,
or in a coordinate system with axes aligned along and trans-
verse to the ossification front, when comparing the model of
fracture healing to the experimental observations. Similarly,
our chondrocyte width and height strains in the chondrons
are aligned along and transverse to the bone long axis.
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We also calculated maximum (tensile) principal strain to
replace cell height and width strain for comparison purposes
although there are no quantitative studies to evaluate these
magnitudes in association with proliferation and differentia-
tion. We believe that principal strains are of interest because
they develop in different directions and may be related to
what cells sense in their environment within the chondron
and through connection to the pericellular or territorial matrix
(TM), and also because principal tensile strain was used for
the y-axis in the phase diagrams in the later publications of
Carter et al. (1998). Although we used a single-phase mate-
rial model, the hydrostatic stress would be expected to be
borne by the fluid phase and the principal tensile strain by the
fibrous component of the solid phase. The fibrous or tension-
bearing components, although not represented as such in the
model, are oriented in directions different from the major and
minor axes of the cell which are used to determine cell height
strain and width strain.

3 Results

Stresses and strains (absolute values) decreased within the
chondron from the base of the proliferative zone, adjacent to
the reserve zone, toward the last cell in the hypertrophic zone.
Near the center line (X = 0, Z = 0) of the model, the prolif-
erative chondrocytes experienced greater hydrostatic stresses
(absolute value) and greater maximum principal strains (log-
arithmic strain, LE) than hypertrophic chondrocytes (Fig.
4). The results were calculated for a chondron slightly off
center for the ‘m’-shaped growth plate. The peak values for
hydrostatic compressive stress (—0.38 MPa) and maximum
principal (tensile) strain (12 %) gradually decreased from the
proliferative zone down to —0.17 MPa and 7 %, respectively
at the calcified cartilage border of the chondron. Results
extracted from the flat-shaped growth plate (not shown) were
found to follow similar trends as for the ‘m’-shaped growth
plate. By comparison, the average tissue level strains for a
model without chondrons and cells were 15 % across the
reserve through hypertrophic zones.

Chondrocyte hydrostatic stresses within each zone
remained relatively constant in the direction transverse to
the bone long axis, except near the outer surface where
the proliferative and hypertrophic chondrocyte hydrostatic
stresses dropped to —0.14 and —0.04 MPa, respectively (Fig.
5). Proliferative chondrocytes experienced higher hydrosta-
tic stress (absolute value) than hypertrophic chondrocytes at
each location from the center toward the edge. The gradient
in hydrostatic stress from the proliferative to the hypertrophic
zone remained relatively constant until the outer edge where
the gradient decreased to less than half the gradient in the cen-
tral region. Similar trends were observed for the flat-shaped
growth plate model, although the flat-shaped growth plate
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Fig. 4 Distributions of maximum principal strain (logarithmic strain,
LE) and hydrostatic stress obtained from the microscale model within
the ‘m’-shaped growth plate subjected to 20% compression (15 %
across the reserve zone through hypertrophic zones). Stresses were aver-
aged for each chondrocyte embedded in a chondron. The results were
obtained for a (30w wide) chondron centered at X = 0, Z = 751
near the central region of the growth plate. Proliferative chondrocytes
experienced higher hydrostatic stress (absolute value) than hypertrophic
chondrocytes. Cell stresses for a flat-shaped growth plate followed a
similar trend as for the ‘m’-shaped growth plate model. In both the flat-
and ‘m’-shaped models, the cellular tensile strains decreased from the
proliferative to hypertrophic zones
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Fig. 5 Distribution of the cell-averaged hydrostatic stress obtained
from the microscale model with chondrocytes embedded in a chon-
dron within the ‘m’-shaped growth plate (shown in gray) subjected to
20 % compression (15 % across the reserve zone (RZ) through hyper-
trophic zones). The results were extracted from five different locations
in the plane transverse to the bone long axis. Chondrocytes at all zonal
levels experienced higher hydrostatic stress (absolute value) in the cen-
tral region than in the region close to the outer surface. Proliferative
(P) chondrocytes experienced higher hydrostatic stress (absolute value)
than hypertrophic (H) chondrocytes

experienced relatively greater (about 10 %) hydrostatic stress
(absolute value) than the ‘m’-shaped growth plate at the cell
level (results not shown).

