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As articular cartilage is an avascular tissue, the transport of nutrients and cytokines through the tissue is
essential for the health of cells, i.e. chondrocytes. Transport of specific contrast agents through cartilage
has been investigated to elucidate cartilage quality. In laboratory, pre-clinical and clinical studies, imag-
ing techniques such as magnetic imaging resonance (MRI), computed tomography (CT) and fluorescent
microscopy have been widely employed to visualize and quantify solute transport in cartilage. Many
parameters related to the physico-chemical properties of the solute, such as molecular weight, net charge
and chemical structure, have a profound effect on the transport characteristics. Information on the inter-
play of the solute parameters with the imaging-dependent parameters (e.g. resolution, scan and acquisi-
tion time) could assist in selecting the most optimal imaging systems and data analysis tools in a specific
experimental set up. Here, we provide a comprehensive review of various imaging systems to investigate
solute transport properties in articular cartilage, by discussing their potentials and limitations. The pre-
sented information can serve as a guideline for applications in cartilage imaging and therapeutics deliv-
ery and to improve understanding of the set-up of solute transport experiments in articular cartilage.
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1. Introduction

Articular cartilage is an avascular tissue mainly comprising
large macromolecular assemblies of collagen II and aggrecans.
The aggrecans contain highly negatively charged glycosaminogly-
can groups (GAGs) chains, which receive their negative charges
from the carboxyl and sulfate groups present in the repeating dis-
accharide unit of GAGs (Nia et al., 2015a,b) (Fig. 1). Solute transport
in cartilage occurs through passive (Chemical potential gradient) or
active (Convective interstitial fluid flow) mechanisms (Leddy and
Guilak, 2003). These mechanisms determine solute’s uptake and
retention within the tissue extracellular matrix and their interac-
tions with extracellular and intracellular receptors (Evans et al.,
2014; Leddy and Guilak, 2003, 2008). Several previous studies have
investigated the effects of solute size and charge on their ability to
penetrate and reside within the articular cartilage (Arbabi et al.,
2016a; Bajpayee et al., 2016; Bajpayee et al., 2015; Leddy and
Guilak, 2003, 2008; Pouran et al., 2016b). Cartilage tissue has a
heterogeneous structure. For example, density of negatively
Cellular information and constituents of articular cartilage: implications for
tration and distribution of glycosaminoglycans (GAGs) as well as water content c
charged aggrecans and the spacing between collagen fibrils
increase with depth, thereby resulting in depth-dependent solute
diffusivities (Arbabi et al., 2015, 2016a; Leddy and Guilak, 2003;
Pouran et al., 2016a). The densely packed structure of the tissue
restricts the transport of most solutes due to steric hindrance,
which is particularly important for larger and branched molecules
(Bajpayee et al., 2015; Kokkonen et al., 2011b; Leddy and Guilak,
2008). The negative tissue charge could further slow down the
transport of negatively charged solutes and prevent them from
penetrating into the deeper GAG-rich regions of the tissue. This
can make intra-cartilage delivery of imaging dyes and also thera-
peutics challenging (Arbabi et al., 2016a; Bajpayee et al., 2016;
Kokkonen et al., 2016; Pouran et al., 2016b). Other parameters such
as the relative volumes of solute bath and tissue, presence of stag-
nant solute layers at the solute bath-cartilage interface, and the
diffusivity ratio of the bath to that of the cartilage were considered
in experimental and numerical studies (Pouran et al., 2016a).
Despite previous efforts to improve understanding the solute-
tissue interactions, comprehensive guidelines to help in applying
solute transport. Thickness, concentration and organization of collagen fibrils,
ontrol the transport processes from the matrix side.
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the above-mentioned findings and principles ex-vivo, pre-clinical,
and even clinical settings are still lacking. Therefore, this review
article will first introduce the transport principles essential to
molecular diffusion in hydrated tissues, followed by an analysis
of various imaging modalities and their applicability in studying
intra-cartilage solute diffusion ex-vivo and in-vivo, as well as for
clinical purposes. We will also discuss some critical considerations
for setting up a transport experiment, such as the importance of
tissue thickness, tissue deformation, pericellular and extracellular
matrix properties, interactions with synovial fluid, external solute
bath attributes, solute’s charge, acquisition time, and resolution
and data analysis. This review concludes by providing directions
towards more efficient design of ex-vivo and in-vivo experiments
and translating these considerations into clinical applications of
tissue imaging and therapeutics to yield more effective results.
2. Molecular transport

2.1. Principles

Depending on the mechanical state of the tissue, both passive
and active transport mechanisms take place in articular cartilage.
In absence of joint motion, e.g., when the subject is relaxing or
sleeping, interstitial fluid flow does not significantly affect solute
transport. However, physical activities, such as jumping, climbing,
cycling and running enhance interstitial fluid flow (Nia et al.,
2015a), thereby increasing the transport rate of larger solutes by
a factor of two (Evans and Quinn, 2006a). Fluid velocities generated
at physiological conditions (1–2 mm/s) can enhance protein trans-
port rate by up to 70-fold (Garcia et al., 1996). Moreover, the slid-
ing motion of cartilage surfaces was shown to enhance solute
transport (Graham et al., 2017). The effect of convective fluid flow
is less pronounced on the transport of smaller molecules (Evans
and Quinn, 2006a; Huang and Gu, 2007; O’Hara et al., 1990).
2.2. Experimental boundary conditions

