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Abstract
The concentration of glycosaminoglycan (GAG) in articular cartilage is known to be an important determinant of tissue
mechanical properties based on numerous studies relating bulk GAG and mechanical properties. To date limited information exists
regarding the relationship between GAG and mechanical properties on a spatially-localized basis in intact samples of native tissue.
This relation can now be explored by using delayed gadolinium-enhanced MRI of cartilage (dGEMRIC––a recently available nondestructive magnetic resonance imaging method for measuring glycosaminoglycan concentration) combined with non-destructive
mechanical indentation testing. In this study, three tibial plateaus from patients undergoing total knee arthroplasty were imaged by
dGEMRIC. At 33–44 test locations for each tibial plateau, the load response to focal indentation was measured as an index of
cartilage stiﬀness. Overall, a high correlation was found between the dGEMRIC index (T1Gd ) and local stiﬀness (Pearson correlation
coeﬃcients r ¼ 0:90, 0.64, 0.81; p < 0:0001) when the GAG at each test location was averaged over a depth of tissue comparable to
that aﬀected by the indentation. When GAG was averaged over larger depths, the correlations were generally lower. In addition, the
correlations improved when the central and peripheral (submeniscal) areas of the tibial plateau were analyzed separately, suggesting
that a factor other than GAG concentration is also contributing to indentation stiﬀness. The results demonstrate the importance of
MRI in yielding spatial localization of GAG concentration in the evaluation of cartilage mechanical properties when heterogeneous
samples are involved and suggest the possibility that the evaluation of mechanical properties may be improved further by adding
other MRI parameters sensitive to the collagen component of cartilage.
 2004 Orthopaedic Research Society. Published by Elsevier Ltd. All rights reserved.
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Introduction
The past decade has seen tremendous growth in eﬀorts
to establish non-invasive assessments of articular cartilage. These eﬀorts are motivated by a compelling need to
visualize cartilage features that are aﬀected by disease or
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injury and that are expected to be modiﬁed by therapeutic strategies. Magnetic resonance imaging (MRI)
approaches have emerged as the preferred means of
imaging cartilage anatomy [10,13,35,36], and numerous
techniques are under development for the MRI assessment of cartilage biochemical properties [7,12,14,18,
40,45].
Though anatomy and biochemistry of cartilage are
undeniably important metrics, the functional integrity of
the tissue is reﬂected in its mechanical properties.
Therefore signiﬁcant eﬀorts have been made to relate
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biomechanical and biochemical properties. Abundant
ex-vivo studies have shown that the load-bearing capacity of cartilage is dependent on the glycosaminoglycan
(GAG) content. The structure-function relationship between GAG composition and mechanical properties has
been observed in numerous studies examining normal,
diseased, and experimentally-manipulated cartilages
from humans and other species [1,2,15,19,20,22–25,30,
37,41], although in some studies the relationship was not
as clear [5,16]. Taken together, these past studies indicate
a generally strong correspondence between bulk tissue
GAG and mechanical properties, with most of the studies
involving homogeneous normal cartilage samples or
homogeneously-degraded cartilage samples, and all depended on bulk assays to provide the biochemical correlate.
However, arthritis results in a spatially-heterogeneous
distribution of GAG, motivating the need for spatiallylocalized GAG and mechanical measurements. GAG
concentration can now be measured non-destructively
and locally. In particular, a non-destructive image of
GAG concentration can be obtained using a recentlydeveloped charge-based MR method [8]. This method
relies on the spatial distribution of the anionic paramagnetic MRI contrast agent gadolinium diethylene
triamine pentaacetic acid (Gd(DTPA)2 ), which distributes within the tissue in inverse relation to the concentration of the negatively-charged sulfated GAG.
Using well established biophysical relationships, the
relaxation time T1Gd (deﬁned below) measured by
MRI can be used to compute the concentration of
Gd(DTPA)2 , which in turn can be used to compute the
GAG concentration ([GAG]). This method, which has
been validated against biochemical and histological
measures and has been successfully implemented both in
vitro and in vivo [8], is referred to as dGEMRIC: delayed
Gadolinium-Enhanced MRI of Cartilage (‘‘delayed’’
since the method depends on having full penetration of
Gd(DTPA)2 into the tissue and therefore requires a
delay between the time the tissue is ﬁrst exposed to the
contrast agent and the time imaging is done).
