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Abstract
Tissue engineering (TE) has promise as a biological solution and a disease modifying treatment
for arthritis. Although cartilage can be generated by TE, substantial inter- and intra-donor
variability makes it impossible to guarantee optimal, reproducible results. TE cartilage must be
able to perform the functions of native tissue, thus mechanical and biological properties
approaching those of native cartilage are likely a pre-requisite for successful implantation. A
quality-control assessment of these properties should be part of the implantation release criteria for
TE cartilage. Release criteria should certify that selected tissue properties have reached certain
target ranges, and should be predictive of the likelihood of success of an implant in vivo.
Unfortunately, it is not currently known which properties are needed to establish release criteria,
nor how close one has to be to the properties of native cartilage to achieve success. Achieving
properties approaching those of native cartilage requires a clear understanding of the target
properties and reproducible assessment methodology. Here, we review several main aspects of
quality control as it applies to TE cartilage. This includes a look at known mechanical and
biological properties of native cartilage, which should be the target in engineered tissues. We also
present an overview of the state of the art of tissue assessment, focusing on native articular and TE
cartilage. Finally, we review the arguments for developing and validating non-destructive testing
methods for assessing TE products.
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1. Introduction
Articular cartilage is a composite of materials with disparate properties. The whole tissue is
approximately 70 to 85% water by weight, with the remainder composed primarily of
proteoglycans and collagen (see below). The distribution of proteoglycans and the structured
collagen architecture suggest that cartilage is an inhomogeneous and anisotropic material.
Uniquely, it is also avascular and aneural. It functions as a bearing surface in synovial joints
such as hip and knee, where it provides low friction with excellent wear characteristics. It
helps to distribute joint contact loads over a larger area than would be present if there was
bone-to-bone contact, and it performs these functions for decades while loaded at several
times body-weight.

Cartilage has limited ability to repair itself. Cartilage defects are a major health issue in
countries with high life expectancies. In the USA, over 40 million people (15% of the
population) suffer from arthritis, making it the leading cause of chronic disability [1]. That
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number is expected to exceed 60 million by 2020 [1]. Most current treatments target pain
relief but do not modify the long-term, irreversible course of cartilage degeneration. Thus,
the majority of these patients will eventually be candidates for prosthetic joint replacement.
In 2006, there were 230,144 primary total hip replacement procedures and 516,435 primary
total knee replacement procedures in the US alone, performed almost exclusively for an
underlying osteoarthritis (OA) diagnosis [2]. Kurtz et al. project an increase to 572,000
primary total hip and almost 3.5 million total knee replacements annually by 2030 [3]. Joint
prosthetics are costly, have a finite life-span, and are difficult to revise and replace. A living
biological, rather than a prosthetic replacement of defective tissues would have definite
advantages. Tissue engineering (TE) could provide such a repair and has promise as a
biological solution and a disease modifying treatment for arthritis. TE cartilage must be able
to perform the same functions as native tissue. This applies to chondrocyte- as well as to
stem cell-based TE. Strategies for producing in vitro cultured cartilage tissue have been
developed and could emerge into the clinic shortly [4]. An individualized autologous
approach, i.e., engineering tissue that is custom-designed and fabricated for each patient
using his own cells, would be ideal. However, substantial donor-to-donor variability in the
proliferation, differentiation potential, metabolic demands, and biosynthetic activity of
isolated cells make it impossible to guarantee optimal, reproducible results in all cases [5,6].
Even within one donor, cell quality degrades when the cells are culture-expanded. Some of
this variability can be reduced by growth factor treatment [7,8], and some can be mitigated
by using robust scaffold material, but since, in the end, mechanical and biological properties
approaching those of native cartilage are likely a pre-requisite for successful implantation, a
quality-control assessment of these properties should be part of the release criteria for TE
cartilage.

Currently, formal criteria for specifying that a specific TE construct is ready for
implantation do not exist. The absence of release criteria is a significant gap in the
translational route of cartilage TE from the in vitro to the in vivo domains. Release criteria
should certify that selected tissue properties have reached certain target ranges, and should
be predictive of the likelihood of success of an implant in vivo. A complete set of properties
needed to establish release criteria is not known. Achieving properties approaching those of
native cartilage requires a clear understanding of the target properties and reproducible
assessment methodology [9-25].

In this paper, we examine several main aspects of quality control as it applies to TE
cartilage. First, we review the known mechanical and biological properties of native
cartilage in order to establish target values for these properties in engineered tissues. It has
yet to be established what fraction of these target values represent the minimum
requirements in mechanical or biochemical properties [26]. Second, we present an overview
of the state of the art of tissue assessment, again with focus on native articular and TE
cartilage. A third consideration in TE is that current methods for evaluating the tissue tend to
be destructive, which negates clinical utility of the tissue after testing. Therefore, future
research emphasis should be placed on developing and validating non-destructive testing
methods for assessing TE products.

2. Biomechanical considerations
When placed in a joint, TE cartilage must be able to function under a wide range of loads
and loading rates. Joint loads on the articular surface are a combination of compression and
shear. Compressive loading is typically in the range of two to four times body weight during
normal gait, but can be much higher in other activities [27-29]. These loads correspond to
average peak compressive stresses in the range of about 3 – 11 MPa on the hip during for
activities of daily living [30]. Loading rates have been estimated to be 6 – 25 MPa/s during
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walking, 50 – 210 MPa/s during jogging, and 140 – 250 MPa/s during jumping. Loading
rates of around 800 MPa/s are believed to cause subchondral injury, and rates greater than
1000 MPa/s may cause osteochondral fracture [27,31-36]. In normal joints, with low
friction, it is expected that the shear loads will be two to three orders of magnitude less that
the compressive loads.

Given the range of loading conditions on a joint, it is unlikely that one method of
biomechanical evaluation will yield a complete picture of the tissue's functionality. Methods
that have been used to determine properties of normal cartilage, and pathologic cartilage are
also used to compare native and tissue-engineered cartilage. The majority of methods used
for biomechanical evaluation of cartilage fall into either of two categories: those that
determine material properties, or those that give an indication of performance under
conditions that approximate normal joint function. Tribological tests fall into the latter
category. Relevant material properties are defined by models of mechanical behavior.
Although elastic and viscoelastic models have been used to describe cartilage [37-43],
biphasic theory developed by Mow and co-workers has become the standard for describing
the mechanical behavior of cartilage [24]. Biphasic theory models cartilage as a mixture of a
solid and fluid. The solid component includes the collagen network, proteoglycans, cells,
lipids and noncollagenous proteins. In its most basic form, the solid is modeled as an
isotropic, incompressible elastic material, and the fluid is modeled as incompressible and
inviscid. Fluid-solid interaction in the model gives rise to time-dependent behavior and
governs load carriage and deformation. The basic form of the biphasic model includes
material properties of the solid matrix (two independent constants, for example, aggregate
modulus and Poisson's ratio) and a fluid flow property (permeability). Tests under confined
compression, unconfined compression, and indentation have been developed in conjunction
with model-based data analysis techniques that are used to extract material properties
[24,44-48].

If cartilage behaved as an isotropic elastic solid, then only two independent properties would
be needed to specify its mechanical properties. However, the tissue is not this simple: it is
porous-elastic and not isotropic. However, even if all the mechanical properties were known,
they would not necessarily be sufficient to characterize the quality of an implant. A simple
analogy illustrates this issue. All steel alloys have essentially the same Young's modulus, but
they have vastly different yield and ultimate strengths. Even if the yield and ultimate
strengths were known, these would not necessarily give an indication of the friction and
wear properties of the tissue. For these reasons, it is unlikely that a single test will be
sufficient to indicate that a piece of cartilage is adequate for implantation.

Early investigations showed that the biphasic model did not fit data from some tests, e.g.,
stress relaxation in unconfined compression [46]. Guided by the structured collagen
architecture in native cartilage, anisotropic fibril reinforced models, and models that
incorporate transverse isotropy have been developed [44,49-54]. Shirazi et al., developed a
particularly detailed model that includes three zones with anatomically inspired fibril
orientation: a superficial zone simulating randomly distributed in-plane fibrils, a transitional
zone without a dominant fibril orientation, and a deep zone simulating fibrils perpendicular
to the cartilage-bone interface [55]. These modeled orientations were chosen to mimic those
in native tissue [56]. Other models have investigated the effects of transverse isotropy alone,
which mimics the deep zone of articular or growth plate cartilage [44,54]. Another important
contribution to modeling was the incorporation of different mechanical properties in tension
and compression [45,57]. Models incorporating fibril reinforcement and tension-
compression nonlinearity have been particularly successful in mimicking the behavior of
native cartilage under a wide range of conditions. Given the structured collagen architecture
and distribution of proteoglycans, it is not surprising that inhomogeneous and anisotropic
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models are needed to capture the complete response of cartilage, and that its overall
behavior will depend on composition and structure [58].

The applicability of these enhancements to TE cartilage remains to be determined. For
example, anisotropic and fibril reinforced models might not be directly applicable to TE
cartilage, which lacks the well-defined collagen structure of native cartilage. If the structure
is isotropic, the solid matrix of TE cartilage might be well-described by two independent
material properties (for example, aggregate modulus and Poisson's ratio) and permeability.
Absence of an organized structure does not, however, eliminate the possibility of having
different properties in tension and compression. For the remainder of this review,
mechanical properties will be described in terms of the isotropic biphasic model, and unless
otherwise noted, the methods described below are implemented under conditions of small
strain, where material behavior is linear.

2.1 Material property tests
2.1.1 Compression—In confined compression, a cylindrical sample is placed in an
impervious chamber and loaded across its entire circular surface through a porous filter
[44,59,60]. In this configuration, the only component of cartilage displacement is in the
same direction as the compression. Fluid flow is perpendicular to the circular face of the
sample. This test can be performed in either under constant load (creep) or under constant
displacement (stress relaxation). The intrinsic compressive stiffness of the solid matrix
(aggregate modulus) and permeability are determined by fitting model predictions to the
measured output (deformation or stress).

In unconfined compression, the sample is placed between smooth impermeable platens
while its cylindrical surface is unconstrained [46,54,61]. In this configuration, compression
is applied perpendicular to the sample's circular face, as it is in confined compression, but
the sample is deformed in vertical and radial directions. Fluid flow is only in the radial
direction.

Both confined and unconfined compression tests can be run in either creep or stress
relaxation modes. In these tests, the time to reach equilibrium is typically in the thousands of
seconds. Permeability and either aggregate modulus (confined compression) or Young's
modulus (unconfined compression) can be determined by fitting a biphasic model of the
experiment to the complete time-dependent experimental data. Alternatively, if only
compressive modulus is desired it can be computed from the slope of equilibrium stress vs.
equilibrium strain.

2.1.2 Indentation—In an indentation test, a small portion of a sample's surface is loaded
through a small circular indenter (typically 0.9 mm to 1.5 mm in diameter), which puts the
tissue under a more complex state of stress than in confined or unconfined compression
[10,47,48,62-66]. Indentation tests are typically performed under constant load, and run until
displacement comes to equilibrium, which is typically in the thousands of seconds. An
advantage of indentation over other tests in compression is that small samples can be
evaluated in situ. For example, indentation can be performed on native or repaired cartilage
in the rabbit knee [66-69]. Due to the joint's curvature, and thin cartilage, it would be
impossible to get uniformly thick cylindrical samples from the rabbit knee for use in
confined or unconfined compression tests. However, finite element simulations have shown
that curvature has negligible effects on indentation results, at least for the conditions studied
[70]. Curvature does affect the diameter of the indenter. In a joint like rabbit knee, with a
relatively small radius of curvature, it is advisable to use a smaller diameter indenter (≈ 1
mm) than would be used with larger joints [67]. Larger diameter indenters require greater
displacement to get full contact with the cartilage, and larger displacements invalidate the
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linear models used for data analysis. Using a biphasic model-based analysis approach, two
properties of the solid matrix (for example aggregate modulus and Poisson's ratio) and the
permeability are determined from one test [47,48]. Typical values for human medial femoral
condyle are in the range of 0.59 ± 0.11 MPa for aggregate modulus, 0.074 ± 0.84 for
Poisson's ratio, and 1.14 ± 0.16 × 10−15 m4/N·s for permeability [9].

2.1.3 Shear—Understanding tissue behavior in shear is an integral part of evaluating TE
cartilage, as joint motion induces shear deformation. In theory, testing cartilage in shear can
be used to determine the intrinsic behavior of the solid matrix component, as poroelastic
theory predicts that there should be no fluid flow under pure shear and small strain [71].
However, tests have shown that the matrix behaves viscoelastically. Nevertheless, modeling
the matrix as elastic solid and ascribing the time dependent behavior to diffusive flow of
fluid through the solid matrix is relatively common [44,54,61,72-74].

The viscoelastic behavior of the solid matrix has been characterized using both transient and
dynamic measurements. Transient measurements (creep or stress-relaxation) may be used to
determine a (reduced) relaxation function or creep compliance, while dynamic
measurements (oscillating stress or strain) result in the complex modulus and loss angle.
Equilibrium shear modulus is in the range of 0.1-0.4 MPa, the dynamic modulus |G*| is
between 0.2 and 2.0 MPa, while the loss angle δ is about 9-15° [13,42,71,75-78].