Application of boundary conditions precedes the design of the
diffusion experiments. The boundary conditions depend on the
characteristics of the external solute bath in contact with the car-
tilage tissue, solute charge, loading amplitude and frequency as
well as direction of solute diffusion. The concentration of the exter-
nal bath may or may not change depending on whether it has finite
or infinite volume as compared to the cartilage volume. Further-
more, the external bath may be well-stirred or not well-stirred,
which will influence the presence and the extent of stagnant solute
layers on the tissue surface (i.e. at the solute bath-tissue interface).
The external bath may contain either electrically neutral or
charged solutes, which create additional interactions between
the bath and the ECM. Static and dynamic loading can substantially
affect solute transport through alterations in the matrix com-
paction and modulation of fluid flow, which facilitates transport
(Graham et al., 2017; Grodzinsky et al., 2000; O’Hara et al.,
1990). The last boundary condition is determined by the direction
of solute diffusion that may occur in axial, radial, or angular direc-
tion (or a combination of them).

In the finite-bath condition, solute concentration in the bath
continuously changes with time, complicating the analysis and
interpretation of the results. This setup, however, may more clo-
sely mimic the relative cartilage tissue-synovial fluid volume and
the actual diffusion process in the diarthrodial joints (Arbabi
et al., 2015; Pouran et al., 2016b). Thereby, it is relevant for study-
ing intra-joint transport kinetics of therapeutics and imaging dyes
following their intra-articular administration. The infinite volume
condition, on the other hand, maintains constant bath solute
concentration over time. Moreover, in contrast to intra-articular
solute injection, systemic delivery of solutes can be best modeled
using infinite bath concept since the joint capsule represents little
volume as compared to the rest of the body (solute source). In both
cases, constant mechanical stirring of the external bath helps to
prevent the formation of stagnant solute layers at the interface of
the solute bath and cartilage. Mechanical stirring could, however,
cause additional fluid flow effects and result in experimental con-
ditions that deviate from a pure diffusion model. The finite bath
volume model also creates additional complexities associated with
stirring limitations and the potential formation of a stagnant layer
at the cartilage-bath interface. The resulting equations cannot
often be solved using analytical techniques and may require
advanced computational approaches.

External baths containing neutral or charged solutes behave dif-
ferently, because self-repulsion within the bath and electrostatic
interactions between the charged solute and proteoglycans of the
ECM complicate the situation as compared to the baths that only
contain neutral solutes where steric hindrance predominates.

As opposed to static compression that inhibits the penetration
of solutes mainly due to increased interaction between the solute
and the matrix, i.e. steric hindrance (Quinn et al., 2001), cyclic
loading accelerates the transport depending on solute size, loading
amplitude and frequency (Evans and Quinn, 2006b). It is worth-
while to mention that the solute transport augmentation follows
a solute size-dependent trend with maximal effect on larger
solutes (Garcia et al., 1996).

In the human body, articular cartilage is heterogeneously orga-
nized in direction perpendicular to its surface. As diffusion from
synovial fluid to cartilage primarily occurs through the articular
surface, most ex-vivo studies have designed their setups such that
diffusion could only occur perpendicular to its surface. Conse-
quently, there is limited number of studies focusing on radial
and/or angular diffusive properties.
3. Imaging techniques

The development of imaging tools has enabled characterization
of the diffusive behavior of solutes within articular cartilage. In
fact, characterization of diffusion requires application of advanced
imaging tools, such as fluorescent microscopy (Fig. 2), computed
tomography (CT) (Fig. 2), and magnetic resonance imaging (MRI)
(Fig. 2). Therefore, accurate characterization of the tissue requires
broad knowledge of imaging techniques. In this section, we intro-
duce and describe the principles and potentials of these imaging
techniques used for cartilage imaging in particular with respect
to the diffusive properties of the tissue.
3.1. Fluorescent microscopy

Primarily, two fluorescence microscopy techniques have been
used to study intra-cartilage solute diffusion: scanning microphy-
tolysis (SCAMP) and fluorescence recovery after photobleaching
(FRAP). The application of SCAMP in diffusion through the pericel-
lular matrix of articular cartilage was introduced in 2008 (Leddy
et al., 2008). SCAMP works based on changes in the fluorescent sig-
nal change, which is a function of two independent variables: the
rate of photobleaching and the rate of diffusion of fluorescent
molecule. Molecules with fast motion traverse the laser path faster
and therefore are exposed to laser path for a shorter time period,
whereas slow-moving molecules are more likely to remain within
the laser path and bleached. The diffusivities and bleaching con-
stants are then obtained by fitting a 3D diffusion–reaction model
to the intensity vs. time data. FRAP has been extensively used to
study the diffusion of fluorescent molecules in articular cartilage



Fig. 2. Info-graph of multi-scale cartilage imaging to study solute transport across articular cartilage: implications of maximum achievable resolution and cost. Microscopy as
a cost-efficient tool can be extremely beneficial for imaging the diffusion in excised tissue (Mainly 2D). CT provides high spatial resolution of the diffusion process in 3D.
Clinical MRI as a costly technique suffers from poor out-of-plane resolution while in experimental setups can achieve high spatial resolution using high magnetic fields. Frame
labels indicate the cost involving the equipment and infrastructure expenses: blue, yellow and red colors indicate low cost, medium and high cost, respectively (Arbabi et al.,
2015; Bajpayee et al., 2014b; Rautiainen et al., 2014; Siebelt et al., 2011) (Reprint with permission from Elsevier and Wiley and ASME). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

B. Pouran et al. / Journal of Biomechanics 78 (2018) 10–20 13
slices (Leddy and Guilak, 2003, 2008). A photobleached region is
first created by intense laser illumination causing the fluorescence
to fade away and then fluorescent molecules diffusing from the
nearby region would result in gradual fluorescent recovery until
complete recovery. Analytical models are then used to derive the
diffusivity from the dynamic fluorescent intensity. The planar res-
olution of the FRAP and SCAMP has been as high as 0.9 mm2 (Leddy
and Guilak, 2003). Using confocal microscopy, these techniques
can be applied to thin cartilage slices (<100 mm) allowing a
z-resolution of up to a few microns (Leddy and Guilak, 2003).