The goal of the current study was to examine the
relationship between localized measures of GAG concentration and localized measures of tissue biomechanical properties in intact human cartilage samples
obtained from total knee arthroplasties. In particular,
localized stiﬀness as measured by mechanical indentation was correlated with a co-localized index of GAG
measured by dGEMRIC. We further took advantage of
the spatial information provided by MRI to examine
whether the correlations using full-depth measures
of GAG (as would normally be used for biochemical measurements) were similar to or diﬀerent from
correlations using GAG measured over the depth corresponding with the volume of tissue probed mechanically.

Methods
Tissue harvest and sample preparation
Human tibial plateaus were obtained from patients undergoing
total knee replacement surgery. The specimens were immediately
cleaned of remaining capsular or ligamentous soft tissue and frozen
until testing. One sample (HT11A) was scanned and mechanically
tested without prior or intervening freezing. All procedures abided by
the normal human studies regulations, including approvals from our
institutional IRBs. A total of three plateaus were studied: HT3A (from
a 62 year old patient), HT6A (78 years) and HT11A (81 years).
In each of the three, the medial plateau and small areas on the
lateral plateau had to be excluded due to severe degeneration or ﬁssures in the cartilage surface. Rectangular regions of visibly-intact
surface amenable for study, approximately 21 mm long by 15 mm
wide, were cut from the plateaus, creating osteochondral samples
including about 3–5 mm of subchondral bone. These samples were
mounted on acrylic registration plates (see below) with epoxy cement.
All exposed bone surfaces were sealed with epoxy (Devcon 5-min
epoxy; Devcon, Danvers, MA) to minimize the release of serum proteases from the bone marrow. Several investigators have reported that
freezing at )20 C does not aﬀect the material properties of cartilage
[4,26,31]. We obtained reproducibility of mechanical measurements
within ±8% on average even with repeated freeze-thaw cycles and with
up to a three month interval between tests [38].
A registration plate provided rigid sample ﬁxation and a grid of
ﬁducial marks. The MR scans were oriented so that each image included both a cross-section of the tissue sample and a subset of the
marks, which were small dimples in the registration plate made MR
lucent by ﬁlling them with Gd(DTPA)2 in agarose gel. The marks
were asymmetrically distributed to allow unambiguous identiﬁcation
of slice number and orientation on the MR scans. A peripheral marker
hole, outside the border of the sample, served as an origin to establish a
coordinate frame for mechanical testing that could be directly registered with the MR coordinate frame [38].
MR imaging
The dGEMRIC protocol was used to provide an index of [GAG]
from T1 images of tissue equilibrated in Gd(DTPA)2 . Speciﬁcally,
each sample, attached to its registration frame, was entirely immersed
in a minimum of 500 ml of 2 mM Gd(DTPA)2 (Magnevist; Berlex
Laboratories, Wayne, NJ) in Hanks Balanced Salt Solution (Gibco
BRL Life Technologies, Grand Island, NY) and equilibrated with
continual stirring for a minimum of 12 h at 4 C. The entire frame was
then wrapped to prevent sample dehydration, placed in a 25 mm RF
coil, and imaged using an 8.45 T Bruker DRX MRI system (Bruker
Instruments, Billerica, MA). Samples were imaged at room temperature using an inversion recovery (IR) sequence, acquiring nine images
with inversion times between 20 and 1000 ms and TR of 1200 or 1500
ms. A matrix size of 256 by 256 and ﬁeld of view of 2.56 cm by 2.56 cm
(yielding in-plane resolution of 100 lm) with 2 averages were used.
Section thickness was 1.5 mm, equal to the indenter diameter. Multiple
parallel imaging sections spaced by 3 mm were taken to cover the
entire sample. With these parameters, total imaging experiment time
was approximately 3 h.
