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Abstract

Background: Despite it being known that subchondral bone affects the viscoelasticity of cartilage, there has been
little research into the mechanical properties of osteochondral tissue as a whole system. This study aims to unearth
new knowledge concerning the dynamic behaviour of human subchondral bone and how energy is transferred
through the cartilage-bone interface.

Methods: Dynamic mechanical analysis was used to determine the frequency-dependent (1-90 Hz) viscoelastic
properties of the osteochondral unit (cartilage-bone system) as well as isolated cartilage and bone specimens
extracted from human femoral heads obtained from patients undergoing total hip replacement surgery, with a
mean age of 78 years (N=5, n=22). Bone mineral density (BMD) was also determined for samples using micro-
computed tomography as a marker of tissue health.

Results: Cartilage storage and loss moduli along with bone storage modulus were found to increase logarithmically
(p < 0.05) with frequency. The mean cartilage storage modulus was 34.4 + 335 MPa and loss modulus was 6.17 + 048
MPa (mean + standard deviation). In contrast, bone loss modulus decreased logarithmically between 1 and 90 Hz (p <
0.05). The storage stiffness of the cartilage-bone-core was found to be frequency-dependent with a mean value of
1016+ 540 N.mm™ ', while the loss stiffness was determined to be frequency-independent at 78.84 + 248 N.mm™ .
Notably, a statistically significant (p < 0.05) linear correlation was found between the total energy dissipated from the
isolated cartilage specimens, and the BMD of the isolated bone specimens at all frequencies except at 90 Hz (p = 0.09).

Conclusions: The viscoelastic properties of the cartilage-bone core were significantly different to the tissues in isolation
(p < 0.05). Results from this study demonstrate that the functionality of these tissues arises because they operate as a
unit. This is evidenced through the link between cartilage energy dissipated and bone BMD. The results may provide
insights into the functionality of the osteochondral unit, which may offer further understanding of disease progression,
such as osteoarthritis (OA). Furthermore, the results emphasise the importance of studying human tissue, as bovine
models do not always display the same trends.
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Background

The cartilage-bone interface in articulating joints is key to
moderating the transmission of tensile, compressive, and
shear forces from the articular cartilage to the subchon-
dral bone [1]. The complex organisation of collagen fibres
within cartilage, in part, enables it to store and dissipate
energy [2], and articular cartilage is considered to be a
frequency-dependent viscoelastic structure [3—6]. Studies
that have analysed this interface have primarily focused on
its structure and composition, characterising the calcified
cartilage and underlying tidemark where collagen type I
and II integrate [7—10]. More recently, biological signal-
ling between articular cartilage and subchondral bone
have been identified through vascular microchannels that
traverse the subchondral bone and calcified cartilage,
allowing diffusion of small molecules [11].

The viscoelastic properties of isolated articular cartilage
have been well-characterised. Edelsten et al. demonstrated
that cartilage behaves non-linearly under high-speed load-
ing [12]. More recently, Lawless et al. [13] focused on ob-
servations of isolated cartilage under load at frequencies
across a physiological range (1-92 Hz [3]) and determined
that the storage and loss moduli were frequency-
dependent. Despite providing valuable results on the be-
haviour of articular cartilage under dynamic loading, both
these studies looked at cartilage in isolation and therefore
were not able to offer insight on the behaviour of the
cartilage-bone system as a whole.

In the last decade, it has been shown that severe impacts
to articulating joints are known to result in damage to the
bone rather than the cartilage [14]. High-impact loading
has been suggested as a major risk factor of osteoarthritis
(OA), and subchondral bone has been identified as having
a role in the progression of the disease [15-17]. While it is
known that both subchondral bone and loading frequency
have a significant effect on cartilage viscoelasticity
[13, 18], there is currently a gap in our understanding
of subchondral bone’s response to loading, independ-
ent of cartilage. Recent work by Fell et al. endea-
voured to rectify this by conducting an analysis of the
mechanical properties of bovine cartilage and bone
[19]. Interestingly, a linear correlation between bone
mineral density (BMD) and cartilage viscoelasticity
was identified, suggesting there is an important rela-
tionship between the two tissues at the interface.
However, to date, there are no studies of this nature
conducted in human tissue.