In normal cartilage, diffusion in the pericellular matrix is slower
than in the extracellular matrix (Leddy et al., 2008). In osteoar-
thritic cartilage, diffusivity of the pericellular matrix increases
and becomes similar to that of the ECM (Leddy et al., 2008). More-
over, using FRAP, Leddy et al. found highest diffusion rate along the
primary orientation of collagen fibrils and that diffusion anisotropy
increases with the increased solute size (Leddy et al., 2006). As
most of the SCAMP and FRAP setups have used 37 mm2 large region
of interest (ROI), the distance of the boundaries of the ROI from the
chondrocytes (�10 mm), determines whether the measurement is
performed in pericellular or extracellular matrix. SCAMP has the
advantage of imaging in milli-seconds range, whereas FRAP
requires several minutes. SCAMP, however, requires solving the
relatively complex diffusion-reaction equations numerically, while
the analytical solutions to FRAP are easily accessible in most cases.
Fluorescent microscopy has also been employed to assess the
effects of surface cracks on solute diffusion and adsorption proper-
ties using different sized florescent molecules in 200 mm thick car-
tilage slices (Chin et al., 2013; Decker et al., 2013; Moeini et al.,
2014). Nevertheless, application of both FRAP and SCAMP can face
limitations due to phototoxicity (high intensity laser beams) in the
illuminated areas which can even affect cells about 90 mm far from
the illuminated area due to light scattering (Dobrucki et al., 2007;
Laissue et al., 2017). Desorption experiments (Quinn et al., 2000;
Quinn et al., 2002; Shafieyan et al., 2014) were used as an indirect
way to study the diffusion in cartilage where diffusion was studied
from the cartilage specimen to the bath. In those experiments, the
dynamic diffusion behavior in the bath in contact with cartilage
containing fluorescently labeled solutes was studied.
Fluorescence correlation spectroscopy (FCS) is capable of
detecting concentrations at nanomolar range (Kim et al., 2007)
with applications in diffusion across normal and Trypsin-treated
articular cartilage (Lee et al., 2011). FCS enables capturing the spa-
tial and temporal information of individual molecules motion as
well as the ensemble of molecules and allows to bridge the gap
between those scales to quantify the diffusion process (Elson,
2011). FCS boasts the advantage of achieving diffusion information
with minimum required excitation power as well as direct mea-
surement of diffusivity within a femtoliter sized observation vol-
ume with short experiment time (�1 min) (Shoga et al., 2017).
Furthermore, assumption of homogeneity in the bleached area
often required by FRAP is not required using FCS. Raster image cor-
relation spectroscopy (RICS) – an image-based extension of FCS –
received considerable attention due to its sensitivity to low con-
centrations of fluorophore, low laser power requirement, potential
to study the binding of solutes to matrix and possibility to be set
up on existing conventional microscopes. RICS functions based
on the moving laser beam across the sample which allows measur-
ing the fluorescent signal (Rossow et al., 2010). Using RICS, diffu-
sivity of multiple fluorophores ranging from 0.1 to 1000 mm2/s
can be measured although the technique is quite time-
consuming (several minutes). Shoga et al., used FCS and RICS on
agarose gels and cartilage specimens and suggested that FCS can
provide time-efficient assessment of microscale diffusive proper-
ties of live cartilage (low phototoxicity), whereas RICS is more
appropriate to obtain tissue-averaged diffusivity in non-vital carti-
lage specimens (tens of minutes) (Shoga et al., 2017).