Maps of T1Gd (T1 measured after equilibration with Gd(DTPA)2 )
were computed from the IR image sequences by computing the best ﬁt
of the parameters M0 , A, and T1 to the theoretical biexponential signal
recovery function at each pixel position:
sðM0 ; A; T1 ; TI; TRÞ ¼ jM0 ð1  2AeðTI=T1 Þ þ eðTR=T1 Þ Þj
where s is the measured MRI signal intensity (i.e., the pixel intensity in
the IR image), T1 is the spin–lattice relaxation time which we wish to
estimate, M0 is proportional to the proton density, A is a constant
related to experimental conditions, TI is the inversion time used for the
image, and TR is the repeat time (a constant for all images in a given
study).
GAG concentration maps were calculated from the T1Gd maps
according to previously-validated equations [6]. For these calculations,
T1tissue (T1 in the absence of Gd(DTPA)2 ) was assumed to be uniformly
equal to 1.7 s, and relaxivity, r, uniformly equal to 4.5 (mM s)1 . We
have previously reported that at 8.45 T, T1tissue in native and trypsin-
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depleted bovine cartilage ranges from 1.57 to 1.88 s, and r ranges from
4.18 to 4.5 (mM s)1 [17]. With this range of variability, the error incurred in computing Gd(DTPA)2 by assuming a constant T1tissue is
±2%; the error incurred by assuming a constant r is +8% to )4%. This
degree of potential error was considered acceptable for this initial
study.
Mechanical indentation testing
To obtain an index of mechanical properties, the cartilage was
indented at a regularly-spaced array of locations using a custom-built,
precision compression testing apparatus. This mechanical spectrometer
provided computer-controlled vertical (z-axis) displacement of an
indenter (positional accuracy 1 lm) while continuously measuring
in-line load (0.1 g resolution).
We chose to match the geometry of a standard arthroscopic probe
tip by utilizing a rigid, non-porous, hemispherically-tipped indenter
with a diameter of 1.5 mm. The indenter was positioned at target
locations on the sample surface by vertical (z-axis) displacement of the
indenter and horizontal (x, y-axis) translation of the sample with a twoaxis linear translation stage. Positioning accuracies and repeatability
were typically ±10 lm [38], which is well under the dimension of a pixel
(100 lm) in the MR images.
At the time of mechanical testing, the sample and registration plate
were attached to the bottom of a polycarbonate hydration tank ﬁlled
with Hank’s solution. For each measurement, the indenter was positioned above the desired test location and then slowly lowered at a rate
of 10 lm/s until a tare load of 1 g was reached. The indenter was then
displaced into the cartilage surface with a half cycle of a 0.25 Hz
sinusoidal displacement waveform to a peak amplitude of 300 lm. The
resulting peak load was measured and used as a measure of mechanical
stiﬀness. All test sites were at least 2.25 mm from the edge of the
specimen (a minimum of approximately four times the indenter-tissue
contact radius at maximum indentation). These tibial plateau samples
were all relatively ﬂat, so that a single positioning of the sample to be
visually perpendicular to the indenter served for all test sites. For one
sample, multiple sites were tested on three separate occasions over
three months by two independent operators; agreement in measured
peak loads across all locations tested was, on average, within 8%,
suggesting that this protocol is quite robust and that the sample
preparation and storage methods preserved mechanical integrity over
time [38]. With this displacement amplitude, estimated peak stresses
were always under 4 MPa.
Apparent indentation stiﬀness (i.e. the ratio of measured load to
indentation depth) depends on cartilage thickness, with apparent
stiﬀness increasing with thinner tissue. Various models of indentation
[21,28,29,38] have shown that apparent stiﬀness increases dramatically
when cartilage thickness is less than the indenter diameter. Consistent
with those reports, a ﬁnite-element analysis we conducted for the
speciﬁc parameters of our study (300 lm displacement of a 1.5 mm
diameter spherically-tipped indenter) indicated that the apparent
stiﬀness varies by less than ±10% with variation in cartilage thickness
between 2 and 5 mm [38]. By comparison, at 1 mm thickness the
apparent stiﬀness increases by approximately 50% compared to a 2 mm
thick layer. The median cartilage thickness at loci tested in the present
study was 2.5 mm, with a range of 1.4–4.2 mm, with over 80% of the
test sites having cartilage thickness greater than 2 mm, suggesting that
eﬀects of thickness variations on apparent stiﬀness were likely to be
minimal in the present study. To conﬁrm this, analysis was also done
after excluding all loci having cartilage thickness less than 2 mm.