A common practical problem with all of these tests is gripping the sample. One approach is
to clamp the sample between porous or roughened surfaces to prevent slippage when the
sample is sheared. Alternatively, a sample may be glued to smooth flat platens using
cyanoacrylate.

2.1.4 Tension—Tension tests are typically performed under constant strain rate or
constant load. When native samples are tested, it is common to align them such that tension
is applied either parallel or perpendicular to the split-line pattern on the articular surface
[12]. Because of the indistinct boundary to the subchondral bone, which needs to be
removed for tensile tests, almost no attempts have been made to test full-thickness cartilage
in tension. Results have shown that tensile properties (typical tensile moduli 0.3 to 15.7
MPa) depend on depth from the articular surface, orientation relative to split lines, and the
presence or absence of an open physis [12,79]. Evaluation of healthy and proteoglycan
digested cartilage has shown that the collagen network provides strength and stiffness, while
proteoglycans control the time dependent tensile deformation at high strains by impeding
rotation of collagen fibrils [80-83]. Tensile properties of native and TE cartilage can be
compared at several levels. Using constant strain rate tests, strength, and stiffness as
functions of depth is one comparison. Under constant load (creep tests) the duration of the
initial and late phases of creep can be compared. In TE cartilage, which is generally collagen
deficient, we would expect both stiffness and strength to be much reduced relative to native
tissue [84-89]. This is currently a major barrier to clinical use of TE cartilage.

2.1.5 Depth-dependent properties—A limitation of the above tests is that they yield
average values across the entire thickness of the test sample. While it is likely necessary that
TE cartilage should have similar average properties to native cartilage, it is not clear that this
is sufficient to ensure adequate repair of a defect. In native cartilage, morphology, chemical
composition, and mechanical properties vary as a function of depth from the articular
surface [90-93]. For example, in the bovine patellofemoral groove, stiffness increases with
depth, with the deepest layer being more than 6 times stiffer in compression than the surface
layer [92]. It is likely that these variations are functionally important and therefore should be
considered when evaluating TE cartilage. In TE cartilage, mass-transport limitations result
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in tissue where the surface is more mature morphologically and biochemically, and stiffer
than the deeper tissue. This is exactly the opposite of what is seen in native cartilage.

One approach to determining depth-dependent properties is to cut multiple sections thorough
the thickness of cartilage, and test each of these [12]. Depending on the test, less accurate
results are likely as the thickness of samples diminishes. For example, in confined
compression tests, the assumption that the surface of the porous plunger is flat breaks down
when the sample thickness decreases to where the roughness of the plunger is a large
percentage of the sample thickness [94]. Testing of cartilage slices is also the usual approach
for tensile tests (see section.2.1.4, above).

Other approaches include optical and (see below) acoustic measurement methods. Using
optical imaging methods, fiducial markers such as fluorescently labeled cells or other
features can be tracked during deformation to get a map of local strain fields [90-93,95-98].
Depth-dependent compressive and shear stiffness can then be computed from the strain
distribution and known stress. Digital image correlation is a similar method that tracks user-
defined regions of interest rather than tracking individual cells to determine displacement
fields [99-101].

For shear, a novel and highly accurate method tracks the deformation of photobleached lines
drawn across the thickness of a fluorescently labeled sample. In this case, the sample is first
uniformly stained with a fluorescent dye such as 5-(4,6-dichlorotriazinyl) aminofluorescein,
(5-DTAF) that labels all amino acids in the tissue. Lines are then photobleached,
perpendicular to the direction of the applied shear displacement, on the stained tissue using
the confocal microscope laser. The slope of the deformed lines (the shear strain) and the
known shear stress are used to determine local shear stiffness.

2.2 Tribological tests
One of the more remarkable features of native articular cartilage is its low friction and wear.
A thorough description of the tribology (friction, wear and lubrication) of synovial joints is
beyond the realm of this review and the reader is referred to many excellent publications in
this area [72,102,103]. Although simple hydrodynamic lubrication in synovial joints is
unlikely, other modes, some of which are unique to cartilage, have been proposed including
boundary [17,19,104-107], weeping [108,109], boosted [110,111],
microelastohydrodynamic [112-114], and biphasic lubrication [14,109,115-118]. Current
evidence favors a combination of boundary lubrication in conjunction with biphasic or
microelastohydrodynamic lubrication.

Tribological evaluation of engineered tissue may provide a better measure of the ability of a
construct to function in vivo than measurements of mechanical properties. Our own
tribological investigations of TE cartilage have shown, at least for a particular set of
scaffold-free constructs, that engineered tissue is easily damaged under combined
compression and sliding shear, while the same conditions did not produce any noticeable
damage to native cartilage [98,119,120]. Failure under these conditions might not have been
predicted by mechanical properties. We also observed an increase in friction over time that
is characteristic of biphasic lubrication, a mode of lubrication in which compressive joint
force is carried by interstitial fluid pressure in the matrix (an approximately 15-fold increase,
from 0.02 to 0.3 in coefficient of friction over 20,000 seconds has been reported)
[14,109,117]. In addition, boundary lubrication, which arises from molecules adhered to the
articular surface, is believed to be important for protecting cartilage. One such molecule
named Lubricin has been isolated from synovial fluid and shown to affect friction in joints
[104,105,121-131]. It is produced by synoviocytes, and related molecules are produced by
chondrocytes in the superficial zone of articular cartilage [132]. Other evidence suggests that
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surface-active phospholipids may act as boundary lubricants of articular surfaces, and that
they may be part of the lubricin molecule [15,133,134]. It is likely that TE cartilage will
need a source of boundary lubricants for long-term survival. Since shear upregulates
production of boundary lubricating molecules in native tissue, it may be necessary to apply
shear to engineered constructs during their development [135-138].

2.3 Sample preparation
Sample preparation is an important and potentially time-consuming process. Confined and
unconfined compression, torsional shear, and tribological tests typically use cylindrical
samples with parallel circular faces. Cylindrical samples can be obtained using a coring tool
or biopsy punch. Getting parallel faces often requires shaving the surface using a microtome.
Since samples are inherently thin, typically 1 to 3 mm for human articular cartilage, freezing
or adhesive is needed to hold them in the microtome. In tensile tests it is necessary to
achieve a region of uniform tensile stress. Roth and Mow developed a dog-bone shape for
this purpose, but it was nearly 23 mm long, which is longer than typical TE cartilage
constructs [12]. In contrast, for indentation tests, only minimal sample preparation is
required. An osteochondral specimen can be cored or a whole small joint can be tested
without additional preparation.

3. Biological and biochemical considerations
In addition to mechanical evaluation, biochemical and imaging evaluation of the engineered
cartilage can be revealing. Biochemical evaluation is generally performed on homogenized
tissue, resulting in average values for the test sample. Imaging approaches are exemplified
by histological assessment and scoring. This approach provides a more localized look at the
tissue and may provide visual correlates to the depth-dependent or anisotropic properties
described above. Histochemical and immunohistochemical approaches can provide spatial
distribution of the cells and extracellular matrix ECM components. Quantitative three
dimensional tissue properties can be obtained using morphometric approaches, but unless an
entire sample is serially sectioned, 3-D extrapolations from two-dimensional sections carry
considerable uncertainty due to cartilage tissue inhomogeneity even over very short
distances. In the past couple decades, three-dimensional imaging techniques including MRI,
micro-CT, bioluminescent imaging (BLI), and ultrasonography have provided a more
comprehensive look. The tradeoff is that the spatial resolution of these techniques is
generally much less than with light microscopy. A further consideration which can dictate
the choice of approach is that most of these are inherently destructive end-point tests,
whereas some, e.g., BLI, MRI, or ultrasound can potentially be performed on live samples
as a part of a quality control program to develop release criteria.

3.1 Biochemical composition
The composition of cartilage has been characterized at a number of scales. At the highest
level, the overall composition of cartilage has been characterized by, e.g., Anderson as:
water 70-85%, mineral salts 4-7%, and organic substances 10-15% [139]. More detailed
characterizations of the “organic substances” compartment reveal an extraordinarily
complex tissue. For example, in native cartilage, composition varies in a depth-dependent
fashion between the surface layer and the calcified cartilage layer adjacent to the
subchondral bone. Variations in composition give rise to variations in other properties; thus,
there is a positive depth-dependent correlation between proteoglycan (PG) concentration and
stiffness, and a negative correlation between PG content and permeability [92,140,141]. A
recent review of the composition of normal and OA cartilage provides ranges of normal
values for the major constituents of the tissue [142]. In TE cartilage, the composition can
vary as a function of the distance from the free surface of the construct as a result of mass-
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transport limitations. Although this review focusses on articular cartilage and cartilage TE
for joint repair, the constituents of cartilages from various anatomical sites (e.g., ear, trachea,
etc.) varies considerably [63].

3.1.1 Water content—Bulk water content (∼ 70-85%) can be determined by from the
weight difference between a fresh sample and the same specimen after freeze-drying. The T1
relaxation rate using MRI might be used to obtain a more localized assessment of the water
distribution [143]. This provides a useful point of comparison between TE and native
cartilage. In native tissue, mechanical properties correlate with water content; with higher
water content, permeability increases, while stiffness decreases [144].

3.1.2 Mineral content—Mineral content (mostly calcium salts) is generally given in the
5% range for articular cartilage, however in the zone of calcified cartilage adjacent the
subchondral bone it can approach 30% [145]. It has been postulated that mesenchymal stem
cell (MSC)-based chondrogenesis is an analog of the early phases of fracture-healing; the
tendency of these cells to undergo hypertrophy and possibly mineralization late in
differentiation is consistent with this line of thinking [146,147]. Therefore assessing mineral
content of TE cartilage should be considered. Global mineral content can be estimated
destructively by ashing or by dedicated colorimetric calcium assays, more localized
approaches include alizarin red stain for calcium, von Kóssa stain for (usually calcium)
phosphate or carbonate, and backscatter electron imaging [145,148-150].

3.1.3 Organic substances
3.1.3.1 Cells: The cellularity of a tissue sample can be determined by several methods.
Values in the literature for normal cartilage vary widely between species and anatomical
location, in the range of 14,000 to 330,000 cells per mm3 [22,23]. Classical
histomorphometry can be used to determine the number of cells in a reference volume. To
be accurate, this requires strict adherence to stereological precepts, and can be quite time
consuming [151,152]. However, if information about the regional distribution of cells in a
tissue sample is needed, this may be the best approach. Vital stains, e.g., fluoresceine
diacetate/propidium iodide or calcein/ethidium homodimer can be used to determine cell
viability and distribution of the cells throughout the tissue [153].

An estimate of bulk cellularity can be obtained by measuring DNA content as described
previously [154]. In this approach, the tissue is digested with papain [155], and total DNA
content is measured using a dye-binding assay. The assay is obviously destructive. Non-
destructive bulk assays include measures of metabolic activity, such as resazurine (Alamar
blue) or 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assays,
glucose or O2 consumption, etc. [156-159]. It should be noted that using these assays strictly
as a measure of cell numbers is risky. Results can be influenced greatly by changing
metabolic activity of the cells, diffusion of the salts into, and the dye product out of the
tissue, etc., and thus should be used circumspectly.

Other cell behaviors are relevant to tissue quality, including apoptosis and chondrocyte
“cloning”, the latter a histologic feature of articular cartilage degeneration in OA that refers
to clusters of chondrocytes formed by clonal expansion of the cell in its lacuna [160].
Similar behavior can be seen in TE cartilage [161,162].

In mature and differentiating TE cartilage, cell proliferation is generally very slow. In, for
example, MSC-based cartilage TE, it is customary to start the process with a solid mass of
cells (see, e.g., aggregate culture). Cell density in these types of culture and in scaffold-
based TE is very high, on the order of 80 to 100 × 106 cells per ml, then drops over time
[163]. Changes in cellularity are largely due to cell death and/or increases in ECM synthesis,
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which reduce the volumetric density of the cells. In TE cartilage, regions distant from the
free surface tend to be metabolically challenged, make less ECM, and therefore can be cell-
rich and ECM-poor compared to the more differentiated surface regions [98,119].

3.1.3.2 Glycosaminoglycan (GAG) content: GAGs constitute a major component of
cartilage ECM. GAGs consist of long polysaccharides, composed of a repeating
disaccharide, in N- and/or O-sulfate groups and are typically unbranched. Cartilage GAGs
include chondroitin sulfate (CS, 60-90%), keratan sulfate (KS), hyaluronic acid (HA),
dermatan sulfate, heparin, heparan sulfate. Most cartilage GAGs are covalently linked to a
core protein to form a bottlebrush-like structure (proteoglycans, PGs). PGs account for
5-10% of tissue wet weight in normal cartilage [142]. HA stands out, as it is neither sulfated
nor covalently attached to a core protein; it does, however, complex non-covalently with
PGs in the ECM. GAGs are highly negatively charged molecules, which contribute to the
low compressibility and the lubricity of cartilage. In solution, GAGs occupy a large volume,
but in cartilage, their expansion is constrained by the collagen fibril network resulting in a
swelling pressure in the tissue [164]. Thus, adequate GAG content is likely required for
satisfactory function of TE cartilage in vivo.