The mechanical properties of osteochondral tissues are
evidently very complex. In addition to the studies previ-
ously described that have measured cartilage viscoelasti-
city directly, mathematical models have been developed to
elucidate further information on how articular cartilage
functions in vivo. For example, local temperature changes
in cartilage under load have been assessed through the
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development of a model to determine temperature in-
crease from cartilage intrinsic viscoelasticity [20]. Model-
ling cartilage allows for properties that are difficult to
measure directly in vivo to be examined. However, there
are disputes regarding some mathematical models of
cartilage. For instance, as proposed by Huyghe et al. [21],
triphasic theory may not respect the laws of thermody-
namics. Given the complexity of both tissues, studying
and modelling cartilage or bone in isolation does not pro-
vide a complete picture of either tissue’s capacity to store
and dissipate energy [19]. Whilst there are studies that
have identified the mechanical properties of animal cartil-
age, both on and off bone [13, 18], the role of the
cartilage-bone interface in the dissipation of energy has
not previously been investigated in human tissue, nor has
it been incorporated into mathematical models of articular
cartilage.

The aim of this study is to characterise the viscoelastic
properties of human osteochondral tissues and assess
the dissipation of energy by these tissues. More specific-
ally, an approach that characterises viscoelastic behav-
iour of the osteochondral core and isolated tissues in a
physiological frequency range has advantages in being
able to assess the significance of the interactions
between the two tissues. Therefore, energy dissipation
has been analysed for osteochondral tissues. By using
dynamic mechanical analysis (DMA), the viscoelastic
properties of the human cartilage-bone unit were dir-
ectly compared to the subchondral bone and articular
cartilage. Furthermore, the bone mineral density (BMD)
of the subchondral bone was determined, by micro-
computed tomography (u-CT), to identify any relation-
ships with its mechanical properties, or the viscoelastic
properties of cartilage.

Methods

Specimen preparation

Femoral heads (N =5) (Table 1) were obtained from pa-
tients undergoing total hip replacement surgery follow-
ing fracture of the neck of femur. Patients had no
reported history of joint pain or OA disease prior to
fracture of the femoral neck. Furthermore, chondropathy
assessment of femoral head cartilage integrity revealed

Table 1 Specimen information

Specimen Name L/R Hip Age Gender Weight
RHH214 R 76 M ow
RHH217 R 72 F NW
RHH220 L 85 M NW
RHH238 L 85 F ow
RHH239 R 71 M NW

R Right, L Left, M Male, F Female, OW Overweight, NW Normal Weight
Weights categorised from patient BMI: 18.5 to 24.9 = NW, 25 to 29.9 =0W
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the absence of any cartilage lesions or erosions that
might have indicated signs of OA damage. Thus, the car-
tilage was deemed to be healthy. Ethical approval was
provided by the United Kingdom National Research Eth-
ics Service (East of Scotland Research Ethics Service, 11/
ES/1044) and consent for the use of their tissue for re-
search was given by the patients. Upon arrival, speci-
mens were stored at -80 °C, which has been previously
shown not to affect the viscoelastic properties of the
specimens [22]. While each specimen was frozen, a total
of 22 cartilage-bone blocks approximately 14 x 14 mm in
area (n = 22) were obtained using a surgical saw (Fig. 1a).
The depth of the block varied depending on the speci-
men. Prior to testing, the specimens were macroscopic-
ally examined, and only intact specimens were thawed in
Ringer’s solution at 4 °C overnight [13].
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Micro-computed tomography (p-CT)

Specimens were scanned as 14 x 14 mm blocks to pre-
vent swarf created during sample sectioning from affect-
ing the subsequent analysis of p-CT data. Specimens
were secured in a low X-ray attenuation tube and indi-
vidually scanned using a Skyscan 1172 scanner (Bruker
Micro-CT, Belgium). A 180° scan was performed with
80kV maximum X-ray energy and 8 W beam power,
using an aluminium and copper filter, with a pixel size
of 12.03 um. The data was reconstructed using NRecon
V1.6.10.2 (Bruker Micro-CT, Belgium) using a beam
hardening correction of 30%, a ring artefact correction
of 4.0, and a smoothing value of 2.0. Bone mineral dens-
ity (BMD) was calibrated from the attenuation coeffi-
cient using CT-analyser software V1.15.4.0 (CTAn)
(Bruker Micro-CT, Belgium). Two phantom rods made

(A)

Dynamic
Mechanical
Analysis

Cartilage-on-bone core
(D) g
prior to DMA analysis

(C) Coring of specimen

Preparation of specimen
using a surgical saw

(B) Cartilage-bone block
demonstrating location of core

Micro-CT

Fig. 1 Flow diagram illustrating femoral head specimen preparation and coring: a Preparation of specimen using a surgical saw, b Example of
cartilage-bone block prior to p-CT analysis demonstrating where core was taken, ¢ Coring of specimen, and d Example of cartilage-bone core
prior to dynamic mechanical analysis
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up of epoxy resin with embedded fine calcium hydroxyl-
apatite (CaHA) powder at concentrations of 0.25 and
0.75g.cm™® were scanned and reconstructed using the
same parameters as used for the human specimens.
BMD values of a cylindrical volume of interest the same
size as the sample used for subsequent mechanical ana-
lysis (8 mm diameter) for each reconstructed dataset
were calculated according to a standard method [23].

