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Abstract Mechanical environment is one of the regulating
factors involved in the process of longitudinal bone growth.
Non-physiological compressive loading can lead to infantile
and juvenile musculoskeletal deformities particularly dur-
ing growth spurt. We hypothesized that tissue mechanical
behavior in sub-regions (reserve, proliferative and hypertro-
phic zones) of the growth plate is related to its collagen and
proteoglycan content as well as its collagen fiber orientation.
To characterize the strain distribution through growth plate
thickness and to evaluate biochemical content and collagen
fiber organization of the three histological zones of growth
plate tissue. Distal ulnar growth plate samples (N = 29)
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from 4-week old pigs were analyzed histologically for col-
lagen fiber organization (N = 7) or average zonal thickness
(N = 8), or trimmed into the three average zones, based on
the estimated thickness of each histological zone, for bio-
chemical analysis of water, collagen and glycosaminogly-
can content (N = 7). Other samples (N = 7) were tested in
semi-confined compression under 10 % compressive strain.
Digital images of the fluorescently labeled nuclei were con-
comitantly acquired by confocal microscopy before loading
and after tissue relaxation. Strain fields were subsequently
calculated using a custom-designed 2D digital image corre-
lation algorithm. Depth-dependent compressive strain pat-
terns and collagen content were observed. The proliferative
and hypertrophic zone developed the highest axial and trans-
verse strains, respectively, under compression compared to
the reserve zone, in which the lowest axial and transverse
strains arose. The collagen content per wet mass was sig-
nificantly lower in the proliferative and hypertrophic zones
compared to the reserve zone, and all three zones had similar
glycosaminoglycan and water content.Polarized light micros-
copy showed that collagen fibers were mainly organized hor-
izontally in the reserve zone and vertically aligned with the
growth direction in the proliferative and hypertrophic zones.
Higher strains were developed in growth plate areas (prolifer-
ative and hypertrophic) composed of lower collagen content
and of vertical collagen fiber organization. The stiffer reserve
zone, with its higher collagen content and collagen fibers
oriented to restrain lateral expansion under compression,
could play a greater role of mechanical support compared
to the proliferative and hypertrophic zones, which could
be more susceptible to be involved in an abnormal growth
process.

Keywords Growth plate · Mechanical behavior ·
Biochemical content · Collagen fiber orientation · Polarized
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light microscopy · Mechanobiology · Confocal microscopy ·
Compressive strain · Digital image correlation (DIC)

Abbreviations
DIC Digital image correlation
ROI Region of interest
DMMB 1,9-Dimethylmethylene blue
OH-Pro Hydroxyproline
GAG Glycosaminoglycan
S-GAG Sulfated glycosaminoglycan
PG Proteoglycan
GP Growth plate

1 Introduction

In addition to growth factors, hormones, nutrients and genet-
ics, mechanical forces can modulate the rate of bone growth
(Farnum et al. 2000; Stokes et al. 2002, 2006; Farnum and
Wilsman 1998; Cancel et al. 2009). This phenomenon is a
key factor in the progression of infantile and juvenile mus-
culoskeletal deformities such as adolescent idiopathic scoli-
osis, neuromuscular disease, spondylolisthesis, and varus and
valgus deformities (LeVeau and Bernhardt 1984; Frost 1990;
Bonnel et al. 1984). The mechanical modulation of growth
is also a concept of growing interest in the development and
improvement of minimally invasive approaches that locally
target bone growth modulation to correct these segmental
deformities while preserving the growth plate and segment
mobility.

Longitudinal growth of vertebrae and long bones occurs
through an interstitial expansion process and endochondral
ossificationofcartilaginousgrowthplates.Theshape,sizeand
arrangement of growth plate chondrocytes dictate three struc-
turallydistinctmorphologicalzones: the reserve,proliferative
and hypertrophic zones (Ballock and O’Keefe 2003a,b; Far-
num and Wilsman 1998; Hunziker and Schenk 1989). Growth
plate extracellular matrix (ECM) is comprised of water, large
aggregating proteoglycans (PG) embedded within type II col-
lagen fibrils as well as short chain type X collagen exclusively
in the hypertrophic zone, which all provide the growth plate
with its mechanical stiffness (Mwale et al. 2002).

Type II collagen, one of the major extracellular compo-
nents of growth plate, forms a highly organized fibrillar net-
work, which is believed to be a critical determinant of tissue
biomechanical competence (Speer 1982). This collagen net-
work has the ability to entrap large, hydrophilic proteoglycan
molecules. During compressive loading, the collagen net-
work resists lateral expansion and interstitial fluid is forced
out through the dense proteoglycan matrix, pressurizing the
fluid and allowing for resistance to loading. Polarized light
microscopy (PLM) is suitable for evaluating the collagen

architecture, since it is sensitive to collagen fiber organiza-
tion (Speer 1982).