3.2. X-ray computed tomography (CT)

X-ray attenuation is a function of elemental atomic number and
bulk density of the materials. Mass attenuation of cartilaginous tis-
sues is extremely close to that of water (Lusic and Grinstaff, 2013),
which complicates visualization of such hydrated tissues bathed in
synovial fluid inside the joint. X-ray contrast agent molecules
attenuate the X-ray signal and assist in visualizing the soft carti-
laginous tissues. Computed tomography (CT) allows acquisition
of three-dimensional information on the diffusion of contrast agent
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molecules. Iodine (I) and Gadolinium (Gd) are well known for their
X-ray attenuation characteristics and therefore vastly used to
study the diffusion processes (Lusic and Grinstaff, 2013). They
are used as contrast agents to visualize articular cartilage post-
equilibration- the time after which no further diffusion from the
source (bath) to reservoir (cartilage) takes place- and also to quan-
tify the diffusion process through obtaining diffusivity or solute
flux. Negatively charged contrast agents, e.g., ioxaglate (iodine-
based) and gadopentetic acid (Gadolinium-based) (Kokkonen
et al., 2016; Kulmala et al., 2010; Pouran et al., 2016b), have been
applied as their interactions with proteoglycans provide quantita-
tive essential information about the cartilage health. Positively
charged iodinated contrast agents (ammonium ion. –NH3+) with
different charge densities were recently introduced (Lakin et al.,
2013a,b; Lakin et al., 2016) and used to enhance the retention
and diffusion within articular cartilage. Nearly all above-
mentioned molecules (both I-based and Gd-based) represent rela-
tively small molecular weight (below 2 kDa). To study the effects of
solute’s charge on the diffusion characteristics, Pouran et al.
(Pouran et al., 2016b) compared the dynamic transport of similarly
sized molecules with varying net charges including iodinated
molecules of ioxaglate (electrical charge = �1) and iodixanol
(charge = 0) and found 2.5-fold lower ioxaglate flux in the superfi-
cial zone. The effect of cyclic mechanical loading (10% strain and 1
Hz) on patellar cartilage was underscored which resulted in more
than 3-fold boost in initial contrast flux compared to passive diffu-
sion (no loading) (voxel size = 70 � 70 � 100 mm3) (Entezari et al.,
2014). Mechanical injury of cartilage leads to increased flux of
small negatively charged contrast agents (150–636 kDa), particu-
larly in the early time points (until 10 min), indicating to be more
sensitive to the structural damage than effective partition coeffi-
cient (Kokkonen et al., 2017). Similar study reconfirms that regard-
less of the size of the negatively charged contrast agent, solute flux
at early times provides accurate way of identifying mechanical
damage. Recently advanced finite element modeling platforms
were developed to quantify diffusion behavior of charged solutes
across different zones of cartilage from micro-CT data (Arbabi
et al., 2016a; Arbabi et al., 2017). Furthermore, those models
allowed quantification of fixed charge density across articular car-
tilage which highlights the merit of dynamic diffusion tests to
obtain two crucial cartilage parameters. Imaging immediately after
injection and 45 min after injection of combined Bismuth oxide
nanoparticles (260 ± 80 nm) and ioxaglate achieved high reliability
for detection of mechanical injury and enzymatic degradation of
cartilage (Saukko et al., 2017). Another study, showed that at equi-
librium, micro-CT signal for iodinated molecules with +4 charge
correlated strongly with the intra-tissue proteoglycan content
(Lakin et al., 2013b) resulting in high-quality images of cartilage
in in vivo rabbit models (Stewart et al., 2013) and ex-vivo mouse
models (Lakin et al., 2016) even with low iodine concentration.
Cartilage attention reached above 100% of that of reservoir with
CA4+ and time constants between CA4+ and ioxaglate were at all
time points significantly different (Stewart et al., 2013). Most
recently, application of dual-contrast (neutral and positively
charged) imaging was introduced to obtain information on water
content as well as fixed charge density in articular cartilage (voxel
size = 25 � 25 � 25 mm3) (Bhattarai et al., 2018). In-vivo research
conducted on healthy and osteoarthritic knee joints of patients
using clinical CT (voxel size = 0.21 � 0.21 � 0.40 mm3) proved
effective for OA identification and determination of contrast agent
lifetime (Kokkonen et al., 2012). In-vivo delayed cone-beam CT
after ioxaglate injection into the knee joint (voxel size = 0.20 �
0.20 � 0.20 mm3) showed promise in low-dose radiation imaging,
yet capable of detecting knee cartilage lesions accurately
(Kokkonen et al., 2014; Myller et al., 2017). When using peripheral
quantitative CT (pQCT) (voxel size = 0.2 � 0.2 � 2.3 mm3),
immersion of bovine osteochondral blocks in ioxaglate solution
for 35.5 h allowed simultaneous morphological scoring of cartilage
and subchondral bone (Aula et al., 2009). Using pQCT (voxel size =
voxel size = 0.2 � 0.2 � 2.3 mm3), dynamic diffusion of ioxaglate
from cartilage surface towards cartilage deep zone and vice versa
was investigated and diffusion from the cartilage surface was fas-
ter (Silvast et al., 2009). Clinically applicable CT arthrography
(voxel size = 0.265 � 0.265 � 0.750 mm3) was proposed based on
the equilibrium penetration of ioxaglate by comparing the results
with contrast-enhanced micro-CT (voxel size = 35 � 35 � 35 mm3)
(Siebelt et al., 2011). Similarly, ioxaglate partitioning experiments
in 3D on ex-vivo rabbit specimens were in agreement with the
2D histological sGAG distribution for both articular cartilage and
meniscus (Honkanen et al., 2016; Palmer et al., 2006). Detection
of surface injuries of ex-vivo articular cartilage specimens was
recently accomplished by assessing the transport kinetics of
sodium iodide using high-resolution micro-CT (voxel size = 8.6 �
8.6 � 8.6 mm3) (Kokkonen et al., 2016). Similar strategies employ-
ing micro-CT technique were applied to calculate the diffusivity
and near-equilibrium distribution of contrast agents in healthy
and non-enzymatically cross-linked ex-vivo cartilage specimens
(voxel size = 30.2 � 30.2 � 30.2 mm3) (Kokkonen et al., 2011b;
Kulmala et al., 2013). Collagen distribution in ex-vivo non-
calcified cartilage was successfully determined using micro-CT
(voxel size = 3.2 � 3.2 � 3.2 mm3 (Nieminen et al., 2015) and
17.4 � 17.4 � 17.4 mm3 (Karhula et al., 2017)) after equilibration
with phosphotungstic acid and phosphomolybdic acid). Most
recently, contrast-enhanced micro-CT with high spatial resolution
(voxel size = 3.0 � 3.0 � 3.0 mm3) has proven advantageous for
assessing GAG content of murine articular cartilage but was not
accurate enough to measure cartilage thickness (Mashiatulla
et al., 2017). The studies on diffusion involving CT techniques have
used a wide range of voxel sizes ranging between approximately
0.2 � 0.2 � 2.3 mm3 and 3.0 � 3.0 � 3.0 mm3, indicating the feasi-
bility of CT contrast agent imaging in laboratory, pre-clinical and
clinical studies.