Specimen coring

Following thawing, sectioning of the specimen, and p-
CT scanning, a core 8 mm in diameter was taken from
each specimen using a pillar drill with a diamond-coated
drill bit (Fig. 1c). After harvesting this cartilage-bone
core, the specimen was hydrated in Ringer’s solution for
30 min, as per previous studies [4, 5]. Samples were
reviewed for macroscopic damage after coring and only
samples with intact surfaces were tested, as surface
cracks alter the mechanical properties of cartilage. The
effect of the curvature evident in the cartilage-bone
block (Fig. 1b) was considered to be negligible once a
core was taken (Fig. 1d) and therefore not taken into
account in subsequent analyses in this study.

Dynamic mechanical analysis (DMA)

Dynamic Mechanical Analysis (DMA) subjects a speci-
men to a sinusoidal load and measures its out-of-phase
displacement response [24]. This enables the calculation
of a structure, or a material’s, viscoelastic properties
[25]. The viscoelastic properties of all specimens were
determined using a Bose ElectroForce 3200 with WinT-
est 4.1 software (Bose ElectroForce Group, New Castle,
Delaware, USA, now TA Instruments). This method has
been previously used to determine the viscoelastic prop-
erties of bovine and human cartilage [4, 19, 26], and bo-
vine cartilage on bone [6, 13, 18, 19, 27].

By using a cylindrical compression platen (20 mm
diameter) under unconfined conditions, a sinusoidally
compressive load ranging between 37.7-85.5N was
applied to all specimens, following a preload of 4 N. This
induced a stress range between 0.75-1.7 MPa, as 1.7
MPa is estimated cartilage stress during walking [27]. All
specimens were tested in air at room temperature; as
results in literature suggest that dehydration should not
occur over the short duration of each frequency-sweep
[4]. The sinusoidal force was applied using a frequency-
sweep of: 1, 8, 10, 12, 30, 50, 70, and 90 Hz. The speci-
mens were subjected to two preload conditions: 25 Hz
for 1500 cycles and 50 Hz for 3000 cycles, as cartilage
requires application of a series of loading cycles to reach
a steady state [6, 28]. After DMA was performed on the
osteochondral core, full-thickness cartilage was then re-
moved from the subchondral bone using a scalpel and
hydrated in Ringer’s solution for 30 min. Following
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inspection to ensure there was no damage to the sample,
the same DMA procedure as described above was subse-
quently performed on the isolated subchondral bone and
isolated cartilage specimens.

For each frequency sweep conducted, the WinTest
DMA software performed a Fourier analysis of the load
and displacement sinusoidal waves. From this, the mag-
nitudes of the load (F¥), displacement (d*), phase angle
(6), and frequency (f) were determined, further described
elsewhere [25]. The complex stiffness (k¥) was then
calculated (Eq. 1).

* F*
K= 1)

By using the complex stiffness (k*) and phase angle
(0), the storage stiffness (k) and loss stiffness (k”) were
calculated (Egs. 2 and 3) [25, 29].

k' = k*( cosd) (2)
k"= k* ( sind) (3)

Using a shape factor, S, calculated from the diam-
eter (d) and height (#) of the specimen (Eq. 4), the
storage (E’) and loss (E”) moduli can be determined
(Egs. 5 and 6) [4].

d?

_ 4
S=" (4)

. k¥ cosd
E = 5
¢ )

., k¥ sind
E ! = 6
: ©

E’ and E” were calculated for isolated cartilage and
subchondral bone specimens. As the cartilage-bone
cores were complex multi-structures, kK’ and k” were
calculated for those specimens. This enabled evaluation of
the properties of the overall system with those of the indi-
vidual tissues. All results are presented against the re-
quested frequency used for DMA for ease of comparison,
however actual frequencies measured varied by +1 Hz.

Thickness testing

Following DMA, and after removing the cartilage from
the bone using a surgical scalpel, the cartilage specimens
were hydrated in Ringer’s solution for 30 min, consistent
with a previous study [3]. Following hydration, cartilage
thickness was determined using an established needle
technique accurate to 1pm resolution [4, 30]. An
analogue Vernier calliper was used to calculate the
thickness of bone specimens by taking three measure-
ments from each specimen and calculating the mean
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thickness (resolution of 0.1 mm). Mean average thick-
nesses of each specimen type can be found in Table 2.