At the biomechanical level, different in vitro studies have
investigated intrinsic mechanical properties of growth plates
(Cohen et al. 1994), growth plate regions (chondroepiph-
ysis/reserve zone region and the proliferative/hypertrophic
zones) (Cohen et al. 1998) or growth plate histological zones
(Sergerie et al. 2009) and with developmental stage (Wosu
et al. 2011) under uniaxial compression using different ani-
mal models. Regional variations in rat tibial growth plate
mechanical behavior have also been determined under uniax-
ial compression in terms of continuous strain patterns (Ville-
mure et al. 2007). Moreover, in a study by Radhakrishnan
et al. (2004), growth plate extracellular matrix elastic mod-
uli were evaluated through growth plate thickness using com-
bined micro-indentation and atomic force microscopy. More
recently, chondrocyte mechanical behavior under uniaxial
compression in three histological zones of swine growth plate
was determined (Amini et al. 2010).

Up to date, no study has comprehensively analyzed the
zonal growth plate compressive mechanical behavior with
respect to its biochemical composition and collagen fiber
organization. A few experimental studies have aimed to cor-
relate the mechanical properties of the growth plate in ten-
sion with its biochemical composition. In a study by Cohen
et al. (1992) on bovine growth plates under tension, the tan-
gent modulus and ultimate stress correlated well by ana-
tomical site with the collagen concentration as measured
by hydroxyproline content. Conversely, in a study on rabbit
growth plates (Fujii et al. 2000), no correlation was found
between the tensile mechanical properties of each histo-
logical zone and its corresponding collagen content. How-
ever, the inconclusive results of this last study maybe due
to the evaluation of collagen content in five consecutive
equal sections, which overlapped the growth plate histolog-
ical zones.

In this study, it is hypothesized that the deformational
behavior of large animal growth plates under compression
is zone-dependent and related to its zonal biochemical com-
position and collagen fiber organization. The objective is to
determine the strain distribution within swine growth plates,
using the digital image correlation (DIC) technique, as well
as their corresponding biochemical composition and colla-
gen fiber orientation in the three functionally distinct zones
of the growth plate (reserve, proliferative and hypertrophic).
This would further our understanding of the effect of tis-
sue structural characteristics on the biological functioning of
growth plate under the daily effect of the mechanical environ-
ment, which is continuously experienced by growth plates.
At the mechanobiological level, this knowledge could help
establishing which growth plate zone would be more inclined
to trigger abnormal endochondral growth upon compressive
loading.
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2 Methods

2.1 Animal model and tissue processing

Distal ulnae (N = 29) of 4-week old swine (body mass =
3.73 ± 0.30 kg) were obtained from the same local abattoir
within 3 h of slaughter and, after removing the epiphysis with
a scalpel blade, growth plate cylindrical samples (N = 1 per
ulna) were extracted using 6 mm diameter biopsy punches
(Fig. 1) perpendicular to the growthplate/bone junction. Fol-
lowing sample extraction, four separate groups were imple-
mented: (a) histological group (N = 8) to quantify the zonal
averagethicknessofeachzone, (b)mechanicalgroup(N = 7),
in which a compression protocol was implemented, (c) bio-
chemical group (N = 7) for biochemical content evaluation
and (d) another histological group (N = 7) for characteriza-
tion of collagen organization. Following dissection, samples
in group (a) and (d) were fixed in 4 % paraformaldehyde at
4◦C. Decalcification was achieved by rocking samples placed
in 10 % EDTA (pH 7.0) at 4◦C for 3–5 days prior to paraf-
fin embedding. Samples designated for the mechanical group
were kept moist using HBSS (Hank’s Balanced Salt Solu-
tion, physiological pH and osmotic pressure (308 mOsm))
and held on ice. They were trimmed on their upper and
lowersurfacesusingaVibratome(Vibratome1500Sectioning
System) to obtain two parallel surfaces and to provide the
thickness of each growth plate sample (resolution of height
adjustment of 5 µm). The samples were further bisected along
the longitudinalgrowthaxisusingacustom-made tissueslicer
(Zivic Intruments, Pittsburgh, USA) to obtain a flat surface
in the longitudinal plane. Semi-cylindrical samples were then
immersed in a solution of 5 µm Syto-17 (Molecular probes,

Invitrogen,Montreal,Canada) for30minat roomtemperature
to fluorescently label chondrocytes nuclei. For the biochemi-
cal samples, the three zones were sequentially trimmed from
the complete growth plate as reported previously by Sergerie
et al. (2009) using the Vibratome based on the zone propor-
tions evaluated from the histological study. The samples were
immediately flash-frozen using liquid nitrogen and stored at
−80◦C until biochemical analysis.

2.2 Histological study

In order to quantify the average thickness of the three zones of
4-week old swine growth plate prior to the biochemical study,
a histological study (N = 8) was first performed. Four his-
tological sections (5 µm) along the bone growth axis, taken
from different depths within the sample using a rotary micro-
tome (Leica RM 2145), were stained with toluidine blue
and digital images were taken (2.5× magnification) using
a microscope (Leica DMR with a Retiga Qimaging Cam-
era). Based on the presence of mineralized bone, and distinc-
tive chondrocyte cell morphology in each zone (Farnum and
Wilsman 1998; Ballock and O’Keefe 2003a), growth plate
and individual zone thicknesses were measured with Digi-
mizer(v3.0) image analysis software at ten different locations
per histological section, for a total of 40 measurements per
sample.