Chondrocyte maximum (tensile) principal logarithmic
strains (LE) varied with location along the direction trans-
verse to the bone long axis and in relation to the mammillary
process. Proliferative chondrocytes located on the sloped
regions of the ‘m’-shaped mammillary processes experi-
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Fig. 6 Distribution of maximum principal logarithmic strains (LE)
obtained from the microscale model with embedded chondrocytes
within the ‘m’-shaped growth plate subjected to 20% compression
(15 % across the reserve zone through proliferative (P) and hypertrophic
(H) zones). The results were extracted from five different radial loca-
tions from the center to the edge of the growth plate. Chondrocytes
located at the sloped regions of the ‘m’-shaped growth plate experi-
enced higher maximum principal strain (LE) than those located at other
regions (except for the region close to the outer edge) regardless of the
zonal location of the chondrocytes

enced higher maximum principal strains (LE = 21-23 %)
compared with those located near the central valley and apex
of the mammillary processes (LE = 10-12 %), except for the
region close to the outer edge, where the strains were largest
(LE =24 %). Cells in the hypertrophic zone varied similarly,
except on the interior slope of the mammillary processes (Fig.
6). Proliferative chondrocytes experienced greater maximum
principal strains than hypertrophic chondrocytes at every
location in the transverse plane. The gradient in principal
strain from the proliferative to the hypertrophic was greatest
on the interior slope of the mammillary processes and small-
est at the periphery. Regarding the flat-shaped growth plate
model, similar trends were observed with slightly lower max-
imum principal strain compared with the ‘m’-shaped growth
plate at the cell level (results not shown).

Chondrocyte height and width strains versus cell-averaged
hydrostatic stresses are shown in a phase diagram for chon-
drocytes in the central region of the growth plate in Fig. 7.
Chondrocytes located within the interior of the growth plate
had strain and stress values that remain close to or within the
quantitative bounds determined to be necessary for osteoge-
nesis in a fracture healing callus (Claes and Heigele 1999).
Chondrocytes near the reserve/proliferative zone border were
subjected to combinations of high compressive hydrostatic
stresses (—0.4 MPa), and cell height and width strains of —12
to +9 %, respectively, that maintain cartilage and keep chon-
drocytes from differentiating, whereas chondrocytes closer to
the hypertrophic/calcified zone were exposed to lower com-
pressive hydrostatic stresses (—0.18 MPa) and to cell height
and width strains as low as —4 % to +4 %, respectively, that
promote cell differentiation toward osteogenesis.
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The chondrocyte maximum principal strain (LE) values
were slightly greater in magnitude compared with cell height
and width strain as would be expected (Fig. 8). The max-
imum principal strain gradient in the phase diagram was
steeper as strains dropped along the chondron from a peak
of 12-21 % in the first proliferative or daughter cell (where
the hydrostatic stress is —0.39 MPa) down to 7 % in the last
hypertrophic chondrocyte (where the hydrostatic stress has
decreased to —0.18 MPa). Hydrostatic pressures and prin-
cipal tensile strains in terminal chondrocytes at the border
of the calcified zone approached limits determined in frac-
ture healing for intramembranous ossification (Fig. 8). Cells
near the outer periphery of the growth plate structure expe-
rienced a combination of low compressive hydrostatic stress
(0 to —0.15MPa) and high maximum principal strain (LE
= 20-29 %) that would be expected to stimulate cell differ-
entiation toward fibrocartilage or fibrous tissue (Claes and
Heigele 1999).

Hydrostatic stresses and maximum principal strains (LE)
were plotted for the microscale model in the central region
of the ‘m’-shaped growth plate model to show interactions
between chondrocytes and their surrounding matrix (Fig. 9).
Border regions of the chondrocytes adjacent to territorial
matrix (TM) exhibited slightly higher strains than the interior
regions of the chondrocytes. All chondrocytes, TM and ITM
were exposed to higher pressure in the proliferative zone than
in the hypertrophic zone. At each zonal location, chondro-
cytes were subjected to higher hydrostatic stress than their
surrounding matrix (TM) (Fig. 9a). In addition, chondrocytes
experienced higher maximum principal strain (LE) than their
surrounding TM. Within each chondrocyte, the cell/matrix
boundary experienced higher strain levels than the central
region of the cell (Fig. 9b, c). In the proliferative zone, the
ITM was compressed (Fig. 9c upper), whereas in the hyper-
trophic zone, the TM was compressed (Fig. 9c lower). The
hypertrophic ITM was subjected to more tensile strain than
proliferative the I'TM, while proliferative chondrocytes also
experienced more tensile strain than hypertrophic chondro-
cytes (Fig. 9d).