Energy dissipation calculation

Energy dissipation was calculated using Matlab R2018a
(Matlab R2018a, MathWorks, Inc., Natick, Massachu-
setts, USA). Time, force, and displacement data was col-
lected during DMA. Plotting displacement vs force at a
given frequency for each specimen produced a hysteresis
loop (Fig. 2a). For each complete loop, the area between
the arcs was assumed to be the total energy dissipated
for that DMA cycle. This was calculated by finding a
polynomial approximation of each arc, which was then
solved for the range zero to the maximal displacement
of that cycle. The area below each polynomial arc was
approximated by the trapezoid rule [31] (Fig. 2b); the
difference between the two arcs equated to the energy
dissipated for that cycle. Finally, the values across all cy-
cles were averaged, resulting in the total energy dissipa-
tion per cycle for each specimen at a given frequency.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
5.03 (GraphPad Software Inc., San Diego, California,
USA). 95% confidence intervals were calculated (N =5,
n =23); the number of independent patients from which
specimens were collected was 5, and between 4 and 5
specimens were measured from each patient. Logarithmic

regression curves were fitted to material viscoelastic (E’

and E”) and structure stiffness (k" and k”) data, where a
significant trend was identified (p<0.05) (Eq. 7).
Wilcoxon Rank-Sum tests were used to assess whether
the cartilage and bone specimens had significantly differ-
ent material properties (p < 0.05). Kruskal-Wallis one-way
analysis of variance (ANOVA) tests determined whether
structural stiffness variations between the cartilage, bone,
and osteochondral cores were significantly different (p <
0.05). Tukey’s multiple comparison tests were used to
determine the structural stiffness variations that were
significantly different between specimen types.

E =A log,(f) + Bfor 1<f<90 Hz (7)
Results

Of the 23 specimens tested, the results of two were
rejected since the cartilage thickness (2.6 and 2.7 mm)
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lay far outside the normal physiological range of 1-2
mm [32] and may be representative of degenerated car-
tilage [33]. Peirce’s criterion was used to eliminate the
two values [34].

Viscoelastic properties of isolated cartilage and bone
specimens

Storage modulus (E’)

For isolated tissue specimens, E’ was found to be
frequency-dependent and differed significantly (p < 0.001)
between cartilage and bone specimens (Fig. 3a). The mean
value of E’ was 34.4+3.35MPa for cartilage, while for
bone it was considerably higher, 170 + 4.76 MPa. A loga-
rithmic relationship for E’ was observed with respect to
frequency for both specimens (Eq. 7), with storage modu-
lus increasing with frequency (Fig. 3a).

Loss modulus (E”)

Loss modulus was also found to be frequency-dependent
and differed significantly (p <0.001) between cartilage
and bone specimens (Fig. 3b). A logarithmic relationship
for both specimens was observed with respect to fre-
quency (Eq. 7). For cartilage, the mean E” was 6.17 +
0.48 MPa and for bone, E” was 9.02 + 1.07 MPa. The loss
modulus for cartilage increased with increasing fre-
quency, while for bone it decreased with increasing
frequency (Fig. 3b).

Viscoelastic properties of cartilage-bone cores

Storage stiffness (k')

Cartilage-bone cores, cartilage, and bone specimens were
found to be frequency-dependent with respect to kK’ (Eq. 7,
Fig. 4a). Consistently, kK’ was observed to increase with fre-
quency for all specimens, with the mean cartilage-bone
specimen result as 1016 + 54.0 N.mm™ ', cartilage 1217 +
117 N.mm™ ', and bone 1455 +40.7 N.mm™ . For k’, differ-
ences between all three specimen types (cartilage-bone
core, cartilage, and bone), were found to be statistically
significant (p < 0.001).

Loss stiffness (k”)

Loss stiffness was frequency-dependent for cartilage and
bone specimens (Eq. 7) with a mean value of 218 + 16.1
N.mm™ " for cartilage and 79.8 + 9.77 N.mm ™" for bone.
However, loss stiffness was found to be frequency-
independent for the cartilage-bone-system (Fig. 4b). A
significant difference (p <0.001) was observed between

Table 2 Specimen thicknesses. Data displayed to 3 significant figures

Specimen type n number Mean average thickness (mm) Standard deviation (mm)
Cartilage-bone core 18 743 +2.17
Cartilage 20 148 + 043
Bone 18 594 + 209
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k” values for the cartilage-bone core and cartilage speci-
mens, as well as between isolated cartilage and bone
specimens. However, there was no significant difference
(p>0.05) found for k” between the cartilage-bone-
system and isolated bone specimens.

