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ABSTRACT
It is biologically and clinically important to understand and explain the functional
properties of cartilage, such as its load bearing and lubricating ability, in terms of the
structure, organization, components and their interactions. Our approach tries to explain
functional material properties of these tissues as arising from polymeric interactions
between and among the different molecular constituents within the tissues at different
hierarchical lengthscales. We treat the tissue effectively as a complex molecular composite
containing highly charged polysaccharide microgels trapped within a fine collagen
meshwork. We have been developing a multi-scale experimental and theoretical
framework to explain key material properties of cartilage by studying those of its
constituents and the interactions among them at a variety of length and time scales. We use
this approach to address important biological questions. One novel application we highlight
here is the use of non-invasive magnetic resonance imaging (MRI) methods to characterize
different components and compartments within cartilage and the different water
environments associated with each one, in an attempt to provide a comprehensive picture of
the mechanical/chemical state of cartilage.
INTRODUCTION
The primary biological functions of articular cartilage are to provide compressive
resistance to joints under loading, and to help lubricate joints.1 Articular cartilage can be
described as a composite matrix made of distinct biopolymer components saturated with water
and mobile ions. Water constitutes an average of 65 to 80% of the total weight for normal tissue.
Many of cartilage’s physical properties are controlled by the non-uniform distribution of the
interstitial water from the surface to deep zones.2 Two tissue components help determine the
mechanical properties of cartilage—collagen molecules and negatively charged proteoglycans
(PGs). PGs produce high osmotic swelling pressure that inflates the tissue and the collagen
network acts to resist it.1, 3
Collagen Type II constitutes about 75% of the dry tissue weight. It can form fibrils in
various sizes with a spatial arrangement of a triple helix.2, 4 The PGs are macromolecules that
constitute 20%-30% of the dry tissue weight. The PG aggrecan consists of an inner protein core
with attached glycosaminoglycan (GAG) molecules in a bottlebrush structure, with chondroitin
sulfate (CS) and keratan sulfate (KS) chains decorating the protein core.5, 6 At physiological pH,
aggrecan possesses a high-net negative charge caused by ionized carboxylate and sulfate groups
on the CS and KS chains. The total negative charge in the tissue is characterized by the fixed

charge density (FCD).7 The high content of negatively charged groups is responsible for the
strong water affinity of the PGs. Each negative charge requires a mobile counter-ion to maintain
electroneutrality within the interstitium.8 This equilibrium creates an imbalance of mobile ions
between the external solution and the interstitium, which leads to a macroscopic swelling
pressure often identified as the Donnan osmotic pressure.9, 10 At equilibrium, the swelling
pressure in articular cartilage is balanced by tensile forces generated in the collagen network.3
Together, the swelling pressure of the PG and the tensile strength of the oriented collagen fiber
meshwork provide the unique load bearing and lubrication characteristics of articular cartilage.
Articular cartilage is a relatively ordered tissue. The non-calcified cartilage can be
subdivided on the basis of the orientation of the collagen fibers into three zones: the superficial
or surface zone, followed by the transitional or middle zone and the radial or deep zone.11, 12 In
the superficial zone the collagen fibrils are oriented parallel to the articular surface. This zone
has a relatively low PG content and therefore lower permeability to fluid flow, which resists flow
when cartilage is compressed.13 In the transitional zone the collagen is mostly randomly oriented
and the fibers are larger.14 Here, the PG content is the highest, rising from 10% (per dry weight)
in the superficial zone to 25%. As discussed earlier, the high PG content yields high swelling
pressure. In the radial zone the collagen fibrils form bundles that are oriented perpendicular to
the calcified bony interface. The PG content in this zone is low.
Characterizing water dynamics within the tissue is of high interest. Connective tissues,
such as articular cartilage, contain ordered structures that induce anisotropic motions of water
molecules interacting with them. These can be broadly categorized as bound water (to
macromolecules), or bulk water, in which the molecules are moving isotropically.15 These
different molecular motions can be detected and differentiated by combining several nuclear
magnetic resonance techniques.
TECHNICAL BACKGROUND
The anisotropic motion produces residual dipolar (1H) interactions that are not averaged
to zero during the NMR timescale, and the corresponding NMR spectra are characterized by a
splitting of the lines. In most biological tissues the splitting is small due to the small fraction and
the small order parameter of the bound water. Moreover, this splitting is usually masked by the
large signal produced by the bulk water. A major disadvantage of all single-quantum (SQ)
spectroscopy methods (i.e., the most widely used methods) is that both the free and bound water
molecules contribute to the overall detected signal in a volume-weighted manner.15 An
alternative to SQ MR is double-quantum filtered (DQF) MR. After applying a DQF, the detected
signal arises exclusively from the bound water molecules, effectively eliminating signal from the
free water compartment.16 The ability to detect the signal arising from the bound water is very
powerful, since it yields contrast that depends on the binding environment (e.g., the protons and
proton associated groups on macromolecules, their density and distribution). This method has
found wide application in connective tissues, such as cartilage, tendon, and even studying
components of the sciatic nerve.16, 17
Because the unique molecular architecture and structure of cartilage determines the
tissue's functional properties, obtaining structural and spatial information regarding the different
macromolecules that constitute cartilage tissue are of great value toward developing a
comprehensive description and characterization of that tissue in health, development and disease.
The macromolecular length scale (i.e., nanometer length scale) is a very informative one,