4 Discussion

The results indicate that (1) the MSF in chondrocytes in the
proliferative zone produces conditions that maintain carti-
lage (Fig. 4), prevent cell differentiation and perhaps favor
cell division (large MSF); and (2) the MSF decreases along
the length of the chondron from the proliferative through
the zone of maturation and reaches a minimum value in the
hypertrophic zone, conditions that favor differentiation and
osteogenesis, as was hypothesized. Therefore, the model sup-
ports the hypothesis that the same mechanoregulatory signals
found to regulate fracture healing at the tissue level also
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Fig. 7 Chondrocyte height and
width strains for the central
chondron of the ‘m’-shaped
growth plate subjected to 20 %
compression across the growth
plate (15 % across the reserve
through hypertrophic zones) are
shown to fall within the strain
(4+/ — 15%) and stress
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Fig. 8 Cell-averaged hydrostatic stress and maximum principal (ten-
sile) strain from Figs. 4 and 5 plotted on a schematic similar to that
proposed for fracture healing (Claes and Heigele 1999) except that
strains are shown as maximum (tensile) principal strains (LE) rather
than as strains along and perpendicular to the growth front. For loca-
tions within the central region of the growth plate model (positions 1 and
2), the proliferative chondrocytes (P) closest to the reserve zone expe-
rienced cell-averaged maximum tensile strains slightly greater than the

function at the chondrocyte level in the physis to control
longitudinal bone growth. The phase diagram in Fig. 7 indi-
cates that for a strain of 20 % applied across the growth plate
the compressive hydrostatic stresses (—0.15 to —0.4 MPa),
cell width (—3 to —10 %) and height strain (44 to +13.5 %)
magnitudes in a centrally located chondron of the epiphyseal

Stress (MPa)

P: Proliferative zone; H: Hypertrophic zone

+/ — 15 % the tissue-level strain limits established for endochondral
bone formation in fracture healing for tissue level strains in the direction
of the growth front or perpendicular to it. For most of the central region
of the growth plate, the terminal hypertrophic chondrocytes (H) bor-
dering the calcified cartilage zone approach the stress and strain limits
determined by Claes and Heigele for membrane bone formation; chon-
drons located within 1 mm of the periphery (position 5) fall within the
fibrous tissue and fibrocartilage regions established for fracture healing

cartilage fall within the bounds determined at the tissue level
for endochondral bone formation in fracture healing (Fig.1)
by Claes and Heigele (1999). The phase diagram for maxi-
mum principal strains and hydrostatic stresses in growth plate
chondrocytes in relation to their known cell function (mainte-
nance of cartilage versus differentiation toward osteogenesis)
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Fig. 9 Distributions of hydrostatic stress and maximum principal log-
arithmic strain (LE) within the microscale model near the central region
of the ‘m’-shaped growth plate model. Contour changes are shown when
the results in adjacent elements differ by more than 25 %. a Pressure
distribution within the microscale model. Chondrocytes, TM and ITM
all experienced higher pressure at the proliferative zone than the hyper-
trophic zone. At each zonal location, chondrocytes experienced higher
pressure than their surrounding matrix (TM). b, ¢ Maximum princi-
pal strain (LE) distribution within the microscale model. Chondrocytes
experienced higher strain than surrounding TM. Within each chondro-
cyte, the border region of cell and matrix experienced higher strain than
the central region of the cell. At the proliferative zone (c¢), ITM expe-

is qualitatively similar to that for tissue level studies of frac-
ture healing. Our findings are for one particular loading case
(fast compression to 20 %) and our results are discussed in
relation to this one particular loading case only, but are likely
relevant to the cellular level mechanoregulatory processes in
the physis.