Computing an index of [GAG] at the test loci
To establish an index of cartilage [GAG] at each indentation site,
T1Gd was averaged over a region of interest (ROI) that corresponded
with each indentation site. Speciﬁcally, pixels underneath the indenter
and to a depth of twice the indentation depth (corresponding to a
square column, 1.5 mm by 1.5 mm, 600 lm deep) were included in the
average for a site. This served as a ﬁrst-order approximation of the
tissue most directly ‘‘sensed’’ by the mechanical probe. In support of
this selection of a sensing volume, we computed that VonMises stress
under the indenter is estimated to drop by about 50% at a depth of
twice the indentation [38].
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Quantifying the relationship between MRI and mechanical indices:
statistical analysis
Correlation between T1Gd averaged over the ROIs and the peak load
responses was evaluated statistically using the Pearson correlation test.
This analysis was done: (i) for full data sets from each plateau, (ii) for
the combined data from all three tibial plateaus, and (iii) for two
functionally-distinct regions in each plateau (the peripheral region
normally covered by the meniscus and the uncovered central region).
For analysis (iii), we categorized test loci as ‘‘submensical’’ or ‘‘central’’ only if they were unambiguously in the respective region; test
locations near the border of the meniscus were excluded. For each
correlation test, statistical signiﬁcance was determined from a t-test,
with a null hypothesis that the Pearson correlation equals 0; p-values of
less than 0.05 were considered signiﬁcant. The slopes of the linear
regressions for data from diﬀerent plateaus were compared using
analysis of covariance to compute the F statistic.

Results
A total of 119 test sites from three tibial plateaus were
measured both mechanically and by dGEMRIC. Across
all samples and loci tested, peak load responses ranged
from 20 g to approximately 500 g. For the indenter
geometry and indentation depth employed, the contact
area was about 1.4 mm2 , yielding an estimated applied
stress ranging from 140 kPa to 3.5 MPa. For comparison to other studies, the range of load responses we
observed corresponds to an approximate elastic modulus range of 0.6 MPa to 14 MPa, determined from a
ﬁnite element model with the indenter geometry and
depth employed and under the assumptions of cartilage
elasticity, homogeneity, isotropy, and Poisson’s ratio m
near 0.5 [38]. Locally-averaged T1Gd at the sites of
indentation ranged from 101 to 203 ms, which corresponds to a range of local [GAG] of 0 mg/ml to 53
mg/ml.
To appreciate the comparison between dGEMRIC
and mechanical data, consider three separate image slices from one sample and their corresponding mechanical stiﬀness proﬁles (Fig. 1). The three sections of this
sample demonstrate three diﬀerent patterns of [GAG]
and stiﬀness variation: a focal area of deﬁcit, a region of
relatively uniform [GAG], and a region in which [GAG]
increases from one end of the sample to the other. In
each case, a correlated pattern of load response (i.e.,
stiﬀness) variation and locally-averaged [GAG] variation is evident across the 11 colinear loci of each slice. In
particular, the sensitivity of the test methodology to the
presence of a focal lesion is demonstrated in Figs. 1a and
d. Here, a focal area of [GAG] depletion, evident in both
the [GAG] map (Fig. 1a) and the corresponding locallyaveraged [GAG] proﬁle (Fig. 1d), is associated with a
correlated pattern of reduction in peak load response
(Fig. 1d).
When data from all loci on a given sample were
considered, the load response (and therefore stiﬀness)
was found to be strongly correlated with locally-averaged T1Gd , with Pearson correlation coeﬃcients of 0.90,
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Fig. 1. (a)–(c) [GAG] maps of three adjacent sections of human tibial plateau (sample HT3A). Color map of the cartilage shows distribution of
[GAG] (mg/ml). The numbered arrows in (a) show the positions of 11 loci where stiﬀness measurements were performed. Similar sets of loci are
deﬁned for (b) and (c). MRI-lucent registration markers in the registration plate are visible beneath each sample. Loci and adjacent sections are
spaced by 3 mm. In (a), an area of relative GAG depletion can be seen extending from locus 5 to locus 10. (d)–(f): Peak load responses (solid blue
curves) and locally-averaged [GAG] values (dotted red curves; 600 lm depth of averaging) show similar variation across the 11 colinear locations in
each slice. Especially noticeable are the focal reduction in both load response and [GAG] between loci 5 and 10 in (d), the relatively smaller variation
of both load response and [GAG] across most loci in (e), and the approximately steady increase in both indices across the loci in (f).