The GAG content of native or TE cartilage lysates can be determined using dye-binding
assays. Sulfated GAGs can be measured using 1,9-dimethylmethylene blue. The binding of
the sulfated GAGs to the dye induces a metachromatic absorption spectrum shift
proportional to the amount of sulfated GAGs; which can be quantified spectroscopically.
The assay detects sulfated GAGs in aggregate, but not the unsulfated HA. Sulfated GAG
content makes up 1 to 10% of cartilage wet weight, however it varies with age, joint,
position in the joint, depth relative to the surface, health of the cartilage, and proximity to
the cells [165-167]. The safranin-O dye-binding assay of Carrino et al. detects all GAGs
including HA [154,168]. Proteoglycan content can also be normalized to, e.g., tissue mass,
DNA or protein content.

In lysates, the spatial information is lost. GAG can be localized histochemically using
Safranin O or Toluidine Blue O staining (see below). Histological and biochemical
assessment of GAG content do not necessarily correlate. Orth et al., for example, reviewed
several histological scoring systems (see below) and found poor correlation between the
scores and GAG content determined by biochemical methods [169]. Thus, the two
approaches are complementary. Establishing a fingerprint of the ECM composition may be
useful in evaluating TE cartilage against normal cartilage. For example, the ratios of CS to
KS change as a function of age and in disease [170,171].

Specific antibodies against core proteins and antibodies against saccharide patterns can be
used to identify PGs by immunohistochemistry or by blotting [172-180]. This type of
analysis is rarely done in TE cartilage but should be considered as it has led to important
observations. For example, lumican, a small leucine-rich glycoprotein is overexpressed in
TE cartilage and may be responsible for the low collagen deposition [84]. Although not to
our knowledge used in cartilage, biotinylated HA binding protein can be used to probe for
HA in tissue [181-183]. Other methods for Glycoprotein and proteoglycan analysis include
LC-MS and FACE gel electrophoresis. This exceeds the scope of the present review, but
see, e.g., Estrella et al. [184].

3.1.3.3 Proteins: Proteomic analysis has identified nearly 200 proteins in cartilage ECM
[185,186]. The composition varies regionally and zonally, which should be considered if
comprehensively evaluating TE cartilage [187,188]. Collagens make up 60 to 70% of the
dry weight of cartilage with type II being predominant [142]. Other collagen types are
present in smaller amounts (Reviewed in [189]). Collagen architecture varies through the
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depth of the tissue. In TE cartilage collagen content is generally 50% or less than what
would be expected, which has implications for tensile strength and load-carriage [84-89].
For a more detailed overview of the composition of normal cartilage, including, minor
protein components, growth factors, cytokines, and proteases, see [190].

3.2 Histological Evaluation
3.2.1 Commonly used staining protocols for cartilage—Schmitz, et al. recently
reviewed the most common methods of histopathological assessment of cartilage, with
detailed protocols [191]. Detailed protocols, including for immunohistochemistry (IHC) or
in situ hybridization can also be found in An and Martin [192]. The techniques are
applicable to TE cartilage, particularly after implantation.

Overview stains include the use of India ink to stain for surface imperfections, and standard
Hematoxylin – Eosin (H&E) stains [193,194]. Staining approaches such as Safranin O and
Toludine Blue O highlight GAG deposits efficiently. Fixation and decalcification lead to
proteoglycan loss; if a more quantitative assessment is desired, a cationic dye should be
included in these solutions [195-197].

Less frequently used stains include tartrazine, van Gieson, and the Masson and Goldner
trichome stains. Picrosirius red F3B (Direct Red 80) stains collagen fibers, as originally
described by Puchtler et al. [198]. Under polarized light, collagen fibers exhibit a bright
birefringence that is specific for collagen [199]. The method has been used on articular and
on TE cartilage and provides information on structural anisotropy [200].

3.2.2 Immunohistochemistry—IHC-qualified antibodies for many ECM constituents
are available through collaborations or from commercial vendors or repositories. Protocols
vary by antibody and target, and this discussion exceeds the present review. A common
feature of IHC in both native and TE cartilage is the need for unmasking by digestion of the
tissue sample using a protease or lyase, or some other form of antigen retrieval. See also An
and Martin [192].

3.2.3 Histological scoring systems—Histological quality is an important outcome
measure in evaluating the success of TE cartilage. The staining protocols above provide a
subjective assessment of tissue quality as well as morphological, localization and
distribution information. Scoring systems derive a global scalar value by assigning
numerical values to various combinations of assessments of cell morphology, matrix
staining, surface regularity, structural integrity, thickness/defect filling, osteochondral
junction, adjacent bonding, basal integration, cellularity, clustering/distribution, adjacent
cartilage degeneration, mineral, blood vessels, subchondral bone, viability of the cell
population, inflammation, and cartilage plug quality. Scoring systems for pathological
cartilage have been in use since Collins and McElligot developed a macroscopic
classification of OA cartilage in 1949 and Mankin developed the Histopathological-
Histochemical Grading System (HHGS) in 1971 [201-203]. Scoring schemes for TE
cartilage have been suggested and in part validated by a number of investigators and task
forces. Commonly used ones include the scoring system of O'Driscoll et al. and the “Bern
score” for TE cartilage [204]. The HHGS and OARSI scores, or variants thereof, are
currently most frequently used for OA cartilage. O'Driscoll et al. have published scoring
systems for repair cartilage and these scoring systems have continued to be refined including
in Pineda, et al., Wakitani, et al., Peterson, et al., and the ICRS II scores [68,205-207]. The
Bern score has been used to assess TE cartilage in aggregate culture [208-212]. Histological
scores have been used to validate novel cartilage quality analyses by imaging methods
[213-216]. Observer bias can be reduced by having the sections examined by multiple,
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blinded investigators, alternately, computer-assisted scoring systems are under investigation
[217]. Importantly though, where cross-validations have been attempted, biochemical
assessments of tissue quality did not all correlate well with histological scores, thus these
remain complementary approaches [169]. The scoring systems have recently been reviewed
extensively in Rutgers, et al., who also suggest an algorithm for selecting the most
appropriate scheme for the tissue at hand [218].

4. Destructive vs. non-destructive testing of tissue – implications for
implantation release criteria

Decades of work have demonstrated that cartilage-like tissue can be grown in the lab and
can be implanted, but we lack implantation release criteria, which predict success of an
implant in vivo. Implanting an inadequate piece of tissue into a joint, where it must
immediately withstand repetitive loads of several times body weight results in catastrophic
failure [219]. Gold-standard histological or biomechanical assessments are described above,
but these tests are generally destructive, and a construct tested by such methods is no longer
suitable for implantation [12,13,44,47,48,50,90,92,96,220-222]. Endpoint evaluation could
be performed on redundant test samples, but limited cell availability, cost, and time
considerations do not make this a viable high throughput approach [47,48]. As a result, the
specific TE construct to be implanted is not usually evaluated before surgery, creating an
unmet need for non-contact, non-destructive quality control methods.

Cartilage can be characterized non-destructively in multiple ways. These include, e.g.,
magnetic resonance imaging (MRI) or micro-CT techniques, which can be used to visualize
GAG concentration and water distribution, bioluminescent imaging (BLI), which can image
cellular processes, mechanical NDT, and ultrasound (US) [223-225].

4.1 MRI techniques
MRI can be used effectively to gauge cartilage thickness in vivo, which will likely have
applications for implanted TE cartilage [226-228]. The GAG component of cartilage can be
imaged using delayed gadolinium-enhanced MRI of cartilage (using Gd-DTPA2−,
dGEMRIC) by T1-relaxation time measurements after penetration of the gadolinium contrast
agent. The approach exploits the fact that mobile ions will distribute in cartilage tissue to
reflect the local GAG concentration, as GAGs carry abundant fixed negative charge. More
of the gadolinium agent distributes into areas with low GAG (or that are deleted of GAG)
than in areas of high GAG concentration. T1 images then reflect the tissue GAG
concentration. The approach has been used in native cartilage, repair cartilage and tissue
engineered cartilage [229-231].

4.2 Micro-CT
Cartilage signal by micro-CT is weak, as cartilage does not attenuate X-rays very well.
However, contrast enhanced micro-CT using a gadolinium probe has shown promising
results on cartilage explants and could be applicable to TE cartilage [232].

4.3 Mechanical NDT
Methods developed for mechanical evaluation of cartilage in vivo could, in principle, be
adapted for evaluating TE cartilage at any stage in its development [233-237]. Most often,
these methods are based on indentation, are implemented arthroscopically, and out of
necessity are performed under sterile conditions, which is highly desirable for TE
applications. Indentation properties are estimated from the known indentation depth, and
applied force. The depth of indentation is controlled by the design of the tip of the
arthroscopic probe or is derived from cartilage thickness measured ultrasonically. Force is
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measured using a load cell that is integral to the arthroscopic instrument. These methods
might be best suited for use as a quick screening tool rather than final release criteria since
they are not able to identify internal inhomogeneities, will give average properties of a
construct, and do not give the intrinsic biphasic properties of the tissue.

4.4 Direct US measurements
Among NDT methods, ultrasound (US) has been used to evaluate native, degenerated and
tissue engineered cartilage. Many investigations have focused on correlating cartilage health
with acoustic properties. For example, US speed of sound (SOS), attenuation, reflection
coefficients, and US roughness indices has all been shown to correlate with cartilage quality
[238-242]. Wavelet analysis has been used extensively to evaluate characteristics of
cartilage using reflected US signals (signal intensity, echo duration, and interval between
signals of cartilage), and, like other approaches, differences in cartilage quality can be
identified [243-246]. However, it has been suggested that the simpler time domain methods
(e.g., reflection coefficients and roughness indices) may be as effective in predicting tissue
quality as the more computationally-intensive frequency domain methods such as wavelet
analysis [241]. Acoustic measurements have also been correlated with mechanical properties
through combined US and mechanical measurements [236,247,248]. However, although
theoretically possible, mechanical properties of cartilage have not been determined directly
from reflected signals and estimates of the physical properties of a tissue.

Models of wave propagation have established mathematical relationships between speed of
sound, stiffness, and density of a material. Experimentally, SOS can be measured, density
can be estimated, and therefore stiffness can be determined. We previously tested the
feasibility of using US to estimate cartilage mechanical properties quantitatively, on
hydrogel surrogates. Processing ultrasound SOS measurements using a poroelastic model for
wave propagation, we were able to estimate mechanical properties of the gels accurately and
rapidly [249]. Currently, we are working to extend this approach to cartilage and TE
cartilage. We have also observed that TE cartilage is acoustically inhomogeneous, while
healthy native cartilage is essentially homogeneous at the wavelengths typically used in US.
This observation is consistent with histological results, which has led to an M-mode imaging
approach that is currently under investigation [250]. Although qualitative, M-mode imaging
may provide a simple method for following the development and eventual release of TE
cartilage for implantation.

4.5 Analysis of Chondrogenic Differentiation
Under appropriate conditions, MSCs undergo chondrogenic differentiation within a few
weeks. Monitoring the progression of the cells along the chondrogenic lineage can be
important in many types of experiments. The expression of cartilage markers can be used as
evidence of the chondrogenic differentiation. For example, constructs initially contain type I
collagen and no cartilage-specific molecules but the cells rapidly produce abundant ECM
containing cartilage-specific markers such as type II collagen and aggrecan. In TE cartilage,
lineage progression beyond the “hyaline” phenotype to a hypertrophic phenotype is also a
consideration [146,251,252]. Such markers can be assessed at the gene expression level by
harvesting total RNA from the developing tissue. Parenthetically, the abundant ECM makes
it almost impossible to obtain good RNA yields after a few days of differentiation using
affinity column-based kits; TRIzol yields better results. As described above, histologic and
biochemical analyses can also be used to track differentiation markers. All these tests are
destructive.

Currently, there are very few effective non-destructive ways to track the differentiation of
stem cells. Marker genes can be selected for their association with a differentiation event.
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These can be used to monitor stem cell differentiation by creating a reporter system, in
which regulatory elements from the marker gene are used to drive the expression of a
reporter gene. The best studied of these approaches uses the Type II collagen promoter as
driver (reviewed in [186] for chondrocytes, but equally applicable to MSC-based TE). Other
regulatory sequences have been studied in a similar manner, e.g., aggrecan, [253]. A
selection of cartilage-specific candidate genes could be derived from the literature
[185,186]. These reporter constructs can be introduced into cells by transfection or infection
[254]. The reporter gene expression can, of course, be assayed histochemically, by RT-PCR,
or by in situ hybridization, but with an appropriate reporter, it can be imaged and quantified
non-destructively (including in vivo) [255]. Luminescent reporter gene constructs can be
used either as constitutive beacons to track cells, or as inducible reporters to monitor specific
gene expression events. This approach has been demonstrated using transgenic mouse
models that expressed green fluorescent protein, controlled by an osteoblast lineage-specific
promoter to image osteogenic differentiation and bone development. These experiments
required histological analysis [256,257], but using bioluminescent imaging (BLI) with
luciferase reporter genes, it is possible to repeatedly image cells to monitor events in an in
vitro or in vivo setting [258]. The latter approach is under development for chondrogenesis
[259-262].