2.3 Imaging and mechanical loading protocols

Each Syto-17-stained semi-cylindrical sample of the mechan-
ical group was placed in a custom-made loading apparatus

Fig. 1 a Growth plate site located between the metaphysis and second-
ary ossification center of the epiphysis, where the longitudinal growth
occurs. b Typical confocal section of a swine growth plate fluorescently
labeled using Syto-17 showing the three histological zones: reserve zone

(RZ), proliferative zone (PZ) and hypertrophic zone (HZ). c Growth
plate cylindrical sample extracted using a 6 mm biopsy punch perpen-
dicular to the growth plate/bone junction

123



S. Amini et al.

Fig. 2 a Experimental set-up consisting of a custom-made loading
apparatus mounted on the stage of an inverted laser scanning confocal
microscope. b Growth plate semi-cylindrical sample being sandwiched

between the two platens of the loading apparatus in a bath of HBSS.
c Schematic of the experimental set-up

(Amini et al. 2010) mounted on the stage of an inverted confo-
cal microscope (LSM 510 Carl Zeiss Inc., Germany) (Fig. 2).
The flat edge of the sample was positioned on a clean cover
slip placed over the microscope objective and sandwiched
between two platens to apply semi-confined compression
(Fig. 2c). The sample was kept moist throughout the test
with HBSS. Uniaxial compressive load was applied at the
epiphyseal edge of the sample. The platens displacement
along the longitudinal axis of the sample was controlled by a
custom designed software (Lab View, National Instruments,
Inc.,USA) and the resulting applied forces were recorded
by a single point load cell (Tedea-Huntleigh, Intertechnolo-
gy Inc.). Following first contact between platens and sample
(0.1–0.2 N compression), a two-step stress relaxation test
was performed sequentially for platen-to-platen strain values
of 5 % and 10 %, at a strain rate of 1.7E-3 s−1. A relaxation
criterion of 8E-6 N/s was used to allow the sample reaching a
relaxed state, which was determined in a preliminary study.
Digital images (512 × 512 pixels: 5.09 × 5.09 µm/pixel)
of fluorescently labeled chondrocyte nuclei were recorded
before applying the two-step stress relaxation test and after
final relaxation of the tissue using an EC Plan-Neofluar
5× /0.16 NA lens (Carl Zeiss Inc., Jena, Germany) from the
central region of each sample. The three-dimensional nature
of the samples affects the plane of focus after loading. This
was corrected visually by micro-adjustment of the focus knob
of the microscope to be in the same plane prior to and after
loading of the tissue. The 633 nm line of a He-Ne laser was
used for excitation and images were collected using a BP
650–710 filter.

2.4 Quantification of strain patterns using digital image
correlation

Digital image correlation (DIC) is one of the optical mea-
surement techniques enabling full-field strain measurements
in samples under loading. DIC is based on establishing spa-
tial correspondences between two images acquired from the
same test specimen; one image in the unloaded state and one
image at the same location in the loaded state.

In the present study, displacements and strains were cal-
culated based on the movement and distortion of the growth
plate samples (labeled GP1-GP7), which were analyzed
using a DIC technique similar to the studies by Cheng et al.
(2002) and Tong (2005). Confocal images were saved in TIF
format and imported into a custom programmed MATLAB
R2010a DIC software. For each image, a region of interest
(ROI) with an approximate size of 120×300 pixels covering
the three histological zones of the growth plate was further
extracted. The objective of the DIC technique was to find con-
tinuous displacement fields using nonlinear minimization of
the similarity criterion (C) defined in Eq. (1):

C =
∑

i

∑
j

⌊
Iref

(
xi ,y j

) −I ref
0

�Iref
− Idef

(
x̃i , ỹ j

) −I def
0

�Idef

⌋2

(1a)

I0 = 1

N × M

∑
i, j

I (xi , y j ) (1b)

�I =
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i, j

(
I
(
xi , y j

) − I0
)2 (1c)
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where N and M are the ROI dimensions. Iref and Idef are
the reference and deformed image grey levels distributions,
respectively. The summation is performed over all pixels in
the ROI. (x, y) and (x̃, ỹ) denote coordinates in the reference
and deformed configurations, which are related by displace-
ment components u and v as defined in Eq. (2):

u = x̃ − x, v = ỹ − y (2)

In order to estimate continuous displacements, B-Splines
were used to express displacement components (Cheng et al.
2002; Tong 2005). Thus, the minimization scheme seeks out
for the best B-Splines parameters producing the minimum
dissimilarity between images, i.e. Eq. (1a). A four-point bicu-
bic interpolation scheme (Lehmann et al. 1999) was then used
in the algorithm to evaluate the objective function presented
in Eq. (1a) at sub-pixel positions. The presented approach
was implemented using MATLAB software routines. The
algorithm performance was evaluated a priori with the aid of
artificial displacements imposed on a sample image accord-
ing to previously reported procedures (Cheng et al. 2002).
Resulting uncertainty measurements were found similar to
the evaluations by Cheng et al. (2002).