Total energy dissipated

Energy dissipated was found to be frequency-dependent
for all three specimen types (Eq. 8) with a mean value of
0.143 £ 0.101] for bone specimens, 0.339 +0.111] for
cartilage specimens, and 0.2184 +0.094] for cartilage-

bone cores (Fig. 5). A significant difference (p <0.05)
was found between the total energy dissipated for all
three groups.

energy dissipated = A (f) + Bfor 1<f<90Hz  (8)

Histomorphological analysis
The mean BMD (p) for all bone specimens tested was +
0.286 + 0.081 g.cm . Regression analysis of BMD and

-
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250 - Bon§ 154 —=— Bone
Cartilage Cartilage

200+ [ [ [
©
o
=5 ~ 10-
-l w
w150 J -
0 2
- 3
=
: f
= 100+ g
2 4 54
s
(2]

50-]

o 20 40 60 80 100 0 20 40 60 80 100
Frequency (Hz) Frequency (Hz)

Fig. 3 Storage (a) and loss (b) moduli for isolated cartilage and bone specimens plotted against frequency from 1 to 90 Hz (mean + 95%
confidence intervals, (N = 5) with natural logarithmic regression trendlines). In total, 19 cartilage and 18 bone specimens from five femoral heads
were tested. Results are displayed on a linear scale
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cartilage, and 18 bone specimens from five femoral heads were tested. Results are displayed on a linear scale

0.5-
0.4-

3

o 4

S  0.3-

(3]

2

w L

7]

Energy d
o
e

0.14 Bone

Cartilage
—+— Cartilage-on-bone
OG T T I ) !
0 20 40 60 80 100

Frequency (Hz)

Fig. 5 Total energy dissipated for cartilage-bone cores, cartilage, and bone specimens plotted against frequency from 1 to 90 Hz (mean + 95%
confidence intervals, (N = 5) with linear regression trendlines). In total, 19 cartilage-bone cores, 19 cartilage, and 18 bone specimens from five
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Mountcastle et al. BMC Musculoskeletal Disorders (2019) 20:575

Page 8 of 13

1.8 0.6-
.
_ 16d .
£ s
£ . . 3
a . . * 2
Q . ©
c o
S 144 y ° ‘@
b= R?=0.018 £
£ . . S
% M . > . .
z . 2 0.2 .
© w
O 124
* .
10— T T 0.01— T .
0.2 03 0.4 0.2 03 04
BMD (g.cm™) BMD (g.cm™)

Fig. 6 a Isolated cartilage thickness plotted against BMD (linear regression (solid line), (N=5)). In total, 16 specimens from five femoral heads
were tested. b Linear regression analysis of BMD and total energy dissipated from cartilage at 1 Hz (linear regression trendline, (N =5)). In total, 13
specimens from five femoral heads were tested. Results displayed on a linear scale

cartilage thickness values did not reveal any significant rela-
tionship (p = 0.62) (Fig. 6a). Linear regression analysis (Eq. 9)
was performed on BMD (p) and mean total energy dissipated
from cartilage specimens (Fig. 6b, Table 3). The relationship
between these properties was found to be statistically signifi-
cant (p < 0.05) at all frequencies except at 90 Hz (p = 0.09).

Energy dissipated = A (p) + B (9)

No significant relationships existed between BMD and
the storage or loss moduli of the cartilage, or the storage
and loss moduli of the bone. Furthermore, there were no
significant relationships found between total energy dis-
sipated and the thickness of the isolated cartilage, iso-
lated bone, or the osteochondral specimens respectively.

Table 3 R” and p-values from linear regression analysis of BMD
(n=13) and total energy dissipated from isolated cartilage
specimens (n = 13) for each frequency. Data displayed to 2
significant figures

Frequency (Hz) p-value R?

1 0.035 0.34
8 0.017 0.39
10 0.021 037
12 0017 0.39
30 0.021 037
50 0.032 033
70 0.046 0.29
90 0.093 022

Discussion

This study established the viscoelastic behaviour of iso-
lated cartilage and bone specimens in compression, and
compared it with the osteochondral core, an analogy not
previously conducted with human tissue. Cartilage-bone
cores, isolated cartilage, and subchondral bone specimens
were determined to be viscoelastic across all frequencies
tested. Significant differences in behaviour of the core
compared with the isolated specimens for k" and k” were
identified. Most notably, cartilage-bone specimens dis-
played a frequency-independent trend for kK’ unlike iso-
lated specimens, which were frequency-dependent.
Previous research has focused on cartilage or cartilage-
bone specimens alone [4, 6, 13, 18] and has not looked at
the independent properties of human subchondral bone.
DMA testing of human subchondral bone was conducted
in the present work and the results highlight a significant
difference in the viscoelastic properties of bone in
comparison to cartilage; E” was shown to increase with in-
creasing frequency for cartilage yet decrease with increas-
ing frequency for bone. This data emphasises the complex
mechanical properties of osteochondral tissues and in par-
ticular demonstrates the significance of the cartilage-bone
interface.