The results indicate that there is a correlation between
hydrostatic stress at the cellular level in the thin layer
of growth plate cartilage and the chondrocyte morphology
and function in the various zones of the growth plate as
chondrocytes progress through the stages of proliferation
and hypertrophy and terminal differentiation. Chondrocytes
located close to the metaphysis experienced less hydrostatic
stress than those close to the reserve zone, and these regions
correspond with the location of cartilage calcification during
the bone development. In cell culture studies, cyclic (0.5Hz)
hydrostatic pressure has been shown to down regulate the
expression of MMP-13 (matrix metallopeptidase 13, the
main proteolytic enzyme in hypertrophic cartilage (Vinardell
et al. 2012) and type I collagen in articular cartilage chon-
drocytes (Wong et al. 2003). Another study suggested that
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rienced compressive maximum principal strain. This is due in part to
the lateral expansion of incompressible cells pushing against the ITM,
so that the ITM was being compressed at this region. However, at the
hypertrophic zone (¢), it is the TM that being compressed. This is prob-
ably because the elastic modulus of the hypertrophic ITM is higher
than the proliferative ITM, while the elastic modulus of TM is constant.
Therefore, when cells in the proliferative zone are being compressed
to expand laterally, the TM provides the buffer zone instead of ITM. d
Directions of maximum principal strain (LE) within the upper prolif-
erative and lower hypertrophic zones (3D vectors are transected in the
viewing plane)

hydrostatic stress may reduce the rate of chondrocyte differ-
entiation and have an anti-angiogenic influence on cartilage
(Wong et al. 2003) and inhibit endochondral ossification
(Lerner and Kuhn 1997). Based on information from these
previous studies (Carter et al. 1988; Wong et al. 2003;
Vinardell et al. 2012), hypertrophic chondrocytes would be
expected to experience lower hydrostatic stress than prolif-
erative chondrocytes, which agrees with our results. On the
other hand, chondrocytes located close to the periphery of
the growth plate experienced less hydrostatic stress and these
regions correlate with the location of faster bone growth dur-
ing the bone development (Lerner and Kuhn 1997).
Therefore, (1) the MSF in chondrocytes in the prolifera-
tive zone produces conditions that maintain cartilage, prevent
cell differentiation (large MSF) and perhaps provide condi-
tions favorable to cell division; and (2) the MSF decreases
along the chondron through the zone of maturation and
reaches a minimum value in the hypertrophic zone, condi-
tions that favor differentiation and osteogenesis (Fig. 4). It
has been shown in 2D cultures that chondrocytes subjected
to cyclic tensile strains of 3—17 % at frequencies greater than
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0.17 Hz stimulate chondrocytes to divide (Bleuel et al. 2015).
Although extrapolation from 2D cell culture to 3D organ lev-
els is simplistic, it may be that the maximum tensile strains
seen to develop primarily in the transverse (lateral direction)
of the physis (Fig. 9d) provide a favorable environment for
chondrocyte division, which occurs in the transverse direc-
tion after which the daughter cell reorients itself vertically
beneath the mother cell.

Our cell-averaged strain results, when considered on their
own, seem to contradict the mechanobiological theories. The
relevance of mechanoregulatory theory at the cellular level
only becomes clear when strains are considered in com-
bination with hydrostatic stresses in a mechanoregulatory
phase diagram. Based on the theory that exposing chondro-
cytes to shear stress (or maximum principal strain) drives
the synthesis of those proteins which are responsible for
angiogenesis and later acceleration of cartilage ossification
(Carter and Wong 2003), it would be reasonable to expect
higher octahedral shear stress (or maximum principal strain)
in the hypertrophic chondrocytes than in the proliferative
zone. Experiments have shown that cyclic (0.5Hz) tension
appears to activate the Cbfal/MMP-13 pathway and increase
the expression of terminal differentiation hypertrophic mark-
ers (such as type X collagen) in articular chondrocytes (Wong
et al. 2003). However, when both cell-averaged hydrostatic
stress and maximum principal strain are considered simulta-
neously (for cells in a chondron located in the interior) and
plotted on the phase diagram, the predicted differentiation
gradient of chondrocytes within the chondron is qualitatively
consistent with the mechanoregulatory concepts proposed
for early endochondral bone formation (Carter and Wong
1988Db; Carter et al. 1998; Loboa et al. 2003) and in quanti-
tative agreement with the mechanoregulatory phase diagram
proposed for fracture healing (Claes and Heigele 1999).