however, probing it with non-invasive methods is challenging. DQF MRI provides us with an
ability to detect signal that arises from protons associated with macromolecules, and their
environment at this length scale.
The main objective of this work is to characterize possible structural changes in loaded
cartilage associated with dehydration and rehydration. DQF Magnetization Transfer (MT) ultrashort time-to-echo (UTE) MRI (which is detailed in the Experimental Section) was applied to
cartilage samples that underwent osmotic stress, and compared to control samples. Specifically,
we aim to establish whether cartilage dehydration is reversible. We use DQF-MT-UTE
experiments after equilibrating cartilage under different osmotic pressure conditions, followed by
the same MR protocol after a rehydration period, in order to see if changes are reversible.
THEORY
An extensive theoretical framework describing the dipolar interactions of 1H by DQF
spectroscopy and their effect on the acquired signal have been reported previously.17 Only the
relevant theory will be discussed here. Under the following conditions, ܶܶ ا ܧଶ ǡ ܶ ا ܯܮݐଵ, and
ߜ ݇ ا, the free induction decay (FID) signal from a DQF experiment is
ଶ
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where TE is the echo time, ݇ is the rate of proton exchange, ߜ ൌ ͵߱ , and ߱ is the protonproton residual dipolar interaction, and  ܯܮݐis the time the magnetization is transferred from the
water to the macromolecules (Fig. 1). The proton exchange rate (݇) describes a chemical reaction
in which a covalently bonded hydrogen atom is replaced by another hydrogen atom. Its values
usually range between ͳ െ ͳͲ݇ݖܪ. The residual dipolar interaction (ߜ ) between two spins in a
molecule occurs if the molecules exhibit a partial alignment leading to an incomplete averaging
of spatially anisotropic dipolar couplings. These interactions usually range between ͵Ͳ െ
͵ͷͲݖܪ. The spin–spin relaxation times ሺܶଶ ሻ typically range between ͵ െ ͶͲ݉ݏ.
EXPERIMENTAL
The in-phase DQF pulse sequence17, 18 (Fig. 1) was used since it results in a signal similar
to a spectrum obtained in a single-pulse free induction decay (FID) experiment. A variation of
the in-phase DQF pulse sequence includes the addition of a π pulse in the middle of the
creation/reconversion period, τ/2. This pulse refocuses the chemical shift and magnetic field
inhomogeneities thus allowing the use of relatively long τ/2 values (typically longer than 100
μs). In order to obtain spatial localization, an imaging block is applied immediately after the
DQF. Connective tissues are characterized by a short ܶଶ , which makes imaging very challenging
due to their rapid relaxation. The ultra-short time-to-echo (UTE) MRI technique enables imaging
tissues with a very short echo time (TE), with a high signal to noise ratio.19, 20 It was recently
shown19 that the combination of DQ and magnetization transfer (MT) filtering with a UTE
imaging block could generate contrast between different tissues. In addition, the DQF-MT-UTE

signal dependence on the creation/reconversion time interval (τ/2) provides information
regarding the collagen protons.