A previous study by Temple et al. characterised the
viscoelastic properties of human articular cartilage and
revealed that this tissue behaves in a frequency-
dependent manner, fitting a logarithmic function, thus
supporting the findings of this study [4]. They reported
storage and loss moduli for articular cartilage from hu-
man femoral heads to be 31.9-43.3 MPa and 5.3-8.5
MPa respectively. This is in line with reported mean
storage and loss moduli in the present analysis of 34.4 +
3.35 MPa and 6.17 + 0.48 MPa respectively. In addition,
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Jeffrey & Aspden [35] calculated a ‘dynamic’ modulus
for human articular cartilage from femoral heads by ap-
plying an impact load. The resulting dynamic modulus
of human articular cartilage at stresses of 10 MPa and
23 MPa was reported to be 64 + 13 MPa and 85.1 +4.9
MPa respectively. This is higher than the values reported
for cartilage storage modulus in this study, although it is
important to note that the induced stresses applied by
Jeffrey & Aspden [35] were much higher, and higher
stress is known to increase the storage modulus [13].
The present study has demonstrated that both storage
and loss modulus for cartilage increase with increasing
frequency. Notably, more energy is stored by both cartil-
age and bone tissues than is dissipated, with the effect
most apparent at higher frequencies. It was determined
that E” was an order of magnitude lower than E’ for
bone across all frequencies tested. Similarly, E” for cartil-
age was lower than E’ between 1 and 90 Hz, as con-
firmed by other authors [4]. A small subset of the
population is known to have high heel-strike rise times
during gait, which induce forces at high frequencies (as
high as 92 Hz) on the lower limbs [3]. Initially hypothe-
sised by Radin et al. [36], high-frequency loading on the
lower limbs has been identified as a marker of early
onset osteoarthritis (OA), a degenerative disease that re-
sults in cartilage loss [37]. This study demonstrated in-
creased energy storage for both cartilage and bone at
higher frequencies, with energy dissipation determined to
be an order of magnitude lower than energy storage. This
behaviour could be a contributing factor to disease pro-
gression due to damaging stress concentrations. This is
significant, as subchondral bone tissue in particular is
likely to incur damage due to its increased ability to store
energy yet decreased ability to dissipate it. However, as
bone has a higher regenerative capacity than cartilage
[38], this may be a mechanism for preventing cartilage
damage, as the bone is more readily able to heal.

Bovine articular cartilage is considered a good model
for human articular cartilage, as it displays similar trends
in viscoelastic properties [4]. A recent study by Fell et al.
[19] determined the viscoelastic properties of bovine
cartilage and subchondral bone. They reported mean
storage and loss moduli of bovine cartilage to be 45 MPa
and 5.5 MPa respectively, whilst isolated bovine sub-
chondral bone was found to have a mean storage modu-
lus of 110 MPa and a mean loss modulus of 5 MPa. The
storage modulus for bovine cartilage was therefore 1.3
times higher than isolated human cartilage in this study,
which had a mean of 34.4 MPa. However, the bovine
storage moduli for bone and loss moduli for cartilage re-
ported by Fell et al. [19] were found to be lower than
the respective results for the isolated human specimens
in this study, though in the same order of magnitude. A
possible reason for this is that the bovine tissues were
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obtained from the knee joint, whereas the human speci-
mens were from the hip. Therefore, anatomical region is
important when investigating and comparing the mech-
anical properties of osteochondral tissues.

Similar trends to the results in the present study were
displayed by Fell et al. [19] for cartilage and bone storage
and loss moduli (1-90 Hz). Of note, the loss modulus
trends found in bovine tissue were also evident in
human tissue (Fig. 3b). Whilst the trends were similar
for bovine and human osteochondral tissue, Fell et al.
evidenced a ‘crossover’ of the cartilage and bone loss
modulus values [19]. At 1Hz, bone had a higher loss
modulus than cartilage, but at frequencies above 8 Hz
this was reversed with cartilage samples exhibiting a
higher loss modulus than bone. The authors suggested
this might be a mechanism to prevent cartilage damage,
as cartilage will dissipate more energy than bone under
high-frequency loading. However, this trend was not
noted in human osteochondral tissue, where bone had a
higher loss modulus than cartilage at all frequencies
tested (Fig. 3b). This data raises the hypothesis that car-
tilage damage in OA patients could be due to an inabil-
ity of cartilage to dissipate energy into the bone under
high-frequency loading, but further experimental work
would be required to evidence this. A comparison of the
trends seen here with Fell et al. demonstrates the im-
portance of studying human osteochondral tissue since
it is clear that animal models do not always display the
same trends [4]. The present study is the first to report
viscoelastic properties of human articular cartilage, sub-
chondral bone, and the osteochondral core using Dy-
namic Mechanical Analysis.