0.64, and 0.81, respectively (p < 0:0001 for each, Fig. 2).
Although the intercepts were not the same, ANCOVA
analysis of the homogeneity of the slopes indicated that
the slopes were not signiﬁcantly diﬀerent (F ¼ 1:188,
p ¼ 0:31). When all loci from the three samples were
considered together, the Pearson correlation coeﬃcient
was 0.56 (p < 0:0001).
To assess the potential eﬀect of cartilage thickness on
load response for the present study, we repeated the
analysis of correlation between stiﬀness and T1Gd after
excluding all loci with thickness under 2 mm. The correlations remained high at 0.81, 0.69, and 0.80
(p < 0:0001), with no signiﬁcant eﬀect on the slopes of
the regression lines.
While the results reported here averaged T1Gd over the
volume expected to be ‘‘sensed’’ by the mechanical
probing protocol, analyses were also done for T1Gd
averaged over both shallower and deeper regions-ofinterest (ROIs) of tissue (Fig. 3). For sites from two of
the tibial plateaus (HT6A and HT11A), the correlation
between stiﬀness and T1Gd decreased as averaging depth
increased beyond about 700 lm (correlation was essentially the same for averaging depths from 100 to 700
lm). The eﬀect of depth of T1Gd averaging on the correlation between stiﬀness and average T1Gd varied from
section to section. Full analysis of the eﬀect of diﬀerent
ROI depths on the correlation between stiﬀness and T1Gd
or [GAG] was beyond the scope of this study; the
objective here was to evaluate the importance of averaging the index of [GAG] over variable-depth ROIs
versus averaging over the full depth, as is normally done
for destructive biochemical analyses.

The correlation analyses above combined data from
all areas of a specimen. To compare functionally-distinct
regions, we separately examined data for test sites in the
submeniscal and central regions of each sample. The
average peak load response was signiﬁcantly higher for
loci in the submeniscal region of each sample (170%,
560%, 540% for HT3A, HT6A and HT11A, respectively; p < 0:001 for each sample) than for loci in the
central region (Fig. 4a). Similarly, the average T1Gd (or
[GAG]) of loci in the submeniscal region was higher
(14.6%, 9.3%, 27.2%; p < 0:003 for each sample) than
for loci in the central region (Fig. 4b). By examining the
correlation between peak load and T1Gd in each region
(Fig. 5), we found that the submeniscal regions each
showed uniformly very high correlations, with r ¼ 0:97,
0.90 and 0.94 (p < 0:0001). The central regions also
showed correlations, but the correspondence was not as
strong, and for HT6A and HT11A, the slope and
intercept of the regression were signiﬁcantly diﬀerent
between the submeniscal and central regions (p <
0:001).

Discussion
To our knowledge, this is the ﬁrst study in cartilage to
closely localize a biochemical measure to the footprint
of a small indenter, a capability made possible by the
spatial resolution of dGEMRIC and the MRI-mechanical registration methodology employed. The general
ﬁnding that a metric of GAG concentration (MR measurement of T1Gd ) is well correlated with a measure of
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Fig. 2. Peak load during indentation at the test loci, an index of cartilage
stiﬀness, is correlated with locally-averaged T1Gd and [GAG] (measured
by dGEMRIC) at the loci for three diﬀerent lateral tibial plateau
samples. (a) HT3A, 62 year old female. (b) HT6A, 78 year old male. (c)
HT11A, 81 year old female. Pearson correlation coeﬃcients are given
for the correlation of peak load response to T1Gd . The intercepts diﬀer,
but the slopes of the three regression lines are not signiﬁcantly diﬀerent
(p ¼ 0:31). When data from all samples are combined (119 test loci
total), the Pearson correlation coeﬃcient is 0.56 (p < 0:0001).