DIC was performed on confocal images recorded before
applying the two-step stress relaxation test and after final
relaxation period, at either 0 % (reference) or 10 % (deformed)
compressive loading to obtain displacement components.
The 10 % strain increment was chosen, since it was represen-
tative of physiological compressive strains in vivo (Villemure
and Stokes 2009). The Lagrangian strain tensors were then
directly determined using partial derivatives of displacement
components.

2.5 Biochemical analyses of water, collagen
and GAG content

Samples of the biochemical group were assayed for water
content, total sulfated glycosaminoglycan (S-GAG) content
and hydroxyproline (OH-Pro) as a measure of collagen con-
tent. Water content was determined by weighing the tissue
before and after lyophilization at −40◦C for 24 h using
Labcono freeze dry system (Labcono Corp., Kansas City,
USA). Collagen and GAG content was quantified accord-
ing to previously described methods (Hoemann et al. 2002).
Samples were papain-digested in 125 µg/mL papain solu-
tion for 16 h at 60◦C. A portion of the solubilized sample
was used to evaluate GAG content by the spectrophotomet-
ric 1,9-dimethylmethylene blue (DMMB) assay (Hoemann
et al. 2002; Hoemann 2004). The difference in absorbance
at 530 and at 590 nm read, done using a Tecan plate reader
(Tecan Group Ltd., Männedorf, Switzerland) for each sam-
ple, was compared to a standard curve (12.5−125 µg/mL)
derived from shark chondroitin sulfate (C4384, Sigma, Mon-
treal, Canada) made in the PBE (phosphate EDTA buffer)

solution. Another portion of the papain-digested sample was
further hydrolyzed in 6 N HCl for 18 h at 110◦C accord-
ing to Hoemann et al. (2002) and Hoemann (2004). Aliquots
of the hydrolyzed sample were oxidized with chloramine-T
hydrate and quantified following the colorimetric reaction
with Ehrlich’s reagent. The absorbance was read at 560 nm
for samples and standards (hydroxyproline, 0.5–5 µg/mL)
using Beckman spectrophotometer (Beckman Coulter, Inc.,
Brea, USA). Collagen content was evaluated assuming that
13.2 % of the collagen mass originated from hydroxyproline
residues (Hoemann 2004). Both GAG and collagen contents
were normalized to tissue wet weight.

2.6 Collagen fiber organization using polarized light
microscopy

Using a rotary microtome (Leica RM 2145), 5 µm thick
sections were prepared at a representative level within all
the 7 samples from group (d) (see Methods Sect. 2.1).
All sections analyzed by PLM were deparaffinized and
rehydrated for mounting unstained (Hoemann et al. 2011;
Changoor et al. 2011) using a sequence of baths including
toluene (Fisher ScientificCanada, Ottawa ON, Canada), a
graded ethanol series (CommercialAlcohols, QC, Canada),
and distilled water. They were then dehydrated in a sec-
ond series of ethanol baths, toluene, and mounted unstained
in Permount (Fisher Scientific, Hampton, NewHampshire,
USA). To positively identify the three histological zones
in unstained sections, an adjacent section was stained with
Safranin O for bright field microscopy. Grey-scale PLM
images at 5× magnification were generated in all three
growth plate zones with a microscope (Zeiss Axiolab) using
a CCD Camera (HitachiHV-F22 Progressive Scan Colour
3-CCD). According to Changoor et al. (2011), for optimal
image contrast, each grey-scale PLM image was used to
extract the green plane followed by 2 “sharp” deconvolution
steps (Northern Eclipse v7.0, Empix Imaging Inc., Missis-
sauga,ON, Canada). Separate images were merged (MosaicJ
plugin,ImageJ v.1.42q, National Institutes of Health, USA)
to generate a single image that comprised the entire growth
plate thickness.

2.7 Statistical analysis

Basic statistical analysis (mean, SD) was performed for
parameters of the histological group (thicknesses), mechan-
ical group (axial and transverse strains) and biochemistry
group (water, collagen and GAG content) for each set of data
(reserve, proliferative and hypertrophic zones). A one-way
ANOVA for repeated measurements was carried out to deter-
mine whether the effect of zone on each biochemical param-
eter and the amount of developed strain was significant.
The post-hoc comparisons between data sets were performed
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Table 1 Mean zonal thickness proportions of the reserve, proliferative
and hypertrophic zones of 4-week old ulnar growth plates

Zonal thickness normalized to
complete growth plate thickness ( %)

Reserve zone (N = 8) 70.6 ± 7.7

Proliferative zone (N = 8) 16.3 ± 4.7

Hypertrophic zone (N = 8) 13.1 ± 4.1

using the Tukey’s method to examine if the difference
between the mean values of investigated parameters for each
of the three zones reached a certain level of significance
(p value < 0.05). Data were processed using Statistica 10.0
(Statsoft Inc., Tulsa, OK, USA) software.