5. Conclusions and future directions
A host of methods have been developed for evaluating the mechanical, biochemical and
biological properties of native cartilage across the whole spectrum from normal healthy to
profoundly pathologic tissue. The properties of TE cartilage in most of these tests can be
expected to fall somewhere along this continuum. Most of these assessment methods are
therefore easily and meaningfully applicable to TE cartilage. Despite the richness of
available assays for evaluating TE cartilage we really don't yet know what properties are
essential for clinical success. For example, we and others speculate that “mechanical
properties” are important to the success of an implant, but we don't know specifically what
the critical properties are. For example – is it sufficient to know aggregate modulus alone, or
must we know the shear modulus as well? Or, a TE construct could be mineralizing, in
which case it would appear stiff in compression and shear, but have terrible tribological
properties. Similarly, TE cartilage is notoriously collagen-poor. Is this an insuperable
problem, or might it not really matter? Must we replicate the zonal architecture to create a
durable implant? For a putative critical property, what also remains to be determined is,
where along the continuum of values does TE cartilage have to fall to be good enough for
implantation?

For practical reasons, once the critical properties have been identified, we feel that efforts
should be made to develop and validate non-destructive and even non-contact assays for
these properties. In this way, the exact piece of tissue that is intended for implantation could
be subjected to rigorous quality control before being released to the operating room.

Acknowledgments
Supported by a grant from the National Institutes of Health P01-AR053622 (JMM & JFW).

Literature Cited
1. Schulz RM, Bader A. Cartilage tissue engineering and bioreactor systems for the cultivation and

stimulation of chondrocytes. Eur Biophys J. 2007; 36:539–568. [PubMed: 17318529]

2. Andersson, G.; Bouchard, J.; Bozic, K.; Campbell, R.; Cisternas, M.; Correa, A.; Cosman, F.;
Cragan, J.; D'Andrea, K.; Doernberg, N.; Dormans, J.; Elderkin, A.; Fershteyn, Z.; Foreman, A.;
Gitelis, S.; Gnatz, S.; Haralson, R.; Helmick, C.; Hochberg, M.; Hu, S.; Katz, J.; King, T.; Kirk, R.;

Mansour and Welter Page 13

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Kurtz, S.; Lane, N.; Looker, A.; McGowan, J.; Miller, A.; Novich, R.; Olney, R.; Panopalis, P.;
Pasta, D.; Pollak, A.; Puzas, J.; Richards, B.; Sestito, J.; Siffel, C.; Sponseller, P.; St Clair, E.;
Stuart, A.; Templeton, K.; Thompson, G.; Tosi, L.; Tosteson, A.; Ward, W.; Watkins-Castillo, S.;
Weinstein, S.; Wieting, M.; Wright, J.; Yelin, E. The burden of musculoskeletal diseases in the
united states. Rosemont, IL: American Academy of Orthopaedic Surgeons; 2008. Arthritis and
related conditions; p. 75-102.

3. Kurtz S, Ong K, Lau E, Mowat F, Halpern M. Projections of primary and revision hip and knee
arthroplasty in the United States from 2005 to 2030. J Bone Joint Surg (Am). 2007; 89:780–785.
[PubMed: 17403800]

4. Kino-Oka M, Maeda Y, Yamamoto T, Sugawara K, Taya M. A kinetic modeling of chondrocyte
culture for manufacture of tissue-engineered cartilage. J Biosci Bioeng. 2005; 99:197–207.
[PubMed: 16233778]

5. Solchaga LA, Penick KJ, Welter JF. Chondrogenic differentiation of bone marrow-derived
mesenchymal stem cells: tips and tricks. Methods Mol Biol. 2011; 698:253–278. [PubMed:
21431525]

6. Welter, J.; Solchaga, L.; Baskaran, H. Chondrogenesis from human mesenchymal stem cells: Role
of culture conditions. In: Hayat, E., editor. Stem cells and cancer stem cells: Therapeutic
applications in disease and injury. Springer; 2012. p. 269-281.

7. Solchaga LA, Penick K, Goldberg VM, Caplan AI, Welter JF. Fibroblast growth factor-2 enhances
proliferation and delays loss of chondrogenic potential in human adult bone-marrow-derived
mesenchymal stem cells. Tissue Eng Part A. 2010; 16:1009–1019. [PubMed: 19842915]

8. Solchaga LA, Penick K, Porter JD, Goldberg VM, Caplan AI, Welter JF. FGF-2 enhances the
mitotic and chondrogenic potentials of human adult bone marrow-derived mesenchymal stem cells.
J Cell Physiol. 2005; 203:398–409. [PubMed: 15521064]

9. Athanasiou KA, Rosenwasser MP, Buckwalter JA, Malinin TI, Mow VC. Interspecies comparisons
of in situ intrinsic mechanical properties of distal femoral cartilage. J Orthop Res. 1991; 9:330–340.
[PubMed: 2010837]

10. Mow VC, Ratcliffe A, Rosenwasser MP, Buckwalter JA. Experimental studies on repair of large
osteochondral defects at a high weight bearing area of the knee joint: A tissue engineering study. J
Biomech Eng. 1991; 113:198–207. [PubMed: 1875694]

11. Martin I, Obradovic B, Treppo S, Grodzinsky AJ, Langer R, Freed LE, Vunjak-Novakovic G.
Modulation of the mechanical properties of tissue engineered cartilage. Biorheology. 2000;
37:141–147. [PubMed: 10912186]

12. Roth V, Mow VC. The intrinsic tensile behavior of the matrix of bovine articular cartilage and its
variation with age. J Bone Jt Surg (Am). 1980; 62:1102–1117.

13. Setton LA, Elliott DM, Mow VC. Altered mechanics of cartilage with osteoarthritis: human
osteoarthritis and an experimental model of joint degeneration. Osteoarthr Cart. 1999; 7:2–14.

14. Forster H, Fisher J. The influence of loading time and lubricant on the friction of articular
cartilage. Proc Inst Mech Eng Pt H: J Eng Med. 1996; 210:109–119.

15. Hills BA. Boundary lubrication in vivo. Proc Inst Mech Eng Pt H: J Eng Med. 2000; 214:83–94.

16. Jones ES. Joint lubrication. Lancet. 1934; 223:1426–1427.

17. Jones ES. Joint lubrication. Lancet. 1936; 227:1043–1044.

18. Linn FC. Lubrication of animal joints. I. The arthrotripsometer. J Bone Jt Surg (Am). 1967;
49:1079–1098.

19. McCutchen CW. Boundary lubrication by synovial fluid: demonstration and possible osmotic
explanation. Fed Proc. 1966; 25:8.

20. Park S, Costa KD, Ateshian GA. Microscale frictional response of bovine articular cartilage from
atomic force microscopy. J Biomech. 2004; 37:1679–1687. [PubMed: 15388310]

21. Unsworth A, Dowson D, Wright V. The frictional behaviour of human synovial joints. I. Natural
joints. Trans ASME Ser F. 1975; 97:369–376.

22. Stockwell RA. Inter-relationship of articular cartilage thickness and cellularity. Ann Rheum Dis.
1972; 31:424. [PubMed: 5071641]

Mansour and Welter Page 14

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



23. McLauchlan GJ, Gardner DL. Sacral and iliac articular cartilage thickness and cellularity:
relationship to subchondral bone end-plate thickness and cancellous bone density. Rheumatology
(Oxford). 2002; 41:375–380. [PubMed: 11961166]

24. Mow VC, Kuei SC, Lai WM, Armstrong CG. Biphasic creep and stress relaxation of articular
cartilage in compression? Theory and experiments. J Biomech Eng. 1980; 102:73–84. [PubMed:
7382457]

25. Mauck RL, Soltz MA, Wang CC, Wong DD, Chao PH, Valhmu WB, Hung CT, Ateshian GA.
Functional tissue engineering of articular cartilage through dynamic loading of chondrocyte-
seeded agarose gels. J Biomech Eng. 2000; 122:252–260. [PubMed: 10923293]

26. Miot S, Brehm W, Dickinson S, Sims T, Wixmerten A, Longinotti C, Hollander AP, Mainil-Varlet
P, Martin I. Influence of in vitro maturation of engineered cartilage on the outcome of
osteochondral repair in a goat model. European cells & materials. 2012; 23:222–236. [PubMed:
22481226]

27. Bergmann G, Deuretzbacher G, Heller M, Graichen F, Rohlmann A, Strauss J, Duda GN. Hip
contact forces and gait patterns from routine activities. J Biomech. 2001; 34:859–871. [PubMed:
11410170]

28. D'Lima DD, Fregly BJ, Patil S, Steklov N, Colwell CW Jr. Knee joint forces: prediction,
measurement, and significance. Proc Inst Mech Eng Pt H: J Eng Med. 2012; 226:95–102.

29. Pandy MG, Andriacchi TP. Muscle and joint function in human locomotion. Annu Rev Biomed
Eng. 2010; 12:401–433. [PubMed: 20617942]

30. Brown TD, Shaw DT. In vitro contact stress distributions in the natural human hip. J Biomech.
1983; 16:373–384. [PubMed: 6619156]

31. Atkinson PJ, Haut RC. Subfracture insult to the human cadaver patellofemoral joint produces
occult injury. J Orthop Res. 1995; 13:936–944. [PubMed: 8544032]

32. Chang YH, Hamerski CM, Kram R. Applied horizontal force increases impact loading in reduced-
gravity running. J Biomech. 2001; 34:679–685. [PubMed: 11311709]

33. Fukubayashi T, Kurosawa H. The contact area and pressure distribution pattern of the knee. A
study of normal and osteoarthrotic knee joints. Acta Orthop Scand. 1980; 51:871–879. [PubMed:
6894212]

34. Haut RC. Contact pressures in the patellofemoral joint during impact loading on the human flexed
knee. J Orthop Res. 1989; 7:272–280. [PubMed: 2918426]

35. Milentijevic D, Torzilli PA. Influence of stress rate on water loss, matrix deformation and
chondrocyte viability in impacted articular cartilage. J Biomech. 2005; 38:493–502. [PubMed:
15652547]

36. von Eisenhart R, Adam C, Steinlechner M, Müller-Gerbl M, Eckstein F. Quantitative
determination of joint incongruity and pressure distribution during simulated gait and cartilage
thickness in the human hip joint. J Orthop Res. 1999; 17:532–539. [PubMed: 10459759]

37. DiSilvestro MR, Zhu Q, Wong M, Jurvelin JS, Suh JK. Biphasic oroviscoelastic simulation of the
unconfined compression of articular cartilage: I--Simultaneous prediction of reaction force and
lateral displacement. J Biomech Eng. 2001; 123:191–197. [PubMed: 11340881]

38. Eberhardt AW, Keer LM, Lewis JL, Vithoontien V. An analytical model of joint contact. J
Biomech Eng. 1990; 112:407–413. [PubMed: 2273867]

39. Eberhardt AW, Lewis JL, Keer LM. Contact of layered elastic spheres as a model of joint contact -
Effect of tangential load and friction. J Biomech Eng. 1991; 113:107–108. [PubMed: 2020169]

40. Suh JK, Bai S. Finite element formulation of biphasic poroviscoelastic model for articular
cartilage. J Biomech Eng. 1998; 120:195–210. [PubMed: 10412380]

41. Suh JK, DiSilvestro MR. Biphasic poroviscoelastic behavior of hydrated biological soft tissues.
Trans ASME J Appl Mech. 1999; 66:538–535.

42. Setton, LA.; Mow, VC. ASME Bioeng Div Publ Bed ASME. Vol. 22. New York, NY: 1992.
Generalized biphasic poroviscoelastic model for articular cartilage: Theory and experiments; p.
589-592.

43. Setton LA, Zhu W, Mow VC. The biphasic poroviscoelastic behavior of articular cartilage: role of
the surface zone in governing the compressive behavior. J Biomech. 1993; 26:581–592. see
comments. [PubMed: 8478359]

Mansour and Welter Page 15

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



44. Bursać PM, Obitz TW, Eisenberg SR, Stamenović D. Confined and unconfined stress relaxation of
cartilage: appropriateness of a transversely isotropic analysis. J Biomech. 1999; 32:1125–1130.
[PubMed: 10476852]

45. Soltz MA, Ateshian GA. A conewise linear elasticity mixture model for the analysis of tension-
compression nonlinearity in articular cartilage. J Biomech Eng. 2000; 122:576–586. [PubMed:
11192377]

46. Armstrong CG, Lai WM, Mow VC. An analysis of the unconfined compression of articular
cartilage. J Biomech Eng. 1984; 106:165–173. [PubMed: 6738022]

47. Mak AF, Lai WM, Mow VC. Biphasic indentation of articular cartilage--I. Theoretical analysis. J
Biomech. 1987; 20:703–714. [PubMed: 3654668]

48. Mow VC, Gibbs MC, Lai WM, Zhu WB, Athanasiou KA. Biphasic indentation of articular
cartilage--II. A numerical algorithm and an experimental study. J Biomech. 1989; 22:853–861.
[PubMed: 2613721]

49. Korhonen RK, Julkunen P, Wilson W, Herzog W. Importance of collagen orientation and depth-
dependent fixed charge densities of cartilage on mechanical behavior of chondrocytes. J Biomech
Eng. 2008; 130:021003. [PubMed: 18412490]

50. Li LP, Buschmann MD, Shirazi-Adl A. A fibril reinforced nonhomogeneous poroelastic model for
articular cartilage: inhomogeneous response in unconfined compression. J Biomech. 2000;
33:1533–1541. [PubMed: 11006376]

51. Li LP, Buschmann MD, Shirazi-Adl A. The asymmetry of transient response in compression
versus release for cartilage in unconfined compression. J Biomech Eng. 2001; 123:519–522.
[PubMed: 11601739]

52. Soulhat J, Buschmann MD, Shirazi-Adl A. A fibril-network-reinforced biphasic model of cartilage
in unconfined compression. J Biomech Eng. 1999; 121:340–347. [PubMed: 10396701]

53. Shirazi R, Shirazi-Adl A. Analysis of articular cartilage as a composite using nonlinear membrane
elements for collagen fibrils. Med Eng Phys. 2005; 27:827–835. [PubMed: 16002317]

54. Cohen B, Lai WM, Mow VC. A transversely isotropic biphasic model for unconfined compression
of growth plate and chondroepiphysis. J Biomech Eng. 1998; 120:491–496. [PubMed: 10412420]

55. Shirazi R, Shirazi-Adl A, Hurtig M. Role of cartilage collagen fibrils networks in knee joint
biomechanics under compression. J Biomech. 2008; 41:3340–3348. [PubMed: 19022449]

56. Jeffery AK, Blunn GW, Archer CW, Bentley G. Three-dimensional collagen architecture in bovine
articular cartilage. J Bone Jt Surg (Br). 1991; 73:795–801.