Figure 1. DQF-MT weighted UTE
imaging pulse sequence and the
coherence pathway. The given pathway
is selected by the appropriate phase
cycling. τ/2 is the creation/reconversion
time, and tLM is the exchange time
interval. Hard π/2 pulses were 17 - 18 μs.
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H-MRI experiments were conducted on a 14.1 T AVANCE III Bruker spectrometer
equipped with a Bruker micro2.5 imaging gradient system. The pulse sequence shown in Fig. 1
was used followed by a commercially available 2D UTE MRI pulse sequence (Bruker) for
spatial localization.
Two cartilage-bone plugs, 8 mm in diameter were obtained from bovine femoral head
joint (Roseda Beef, Baltimore, MD). The plugs were then cut in the middle to provide two
comparable samples, referred to hereinafter as control and treated samples. Both were placed in
the same NMR tube and aligned to one another, since they are two halves of the same plug. First,
the treated sample was subjected to osmotic stress until a steady state was reached (> 48 hours).
Subsequently, the same treated sample was re-hydrated in PBS solution until equilibrium was
reached (> 48 hours), then it was put with the control sample in a perfluoropolyether (Fomblin
LC/8, Solvay Solexis, Italy) filled 10mm NMR tube, and scanned. Osmotic pressure loading was
achieved by immersion in poly(vinyl-pyrrolidone) (PVP) solution of known osmotic pressure
that dehydrated the sample. The treated samples were separated from the PVP solution by a
dialysis bag in order to prevent penetration of polymer molecules into the cartilage.21, 22 Two
different concentrations of PVP solutions were prepared, 0.3, 0.35 (used on samples 1 and 2,
respectively), corresponding to the osmotic pressure, ȫ ൌ 0.67 MPa and 0.94 MPa,
respectively.23 The MRI scanning protocol involved varying τ/2 in the range 100 μs - 10 ms,
while the exchange time, tLM, was kept constant at 0.5 ms. In all of the measurements, TE was
237μs. The total number of acquired images for each of the samples was thirteen. Each image
was averaged eight times.
RESULTS
To obtain meaningful results for the behavior of water in cartilage we first investigated
the reversibility of the hydration-dehydration process. To this end cartilage specimens were
equilibrated with solutions of various concentrations. After deswelling (dehydration) each
sample was rehydrated. Fig. 2 shows that the deswelling-reswelling process is practically
reversible in the range 0 <  < 0.5 MPa. For higher values of  hysteresis was observed. The
degree of swelling of the rehydrated tissue is smaller than before dehydration. This finding

suggests that dehydration favors the formation of hydrogen bonds (and other non-covalent
intermolecular interactions) among cartilage constituents, thus preventing complete rehydration.

Figure 2. Dehydration (o) and rehydration
(filled symbols) plots for a 2-year old bovine
cartilage sample show a small degree of hysteresis.

The experimental data acquired from the MR scans were normalized by the
corresponding proton density image, and then fit according to Eq. 1, pixel-by-pixel. The
parameters ͳΤ݇ and ܶଶ were obtained from the rise and decay time of the bi-exponential function
in Eq. 1.
Distinct domains within the cartilage, where the estimated signal decay curves are
similar, were found by clustering with an iterative K-means algorithm (K=7). This method
provides an unsupervised means for comparison between the treated and untreated halves while
considering the effect on both ͳΤ݇ and ܶଶ together. The maps showing the various tissue clusters
are shown in Figs. 3A and 3B, for samples 1 and 2, respectively. In each image, the clusters are
shown superimposed on the proton density UTE image of the cartilage. Each sample consists of
two parts, control (left) and treated (right). Beneath the clusters images are the mean signal decay
curves of each of the clusters, where Figs. 3C and 3D correspond to sample 1 and 2.
Residual dipolar interaction (ߜ ሻ maps were calculated according to17
ߜ ൌ

ͳ
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and are presented in Figs. 4A and 4B for samples 1 and 2, respectively. In each image the sample
consists of two parts, control (left) and treated (right).