The model results are also consistent with the mechanoreg-
ulatory ideas that large tensile strains promote fibrous tissue
and fibrocartilage formation when the chondron is located
near the outer periphery of the growth plate where in an actual
bone the hyaline cartilage merges into a fibrous or fibro-
cartilaginous perichondrium (Fig. 8). Figure 8 also shows
the principal strain values superimposed with hydrostatic
stresses for cells near the perichondrial border of the growth
plate. In life, a slight circumferential indentation is formed
at the surface of the bone where the growth plate is located,
which was originally described by Ranvier and subsequently
referred to as the node of Ranvier or Ranvier’s groove. This
region contains undifferentiated mesenchymal cells respon-
sible for the increase in width of the epiphysis. Some of these
cells pass through the developmental stages from germi-
nal to proliferation to hypertrophic cells, thereby increasing
the transverse diameter of the physis (Shapiro et al. 1977;
Solomon 1966; Hert 1976). Also present in the groove of
many physes is a thin tube of intramembranous bone (called

bone bark) encircling the lower portion of the growth plate,
which in our opinion would restrain the most peripheral
chondrons from buckling outward. Additionally, fibroblasts
are present within sheets of highly oriented collagen fibers
that are continuous with the outer fibrous layer of the peri-
chondrium and periosteum and with the epiphyseal cartilage
(Shapiro et al. 1977). This complex structure is omitted from
our model, and its possible influence on the stresses and
strains in the most peripheral chondron is absent from our
model results.

In our model, the values for maximum principal strain
in chondrocytes at the periphery are 4-5 times larger than
the limits (+/ — 5 %) for intramembranous bone formation
shown in the phase diagram of Claes and Heigele, suggesting
that this would fall within the region of fibrous tissue in Claes
and Heigele’s quantitative phase diagram, rather than region
of intramembranous bone formation. However, our model
does not contain any representation of Ranvier’s groove, and
it is conceivable that at the stage of development for which
our model is applicable the bone bark tube (if present) would
restrain the most peripheral chondrons and therefore alter the
state of stress and strain in the most peripheral chondrons.
The values we have noted in our phase diagram using maxi-
mum principal strains for intramembranous bone formation
at the perichondrial border in the node of Ranvier would need
to be explored experimentally, and the model would need
to include a representation of the relevant tissues and cells
in Ranvier’s groove. We therefore consider the hydrostatic
stress and maximum principal strain boundaries plotted for
the results in this peripheral region on our phase diagram as
hypothetical.

When cellular strains are characterized in terms of chon-
drocyte height and width and plotted on a mechanoregulatory
type of diagram (Fig. 7) along with their cell-averaged hydro-
static stresses, it can be seen that the entire growth plate is
exposed to conditions favorable for endochondral bone for-
mation according to the strain and stress limits determined
for endochondral bone formation in the fracture callus (Claes
and Heigele 1999). Without in vivo experiments, our study
is not capable of providing suggestions on potential limits
beyond which either injury or growth arrest might occur.
Based on our results, the strain limits appear to be reason-
able starting point for further exploration. This view does
not distinguish tension from compression, but requires the
simultaneous consideration of deformation and hydrostatic
stress, which is consistent with the early ideas of Pauwels
regarding cell deformation when embedded in a tissue being
deformed under uniaxial loading.

One way chondrocytes are known to sense mechanical sig-
nals from their surrounding matrix is through the stretching of
their plasma membrane (Sachs 1991; Watson 1991; Amini
et al. 2010). In addition, primary cilia, which are antenna-
like structures extruding from the surface of the cells, have
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been found to sense fluid shear (Temiyasathit and Jacobs
2010; Winyard and Jenkins 2011) and have been reported to
play an important role in bone development (Haycraft and
Serra 2008; Seeger-Nukpezah and Golemis 2012; Shao et al.
2012). It is postulated that they sense mechanical loads that
acting on the cells and transduce them into biological signals
(Shao et al. 2012). In the growth plate, cilia bind to collagen
fibers through ciliary integrin receptors (Jensen et al. 2004;
Farnum and Wilsman 2011) and respond to mechanical sig-
nals from ECM (Seeger-Nukpezah and Golemis 2012). Our
results show that the TM experienced different hydrostatic
stress and tensile strain compared to chondrocytes from the
same location. Considering these results together with the
location and function of the primary cilia, it is reasonable to
speculate that the primary cilia present one avenue for the
growth plate chondrocytes to sense and transduce surround-
ing mechanical signals, even though no cilia were modeled
in this study. Chondrocyte strains in our model are greatest
at the border between the cell and the matrix rather than in
the center (Fig. 9), which would support a possible role for
ciliary mechanotransduction.