57. Huang CY, Stankiewicz A, Ateshian GA, Mow VC. Anisotropy, inhomogeneity, and tension-
compression nonlinearity of human glenohumeral cartilage in finite deformation. J Biomech.
2005; 38:799–809. [PubMed: 15713301]

58. Jurvelin JS, Buschmann MD, Hunziker EB. Mechanical anisotropy of the human knee articular
cartilage in compression. Proc Inst Mech Eng Pt H: J Eng Med. 2003; 217:215–219.

59. Ateshian GA, Warden WH, Kim JJ, Grelsamer RP, Mow VC. Finite deformation biphasic material
properties of bovine articular cartilage from confined compression experiments. J Biomech. 1997;
30:1157–1164. [PubMed: 9456384]

60. Korhonen RK, Laasanen MS, Töyräs J, Rieppo J, Hirvonen J, Helminen HJ, Jurvelin JS.
Comparison of the equilibrium response of articular cartilage in unconfined compression, confined
compression and indentation. J Biomech. 2002; 35:903–909. [PubMed: 12052392]

61. Basalo IM, Mauck RL, Kelly TA, Nicoll SB, Chen FH, Hung CT, Ateshian GA. Cartilage
interstitial fluid load support in unconfined compression following enzymatic digestion. J Biomech
Eng. 2004; 126:779–786. [PubMed: 15796336]

62. Jurvelin J, Kiviranta I, Säämänen AM, Tammi M, Helminen HJ. Indentation stiffness of young
canine knee articular cartilage-- influence of strenuous joint loading. J Biomech. 1990; 23:1239–
1246. [PubMed: 2292603]

63. Naumann A, Dennis JE, Awadallah A, Carrino DA, Mansour JM, Kastenbauer E, Caplan AI.
Immunochemical and mechanical characterization of cartilage subtypes in rabbit. J Histochem
Cytochem. 2002; 50:1049–1058. [PubMed: 12133908]

Mansour and Welter Page 16

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



64. Palmer JL, Bertone AL, Malemud CJ, Mansour J. Changes in third carpal bone articular cartilage
after synovectomy in normal and inflamed joints. Vet Surg. 1998; 27:321–330. [PubMed:
9662774]

65. Palmer JL, Bertone AL, Mansour J, Carter BG, Malemud CJ. Biomechanical properties of third
carpal articular cartilage in exercised and nonexercised horses. J Orthop Res. 1995; 13:854–860.
[PubMed: 8544021]

66. Wakitani S, Goto T, Young RG, Mansour JM, Goldberg VM, Caplan AI. Repair of large full-
thickness articular cartilage defects with allograft articular chondrocytes embedded in a collagen
gel. Tissue Eng. 1998; 4:429–444. [PubMed: 9916174]

67. Matsuura T, Mansour JM, Goldberg VM. Indentation testing of rabbit distal femoral cartilage.
ASME Biomechanics Symposium. 1991:157–160.

68. Wakitani S, Goto T, Pineda SJ, Young RG, Mansour JM, Caplan AI, Goldberg VM. Mesenchymal
cell-based repair of large, full-thickness defects of articular cartilage. J Bone Jt Surg (Am). 1994;
76:579–592.

69. Alnemri ES, Maksymowych AB, Robertson NM, Litwack G. Characterization and purification of a
functional rat glucocorticoid receptor overexpressed in a baculovirus system. J Biol Chem. 1991;
266:3925–3936. [PubMed: 1995640]

70. Spilker RL, Suh JK, Mow VC. A finite element analysis of the indentation stress-relaxation
response of linear biphasic articular cartilage. J Biomech Eng. 1992; 114:191–201. [PubMed:
1602762]

71. Hayes WC, Bodine AJ. Flow-independent viscoelastic properties of articular cartilage matrix. J
Biomech. 1978; 11:407–419. [PubMed: 213441]

72. Ateshian GA. The role of interstitial fluid pressurization in articular cartilage lubrication. J
Biomech. 2009; 42:1163–1176. [PubMed: 19464689]

73. Ateshian GA, Lai WM, Zhu WB, Mow VC. An asymptotic solution for the contact of two biphasic
cartilage layers. J Biomech. 1994; 27:1347–1360. [PubMed: 7798285]

74. Konofagou EE, Harrigan TP, Ophir J, Krouskop TA. Poroelastography: Imaging the poroelastic
properties of tissues. Ultrasound Med Biol. 2001; 27:1387–1397. [PubMed: 11731052]

75. Alexopoulos LG, Williams GM, Upton ML, Setton LA, Guilak F. Osteoarthritic changes in the
biphasic mechanical properties of the chondrocyte pericellular matrix in articular cartilage. J
Biomech. 2005; 38:509–517. [PubMed: 15652549]

76. Hayes W. Some viscoelastic properties of human articular cartilage. Acta Orthop Belg. 1972;
38:23–31. [PubMed: 4656162]

77. Hayes WC, Mockros LF. Viscoelastic properties of human articular cartilage. J Appl Physiol.
1971; 31:562–568. [PubMed: 5111002]

78. Woo SL, Simon BR, Kuei SC, Akeson WH. Quasi-linear viscoelastic properties of normal articular
cartilage. J Biomech Eng. 1980; 102:85–90. [PubMed: 7412243]

79. Woo SL, Akeson WH, Jemmott GF. Measurements of nonhomogeneous, directional mechanical
properties of articular cartilage in tension. J Biomech. 1976; 9:785–791. [PubMed: 1022791]

80. Kempson GE. Age-related changes in the tensile properties of human articular cartilage: a
comparative study between the femoral head of the hip joint and the talus of the ankle joint.
Biochim Biophys Acta. 1991; 1075:223–230. [PubMed: 1954224]

81. Kempson GE, Freeman MA, Swanson SA. Tensile properties of articular cartilage. Nature. 1968;
220:1127–1128. [PubMed: 5723609]

82. Kempson GE, Muir H, Pollard C, Tuke M. The tensile properties of the cartilage of human femoral
condyles related to the content of collagen and glycosaminoglycans. Biochim Biophys Acta. 1973;
297:456–472. [PubMed: 4267503]

83. Schmidt MB, Mow VC, Chun LE, Eyre DR. Effects of proteoglycan extraction on the tensile
behavior of articular cartilage. J Orthop Res. 1990; 8:353–363. [PubMed: 2324854]

84. Kafienah W, Cheung FL, Sims T, Martin I, Miot S, Von Ruhland C, Roughley PJ, Hollander AP.
Lumican inhibits collagen deposition in tissue engineered cartilage. Matrix Biol. 2008; 27:526–
534. [PubMed: 18534835]

85. Freed L, Hollander A, Martin I, Barry J, Langer R, Vunjak-Novakovic G. Chondrogenesis in a
cell-polymer-bioreactor system. Exp Cell Res. 1998; 240:58–65. [PubMed: 9570921]

Mansour and Welter Page 17

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



86. Kafienah W, Al-Fayez F, Hollander AP, Barker MD. Inhibition of cartilage degradation: a
combined tissue engineering and gene therapy approach. Arthritis Rheum. 2003; 48:709–718.
[PubMed: 12632424]

87. Kafienah W, Jakob M, Demarteau O, Frazer A, Barker MD, Martin I, Hollander AP. Three-
dimensional tissue engineering of hyaline cartilage: comparison of adult nasal and articular
chondrocytes. Tissue Eng. 2002; 8:817–826. [PubMed: 12459060]

88. Marijnissen WJ, van Osch GJ, Aigner J, van der Veen SW, Hollander AP, Verwoerd-Verhoef HL,
Verhaar JA. Alginate as a chondrocyte-delivery substance in combination with a non-woven
scaffold for cartilage tissue engineering. Biomaterials. 2002; 23:1511–1517. [PubMed: 11833491]

89. Riesle J, Hollander AP, Langer R, Freed LE, Vunjak-Novakovic G. Collagen in tissue-engineered
cartilage: types, structure, and crosslinks. J Cell Biochem. 1998; 71:313–327. [PubMed: 9831069]

90. Buckley MR, Gleghorn JP, Bonassar LJ, Cohen I. Mapping the depth dependence of shear
properties in articular cartilage. J Biomech. 2008; 41:2430–2437. [PubMed: 18619596]

91. Motavalli, M.; Chung, CY.; Mansour, JM. A continuous shear deflection function for articular
cartiage. ASME Summer Bioengineering Conference; 2012;

92. Schinagl RM, Ting MK, Price JH, Sah RL. Video microscopy to quantitate the inhomogeneous
equilibrium strain within articular cartilage during confined compression. Ann Biomed Eng. 1996;
24:500–512. [PubMed: 8841725]

93. Wang CC, Chahine NO, Hung CT, Ateshian GA. Optical determination of anisotropic material
properties of bovine articular cartilage in compression. J Biomech. 2003; 36:339–353. [PubMed:
12594982]

94. Buschmann MD, Soulhat J, Shirazi-Adl A, Jurvelin JS, Hunziker EB. Confined compression of
articular cartilage: linearity in ramp and sinusoidal tests and the importance of interdigitation and
incomplete confinement. J Biomech. 1998; 31:171–178. [PubMed: 9593212]

95. Bruehlmann SB, Matyas JR, Duncan NA. ISSLS prize winner: Collagen fibril sliding governs cell
mechanics in the anulus fibrosus: an in situ confocal microscopy study of bovine discs. Spine.
2004; 29:2612–2620. [PubMed: 15564909]

96. Buckley MR, Bergou AJ, Fouchard J, Bonassar LJ, Cohen I. High-resolution spatial mapping of
shear properties in cartilage. J Biomech. 2010; 43:796–800. [PubMed: 19896130]

97. Chung, CY.; Motavalli, M.; Mansour, JM. Stress relaxation of cartilage under simple shear and
compression: Experiments and finite element analyses. ASME Summer Bioengineering
Conference; 2012;

98. Whitney, GA.; Mansour, JM.; Dennis, JE. Mechanical behavior and failure of scaffold free tissue
engineered cartilage. BMES Annual Meeting; 2011;

99. Canal CE, Hung CT, Ateshian GA. Two-dimensional strain fields on the cross-section of the
bovine humeral head under contact loading. J Biomech. 2008; 41:3145–3151. [PubMed:
18952212]

100. Gratz KR, Wong BL, Bae WC, Sah RL. The effects of focal articular defects on intra-tissue
strains in the surrounding and opposing cartilage. Biorheology. 2008; 45:193–207. [PubMed:
18836224]

101. Wang CC, Deng JM, Ateshian GA, Hung CT. An automated approach for direct measurement of
two-dimensional strain distributions within articular cartilage under unconfined compression. J
Biomech Eng. 2002; 124:557–567. [PubMed: 12405599]

102. Katta J, Jin Z, Ingham E, Fisher J. Biotribology of articular cartilage--a review of the recent
advances. Med Eng Phys. 2008; 30:1349–1363. [PubMed: 18993107]

103. McNary SM, Athanasiou KA, Reddi AH. Engineering lubrication in articular cartilage. Tissue
Eng Part B, Rev. 2012; 18:88–100. [PubMed: 21955119]

104. Jay GD, Haberstroh K, Cha CJ. Comparison of the boundary-lubricating ability of bovine
synovial fluid, lubricin, and Healon. J Biomed Mater Res. 1998; 40:414–418. [PubMed:
9570073]

105. Jay GD, Harris DA, Cha CJ. Boundary lubrication by lubricin is mediated by O-linked
beta(1-3)Gal-GalNAc oligosaccharides. Glycoconj J. 2001; 18:807–815. [PubMed: 12441670]

106. Radin EL. Synovial fluid as a lubricant. Arthritis Rheum. 1968; 11:693–695. [PubMed: 4878634]

Mansour and Welter Page 18

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



107. Radin EL, Paul IL. A consolidated concept of joint lubrication. J Bone Jt Surg (Am). 1972;
54:607–613.

108. McCutchen C. Mechanism of animal joints. Nature. 1959; 184:1284–1285.

109. McCutchen CW. Animal joints and weeping lubrication. New Sci. 1962; 301

110. Walker PS, Dowson D, Longfield MD, Wright V. “Boosted lubrication” in synovial joints by
fluid entrapment and enrichment. Ann Rheum Dis. 1968; 27:512–520. [PubMed: 5728097]

111. Walker PS, Unsworth A, Dowson D, Sikorski J, Wright V. Mode of aggregation of hyaluronic
acid protein complex on the surface of articular cartilage. Ann Rheum Dis. 1970; 29:591–602.
[PubMed: 5496062]

112. Dowson D. Elastohydrodynamic and micro-elastohydrodynamic lubrication. Wear. 1995;
190:125–138.

113. Dowson D. Elastohydrodynamic lubrication in ‘soft-on-soft’ natural synovial joints; ‘Hard-on-
soft’ cushion and ‘hard-on-hard’ metal-on-metal total joint replacements. IUTAM Symposium on
Elastohydrodynamics and Micro-Elastohydrodynamics. 2006; 134:297–308.