3 Results

3.1 Swine growth plate zonal proportion

Results of histological analyses are summarized in Table 1.
The average thickness of the 4-week old ulna growth plate
was 3, 370 µm (N = 8 histological samples). Proportions
of the reserve, proliferative and hypertrophic zones of 4-
week old ulnar growth plates were evaluated at 70.6 ±

7.7 %, 16.3 ± 4.7 % and 13.1 ± 4.1 %, respectively. These
proportions were further used to sequentially trim the three
zones from the complete growth plate for the biochemical
assays.

3.2 Strain distributions throughout growth plate thickness

In the mechanical group, complete growth plate sample thick-
nesses varied between 3,400 and 4,100 µm with an average
of 3,670 ± 260 µm. Confocal images showed a random dis-
persion of chondrocytes within the reserve zone and a typical
columnar arrangement of chondrocytes within the prolifer-
ative and hypertrophic zones prior to loading (Fig. 3a) and
after relaxation of the tissue (Fig. 3b).

A typical region of interest (ROI) chosen for strain pat-
tern generation is shown in Fig. 3c. Strain distributions were
non-uniform across the growth plate thickness in all seven
samples (Fig. 3d). Growth plates were predominantly under
compression, with peak compressive strains ranging between
10 and 30 %, which is 1 to 3 times higher than the overall
applied strain of 10 %. Strain patterns also showed limited
regions of weak tension with the maximum tensile strain
ranging from 2 to ∼8 %. When comparing growth plate
images and corresponding strain maps, strain distributions
matched up with the growth plate histological zones in all

Fig. 3 Image correlation results for a swine ulnar growth plate sample
(GP4) undergoing 10 % uniaxial compressive strain between initial and
final images: a initial 512 × 512 confocal image (before loading); b
final 512 × 512 confocal image (after loading and relaxation); c region

of interest (ROI) covering three histological zones of growth plate,
which was cropped out from the final image and used in DIC algorithm;
d calculated strain map along loading direction (εyy); e calculated strain
map perpendicularly to the loading direction (εxx)
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Table 2 (a) Average developed strains along the bone axis (εyy) and (b) average developed strains perpendicular to the bone axis (εxx) within the
reserve, proliferative and hypertrophic zones of 4-week old ulnar swine growth plates under 10 % uniform compressive strain

GP # Reserve zone Proliferative zone Hypertrophic zone

(a) εyy strain ( %) (Mean ± SD)
1 −1.3 ± 1.3 −4.3 ± 3.1 −4.1 ± 3.0

2 −1.4 ± 1.8 −5.5 ± 2.5 −0.3 ± 1.8

3 −1.8 ± 1.7 −5.4 ± 4.1 −2.5 ± 2.4

4 −4.9 ± 2.7 −8.6 ± 4.7 −8.6 ± 5.7

5 −2.9 ± 3.5 −10.5 ± 3.3 −1.0 ± 1.5

6 −1.6 ± 2.6 −14.5 ± 6.0 −7.0 ± 5.0

7 −2.4 ± 4.1 −11.3 ± 3.0 −2.0 ± 2.8

Average −2.3 ± 1.3**ii −8.6 ± 3.7**i, *iii −3.6 ± 3.1*ii

(b) εxx strain ( %) (Mean ± SD)

1 0.31 ± 0.50 0.04 ± 1.0 0.61 ± 1.8

2 0.60 ± 0.74 0.71 ± 0.62 0.65 ± 0.78

3 0.69 ± 0.66 0.93 ± 0.71 1.4 ± 0.97

4 1.2 ± 0.60 2.7 ± 1.1 2.6 ± 1.3

5 0.56 ± 0.26 1.3 ± 1.0 2.5 ± 3.4

6 0.34 ± 0.69 1.3 ± 1.1 2.5 ± 2.7

7 0.16 ± 0.38 1.2 ± 0.73 1.5 ± 1.4

Average 0.55 ± 0.34∗ii,*iii 1.2 ± 0.80*i,*iii 1.7 ± 0.87*i,*ii

* Statistically significant (p value ≤ 0.05) compared to the reserve (i), proliferative(ii) or hypertrophic (iii) zone
** Statistically significant (p value ≤ 0.005) compared to the reserve (i), proliferative(ii) or hypertrophic (iii) zone

samples (Fig. 3c, d). Table 2a presents the resulting average
developed axial strains (εyy) within the reserve, proliferative
and hypertrophic zones. Developed average axial compres-
sive strains ranged between 1.3–2.9 %, 4.3–11.3 %, and 0.3–
8.6 % within reserve, proliferative, and hypertrophic zones,
respectively. Higher compressive strains were principally
located in the proliferative zone, while low compressive
strains were mainly found in the reserve zone and partly in
the hypertrophic zone (Fig. 3d). Modest strains were found
in transverse direction (εxx) through growth plate thick-
ness (Table 2b), as graphically shown in Fig. 3e for GP4.
Higher transverse strains were developed in the prolifera-
tive and hypertrophic zones compared to the reserve zone.
Fig. 4 presents quantitative strain variations developed across
growth plates, which depths were normalized to correspond-
ing growth plate zone thicknesses. Average strain curves
obtained in all samples followed a similar pattern, with peak
compressive strains in the proliferative zone compared to the
two other zones. These data show the heterogeneous mechan-
ical behavior through growth plate thickness under com-
pressive loading, which represents each histological zone as
different functional units of the growth plate under loading.