The thickness of articular cartilage varies between different spe-
cies, anatomical locations, and cartilage health conditions. Carti-
lage can be as thin as 100 mm in mice, up to 2.5 mm in humans
and 3 mm in African elephant (Malda et al., 2013). This wide vari-
ation implies that studying the solute diffusion in different zones
of cartilage particularly for thin specimens requires the highest
possible resolutions. Moreover, the scan time of a particular
micro-CT setup could be an issue for diffusion studies especially
when scans have to be repeated multiple times. For ex-vivo exper-
iments, bath volume, bath concentration, and presence of stagnant
layers at the cartilage-bath interface are other contributing factors.
These factors influence the choice of the best imaging tool and are
discussed in more detail below.

3.3. Magnetic resonance imaging (MRI)

Hydrogen ions (protons) residing e.g. in water molecules and
proteins are major constituents of soft tissues like articular carti-
lage. As MRI-images are based on the variations in relaxation times
due to differences in response of hydrogen atoms in an externally
applied magnetic field, it is possible to acquire depth-dependent
information on the composition and structure of extracellular
matrix in articular cartilage. Three major relaxation times, namely
T1 (spin-lattice relaxation time), T2 (spin-spin relaxation time) and
T1q (spin-lattice relaxation time in the rotating frame) have been
used in both clinical and experimental studies. T2 relaxation aniso-
tropy, due to proton-collagen interactions, varies depth-wise and
relates to depth-dependent organization of collagen network. On
the contrary, T1 relaxation is much more isotropic in articular car-
tilage and is known to be isotropic to the magnetic field direction.
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T1 becomes important when imaging articular cartilage with para-
magnetic Gd-DTPA2� that shortens the T1 relaxation (Allen et al.,
1999; Bashir et al., 1996; Donahue et al., 1994). This protocol is
often referred to as the Delayed Gadolinium Enhanced Magnetic
Resonance Imaging of cartilage or dGEMRIC. T1 is dependent on
the strength of spin-lock field. When the field approaches zero, it
approaches T2 relaxation and when the field increases, it becomes
less anisotropic. As the main focus of the present paper is the dif-
fusion in articular cartilage, we focus on the MRI techniques useful
for diffusion studies, namely dGEMRIC, Sodium (23Na), and diffu-
sion weighted imaging (DWI).

The partitioning of Gd-DTPA2� results from its interactions with
negatively charged GAGs. Thereby, degeneration of cartilage,
characterized by the decreased GAG content, increases the
Gd-DTPA2� partitioning. This leads to low T1 values (Ronga et al.,
2014). Gd-DTPA2� could be administered either intravenously or
intraarticularly, which generates two different mechanisms for dif-
fusion. To a large extent, the former contributes to diffusion by
both direct diffusion from the synovial fluid (SF) and perfusion
from the subchondral bone, whereas the latter takes place by the
direct diffusion from SF to the cartilage. However, it should be
noted that diffusion across the subchondral bone plate for small
molecules has been recently confirmed (Pouran et al., 2017) and
therefore it can also take place post-intravenous injections, which
would depend on the micro-architecture of the subchondral bone
plate, i.e. porosity and thickness (Arbabi et al., 2016b; Pouran
et al., 2017). In MRI, the highest achievable resolution, particularly
in the z-direction (direction of main magnetic field), is limited due
to relatively low magnetic fields (1.5 and 3 T), which tremendously
reduces the SNR (Hawezi et al., 2016; Lattanzi et al., 2014). In clin-
ical settings, voxel sizes up to 0.40 � 0.40 � 3 mm3 have typically
been used. Dynamic ex-vivo dGEMRIC MRI (cartilage thickness of
up to 2.1 mm, infinite bath, 9.4 T) was performed over 18 h to mea-
sure the diffusivity and depth-wise distribution of Gd-DTPA2� in
healthy and enzymatically degraded bovine articular cartilage
(voxel size = 78 mm � 78 mm � 1 mm) (Salo et al., 2012). They
found a trend towards higher diffusivity of Gd-DTPA2�

(546 Da, q = -2) through cartilage surface than through the deep
zone of cartilage similar to (Silvast et al., 2009), which used ioxa-
glate (1269 Da, q = �1), and no significant difference in the diffu-
sion behavior between intact and degraded samples. Application
of three negatively charged and one neutral MR contrast agents
with both T1 and T2 sequences (1.5 T, voxel size = 300 mm �
300 mm � 2mm) highlighted that charge of the contrast agent only
controls the amount of contrast agent and not the spatial distribu-
tion of contrast agent. The authors also found that the rate of relax-
ation (DR1 and DR2) for both sequences were of the same
magnitude for all tested contrast agents (Wiener et al., 2007).
Sweeping imaging with Fourier’s transformation (SWIFT, scan
time = 185.5 min, isotropic voxel size = 117 � 117 � 117 lm3, 9.4
T) was developed to generate T1-relaxation time maps of enzymat-
ically treated and non-treated osteochondral plugs (Nissi et al.,
2014). A comparative study confirmed the superiority of Gd-
DTPA2� over single negatively charged contrast agents for evalua-
tion of GAG content at early diffusion times (90 min and 120 min),
however Gd-BOPTA2� did provide higher contrast, suggesting an
alternative for the conventional dGEMRIC (Kang et al., 2017). They
also appreciated the fact that volume ratio of the contrast agent
solution to cartilage as well as cartilage thickness affect the diffu-
sion kinetics. Diffusivity values of Gd-DTPA2� and Gadoteridol
(similar size but neutral) was slightly higher in trypsinized carti-
lage than those of intact cartilage, whereas only equilibrium con-
centration of Gd-DTPA2� was sensitive to trypsinization
treatment owing to its higher interaction with the GAGs (Gillis
et al., 2002). Cationic Gd-based contrast agent (net charge = +4)
was synthesized and its diffusion was monitored in bovine carti-
lage and human finger cartilage using a 8.5 T scanner (0.2 � 0.2
� 1 mm3, scan time = 16.5 min), which provided sufficient T1 sig-
nal at one-tenth the effective dosage of gadopentetic acid
(Freedman et al., 2015). Consistently, determination of fixed charge
density (FCD) of cartilage using T1 relaxation post-contrast ex-vivo
has been successful (Bashir et al., 1996; Salo et al., 2012). Another
strategy to determine FCD in articular cartilage is sodium MRI,
which functions based on interactions between positively charged
sodium and FCD of cartilage. Although non-invasive, this method
was shown to suffer from intrinsically insufficient SNR in the clin-
ical imaging, chiefly due to low concentration of 23Na in articular
cartilage (Trattnig et al., 2010). Using experimental mMRI (7T, 17.
6 mm � 17.6 mm � 1 mm), the authors found important synergistic
effects of mechanical loading and depth-wise Gd-DTPA2� concen-
tration on estimation of GAGs in healthy and degraded articular
cartilage (Wang et al., 2013). The detection sensitivity of cartilage
enzymatic degradation improved remarkably by performing zonal
analysis using T1, T2, diffusion tensor imaging as well as gadolin-
ium enhanced T1 (7T, 126 mm � 126 mm � 2 mm) (Fleck et al.,
2017).

Diffusion weighted imaging (DWI) uses the variability of diffu-
sive motion of water within cartilage. DWI provides promising
non-invasive information about tissue composition and structure,
particularly collagens and GAGs (Meder et al., 2006). Previous
studies using DWI indicate that in-plane resolutions up to 78 mm2

and slice thicknesses of 2 mm are feasible (Bajd et al., 2016).
4. Imaging considerations

Depending on the type of the instrument and the goal of the
experiments, one may encounter challenges when using any of
the above-mentioned imaging tools. Therefore, a general set of
considerations from the authors’ perspective could be insightful
to facilitate proper selection of the imaging tools in diffusion stud-
ies: tissue thickness, tissue deformation, pericellular matrix and
extracellular matrix, synovial fluid, bath characteristics, scan time,
equipment cost and availability.
4.1. Tissue thickness

The thickness of articular cartilage not only depends on the type
of the joint and anatomical location but also on the species of inter-
est. Cartilage thickness spans a wide range from a few hundred
microns, for instance in mice �100 mm, to a few millimeters in spe-
cies such as human and horse �2 mm and elephant �3 mm
(Bajpayee et al., 2015; Malda et al., 2013). Thickness can be an
important factor when choosing the imaging facility particularly
when investigating zone-dependent transport properties. For
example, even 9.4 T MRI provides relatively low resolutions in
out-of-plane orientation (Fig. 1). (Rautiainen et al., 2016), which
hampers the 3D characterizations, particularly in very thin carti-
lage of small animals. Therefore, for mice and rat cartilage, the pre-
ferred modalities would be either micro-CT (voxel size � a few
microns) or fluorescent microscopy techniques (planar resolution
<1 mm). Prior to the scans, the dimensions of the ex-vivo samples
should sometimes be chosen optimally, particularly for the
micro-CTs that their provided resolutions depend on the field of
view (FOV). To study the diffusion across different zones of mice
and rat cartilage, one might adopt voxel sizes less than 10 mm as
this accommodates at least one voxel for the superficial zone of
mice cartilage (�20 mm thickness).

To quantify the diffusion phenomena i.e. obtaining solute diffu-
sivity and flux, estimating the equilibration time before start of the
experiments seems crucial. Some studies have reported that 18–
24 h is sufficient to reach equilibrium (Kokkonen et al., 2016,
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2011a,b; Kulmala et al., 2013) when applying small solutes (less
than 2 kDa), whereas equilibrium time was not reached even after
around 48 h for other studies (Pouran et al., 2017, 2016a,b). The
diffusion kinetics of Gd-BOPTA2� as a potential alternative to Gd-
DTPA2� was also believed to depend on cartilage thickness (Kang
et al., 2017). In fact, diffusion-binding kinetics scales as square of
the tissue thickness (l) i.e. retention time = l2/D where D is the dif-
fusivity (Bajpayee et al., 2014a, 2015). The key elements that play a
role are the thickness of the tissue as well as integrity and density
of the matrix, which exhaust solute transport through frictional
loss, i.e., steric hindrance.

4.2. Tissue deformation

As cartilage contains high negative charge, it can easily undergo
osmotic-induced deformations, which depend on the osmolality of
the external bath. Some diffusion experiments, similar to (Pouran
et al., 2016b), cause deformations that must be accounted for
before proceeding to image processing. The above-mentioned
work and similar studies (Pouran et al., 2016b; Silvast et al.,
2013) have reported deformations of about 5–8%, which for a 2.7
mm thick cartilage means �200 mm. A minimum spatial resolution
of 200 mm is therefore recommended. As this resolution should be
applied out-of-plane, application of MRI techniques would be lim-
ited although high field MRI (7T) achieves satisfactory in-the-plane
resolution (Fleck et al., 2017). Visualization of the tissue deforma-
tion during the diffusion process is also challenging using
fluorescent-based techniques. Then, according to the presented
resolutions earlier, the only robust technique for this particular
case would be micro-CT which benefits from high spatial resolu-
tion and relatively short scan times.