114. Jin ZM, Dowson D. Elastohydrodynamic lubrication in biological systems. Proc Inst Mech Eng Pt
J: J Eng Tribol. 2005; 219:367–380.

115. Ateshian GA. A theoretical formulation for boundary friction in articular cartilage. J Biomech
Eng. 1997; 119:81–86. [PubMed: 9083853]

116. Forster H, Fisher J. The influence of continuous sliding and subsequent surface wear on the
friction of articular cartilage. Proc Inst Mech Eng Pt H: J Eng Med. 1999; 213:329–345.

117. Ateshian GA, Wang HQ, Lai WM. The role of interstitial fluid pressurization and surface
porosities on the boundary friction of articular cartilage. J Tribol. 1998; 120:241–248.

118. Park S, Krishnan R, Nicoll SB, Ateshian GA. Cartilage interstitial fluid load support in
unconfined compression. J Biomech. 2003; 36:1785–1796. [PubMed: 14614932]

119. Whitney, GA.; Jayaraman, K.; Dennis, J.; Mansour, JM. Highly cellular region of scaffold-free
engineered cartilage fails under compressive shearing loads. Biomedical Engineering Society
Annual Meeting; 2010;

120. Whitney GA, Jayaraman K, Mansour JM, Dennis JE. Assessment and improvement of scaffold-
free engineered articular cartilage mechanical function. TERMIS-NA. 2010

121. Jay GD, Elsaid KA, Zack J, Robinson K, Trespalacios F, Chichester CO. Lubricating ability of
aspirated synovial fluid from emergency department patients with knee joint synovitis. J
Rheumatol. 2004; 31:557–564. [PubMed: 14994405]

122. Jay GD, Lane BP, Sokoloff L. Characterization of a bovine synovial fluid lubricating factor. III.
The interaction with hyaluronic acid. Connect Tissue Res. 1992; 28:245–255. [PubMed:
1304440]

123. Jay GD, Torres JR, Rhee DK, Helminen HJ, Hytinnen MM, Cha CJ, Elsaid K, Kim KS, Cui YJ,
Warman ML. Association between friction and wear in diarthrodial joints lacking lubricin.
Arthritis Rheum. 2007; 56:3662–3669. [PubMed: 17968947]

124. Jay GD, Torres JR, Warman ML, Laderer MC, Breuer KS. The role of lubricin in the mechanical
behavior of synovial fluid. Proc Natl Acad Sci U S A. 2007; 104:6194–6199. [PubMed:
17404241]

125. Swann DA, Bloch KJ, Swindell D, Shore E. The lubricating activity of human synovial fluids.
Arthritis Rheum. 1984; 27:552–556. [PubMed: 6721888]

126. Swann DA, Hendren RB, Radin EL, Sotman SL, Duda EA. The lubricating activity of synovial
fluid glycoproteins. Arthritis Rheum. 1981; 24:22–30. [PubMed: 7470168]

127. Swann DA, Mintz G. The isolation and properties of a second glycoprotein (LGP-II) from the
articular lubricating fraction from bovine synovial fluid. Biochem J. 1979; 179:465–471.
[PubMed: 112997]

128. Swann DA, Radin EL. The molecular basis of articular lubrication. I. Purification and properties
of a lubricating fraction from bovine synovial fluid. J Biol Chem. 1972; 247:8069–8073.
[PubMed: 4629741]

Mansour and Welter Page 19

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



129. Swann DA, Silver FH, Slayter HS, Stafford W, Shore E. The molecular structure and lubricating
activity of lubricin isolated from bovine and human synovial fluids. Biochem J. 1985; 225:195–
201. [PubMed: 3977823]

130. Swann DA, Slayter HS, Silver FH. The molecular structure of lubricating glycoprotein-I, the
boundary lubricant for articular cartilage. J Biol Chem. 1981; 256:5921–5925. [PubMed:
7240180]

131. Swann DA, Sotman S, Dixon M, Brooks C. The isolation and partial characterization of the major
glycoprotein (LGP-I) from the articular lubricating fraction from bovine synovial fluid. Biochem
J. 1977; 161:473–485. [PubMed: 15548]

132. Rhee DK, Marcelino J, Baker M, Gong Y, Smits P, Lefebvre V, Jay GD, Stewart M, Wang H,
Warman ML, Carpten JD. The secreted glycoprotein lubricin protects cartilage surfaces and
inhibits synovial cell overgrowth. J Clin Invest. 2005; 115:622–631. [PubMed: 15719068]

133. Hills BA, Monds MK. Enzymatic identification of the load-bearing boundary lubricant in the
joint. Br J Rheumatol. 1998; 37:137–142. [PubMed: 9569067]

134. Sarma AV, Powell GL, LaBerge M. Phospholipid composition of articular cartilage boundary
lubricant. J Orthop Res. 2001; 19:671–676. [PubMed: 11518278]

135. Nugent GE, Aneloski NM, Schmidt TA, Schumacher BL, Voegtline MS, Sah RL. Dynamic shear
stimulation of bovine cartilage biosynthesis of proteoglycan 4. Arthritis Rheum. 2006; 54:1888–
1896. [PubMed: 16729294]

136. Grad S, Gogolewski S, Alini M, Wimmer MA. Effects of simple and complex motion patterns on
gene expression of chondrocytes seeded in 3D scaffolds. Tissue Eng. 2006; 12:3171–3179.
[PubMed: 17518631]

137. Grad S, Lee CR, Gorna K, Gogolewski S, Wimmer MA, Alini M. Surface motion upregulates
superficial zone protein and hyaluronan production in chondrocyte-seeded three-dimensional
scaffolds. Tissue Eng. 2005; 11:249–256. [PubMed: 15738679]

138. Grad S, Lee CR, Wimmer MA, Alini M. Chondrocyte gene expression under applied surface
motion. Biorheology. 2006; 43:259–269. [PubMed: 16912399]

139. Anderson CE. The structure and function of cartilage. J Bone Joint Surg (Am). 1962; 44-A:777–
786. [PubMed: 14036762]

140. Schinagl RM, Gurskis D, Chen AC, Sah RL. Depth-dependent confined compression modulus of
full-thickness bovine articular cartilage. J Orthop Res. 1997; 15:499–506. [PubMed: 9379258]

141. Maroudas A. Physicochemical properties of cartilage in the light of ion exchange theory. Biophys
J. 1968; 8:575–595. [PubMed: 5699797]

142. Martel-Pelletier J, Boileau C, Pelletier JP, Roughley PJ. Cartilage in normal and osteoarthritis
conditions. Best Pract Res Clin Rheumatol. 2008; 22:351–384. [PubMed: 18455690]

143. Berberat JE, Nissi MJ, Jurvelin JS, Nieminen MT. Assessment of interstitial water content of
articular cartilage with T1 relaxation. Magn Reson Imaging. 2009; 27:727–732. [PubMed:
19056195]

144. Armstrong CG, Mow VC. Variations in the intrinsic mechanical properties of human articular
cartilage with age, degeneration, and water content. J Bone Jt Surg (Am). 1982; 64:88–94.

145. Gupta HS, Schratter S, Tesch W, Roschger P, Berzlanovich A, Schoeberl T, Klaushofer K, Fratzl
P. Two different correlations between nanoindentation modulus and mineral content in the bone-
cartilage interface. J Struct Biol. 2005; 149:138–148. [PubMed: 15681230]

146. Mueller MB, Tuan RS. Functional characterization of hypertrophy in chondrogenesis of human
mesenchymal stem cells. Arthritis Rheum. 2008; 58:1377–1388. [PubMed: 18438858]

147. Abrahamsson CK, Yang F, Park H, Brunger JM, Valonen PK, Langer R, Welter JF, Caplan AI,
Guilak F, Freed LE. Chondrogenesis and mineralization during in vitro culture of human
mesenchymal stem cells on three-dimensional woven scaffolds. Tissue Eng Part A. 2010;
16:3709–3718. [PubMed: 20673022]

148. von Kóssa J. Über die im Organismus künstlich erzeugbaren Verkalkungen. Beiträge zur
pathologischen Anatomie (Jena). 1901; 29:163–202.

149. Gregory CA, Gunn WG, Peister A, Prockop DJ. An Alizarin red-based assay of mineralization by
adherent cells in culture: comparison with cetylpyridinium chloride extraction. Anal Biochem.
2004; 329:77–84. [PubMed: 15136169]

Mansour and Welter Page 20

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



150. Krause U, Seckinger A, Gregory CA. Assays of osteogenic differentiation by cultured human
mesenchymal stem cells. Methods Mol Biol. 2011; 698:215–230. [PubMed: 21431522]

151. Cruz-Orive LM, Hunziker EB. Stereology for anisotropic cells: application to growth cartilage. J
Microsc. 1986; 143:47–80. [PubMed: 3761364]

152. Hunziker EB, Quinn TM, Häuselmann HJ. Quantitative structural organization of normal adult
human articular cartilage. Osteoarthr Cart. 2002; 10:564–572.

153. Ohlendorf C, Tomford WW, Mankin HJ. Chondrocyte survival in cryopreserved osteochondral
articular cartilage. J Orthop Res. 1996; 14:413–416. [PubMed: 8676254]

154. Penick KJ, Solchaga LA, Welter JF. High-throughput aggregate culture system to assess the
chondrogenic potential of mesenchymal stem cells. Biotechniques. 2005; 39:687–691. [PubMed:
16312217]

155. Ponticiello MS, Schinagl RM, Kadiyala S, Barry FP. Gelatin-based resorbable sponge as a carrier
matrix for human mesenchymal stem cells in cartilage regeneration therapy. J Biomed Mater
Res. 2000; 52:246–255. [PubMed: 10951362]

156. Mosmann T. Rapid colorimetric assay for cellular growth and survival: application to
proliferation and cytotoxicity assays. J Immunol Methods. 1983; 65:55–63. [PubMed: 6606682]

157. O'Brien J, Wilson I, Orton T, Pognan F. Investigation of the Alamar Blue (resazurin) fluorescent
dye for the assessment of mammalian cell cytotoxicity. Eur J Biochem. 2000; 267:5421–5426.
[PubMed: 10951200]

158. Lane JM, Brighton CT, Menkowitz BJ. Anaerobic and aerobic metabolism in articular cartilage. J
Rheumatol. 1977; 4:334–342. [PubMed: 604473]

159. Ellis SJ, Velayutham M, Velan SS, Petersen EF, Zweier JL, Kuppusamy P, Spencer RG. EPR
oxygen mapping (EPROM) of engineered cartilage grown in a hollow-fiber bioreactor. Magn
Reson Med. 2001; 46:819–826. [PubMed: 11590660]

160. Young AA, Smith MM, Smith SM, Cake MA, Ghosh P, Read RA, Melrose J, Sonnabend DH,
Roughley PJ, Little CB. Regional assessment of articular cartilage gene expression and small
proteoglycan metabolism in an animal model of osteoarthritis. Arthrit Res Ther. 2005; 7:R852–
861.

161. Longo UG, Forriol F, Maffulli N, Denaro V. Evaluation of histological scoring systems for tissue-
engineered, repaired and osteoarthritic cartilage. Osteoarthr Cart. 2010; 18:1001. author reply
1002.