To the best of our knowledge, no experimental data have
been published on chondrocytes within growth plate carti-
lage under instantaneous compression for us to compare our
results to. Therefore, results obtained from articular chon-
drocytes from previous studies were used to make limited
comparisons. One previous study (Chahine et al. 2007) sur-
mised the internal pressure values of articular chondrocytes
to be around 23kPa under 2% compressive strain during
transient loading from their FE model of their experiment.
Our results of pressures in chondrocytes extracted at the
same strain level (2 %) were about 15-33 kPa (proliferative—
hypertrophic) in the central region of the ‘m’-shaped growth
plate model, which agree with this previous study (Chahine
et al. 2007). The nominal stress within the macroscale model
was calculated to be 0.4 MPa, which falls within the estimated
physiologic range of joint loading during activities such as
walking (Katta et al. 2009; Hosseini et al. 2010).

The current model is limited to fast loading (e.g., heal
strike in walking) where the fluid component has no time to
flow through the tissue. During gait the joints of the lower
limb are subjected to cyclic loading. These loads are applied
at fast rates and act for short durations (Mann and Hagy
1980). There is convincing experimental and theoretical evi-
dence for using a single-phase linear elastic model for short
duration loading of articular cartilage (Carter and Beaupré
1999; Higginson et al. 1976; Armstrong et al. 1984; Brown
and Singerman 1986; Ateshian et al. 1994). Cartilage may
be modeled as biphasic, viscoelastic or poroelastic when the
relaxation time and the period of observation are of the same
order of magnitude. Ignoring the fluid-dependent behavior is
reasonable for transient loading such as impact during heel
strike or during the 0.2-s segment of the stance phase of a gait
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cycle. The relaxation time for growth plate cartilage in our
experiments at 20 % compression is around 1200s (Tutorino
et al. 2001), similar to values reported by Wosu et al. (2012),
and chondrocytes have a relaxation time of 10-20s (Darling
etal. 2008; Appelman et al. 2011). Since cartilage permeabil-
ity is low, fluid flow and nonlinear changes in stress and strain
take place over a period of many minutes to hours, much
longer than loading rates experienced during walking and
running. We believe that our assumptions of linear elasticity
are reasonable for the current application since it has been
shown to phenomenologically simulate a wide variety of nor-
mal and abnormal bone growth scenarios. In relation to the
objectives of the current work, Carter and Wong (2003) stated
that “...similar analyses using poroelastic constitutive mod-
els have failed to provide any additional insights or change
the basic conclusions drawn from the linear elastic models.”
However, it should be noted that while the chondrocyte vol-
ume remains nearly constant during instantaneous loading
conditions the instantaneous bulk strains will be smaller com-
pared to the equilibrium state.

In general, the assumption of linearity in the elastic mate-
rial properties is reasonable for the purpose of describing the
basic mechanical behavior of the growth plate under uniaxial
compression and has been used in previous studies (Carter
and Wong 2003; Piszczatowski 2011). Since we observed
approximately linear stress—strain behavior up to 20 % strain
in the experimental growth plate compression tests (Tutorino
etal. 2001; Gao et al. 2014) used to develop our model (Gao
etal. (2015)), we feel that the assumption of stress—strain lin-
earity is reasonable up to 20 % strain. Similar approximate
linear behavior is shown in compression tests of growth plate
samples from the distal ulna of pigs eight weeks and older
(Wosu et al. 2012).