Figure 3. Distinct domains within the cartilage, where the estimated signal decay curves are similar,
were found by an iterative K-means clustering algorithm (K=7). The clusters (different colors) are
shown on top of the proton density UTE MRI of the cartilage for sample (A) 1 and sample (B) 2. In
these cases, the control half is on the left and the treated half is on the right. The mean signal decay
curve of each of the clusters is then shown for sample (C) 1 and sample (D) 2.

Figure 4. Water residual dipolar interaction (ߜ ሻ parametric maps of samples (A) 1 and (B) 2 shown
superimposed on a proton density UTE MRI of cartilage and a small bone portion. In each image, the
control half is on the left and the treated half is on the right.

DISCUSSION
Unsupervised clustering within the cartilage provides unbiased means for identifying
distinct domains and comparing the response between the treated and untreated halves while
considering the effect on both ͳΤ݇ and ܶଶ . When examining the control half in each of the
samples (Figs. 3A and 3B – left side) a similar clustering pattern is evident, thus demonstrating
reproducibility and robustness. This arrangement is consistent with our knowledge of the layered

macrostructure of cartilage. It is clear that the dehydration-rehydration process affects the
observed signal decay curve by altering both ͳΤ݇ and ܶଶ . This change is evident from the
arrangement of clusters on the right side of Figs. 3A and 3B. The effect of the osmotic pressure
amplitude is also apparent. The arrangement of the 3 upper clusters in the treated half of sample
1 seems to correspond nicely to the control, while in sample 2 this consistency does not exist.
The water’s residual dipolar interaction (ߜ ) parameter combines the effects of ͳΤ݇ and
ܶଶ (according to Eq. 3). In general, ߜ should increase as the order within the tissue increases.
When examining the control half in each of the samples (Figs. 4A and 4B – left side) a
monotonic increase in the residual dipolar interaction is evident with increased proximity to the
bone interface. The contrast agrees with previous findings24 and is explained by the differences
in orientations of the collagen fibers. A general drop in ߜ is noticeable after applying the
dehydration-rehydration process, while it is stronger for sample 2 (treated with higher osmotic
pressure).
The drop in ߜ and the rearrangement of clusters in Figs. 3A and 3B indicates a reduction
in the order within the tissue, possibly, related to collagen fiber re-orientation. The deep zone is
especially affected in both the clusters maps and the ߜ maps. This region might be particularly
sensitive to collagen fibers re-orientation because of its highly ordered microstructure in healthy
cartilage.
When comparing biological samples, there can always be difference whic lead to
systematic errors. Apart from this unavoidable bias, which we try to mitigate by comparing
halves of the same tissue specimen, low SNR can lead to error in the fit to Eq. 1. Such an error
directly impacts the estimated parameters, namely, ͳΤ݇ and ܶଶ . Other errors might arise when
the conditions under which Eq. 1 is valid (see Theory Section), are not fulfilled.
While preliminary, this work presents a novel quantitative imaging of cartilage. Further
samples should be scanned and analyzed to establish robustness.
CONCLUSIONS
This study presents an approach for assessing structural changes at the nanometer length
scale in loaded cartilage using a noninvasive high-resolution MRI technique. Molecular
architecture in cartilage determines its functional properties. Since DQF MR detects signal from
protons associated with macromolecules, it can be used to illuminate the tissue’s function.
All of the estimated MR parameters monotonically vary as a function of cartilage depth,
which is consistent with its layered macrostructure. The dehydration-rehydration process leads to
a reduced dipolar interaction, which can result from collagen fiber re-orientation.
Further experiments with a wider range of osmotic pressures, as well as a two-stage
measurement (after dehydration and after rehydration) would provide deeper insight and more
conclusive results.
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