162. Wenger R, Hans MG, Welter JF, Solchaga LA, Sheu YR, Malemud CJ. Hydrostatic pressure
increases apoptosis in cartilage-constructs produced from human osteoarthritic chondrocytes.
Front Biosci. 2006; 11:1690–1695. [PubMed: 16368547]

163. Solchaga LA, Tognana E, Penick K, Baskaran H, Goldberg VM, Caplan AI, Welter JF. A rapid
seeding technique for the assembly of large cell/scaffold composite constructs. Tissue Eng. 2006;
12:1851–1863. [PubMed: 16889515]

164. Maroudas AI. Balance between swelling pressure and collagen tension in normal and degenerate
cartilage. Nature. 1976; 260:808–809. [PubMed: 1264261]

165. Kiviranta I, Tammi M, Jurvelin J, Helminen HJ. Topographical variation of glycosaminoglycan
content and cartilage thickness in canine knee (stifle) joint cartilage. Application of the
microspectrophotometric method. J Anat. 1987; 150:265–276. [PubMed: 3654339]

166. Mankin HJ, Lippiello L. The glycosaminoglycans of normal and arthritic cartilage. J Clin Invest.
1971; 50:1712–1719. [PubMed: 4255496]

167. Venn MF. Chemical composition of human femoral and head cartilage: influence of
topographical position and fibrillation. Ann Rheum Dis. 1979; 38:57–62. [PubMed: 434948]

168. Carrino DA, Arias JL, Caplan AI. A spectrophotometric modification of a sensitive densitometric
Safranin O assay for glycosaminoglycans. Biochem Int. 1991; 24:485–495. [PubMed: 1772427]

169. Orth P, Zurakowski D, Wincheringer D, Madry H. Reliability, reproducibility, and validation of
five major histological scoring systems for experimental articular cartilage repair in the rabbit
model. Tissue Eng Part C, Meth. 2012; 18:329–339.

170. Roughley PJ, White RJ. Age-related changes in the structure of the proteoglycan subunits from
human articular cartilage. J Biol Chem. 1980; 255:217–224. [PubMed: 7350154]

Mansour and Welter Page 21

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



171. Thonar, E.; Thonar, M.; Bjornsson, S.; Kuettner, K. Age-related changes in cartilage
proteoglycans. In: Kuettner, K.; Schleyerbach, R.; Hascall, V., editors. Articular cartilage
biochemistry. New York, NY: Raven Press; 1986. p. 273-287.

172. Sorrell JM, Carrino DA, Baber MA, Asselineau D, Caplan AI. A monoclonal antibody which
recognizes a glycosaminoglycan epitope in both dermatan sulfate and chondroitin sulfate
proteoglycans of human skin. Histochem J. 1999; 31:549–558. [PubMed: 10507462]

173. Sorrell JM, Carrino DA, Caplan AI. Structural domains in chondroitin sulfate identified by anti-
chondroitin sulfate monoclonal antibodies. Immunosequencing of chondroitin sulfates. Matrix.
1993; 13:351–361. [PubMed: 7504164]

174. Sorrell JM, Caterson B. Detection of age-related changes in the distributions of keratan sulfates
and chondroitin sulfates in developing chick limbs: an immunocytochemical study.
Development. 1989; 106:657–663. [PubMed: 2562661]

175. Caterson B, Christner JE, Baker JR, Couchman JR. Production and characterization of
monoclonal antibodies directed against connective tissue proteoglycans. Fed Proc. 1985; 44:386–
393. [PubMed: 2578417]

176. Melrose J, Fuller ES, Roughley PJ, Smith MM, Kerr B, Hughes CE, Caterson B, Little CB.
Fragmentation of decorin, biglycan, lumican and keratocan is elevated in degenerate human
meniscus, knee and hip articular cartilages compared with age-matched macroscopically normal
and control tissues. Arthrit Res Ther. 2008; 10:R79.

177. Vogel KG, Fisher LW. Comparisons of antibody reactivity and enzyme sensitivity between small
proteoglycans from bovine tendon, bone, and cartilage. J Biol Chem. 1986; 261:11334–11340.
[PubMed: 3525567]

178. Yamagata M, Shinomura T, Kimata K. Tissue variation of two large chondroitin sulfate
proteoglycans (PG-M/versican and PG-H/aggrecan) in chick embryos. Anat Embryol (Berl).
1993; 187:433–444. [PubMed: 8342790]

179. Bignami A, Asher R, Perides G. Co-localization of hyaluronic acid and chondroitin sulfate
proteoglycan in rat cerebral cortex. Brain Res. 1992; 579:173–177. [PubMed: 1623404]

180. Bignami A, Asher R. Some observations on the localization of hyaluronic acid in adult, newborn
and embryonal rat brain. Int J Dev Neurosci. 1992; 10:45–57. [PubMed: 1376955]

181. Ripellino JA, Klinger MM, Margolis RU, Margolis RK. The hyaluronic acid binding region as a
specific probe for the localization of hyaluronic acid in tissue sections. Application to chick
embryo and rat brain. J Histochem Cytochem. 1985; 33:1060–1066. [PubMed: 4045184]

182. de la Motte CA, Drazba JA. Viewing hyaluronan: imaging contributes to imagining new roles for
this amazing matrix polymer. J Histochem Cytochem. 2011; 59:252–257. [PubMed: 21378279]

183. Urashima S, Tsutsumi M, Shimanaka K, Ueshima Y, Tsuchishima M, Itoh T, Kawahara H,
Takase S. Histochemical study of hyaluronate in alcoholic liver disease. Alcohol Clin Exp Res.
1999; 23:56S–60S. [PubMed: 10235280]

184. Estrella RP, Whitelock JM, Roubin RH, Packer NH, Karlsson NG. Small-scale enzymatic
digestion of glycoproteins and proteoglycans for analysis of oligosaccharides by LC-MS and
FACE gel electrophoresis. Methods Mol Biol. 2009; 534:171–192. [PubMed: 19277552]

185. Önnerfjord P, Khabut A, Reinholt FP, Svensson O, Heinegård D. Quantitative proteomic analysis
of eight cartilaginous tissues reveals characteristic differences as well as similarities between
subgroups. J Biol Chem. 2012; 287:18913–18924. [PubMed: 22493511]

186. Otero M, Favero M, Dragomir C, Hachem KE, Hashimoto K, Plumb DA, Goldring MB. Human
chondrocyte cultures as models of cartilage-specific gene regulation. Methods Mol Biol. 2012;
806:301–336. [PubMed: 22057461]

187. Ekman S, Heinegård D, Johnell O, Rodriguez-Martinez H. Immunohistochemical localization of
proteoglycans and non-collagenous matrix proteins in normal and osteochondrotic porcine
articular-epiphyseal cartilage complex. Matrix. 1990; 10:402–411. [PubMed: 2084518]

188. Poole AR, Kojima T, Yasuda T, Mwale F, Kobayashi M, Laverty S. Composition and structure of
articular cartilage: a template for tissue repair. Clin Orthop Relat Res. 2001; 391:S26–33.
[PubMed: 11603710]

189. Eyre DR, Weis MA, Wu JJ. Articular cartilage collagen: an irreplaceable framework? Eur Cell
Mater. 2006; 12:57–63. [PubMed: 17083085]

Mansour and Welter Page 22

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



190. Martell AE. Catalytic effects of metal chelate compounds. Pure Appl Chem. 1968; 17:129–178.
[PubMed: 4887989]

191. Schmitz N, Laverty S, Kraus VB, Aigner T. Basic methods in histopathology of joint tissues.
Osteoarthr Cart. 2010; 18(3):S113–116.

192. An, Y.; Martin, K., editors. Handbook of Histology Methods for Bone and Cartilage. 1st. Humana
Press; Totowa, NJ: 2003.

193. Bullough P, Goodfellow J. The significance of the fine structure of articular cartilage. J Bone Jt
Surg (Br). 1968; 50:852–857.

194. Meachim G. Light microscopy of Indian ink preparations of fibrillated cartilage. Ann Rheum Dis.
1972; 31:457–464. [PubMed: 4117785]

195. Camplejohn KL, Allard SA. Limitations of safranin ‘O’ staining in proteoglycan-depleted
cartilage demonstrated with monoclonal antibodies. Histochemistry. 1988; 89:185–188.
[PubMed: 3135283]

196. Shepard N, Mitchell N. Simultaneous localization of proteoglycan by light and electron
microscopy using toluidine blue O. A study of epiphyseal cartilage. J Histochem Cytochem.
1976; 24:621–629. [PubMed: 132503]

197. Shepard N, Mitchell N. The localization of proteoglycan by light and electron microscopy using
safranin O. A study of epiphyseal cartilage. J Ultrastruct Res. 1976; 54:451–460. [PubMed:
56454]

198. Puchtler H, Waldrop FS, Valentine LS. Polarization microscopic studies of connective tissue
stained with picro-sirius red FBA. Beitr Pathol. 1973; 150:174–187. [PubMed: 4129194]

199. Junqueira LC, Bignolas G, Brentani RR. Picrosirius staining plus polarization microscopy, a
specific method for collagen detection in tissue sections. Histochem J. 1979; 11:447–455.
[PubMed: 91593]

200. Elder SH, Cooley AJ Jr, Borazjani A, Sowell BL, To H, Tran SC. Production of hyaline-like
cartilage by bone marrow mesenchymal stem cells in a self-assembly model. Tissue Eng Part A.
2009; 15:3025–3036. [PubMed: 19335060]

201. Collins, D. The pathology of articular and spinal diseases. Vol. 331. London: Edward Arnold &
Co.; 1949.

202. Collins DH, Mc ET. Sulphate (35SO4) uptake by chondrocytes in relation to histological changes
in osteoarthritic human articular cartilage. Ann Rheum Dis. 1960; 19:318–330. [PubMed:
13694746]

203. Mankin HJ, Dorfman H, Lippiello L, Zarins A. Biochemical and metabolic abnormalities in
articular cartilage from osteo-arthritic human hips. II. Correlation of morphology with
biochemical and metabolic data. J Bone Jt Surg (Am). 1971; 53:523–537.

204. O'Driscoll SW, Marx RG, Beaton DE, Miura Y, Gallay SH, Fitzsimmons JS. Validation of a
simple histological-histochemical cartilage scoring system. Tissue Eng. 2001; 7:313–320.
[PubMed: 11429151]

205. Pineda S, Pollack A, Stevenson S, Goldberg V, Caplan A. A semiquantitative scale for histologic
grading of articular cartilage repair. Acta Anat. 1992; 143:335–340. [PubMed: 1502876]

206. Mainil-Varlet P, Van Damme B, Nesic D, Knutsen G, Kandel R, Roberts S. A new histology
scoring system for the assessment of the quality of human cartilage repair: ICRS II. Am J Sports
Med. 2010; 38:880–890. [PubMed: 20203290]

207. Peterson L, Minas T, Brittberg M, Nilsson A, Sjögren-Jansson E, Lindahl A. Two- to 9-year
outcome after autologous chondrocyte transplantation of the knee. Clin Orthop Relat Res. 2000;
374:212–234. [PubMed: 10818982]

208. Kim HJ, Im GI. Chondrogenic differentiation of adipose tissue-derived mesenchymal stem cells:
greater doses of growth factor are necessary. J Orthop Res. 2009; 27:612–619. [PubMed:
18985688]

209. Giovannini S, Brehm W, Mainil-Varlet P, Nesic D. Multilineage differentiation potential of
equine blood-derived fibroblast-like cells. Differentiation. 2008; 76:118–129. [PubMed:
17697129]

Mansour and Welter Page 23

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



210. Yang KG, Saris DB, Geuze RE, Helm YJ, Rijen MH, Verbout AJ, Dhert WJ, Creemers LB.
Impact of expansion and redifferentiation conditions on chondrogenic capacity of cultured
chondrocytes. Tissue Eng. 2006; 12:2435–2447. [PubMed: 16995777]

211. Yang KG, Saris DB, Geuze RE, van Rijen MH, van der Helm YJ, Verbout AJ, Creemers LB,
Dhert WJ. Altered in vitro chondrogenic properties of chondrocytes harvested from unaffected
cartilage in osteoarthritic joints. Osteoarthr Cart. 2006; 14:561–570.

212. Yang KG, Saris DB, Verbout AJ, Creemers LB, Dhert WJ. The effect of synovial fluid from
injured knee joints on in vitro chondrogenesis. Tissue Eng. 2006; 12:2957–2964. [PubMed:
17518663]

213. Saal A, Gaertner J, Kuehling M, Swoboda B, Klug S. Macroscopic and radiological grading of
osteoarthritis correlates inadequately with cartilage height and histologically demonstrable
damage to cartilage structure. Rheumatol Int. 2005; 25:161–168. [PubMed: 15703954]

214. Roberts S, McCall IW, Darby AJ, Menage J, Evans H, Harrison PE, Richardson JB. Autologous
chondrocyte implantation for cartilage repair: monitoring its success by magnetic resonance
imaging and histology. Arthrit Res Ther. 2003; 5:R60–73.

215. McGibbon CA, Trahan CA. Measurement accuracy of focal cartilage defects from MRI and
correlation of MRI graded lesions with histology: a preliminary study. Osteoarthr Cart. 2003;
11:483–493.

216. Watanabe A, Boesch C, Anderson SE, Brehm W, Mainil Varlet P. Ability of dGEMRIC and T2
mapping to evaluate cartilage repair after microfracture: a goat study. Osteoarthr Cart. 2009;
17:1341–1349.

217. O'Driscoll SW, Marx RG, Fitzsimmons JS, Beaton DE. Method for automated cartilage
histomorphometry. Tissue Eng. 1999; 5:13–23. [PubMed: 10207186]

218. Rutgers M, van Pelt MJ, Dhert WJ, Creemers LB, Saris DB. Evaluation of histological scoring
systems for tissue-engineered, repaired and osteoarthritic cartilage. Osteoarthr Cart. 2010; 18:12–
23.