4.3. Extracellular matrix and pericellular matrix

Due to higher charge and density of PCM in healthy cartilage,
the diffusive properties of PCM could be distinctly different from
those of ECM. Proper understanding of PCM diffusive properties
requires imaging tools with resolutions in the order of a few
microns, thereby necessitating application of ultra-high resolution
micro-CTs (�10 mm3 voxel size) and fluorescent techniques. Fluo-
rescent techniques boast the advantage that diffusion of larger
molecules (>2 kDa) and perhaps more clinically relevant molecules
could more conveniently be studied. Obviously, MRI techniques
could not be used to study diffusion in PCM.

4.4. Synovial fluid

The volume, viscosity, and composition of the synovial fluid
could potentially influence solute transport. The required amount
of diffusing molecule for either visualization or therapeutic pur-
poses, or in other words, solute concentration in the joint could
influence the solute distribution within the cartilage, especially if
the diffusing molecule is charged (Arbabi et al., 2016a; Pouran
et al., 2016a). This is even more important if the diffusing molecule
is negatively charged and therefore charge-driven transport plays a
role (Arbabi et al., 2016a). Moreover, injected solute concentration
and synovial fluid osmolality are inter-related and therefore tissue
swelling/shrinkage is expected, which requires attention to be paid
prior to the scans. If the injection volume is too low, solute trans-
port could be adversely affected because of lack of sufficient trans-
port to deeper zones. On the contrary, if the injection volume is too
high, the osmolality may rise, causing tissue deformation, which
complicates the post-processing. Viscosity and composition of
the synovial fluid are two major factors that change during the dis-
ease progression and could alter the solute transport features, e.g.,
by formation of undesirable stagnant layers near the cartilage
surface.
4.5. External bath attributes

Some of important factors that control solute penetration are
the solute molecular size, stirring conditions, and concentration
of the bath. In CT-based experiments, large and particularly con-
centrated baths could cause considerable beam hardening (X-ray
spectrum shape changes), which creates artefacts in the resulting
images. The orientation of the bath with respect to the cartilage
specimen is crucial in MRI experiments. The stirring of the bath
has been suggested to minimize the unfavorable effects of stagnant
layer at the cartilage-bath interface. Although gentle stirring, par-
ticularly when the mechanical stirrer is kept far enough from the
cartilage surface, inhibits the formation of the stagnant layer
(Garcia et al., 1996), it could also influence solute transport
through eddy formation, i.e., a convective flow near the cartilage
surface. The concept of finite bath was introduced to reduce the
consumption of contrast agent and associated beam hardening
(Arbabi et al., 2015; Pouran et al., 2016b). Moreover, the minimum
bath size to sufficiently feed the deep zones of cartilage could be
determined using advanced computational techniques (Pouran
et al., 2016a). The ratio of solute diffusivity in the bath to that of
the cartilage has been also shown to be critical (Pouran et al.,
2016a). Using confined volumes of external bath enables studying
the actual diffusive behavior of cartilage in the confined joint
space. The concentration of the applied bath affects the diffusion
in two ways: (1) possible deviations from the Fick’s assumption
particularly in baths containing charged particles (charge
repulsion-assisted transport) and (2) increased osmolality that
affects the compaction of the matrix components which may affect
the transport (Pouran et al., 2016b). The associated complexities
involved in some baths, such as those discussed, could be over-
come through application of computational methods.
4.6. Image acquisition

The scan time is of utmost importance in CT- and MRI-, and
fluorescent-based diffusion experiments. Recording the solute dif-
fusion during the first few minutes after exposing the cartilage to
the bath may be critical to determine the solute diffusivity and/
or solute flux in the superficial zone (i.e. the first �20% of the entire
cartilage thickness). Then, the short scan times that have become
available through sophisticated CT and MRI machines are benefi-
cial, particularly when the solute of interest is small. The required
scanning time of few minutes to few tens of minutes required by
most micro-CTs and mMRIs, respectively, may limit the imaging
in such cases. Preparatory steps, such as active motion of the joints,
are crucial in the clinics to allow sufficient distribution of the con-
trast agents into the cartilage. Although long waiting times allow
for sufficient penetration of the solute, they cause faster clearance
from the joint (Sigurdsson et al., 2016; Sigurdsson et al., 2014).
Optimal waiting time, e.g., imaging at 120 min after injection of
dGEMRIC, has been therefore applied (Sigurdsson et al., 2016).

For the CTs with spatial resolution defined by the FOV, proper
selection of the dimensions of sample is needed to ensure suffi-
cient volume coverage. Moreover, in-vivo scans of relatively large
rabbits and rats, two important animal models, could be challeng-
ing as well as proper positioning of the animal to allow sufficient
view of the region of interest. Therefore, scanning of injected larger
joints, for instance in rabbits, may be associated with relatively
lower spatial resolutions, which may impair the investigation of
diffusion in different cartilage zones. Application of fluorescent
microscopy obviously is limited to studying diffusion across thin
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ex-vivo slices and therefore monitoring temporal diffusion behav-
ior in 3D becomes literally infeasible.
4.7. Equipment cost

Selection criteria for the appropriate imaging tool should take
instrument cost into account as well. Although the high cost of
MRI systems may be seen as a disadvantage, it is counterbalanced
by capability of determining the diffusion attributes of water mole-
cules in a minimally invasive manner. On the other hand, clinical
CT and micro-CT systems with lower costs allow for high-
resolution 3D imaging of diffusion process. Involvement of ionizing
radiation, however, could be a concern when designing animal
experiments and clinical studies. Among the systems reviewed so
far, the fluorescent microscopy techniques are the most accessible
and cost-efficient, which also allow for studying the diffusion of a
wide range of molecules.