Fig. 3. The correlation between load response and locally-averaged
T1Gd depends on the depth of the region of interest (ROI) over which
T1Gd is averaged. Shown here is the correlation coeﬃcient as a function
of averaging depth, computed for each tibial plateau sample (in all
cases the volume of the ROI averaged at each test locus had dimensions 1.5 mm · 1.5 mm · depth from articular surface). The variation of
correlation with averaging depth is least pronounced for HT3A, the
sample having the least depth-variation in the pattern of T1Gd (and
[GAG]) distribution.

mechanical stiﬀness is consistent with many other
reports [1,2,15,19,20,22–25,30,37,41]. More notably, our
results demonstrate the importance of obtaining information about the local distribution of GAG concentration when trying to infer biomechanical tissue
properties, particularly when there is signiﬁcant local
spatial variation in the biochemistry and biomechanics.
Indeed, for sites from two of the three tibial plateaus,
the correlation coeﬃcient between stiﬀness and T1Gd
decreased dramatically as averaging depth increased
beyond about 700 lm (Fig. 3). Furthermore, in two of
the three tibial plateaus, when the average [GAG] was
computed over the full thickness, the correlation between [GAG] and indentation stiﬀness was eliminated.
This result may help explain two previous studies in
which mechanical properties were found not to correlate
well with GAG, studies which involved full thickness
GAG analyses in human knee articular surfaces exhibiting natural variation in cartilage integrity where one
would expect the potential for considerable local spatial
heterogeneity [5,16].
While the MRI and indentation studies here yielded
high overall correlations between [GAG] and load response, clearly other factors must be considered. First, it
is certainly true that many biochemical and architectural
features inﬂuence tissue stiﬀness, as has been suggested
by previous experimental and theoretical work [3,9,27,
33,42]. Indeed, our ﬁnding that correlation increased
when the peripheral (submeniscal) and central regions
were evaluated separately is a direct indication that
factors in addition to GAG are signiﬁcantly inﬂuencing
the mechanical properties. Previous EM studies revealed
distinct diﬀerences in collagen ﬁber arrangement between the central and submeniscal regions [11]. Such
regional diﬀerences in collagen architecture would be
expected to be reﬂected in commensurate diﬀerences in
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Fig. 4. Submeniscal-central regional diﬀerences in average stiﬀness and
average T1Gd and [GAG] for each of three tibial plateau samples. (a)
The average indentation load response (an index of stiﬀness) for loci in
the submeniscal region is 2.7 (HT3A) to 6.6 (HT6A) times higher than
the average load response of loci in the central region. Error bars
indicate standard deviation. (b) The average T1Gd and [GAG] are also
signiﬁcantly higher in the submeniscal region (p < 0:003 for each
sample) than in the central region.

measured mechanical stiﬀness since the focal indentation used in the current study induces both tensile and
compressive stresses and collagen architecture inﬂuences
the tensile behavior.
This issue also suggests the attractive possibility of
combining MRI techniques sensitive to GAG and
collagen to oﬀer an even more robust, tightly-bound
prediction of cartilage compressive load response and
to enable further enhanced non-invasive mapping of
the mechanical stiﬀness of the articular surface. A few
studies have examined the relationship between the
MRI parameter T2 and mechanical properties. In one
study, T2 for native and enzymatically-treated porcine
cartilage correlated (r2 ¼ 0:51) with the aggregate modulus [43]. However, that same study also found a
strong correlation between GAG content and aggregate modulus (r2 ¼ 0:89) and between T2 and GAG
content (r2 ¼ 0:44), raising the question of whether the
correspondence between T2 and modulus could be
explained by [GAG]. The conclusions were slightly
diﬀerent in another study involving native and enzymatically-treated bovine humeral head cartilage, where
the observed relationship between T2 relaxation and
Young’s modulus was non-monotonic, with T2 being
relatively insensitive to the substantial changes in mod-

ulus induced by GAG depletion and very sensitive to
the modest changes in modulus induced by exposure to
collagenase [34]. Although the biophysical basis for T2
is unclear, as is its relationship to mechanical properties, there is evidence that T2 provides information that
is independent of that provided by dGEMRIC (i.e.,
diﬀerences in T2 do not correspond to diﬀerences in
T1Gd ) [32]. Thus, T2 in conjunction with dGEMRIC as
a means of establishing a metric that is predictive of
mechanical properties is a clear direction for further
research.