ANOVA showed that the effect of zone on developed strain
among the three histological zones was significant (p <

0.005). Univariate results on developed compressive strains
along the bone axis (εyy) with Tukey post-hoc tests showed

Fig. 4 Variations in strain developed across swine growth plates under
10 % uniform compressive strain, normalized to growth plate zone
thicknesses. The strains were averaged on a pixel by pixel basis to
compute the “average” strains in each histological zone. Each point on
each curve represents an average of εyy distributions as observed along
the x axis (perpendicular to loading direction) of the imaged growth
plates. Each curve stands for the average of strain distribution along the
y axis (in loading direction). 0–1, 1–2, and 2–3 on the abscissa repre-
sent the reserve zone, the proliferative zone, and the hypertrophic zone,
respectively

statistically significant differences between the proliferative
zone and the two other histological zones (Table 2a: reserve
zone (p < 0.005) and hypertrophic zone (p < 0.05)). More-
over, univariate results on developed transverse strains (εxx)
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Table 3 Water, GAG and collagen content in three histological zones of 4-week old swine distal ulna growth plates (mean ± SD). Both GAG and
collagen content normalized to wet weight of the tissue

Histological zone Collagen content OH-Pro (µg/mg wet wt) Water content ( % of mg wet wt) PG content s-GAG (µg/mg wet wt)

Reserve (n = 7) 79.0 ± 5.0*ii,**iii 79.7 ± 1.9 51.5 ± 4.5

Proliferative (n = 7) 53.3 ± 13.6*i 83.6 ± 5.1 54.9 ± 8.0

Hypertrophic (n = 7) 46.3 ± 18.4**i 81.3 ± 5.9 53.0 ± 14.1

* Statistically significant (p value ≤ 0.05) compared to the reserve (i), proliferative(ii) or hypertrophic (iii) zone
** Statistically significant (p value ≤ 0.005) compared to the reserve (i), proliferative(ii) or hypertrophic (iii) zone

Fig. 5 Biochemical composition of the three histological zones of
4-week old swine growth plates. Significant differences between the
histological zones are shown with connecting lines (*p value ≤ 0.05
and **p value ≤ 0.005)

with Tukey post-hoc tests presented statistically significant
differences among the three histological zones (Table 2b).

3.3 Biochemical contents of 4-week old swine growth plate

Table 3 summarizes biochemical content analyses. Data are
also shown graphically in Fig. 5, with the results of post-hoc
comparisons between data sets. Highest water and GAG con-
tent (normalized to wet weight) was found in the proliferative
zone (83.6 ± 5.1 % and 54.9 ± 8.0 µg/mg, respectively)
while lower water and GAG content was detected in the
reserve zone (79.7 ± 1.9 % and 51.5 ± 4.5 µg/mg, respec-
tively). The maximum collagen content was found in the
reserve zone (79.0 ± 5.0 µg/mg wet weight), while the mini-
mum was found in the hypertrophic zone (46.3 ± 18.4 µg/mg
wet weight). Collagen content showed a 41 % decrease from
the reserve zone to the hypertrophic zone along the growth
direction.

ANOVA tests showed significant differences in collagen
content among the three histological zones (p < 0.005). No
significant effect was detected on the water content and GAG

content (normalized to wet weight) among the three growth
plate zones. Univariate results on collagen content with
Tukey post-hoc tests showed statistically significant differ-
ences between the reserve zone and the two other histological
zones [Table 3: proliferative zone (p < 0.05) and hypertro-
phic zone (p < 0.005)].

3.4 Collagen fiber organization through the thickness
of 4-week old swine growth plate

Differences in birefringence were observed through the
growth plate zones (Fig. 6). Fibers in the reserve zone were
organized mainly horizontally in a radial fashion (parallel
to the growth plate/bone interface). However, some fibers
were also observed as aligned in other directions in this
zone. Collagen fibers were aligned almost exclusively ver-
tically (parallel to the growth direction) in the proliferative
and hypertrophic zones. A decrease in the transverse width of
the longitudinal septa between chondrocytes columns com-
bined with an increase in the intensity of birefringence was
observed as chondrocytes undergo proliferation, hypertro-
phy, and increased cell diameter.