As well as investigating isolated tissues, this research
aimed to better understand the osteochondral core as a
whole system. Storage stiffness for the cartilage-bone sys-
tem was logarithmically frequency dependent and lower
than cartilage and bone for all frequencies tested (Fig. 4).
Loss stiffness for the cartilage-bone system was independ-
ent of frequency and lower than isolated specimens across
the range of frequencies tested. These results are in line
with previous work, which looked solely at bovine
cartilage-bone cores and found loss stiffness to be
frequency-independent [13, 18]. The difference in behav-
iour of cartilage isolated from and attached to subchondral
bone is emphasised here and has demonstrated that cartil-
age should not be considered in isolation when determin-
ing properties representative of in vivo behaviour. The
data obtained in our study supports the development and
testing of whole tissue-replacement systems as opposed to
cartilage replacement materials in isolation.

Prior studies of bovine cartilage both on- and off-bone
found the loss modulus of on-bone cartilage to be
frequency-independent, whereas cartilage off-bone has a
frequency-dependent modulus [13, 18]. Lawless et al.



Mountcastle et al. BMC Musculoskeletal Disorders (2019) 20:575

[13] found that there was no dependency of the storage
stiffness on the presence or absence of the underlying
subchondral bone, and therefore proposed that on-bone
cartilage may be more predisposed to failure than off-
bone cartilage due to the storage/loss ratio being higher
for cartilage on-bone. The findings of the present study
report the same frequency-independence for cartilage
on-bone loss modulus, with isolated cartilage displaying
a frequency-dependent trend. Thus, findings reported in
prior studies support the current results, although it
should be noted that the aim of the present study was
focused on the viscoelasticity of subchondral bone and
the role of the cartilage-bone interface, rather than the
cartilage itself. Hence, a more detailed discussion on the
viscoelastic properties of cartilage both on- and off-bone
is provided elsewhere [13].

In order to explain the difference in behaviour
between isolated cartilage and the cartilage-bone-system
system, Edelsten et al. [12] suggested that cartilage at-
tached to subchondral bone is more constrained in its
deformation, and this may lead to it appearing stiffer
and more elastic than when in isolation. Experimentally,
this result has been verified as k” becomes frequency-
independent under load [12, 13]. However, the trends in
E’ and E” in isolated bone identified in this study (Fig. 3)
may infer an additional explanation. Bone was found to
be positively frequency-dependent for storage and nega-
tively frequency-dependent for loss moduli. Therefore,
the constraining effects of the bone could not be the sole
reason for the frequency independence of k” for the
cartilage-bone-system. A decrease in loss stiffness
indicates a decrease in the energy dissipated, suggesting
that bone does not dissipate as much energy to the sur-
rounding tissue at higher frequencies. This may prevent
the load energy being returned to the cartilage, which
could be a further mechanism to prevent cartilage dam-
age. While observing equine osteochondral cores under
high-impact, Malekipour et al. identified that bone can
absorb a much higher amount of impact energy than
cartilage [39]. Furthermore, it is often bone that breaks
during high-impact loading, as the main mechanism by
which it absorbs energy is through trabeculae fracture
[39]. Although this may be desirable, as bone has a
greater propensity to heal than cartilage, this may put
the joint at risk of long-term damage. Clearly, the inter-
face between the two tissues plays an essential role in
transferring the load energy through the cartilage and
into the bone.

A significant difference was identified between loss
stiffness values for the cartilage-bone system and cartil-
age specimens. In contrast, when comparing the
cartilage-bone system and bone specimens this was not
observed, signifying that the loss stiffness of the osteo-
chondral core is more closely aligned to the loss stiffness
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of bone than of isolated cartilage. This suggests a key
property to consider is the energy transfer, including dis-
sipation of energy, through the osteochondral junction.
In order to characterise this in the present study, the
total energy dissipated from the cartilage at each fre-
quency during DMA was calculated. The benefit of this
approach is the entire system is considered as a whole
by determining absolute values rather than material
properties. The results demonstrated that cartilage dissi-
pated higher total energy than bone and the cartilage-
bone system across all frequencies tested (Fig. 5). While
expected, as one of the key roles of articular cartilage is
to dissipate energy into the underlying bone, to the best
of the authors knowledge this is the first report of such
a relationship from human tissue analysis.