The pros and cons as well as the selection criteria for the imag-
ing systems discussed earlier are summarized in Table 1 and Fig. 2.
Fig. 3 illustrates the different scales of imaging tools ranging from
clinical to ex-vivo applications.
5. Transport augmentation

Enhancing solute transport could revolutionize drug delivery
strategies as well as image acquisition technologies. The ECM of
articular cartilage presents a densely-packed structure and is
highly negatively charged, which hinders the transport of
polymer-based therapeutics and negatively-charged solutes
(Bajpayee and Grodzinsky, 2017). One way to enhance the reten-
tion of the drugs is to modify them with ligands, e.g. WYRGRL (a
peptide sequence of collagen II binding domain), which binds to
collagen II and allows matrix binding (Rothenfluh et al., 2008).
On the other hand, the size of the particles governs their ability
to penetrate through the matrix. Sufficiently small nanoparticles
(<38 nm) were initially believed to diffuse across various zones
of cartilage (Rothenfluh et al., 2008). However, synthesized
nanoparticles often present a Gaussian size distribution, which is
remarkable as a later study suggested that even 15 nm quantum
dots only penetrate into a small fraction of the superficial zone
after 24 h (Bajpayee et al., 2014b). The same study concluded that
the transport is size- and shape-dependent. Traumatic damage of
cartilage was shown to facilitate the transport of fragments of
anti-inflammation therapeutics (anti-IL-6 antigen binding frag-
ments, �48 kDa) unlike the full-sized antibodies (Byun et al.,
2013). As already mentioned, molecules larger than 15 nm experi-
ence difficulty penetrating into ECM, although positively charged
gene delivery agents (i.e. self-complementary recombinant
adeno-associated virus vectors) even with 20 nm size could be suc-
cessfully delivered across articular cartilage of equine midcarpal
joint (<1 mm thick (Lee et al., 2014))(Watson et al., 2013). Harness-
ing electrostatic features enabled more efficient delivery of some
therapeutics, driven through an electrochemical gradient, com-
pared to diffusion only-based delivery, e.g. Dexamethasone to the
cells and matrix targets. Avidin (7 nm, 66 kDa, net charge = +20),
unlike NeutroAvidin (7 nm, 60 kDa, net charge = 0) dramatically
increased the retention (minimum 15 days) and uptake (400 times
larger than that of NeutrAvidin) inside bovine cartilage explants
owing to electrostatic partitioning and binding to ECM. Avidin
was found to penetrate through full thickness rabbit cartilage
and remained bound within for at least 3 weeks in an ACL-
transection rabbit model of post traumatic osteoarthritis
(Bajpayee et al., 2017). Consequently, positively charged Avidin
was shown to deliver dexamethasone inside the cartilage, thereby
controlling the cytokine induced GAG loss over a period of three



Fig. 3. Application of predominant imaging tools to study solute transport across articular cartilage (Arbabi et al., 2015; Bajpayee et al., 2014b; de Visser et al., 2017;
Nieminen et al., 2012; Oei et al., 2014; Wachsmuth et al., 2003) (Reprint with permission from Elsevier, ASME and Wiley).
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weeks with only a single low dose of the drug (Bajpayee et al.,
2016).
6. Conclusions

This review provides an overview of the practical aspects of
solute transport through articular cartilage, particularly in light
of imaging perspectives in clinic and experimental setups. First,
the transport mechanisms and their underlying background were
reviewed and the effects of bath attributes on diffusion, which
are often overlooked, were discussed. In short, fluorescent micro-
scopy enables high-resolution diffusion of large molecules in rela-
tively short amount of time and in different zones, as well as in
pericellular matrix, although out-of-plane study is limited to few
hundred microns. Instead, several thin tissue sections can be pre-
pared and the diffusion can be monitored. Unfortunately, this
inflicts disruption of tissue integrity. Advanced techniques such
as FCS and RICS were recently applied to investigate the micro-
diffusive properties of cartilage although care should be taken to
minimise potential phototoxicity. MRI has been extensively
applied to measure the diffusion of typically small molecules,
e.g., Gd-DTPA2� and water, and high-resolution MRI substantially
ameliorates the accuracy when measuring the diffusivity in 3D.
However, relatively long scan times associated with this technique
and low out-of-plane resolution limit its application, particularly if
different zones of cartilage are studied. Even though CT-based
techniques have been widely used mainly for measuring the 3D
diffusivity of small iodinated molecules and offer high resolutions
and short scan times, their immediate application is somewhat
challenged for measuring the diffusion of larger therapeutic
molecules which are often radiolucent. In the end, as delivering
and retention of therapeutics have long been to high extent associ-
ated with critical challenges, guidelines with respect to namely,
drug incorporation in positively charged carriers, considerations
of cartilage thickness and charged bath-cartilage interactions were
provided. The review, by providing sufficient tools and guidelines,
can assist future research efforts on diffusion-aided cartilage imag-
ing and quantitative characterization of solute diffusion using
imaging techniques.
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