4 Discussion

The compressive deformational behavior of the growth plate
was non-uniform and zone dependent. In response to uniax-
ial compression, higher axial strains were developed within
the proliferative zone compared to two other histological
zones. Higher transverse strains mainly arose in the prolif-
erative and hypertrophic zones compared to reserve zone.
Conversely, lower, more homogenous axial strains as well
as transverse strains were developed primarily within the
reserve zone of 4-week old swine growth plates. These
results corroborate moderately with existing knowledge of
growth plate tissue mechanics. A biomechanical study on
newborn (day 0) swine ulnar growth plates reported sig-
nificant differences among Young’s moduli of the three
growth plate histological zones, along with a slightly larger
(∼200 µm) growth plate thickness (Sergerie et al. 2009). The
reserve zone was found two times stiffer than the prolifera-
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Fig. 6 A typical presentation of collagen orientation in birefringent
swine growth plate at a 45◦, b 90◦ and c 135◦ relative to the analyzer.
At 45◦ vertically oriented collagen network is present in the prolifer-
ative and hypertrophic zones. At 135◦, a mainly horizontally oriented
collagen network is present in RZ. Panel d shows an adjacent section

stained with Safranin-O/Fast-Green, with the histological zones as indi-
cated (RZ reserve zone, PZ proliferative zone, HZ hypertrophic zone,
and MB metaphyseal bone. The analyzer direction (A) is marked on the
panel a. All angels are relative to the analyzer filter. The scale bar is
250 µm

tive and hypertrophic zones along the compression axis and
about twice as stiff in the transverse plane. A more recent
study on the morphology of 4-week old swine growth plate
chondrocytes under compression revealed non-uniform and
zone dependent mechanical behavior of the compressed
chondrocytes (Amini et al. 2010). In this latter study, cel-
lular strains in terms of cell volume change under com-
pression were evaluated in the three histological zones.
Reserve chondrocytes were shown to experience lower bulk
compressive strains while chondrocytes from the prolifer-
ative and hypertrophic zones underwent high compressive
bulk strains. Nevertheless, results obtained in these por-
cine models do not corroborate with the reported strain
patterns in rat tibial growth plates under compression
(Villemure et al. 2007), where lower strains were mainly
located in the proliferative zone and higher compressive
strains were found in the reserve and hypertrophic zones.
Three major reasons could address these differences. Firstly,
rat growth plates used in that study originated from a
small animal model, which has been reported to have a
very narrow reserve zone compared to larger animal mod-
els, such as the swine (Farnum and Wilsman 1998). Given
that the sizable reserve zone in large species is believed
to serve as a mechanical support to the actively growing
chondrocytes of the growth plate (Sergerie et al. 2009;
Farnum and Wilsman 1998), substantial thicker reserve zone
could certainly contribute to the shift in minimum developed
strain from the proliferative zone in small animal models to
the reserve zone in large animal models. Secondly, differ-
ent developmental stages (infantile in the present study and
adolescent in the previous rodent study) could contribute to

the observed difference between mechanical behavior of rat
tibial and swine ulnar growth plates under uniaxial compres-
sion. Indeed, growth plate mechanical properties were shown
to vary nonlinearly with developmental stage (Wosu et al.
2011). Finally, the influential effect of bio-compositional dif-
ferences in growth plate extracellular matrix between species
and developmental stages should not be neglected.

Intra-sample behavioral heterogeneity in terms of aver-
age strain in the hypertrophic zone when compared to the
other two histological zones could be explained by type X
collagen which is exclusively found in this histological zone.
The reserve and proliferative zones look relatively homog-
enous between the samples compared to the hypertrophic
zone where both average strain magnitude and shape shows
great variation among samples. The intra animal difference
in type X collagen which is believed to be involved in carti-
lage mineralization in the hypertrophic zone (Gannon et al.
1991) could contribute to the intra-sample behavioral het-
erogeneity in the hypertrophic zone when compared to the
other two histological zones. Differential rates of cell apop-
tosis or collagen remodeling could also contribute to variable
weakening of the hypertrophic zone compressive properties
(Vu et al. 1998).

The growth plate has a non-uniform collagen content-
but similar GAG and water content through its thickness.
Results indeed showed a significant decrease in collagen con-
tent from the reserve zone to the chondro-osseus junction. A
similar gradient of collagen content was previously reported
both biochemically (Alini et al. 1992; Wuthier 1969) and
morphologically (Buckwalter et al. 1986). A study by Wuthi-
er et al. (1969) on fetal calves showed that collagen repre-

123



S. Amini et al.

sented about 60 % of the extracellular matrix in the reserve
zone and decreased progressively in proliferative and hyper-
trophic zone to 22 %. In a study by Alini et al. (1992) on
fetal calves, analysis of hydroxyproline revealed lower over-
all collagen content where type X collagen is being synthe-
sized in the extracellular matrix in the hypertrophic zone. In
a study by Buckwalter et al. (1986) on mice, the relative vol-
ume of collagen decreased from the reserve zone to the hyper-
trophic zone in both territorial and interterritorial matrices.
Furthermore, the average water content in the present study
was similar to the formerly reported values in bovine distal
femur (Cohen et al. 1992) and fetal calf legs (Wuthier 1969).
Moreover, total amount of proteoglycan evaluated by uron-
ic acid assay per unit of extracellular matrix increased from
the proliferative zone to the hypertrophic zone as reported by
Matsui et al. (1991) in 16 sequential strata of fetal bovine tib-
ial growth plates. However, the sulfated glycosaminoglycan
content as measured by DMMB assay only showed a mod-
est increase from the first stratum in the proliferative zone
to the last stratum in the hypertrophic zone (Mwale et al.
2002). The amount of sulfated glycosaminoglycan measured
in the present study is in agreement with the results presented
in the latter study when averaging the s-GAG content over
strata of the same histological zones. Moreover, in a study by
Byers et al. (1997), structural changes in large proteoglycans
were characterized in different histological zones of ovine
growth plate. An increasing portion of unsulfated residues
was reported in this study while approaching the chondro-
osseus junction. To summarize, our data corroborates exist-
ing data on growth plate bio-composition and extends them in
an animal model with lower growth rate, which most resem-
ble humans, to show that collagen has a dominant influence
on compressive behavior.