We believe that 20 % is a physiological peak level of strain.
Taking articular cartilage for comparison, it has been shown
using an MRI-based method that maximum principal strains
reach values of +10 and —10% in the tibial and femoral
articular cartilage of volunteers during compressive load-
ing by cyclically applying one-half body weight at the foot,
suggesting that at full body weight the dynamic tissue level
principal strains would reach +20 and —20 % strain. (Chan
et al. 2016), thereby providing similar strain levels to those
applied to our model of growth plate cartilage. Our quan-
titative results are specific to the magnitude of the applied
20 % strain across the growth plate cartilage at a nominal
stress of 0.4 MPa. Peak intermittent joint loads at the knee
during walking are 3 x BW and during jogging 5 x BW.
(Bergmann et al. 2014). Assuming a growth plate area at the
proximal tibia in a 450 N adolescent of around 2, 800 mm?,
the average peak stress in the growth plate cartilage, if evenly
distributed, would be 0.16 MPa standing on one leg, 0.48 MPa
walking and 0.8 MPa jogging. For comparison, the peak com-
pressive stresses acting along the bone axial direction in the
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growth plate of the rabbit distal femur in the sitting position
have been estimated to range from about 0.25 to 0.6 MPa
in growing rabbits (Lerner et al. 1998). Hopping would
presumably increase these stresses. These estimates are for
intermittent peak stresses applied over short time intervals.
It has been estimated that a sustained compressive stress of
0.6 MPa would result in a 100 % reduction in growth rate
(Villemure and Stokes 2009). The magnitude of sustained
compressive stress needed to cause growth arrest has been
estimated at 0.3 MPa (Bonnel et al. 1983), 0.5 MPa (Safran
et al. 1992) and 0.5-1 MPa (Bylski-Austrow et al. 2001).

Limitations of this study include the assumption that chon-
drocytes are continuously attached to the surrounding matrix
as in other previous studies (Guilak and Mow 2000; Lai et al.
2013), even though these attachments are known to be dis-
crete (Burridge et al. 1988). The topographies of the growth
plate layer were simplified to represent idealized shapes
observed in experimental samples of bovine growth plate
(Tutorino et al. 2001). Furthermore, some structures (e.g.,
perichondrium, groove of Ranvier and ring of LaCroix) were
not included. Potential structural support from these struc-
tures was not considered in this study, and this may lead to
an overestimation of the lateral expansion at the growth plate
outer perimeter. Our focus in this paper was on the biologi-
cally active structural and functional unit of the growth plate
which is represented by the chondron. We did not develop a
microscale model at the level of the cell for the reserve zone,
which we plan to do in future.

In summary, the major limitations of the model include:
linear elastic material properties representation of a sin-
gle loading state representing 20 % compression at a fast
loading rate corresponding to heal strike, idealized mam-
millary process geometry, simplified cell shapes, omission
of fluid flow, cells within the reserve zone, the perichondrial
structures and internal cellular detail (nucleus, cytoskeletal
structures, etc.) and attachment structures between the cells
and surrounding matrix (cilia, integrin, etc.).

5 Conclusions

In conclusion, this study utilized a multiscale FE model of
growth plate cartilage under moderate instantaneous com-
pression to test the hypothesis that the same combination of
mechanoregulatory signals shown to maintain cartilage or
stimulate osteogenesis or fibrogenesis in the cartilage anlage
or fracture callus at the tissue level also performs the same
function at the cell level within the chondrons of growth plate
cartilage. To our knowledge, this study is the first attempt to
compare qualitative or quantitative values for mechanoregu-
latory parameters at the individual cell level within the growth
plate chondron. The model provides evidence to support the
hypothesis. Our cell-level results are qualitatively and quan-

titatively in agreement with tissue-level theories when both
hydrostatic cellular stress and strain are considered simulta-
neously in a mechanoregulatory phase diagram similar to that
proposed at the tissue level by Claes and Heigele. Chondro-
cytes near the reserve/proliferative zone border are subjected
to combinations of high compressive hydrostatic stresses
(—0.4MPa), and cell height and width strains of —12 to
49 %, respectively, that maintain cartilage and keep chon-
drocytes from differentiating, whereas chondrocytes closer
to the hypertrophic/calcified zone undergo combinations of
lower compressive hydrostatic stress (—0.18 MPa) and cell
height and width strains as low as —4 to +4 %, respec-
tively, that promote cell differentiation toward osteogenesis;
cells near the outer periphery of the growth plate structure
experience a combination of low compressive hydrostatic
stress (0 to —0.15MPa) and high maximum principal strain
(20-29 %) that stimulate cell differentiation toward fibrocar-
tilage or fibrous tissue. With the ability to relate macroscopic
loads to chondrocytes mechanics, this model may serve as a
basis for further studies to explore the relationship between
chondrocyte mechanics and mechanoregulatory bone growth
theories. Furthermore, understanding the mechanobiology of
growth plate cartilage may aid in developing new therapeu-
tic interventions for bone growth-related diseases such as
scoliosis, and new strategies for creating the laboratory envi-
ronment necessary for tissue engineering.
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