219. Kotzar GM, Davy DT, Goldberg VM, Heiple KG, Berilla J, Heiple KG Jr, Brown RH, Burstein
AH. Telemeterized in vivo hip joint force data: a report on two patients after total hip surgery. J
Orthop Res. 1991; 9:621–633. [PubMed: 1870027]

220. Wang CC, Hung CT, Mow VC. An analysis of the effects of depth-dependent aggregate modulus
on articular cartilage stress-relaxation behavior in compression. J Biomech. 2001; 34:75–84.
[PubMed: 11425083]

221. Michalek AJ, Buckley MR, Bonassar LJ, Cohen I, Iatridis JC. Measurement of local strains in
intervertebral disc anulus fibrosus tissue under dynamic shear: contributions of matrix fiber
orientation and elastin content. J Biomech. 2009; 42:2279–2285. [PubMed: 19664773]

222. Ma PX, Langer R. Morphology and mechanical function of long-term in vitro engineered
cartilage. J Biomed Mater Res. 1999; 44:217–221. [PubMed: 10397923]

223. Lu XL, Sun DD, Guo XE, Chen FH, Lai WM, Mow VC. Indentation determined
mechanoelectrochemical properties and fixed charge density of articular cartilage. Ann Biomed
Eng. 2004; 32:370–379. [PubMed: 15095811]

224. Xie L, Lin AS, Guldberg RE, Levenston ME. Nondestructive assessment of sGAG content and
distribution in normal and degraded rat articular cartilage via EPIC-microCT. Osteoarthr Cart.
2010; 18:65–72.

225. Xie L, Lin AS, Levenston ME, Guldberg RE. Quantitative assessment of articular cartilage
morphology via EPIC-microCT. Osteoarthr Cart. 2009; 17:313–320.

226. Kauffmann C, Gravel P, Godbout B, Gravel A, Beaudoin G, Raynauld JP, Martel-Pelletier J,
Pelletier JP, de Guise JA. Computer-aided method for quantification of cartilage thickness and
volume changes using MRI: validation study using a synthetic model. IEEE Trans Biomed Eng.
2003; 50:978–988. [PubMed: 12892325]

227. Raynauld JP. Quantitative magnetic resonance imaging of articular cartilage in knee
osteoarthritis. Curr Opin Rheumatol. 2003; 15:647–650. [PubMed: 12960495]

228. Raynauld JP, Kauffmann C, Beaudoin G, Berthiaume MJ, de Guise JA, Bloch DA, Camacho F,
Godbout B, Altman RD, Hochberg M, Meyer JM, Cline G, Pelletier JP, Martel-Pelletier J.
Reliability of a quantification imaging system using magnetic resonance images to measure

Mansour and Welter Page 24

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cartilage thickness and volume in human normal and osteoarthritic knees. Osteoarthr Cart. 2003;
11:351–360.

229. Burstein D, Velyvis J, Scott KT, Stock KW, Kim YJ, Jaramillo D, Boutin RD, Gray ML. Protocol
issues for delayed Gd(DTPA)(2-)-enhanced MRI (dGEMRIC) for clinical evaluation of articular
cartilage. Magn Reson Med. 2001; 45:36–41. [PubMed: 11146483]

230. Shirai T, Kobayashi M, Nakamura S, Arai R, Nishitani K, Satake T, Dahlberg LE, Kuroki H,
Nakagawa Y, Okada T, Togashi K, Nakamura T. Longitudinal evaluation of cartilage after
osteochondral autogenous transfer with delayed gadolinium-enhanced MRI of the cartilage
(dGEMRIC). J Orthop Res. 2012; 30:221–225. [PubMed: 21805503]

231. Henderson JH, Welter JF, Mansour JM, Niyibizi C, Caplan AI, Dennis JE. Cartilage tissue
engineering for laryngotracheal reconstruction: comparison of chondrocytes from three anatomic
locations in the rabbit. Tissue Eng. 2007; 13:843–853. [PubMed: 17394383]

232. Cockman MD, Blanton CA, Chmielewski PA, Dong L, Dufresne TE, Hookfin EB, Karb MJ, Liu
S, Wehmeyer KR. Quantitative imaging of proteoglycan in cartilage using a gadolinium probe
and microCT. Osteoarthr Cart. 2006; 14:210–214.

233. Lyyra T, Arokoski JP, Oksala N, Vihko A, Hyttinen M, Jurvelin JS, Kiviranta I. Experimental
validation of arthroscopic cartilage stiffness measurement using enzymatically degraded cartilage
samples. Phys Med Biol. 1999; 44:525–535. [PubMed: 10070799]

234. Lyyra T, Jurvelin J, Pitkänen P, Väätäinen U, Kiviranta I. Indentation instrument for the
measurement of cartilage stiffness under arthroscopic control. Med Eng Phys. 1995; 17:395–399.
[PubMed: 7670702]

235. Lyyra T, Kiviranta I, Väätäinen U, Helminen HJ, Jurvelin JS. In vivo characterization of
indentation stiffness of articular cartilage in the normal human knee. J Biomed Mater Res. 1999;
48:482–487. [PubMed: 10421691]

236. Saarakkala S, Laasanen MS, Jurvelin JS, Törrönen K, Lammi MJ, Lappalainen R, Töyräs J.
Ultrasound indentation of normal and spontaneously degenerated bovine articular cartilage.
Osteoarthr Cart. 2003; 11:697–705.

237. Lyyra-Laitinen T, Niinimäki M, Töyräs J, Lindgren R, Kiviranta I, Jurvelin JS. Optimization of
the arthroscopic indentation instrument for the measurement of thin cartilage stiffness. Phys Med
Biol. 1999; 44:2511–2524. [PubMed: 10533925]

238. Nieminen HJ, Saarakkala S, Laasanen MS, Hirvonen J, Jurvelin JS, Töyräs J. Ultrasound
attenuation in normal and spontaneously degenerated articular cartilage. Ultrasound Med Biol.
2004; 30:493–500. [PubMed: 15121251]

239. Jurvelin JS, Räsänen T, Kolmonen P, Lyyra T. Comparison of optical, needle probe and
ultrasonic techniques for the measurement of articular cartilage thickness. J Biomech. 1995;
28:231–235. [PubMed: 7896866]

240. Töyräs J, Nieminen HJ, Laasanen MS, Nieminen MT, Korhonen RK, Rieppo J, Hirvonen J,
Helminen HJ, Jurvelin JS. Ultrasonic characterization of articular cartilage. Biorheology. 2002;
39:161–169. [PubMed: 12082279]

241. Kaleva E, Saarakkala S, Töyräs J, Nieminen HJ, Jurvelin JS. In-vitro comparison of time-domain,
frequency-domain and wavelet ultrasound parameters in diagnostics of cartilage degeneration.
Ultrasound Med Biol. 2008; 34:155–159. [PubMed: 17900796]

242. Cherin E, Saied A, Pellaumail B, Loeuille D, Laugier P, Gillet P, Netter P, Berger G. Assessment
of rat articular cartilage maturation using 50-MHz quantitative ultrasonography. Osteoarthr Cart.
2001; 9:178–186.

243. Hattori K, Ikeuchi K, Morita Y, Takakura Y. Quantitative ultrasonic assessment for detecting
microscopic cartilage damage in osteoarthritis. Arthrit Res Ther. 2005; 7:R38–46.

244. Hattori K, Takakura Y, Morita Y, Takenaka M, Uematsu K, Ikeuchi K. Can ultrasound predict
histological findings in regenerated cartilage? Rheumatology (Oxford). 2004; 43:302–305.
[PubMed: 14585924]

245. Kuroki H, Nakagawa Y, Mori K, Kobayashi M, Yasura K, Okamoto Y, Mizuno Y, Ando K,
Ikeuchi K, Nakamura T. Maturation-dependent change and regional variations in acoustic
stiffness of rabbit articular cartilage: an examination of the superficial collagen-rich zone of
cartilage. Osteoarthr Cart. 2006; 14:784–792.

Mansour and Welter Page 25

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



246. Kuroki H, Nakagawa Y, Mori K, Ohba M, Suzuki T, Mizuno Y, Ando K, Takenaka M, Ikeuchi
K, Nakamura T. Acoustic stiffness and change in plug cartilage over time after autologous
osteochondral grafting: correlation between ultrasound signal intensity and histological score in a
rabbit model. Arthrit Res Ther. 2004; 6:R492–504.

247. Töyräs J, Laasanen MS, Saarakkala S, Lammi MJ, Rieppo J, Kurkijärvi J, Lappalainen R,
Jurvelin JS. Speed of sound in normal and degenerated bovine articular cartilage. Ultrasound
Med Biol. 2003; 29:447–454. [PubMed: 12706196]

248. Töyräs J, Lyyra-Laitinen T, Niinimaki M, Lindgren R, Nieminen MT, Kiviranta I, Jurvelin JS.
Estimation of the Young's modulus of articular cartilage using an arthroscopic indentation
instrument and ultrasonic measurement of tissue thickness. J Biomech. 2001; 34:251–256.
[PubMed: 11165290]

249. Walker JM, Myers AM, Schluchter MD, Goldberg VM, Caplan AI, Berilla JA, Mansour JM,
Welter JF. Nondestructive evaluation of hydrogel mechanical properties using ultrasound. Ann
Biomed Eng. 2011; 39:2521–2530. [PubMed: 21773854]

250. Citak M, Baskaran H, Caplan A, Mansour J, Welter J. Acoustic homogeneity as a quality measure
in tissue engineered cartilage. Biomedical Engineering Society. 2011

251. Pelttari K, Winter A, Steck E, Goetzke K, Hennig T, Ochs BG, Aigner T, Richter W. Premature
induction of hypertrophy during in vitro chondrogenesis of human mesenchymal stem cells
correlates with calcification and vascular invasion after ectopic transplantation in SCID mice.
Arthritis Rheum. 2006; 54:3254–3266. [PubMed: 17009260]

252. Steck E, Fischer J, Lorenz H, Gotterbarm T, Jung M, Richter W. Mesenchymal stem cell
differentiation in an experimental cartilage defect: restriction of hypertrophy to bone-close
neocartilage. Stem Cells Dev. 2009; 18:969–978. [PubMed: 19049404]

253. Aza-Carmona M, Shears DJ, Yuste-Checa P, Barca-Tierno V, Hisado-Oliva A, Belinchon A,
Benito-Sanz S, Rodriguez JI, Argente J, Campos-Barros A, Scambler PJ, Heath KE. SHOX
interacts with the chondrogenic transcription factors SOX5 and SOX6 to activate the aggrecan
enhancer. Hum Mol Genet. 2011; 20:1547–1559. [PubMed: 21262861]

254. Lin P, Correa D, Lin Y, Caplan AI. Polybrene inhibits human mesenchymal stem cell
proliferation during lentiviral transduction. PLoS One. 2011; 6:e23891. [PubMed: 21887340]

255. Kan A, Ikeda T, Saito T, Yano F, Fukai A, Hojo H, Ogasawara T, Ogata N, Nakamura K, Chung
UI, Kawaguchi H. Screening of chondrogenic factors with a real-time fluorescence-monitoring
cell line ATDC5-C2ER: identification of sorting nexin 19 as a novel factor. Arthritis Rheum.
2009; 60:3314–3323. [PubMed: 19877062]

256. Kalajzic I, Braut A, Guo D, Jiang X, Kronenberg MS, Mina M, Harris MA, Harris SE, Rowe
DW. Dentin matrix protein 1 expression during osteoblastic differentiation, generation of an
osteocyte GFP-transgene. Bone. 2004; 35:74–82. [PubMed: 15207743]

257. Marijanović I, Jiang X, Kronenberg MS, Stover ML, Erceg I, Lichtler AC, Rowe DW. Dual
reporter transgene driven by 2.3Col1a1 promoter is active in differentiated osteoblasts. Croat
Med J. 2003; 44:412–417. [PubMed: 12950143]

258. Paschen W. Imaging of energy metabolites (ATP, glucose and lactate) in tissue sections: a
bioluminescent technique. Prog Histochem Cytochem. 1990; 20:1–122. [PubMed: 2315510]

259. Lee Z, Dennis JE, Gerson SL. Imaging stem cell implant for cellular-based therapies. Exp Biol
Med. 2008; 233:930–940.

260. Love Z, Wang F, Dennis J, Awadallah A, Salem N, Lin Y, Weisenberger A, Majewski S, Gerson
S, Lee Z. Imaging of mesenchymal stem cell transplant by bioluminescence and PET. J Nucl
Med. 2007; 48:2011–2020. [PubMed: 18006616]

261. Kalajzic Z, Liu P, Kalajzic I, Du Z, Braut A, Mina M, Canalis E, Rowe DW. Directing the
expression of a green fluorescent protein transgene in differentiated osteoblasts: comparison
between rat type I collagen and rat osteocalcin promoters. Bone. 2002; 31:654–660. [PubMed:
12531558]

262. Lee Z, Dennis J, Welter J, Caplan A. Imaging stem cell differentiation for cell-based tissue repair.
Methods Enzymol. 2012; 506:247–263. [PubMed: 22341228]

Mansour and Welter Page 26

J Med Biol Eng. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