It has been hypothesised that high heel-strike rise
times during gait causes a predisposition to the onset of
OA [6, 36]. This high-impact loading, combined with a
reduced ability to dissipate energy at high frequencies, is
likely to cause damage to the bone, leading to subchon-
dral bone remodelling and therefore a higher BMD.
Prior to work by Fell et al. [19], no previous studies had
attempted to link bone histomorphology with viscoelas-
tic properties of osteochondral tissues. The study on
bovine osteochondral cores identified a significant rela-
tionship between subchondral bone BMD and cartilage
loss stiffness [19]. Correlations between cartilage thick-
ness with BMD and subchondral bone plate thickness
were also unearthed. This suggests that cartilage health
is interrelated with the histomorphological properties of
the subchondral bone. The results of the present study
demonstrated a statistically significant (p <0.05) link at
all frequencies except at 90 Hz (p =0.09) between the
total energy dissipated by isolated cartilage specimens
and BMD (Fig. 6b). This supports the findings by Fell
et al. and validates the hypothesis that the dissipation of
energy through to the subchondral bone provides mech-
anical signals, which can alter the structure of the tissue,
for example a remodelling of the trabeculae [40]. It should
be noted that although the goodness of fit is low between
the BMD and total energy dissipated from the cartilage,
they are comparable to R and R? values presented in other
BMD studies [19, 41, 42].

There are a small number of limitations within the
present study. One of the key challenges with human
tissue is that specimens can have wide variation due to
factors such as age, weight, and gender, which are
known to have an effect on the health of these tissues.
In addition, the patients who donated their tissue for
this study are of an advanced age and therefore may not
be representative of younger adults. Furthermore, it has
been previously reported that bovine cartilage stiffens
with age [43]. Whilst the tissues in the present study are
obtained from older adults, the joints showed no sign of
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OA joint damage upon chondropathy assessment and
are representative of cartilage that has maintained health
throughout its lifespan. The high variation between
specimens, combined with reduced specimen numbers
due to tissue availability, is likely to be the reason that a
significant link between BMD and cartilage viscoelasti-
city was not established in the present study, despite
being demonstrated in bovine tissue [19]. It should also
be noted that the cartilage surface in the sample blocks
exhibited a slight curvature (Fig. 1b). To minimise the
impact of this on mechanical test data, cores were taken
from flatter regions of the block, and hence it was not
accounted for. There are advantages and disadvantages
to using stiffness measurements, as reported in this
study. The calculation of storage and loss moduli is
dependent on thickness, and therefore any limitations
associated with thickness measurements are included in
moduli, but are not included in stiffness [44], however,
direct comparison of stiffness can only be made for the
same shape and size of specimens. As moduli and stiff-
ness are fundamentally different measurements, it limits
the comparability across literature, although their trends
with frequency of loading can be compared because the
modulus is simply the stiffness divided by a constant (i.e.
a shape factor) [13]. The primary reason for choosing to
report stiffness in this study is that the osteochondral
cores were a structure consisting of both soft and hard
tissues. A separate limitation during DMA testing of bio-
logical tissues is damping if these are tested in a fluid
medium. To avoid potential damping due to fluid in this
study, the samples were not submerged in fluid and,
therefore, the dissipation of energy reported was solely
due to the cartilage tissue. Damping has been previously
shown to have little effect between samples tested in air
and in Ringer’s solution [13].

The complexity of the frequency-dependent viscoelas-
tic properties of cartilage and bone described in this
study demonstrate that there is a sophisticated inter-
action between these two tissues in regard to storage
and dissipation of energy. High-frequency loading results
in an increased storage of energy in the subchondral
bone, a likely mechanism to prevent cartilage damage,
which is a factor that should be further investigated in
relation to the progression of OA. The results obtained
in this study provide details of native tissue behaviour
in vitro at physiologically relevant frequency ranges, the
first reported values in human osteochondral tissue
under dynamic loading.

Conclusions

This study demonstrates that subchondral bone is visco-
elastic over a physiological frequency range (1-90 Hz).
Storage and loss moduli for cartilage and storage modu-
lus for bone increase with increasing frequency, while
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the loss modulus of bone decreases. Loss stiffness for
the cartilage-bone-system is frequency-independent yet
for isolated specimens it was shown to be frequency-
dependent. Finally, a statistically significant link has been
identified between cartilage energy dissipated and bone
histomorphology. From these results, the importance of
characterising the properties of articular cartilage both
isolated from, and attached to, subchondral bone is
clearly highlighted. Overall, this work demonstrates the
significance of the bone-cartilage interface, in particular
for energy storage and dissipation.
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