Additional metrics of tissue biochemistry may also
help explain why the correlation between stiﬀness and
local GAG concentration decreased when data from all
samples were pooled together. While the high correlation within a given sample should allow determination
of relative stiﬀness within an area of a sample, the
additional metrics may allow for an absolute level of
stiﬀness to be determined from imaging data, permitting
meaningful between-sample comparisons.
Another advantage of MRI-based methods is the
possibility of measuring and potentially accounting for
local tissue thickness, a factor which could inﬂuence the
interpretation of the mechanical measurements. With
regard to tissue thickness, theoretical analyses by us and
other groups have concluded that for thickness suﬃciently larger than the indenter contact radius, thickness
eﬀects are small [21,28,29,38]. These analyses assumed a
rigid indenter pressing into an isotropic linear elastic
layer adhered to a rigid substrate. Speciﬁcally, these
studies collectively indicate that, for our indenter
geometry and displacement depth, the inﬂuence of cartilage thickness on stiﬀness measurements is small (20%
or less) when cartilage thickness is P 2 mm. Over 80%
of the loci in the present study were P 2 mm thick and,
when only those samples were included in the analysis,
the regression between load response and T1Gd was statistically unchanged. This result suggests that for these
joint samples thickness was not a prominent confounding factor and certainly not one that could explain
the 500% variation in stiﬀness for our samples. However, the ability to measure the local cartilage thickness
does allow for this factor to be taken into account in the
future if samples contain a higher degree of thickness
variation.
The choice of loading rate also impacts the interpretation of the mechanical testing. The frequency-dependent stress/strain proﬁles in cartilage may have a
frequency-dependent correspondence to [GAG]. A systematic comparison of the mechanical frequency
response with [GAG] may provide additional insight
into the role of GAG macromolecules in diﬀerent
regimes of mechanical behavior.
An additional advantage of MRI is the potential to
use the imaging metrics to obtain a topographical map
of tissue properties across the cartilage surface. This
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Fig. 5. Data of Fig. 2 reanalyzed after partitioning loci in accordance with their spatial location: submeniscal and central (loci that were located at the
interface between the regions were not included in the analysis). All other details are the same as described in Fig. 2. (a) HT3A, 62 year old female.
(b) HT6A, 78 year old male. (c) HT11A, 81 year old female. The submeniscal loci exhibit uniformly high correlations between load response and
locally-averaged T1Gd . The central regions also exhibit signiﬁcant correlations, but with more variability between samples. For samples HT6A and
HT11A, the load/T1Gd relationship (as reﬂected by the slope) is diﬀerent in the central region compared with the submeniscal region. p value for the
diﬀerence in submeniscal versus central slopes equals 0.051, 0.0012 and 0.0002 for HT3A, HT6A and HT11A, respectively. Sample HT3A, for which
the slopes were statistically the same between the two regions, also exhibited the least frank variation in the appearance of the articular surface.

concept is illustrated in Fig. 6 for an osteochondral
sample, showing the close qualitative similarity between
a topographical map based on indentation information
and one based on a synthesis of the depth-averaged
GAG concentration obtained from dGEMRIC imaging
data. With further advances in the ability to infer local-

ized mechanical properties from localized biochemical
properties, such a topographical map could, in principle,
quickly reveal the distribution of mechanically competent or incompetent cartilage across an articular surface.
In principle, the clinical availability of dGEMRIC
oﬀers the possibility of performing studies such as those
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dGEMRIC image dataset. (a) Topographic map of cartilage stiﬀness in
which color indicates peak indentation load (g) measured (as described
in methods) in the center of each 1.5 mm by 1.5 mm location. (b)
Topographic map computed from a set of dGEMRIC images of the
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possibility of obtaining an in vivo measure of the relative mechanical status of cartilage throughout the joint
by dGEMRIC alone or in combination with other noninvasive MRI measures makes further studies in this
area compelling.
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