The growth plate collagen fiber orientation was non-
uniform through its thickness. Random dispersion of chon-
drocytes in the reserve zone and the columnar arrangement
of chondrocytes in proliferative and hypertrophic zones cor-
relate with orientation of collagen fibers in these zones. The
increase in the intensity of birefringence with decreasing the
width of the longitudinal septa from the proliferative zone to
the hypertrophic zone could be due to an increased collagen
concentration in the septa as a result of cellular hypertrophy,
where the expanding cells compress the matrix, as suggested
by Speer (1982).

The non-uniform and zone-dependent compressive defor-
mational behavior of the ulnar growth plate could be partly
explained by collagen content and collagen fiber organiza-
tion across growth plate zones. In response to uniaxial semi-
confined compression, the reserve zone, where the highest
collagen content was detected, demonstrated higher stiff-
ness as measured by the smaller developed strain compared
to the proliferative zone. Conversely, the proliferative zone,
with lower detected collagen content, developed higher com-

pressive strains compared to two other zones. It should be
noted that no association was found between axial strains
and collagen content in the hypertrophic zone.In contrast to
the possible association between compressive behavior and
collagen content, no direct association can be established
between either total proteoglycan content or water content
and growth plate compressive behavior. The collagen orga-
nization was also found to play an important role in the
developed zonal strain patterns. The reserve zone with mostly
horizontal collagen fibers offers higher resistance to lateral
expansion when compressed. This forces the interstitial fluid
out through the dense proteoglycan matrix and highly pres-
surizes the fluid and would offer resistance to developing
axial strains, whereas in the proliferative zone the vertical-
ly oriented collagen network would not offer enough resis-
tance to lateral expansion as measured by higher transverse
strains and consequently the fluid would be poorly pres-
surized which would lead to development of higher axial
strains in this zone. On the other hand, although hypertro-
phic zone with vertically oriented collagen network offers
lower resistance to lateral expansion, higher axial strains
were not developed in this zone. It is noteworthy to mention
that the incorporation of collagen type X, which is exclu-
sively found in the hypertrophic zone and is believed to have
a structural role in this zone (Jacenko et al. 1993; Ander-
son 1995), in the collagen type II positive matrix should
not be neglected. Further studies are indeed required to con-
firm if type II collagen fibers and type X collagen are the
major players in growth plate mechanobiology in this early
developmental stage. Other structural parameters such as
type II collagen fiber thickness in the different zones could
also play a structural role in the mechanical behavior of the
tissue.

Major compressive strain developing within the prolif-
erative zone could contribute to decreasing growth rate in
response to increasing compression on the growth plate.
Mechanical loading is one of the key factors which are
believed to modulate bone development (Farnum et al.
2000; Stokes et al. 2002, 2006; Farnum and Wilsman 1998;
Cancel et al. 2009). The transduction of mechanical signals
to growth plate chondrocytes most likely rises from local
tissue strains (Villemure and Stokes 2009), which eventu-
ally lead to modulating second messenger activity through
chondrocytes membrane stretch (Watson 1991; Sachs 1991).
In parallel, experimental evidence indicates that biological
events occurring within the proliferative and hypertrophic
zones are critical in growth plate mechanobiology (Ville-
mure and Stokes 2009; Stokes et al. 2007). In the present
study, the maximum average strains were located in regions
overlapping the proliferative and hypertrophic zones. These
two compliant zones could then be critical mechanotransduc-
tive zones and more likely to trigger abnormal endochon-
dral growth upon compressive mechanical loading. To our
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knowledge, this is the first in situ study relating mechani-
cal, biochemical, and histological architecture of the growth
plate.

In conclusion, 4-week old swine ulnar growth plates
showed lower axial and transverse strains, higher
collagen levels, and horizontally organized collagen fibers
in the reserve zone, whereas higher axial and transverse
strains, lower collagen levels, and vertically organized col-
lagen fibers were found in the proliferative and hypertrophic
zones. These data add to our understanding of the funda-
mental relationship between compressive forces experienced
by growth plate chondrocytes and their extracellular envi-
ronment. This information would further help us to better
understand the effect of the mechanical environment on the
biological response of growth plate. Therapies aiming to
direct or influence pathologic growth plate maturation should
take into consideration that the histological zones involved in
longitudinal growth (proliferative and hypertrophic) are more
susceptible to compressive strain. A combined improved
knowledge of growth plate mechanics and mechanobiolo-
gy is essential to better understand the possible mechanisms
through which abnormal growth is triggered and to eventu-
ally improve the minimally invasive treatment approaches of
progressive skeletal deformities, which directly exploit the
process of growth modulation to correct these deformities.
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