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Validation of Cartilage Thickness
Calculations Using Indentation
Analysis
Different methods have been used to cross-validate cartilage thickness measurements
from magnetic resonance images (MRIs); however, a majority of these methods rely on
interpolated data points, regional mean and/or maximal thickness, or surface mean thick-
ness for data analysis. Furthermore, the accuracy of MRI cartilage thickness measure-
ments from commercially available software packages has not necessarily been validated
and may lead to an under- or overestimation of cartilage thickness. The goal of this study
was to perform a matching point-to-point validation of indirect cartilage thickness cal-
culations using a magnetic resonance (MR) image data set with direct cartilage thickness
measurements using biomechanical indentation testing at the same anatomical locations.
Seven bovine distal femoral condyles were prepared and a novel phantom filled with
dilute gadolinium solution was rigidly attached to each specimen. High resolution MR
images were acquired, and thickness indentation analysis of the cartilage was performed
immediately after scanning. Segmentation of the MR data and cartilage thickness calcu-
lation was performed using semi-automated software. Registration of MR and indentation
data was performed using the fluid filled phantom. The inter- and intra-examiner differ-
ences of the measurements were also determined. A total of 105 paired MRI-indentation
thickness data points were analyzed, and a significant correlation between them was
found (r�0.88, p�0.0001). The mean difference (�std. dev.) between measurement
techniques was 0.00�0.23 mm, with Bland–Altman limits of agreement of 0.45 mm and
�0.46 mm. The intra- and inter-examiner measurement differences were 0.03�0.22 mm
and 0.05�0.24 mm, respectively. This study validated cartilage thickness measurements
from MR images with thickness measurements from indentation by using a novel phantom
to register the image-based and laboratory-based data sets. The accuracy of the mea-
surements was comparable to previous cartilage thickness validation studies in literature.
The results of this study will aid in validating a tool for clinical evaluation of in-vivo
cartilage thickness. �DOI: 10.1115/1.4000989�

Keywords: MRI, cartilage, imaging, measurement
Introduction

Due to its lack of ionizing radiation and superior soft tissue
ontrast, magnetic resonance imaging �MRI� is an effective tool
or visualizing articular cartilage �1�, particularly in the setting of
steoarthritis �OA�. OA affects over 20 million adults in the
nited States and is the leading cause of disability �2�. Changes in

rticular cartilage due to OA include fibrillation of the articular
urface, increased permeability, reduced proteoglycan content, and
shift of joint load to the solid component of the tissue �3�, which

eads to further depletion of matrix and loss of cartilage thickness.
orphologic MR images of articular cartilage are commonly ac-

uired to determine pathologic changes in the tissue and are an
ffective tool for evaluating OA and the localization of chondral
esions �4�. Advanced quantitative MRI techniques such as T2

apping and T1� mapping �5,6� and delayed gadolinium en-
anced MRI of cartilage �dGEMRIC� �7,8� highlight subtle bio-
hemical changes within articular cartilage during the early onset
f OA. However, many investigators have used cartilage thickness
nd volume measurements as a method to track cartilage degen-
ration �9�.
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Specific MRI acquisition techniques produce images optimal
for volumetric and thickness analysis of articular cartilage �1�.
Images for quantitative cartilage morphologic analysis are com-
monly constructed using a three-dimensional �3D� image acquisi-
tion method �e.g., 3D-spoiled gradient recalled �SPGR� �10–12�,
3D-fast low angle shot �FLASH� �13,14�, or 3D-double echo
steady state �DESS� �15,16��. Measurements and other quantities
calculated from the generated MR images must be validated to
ensure an accurate representation of the quantity being measured,
independent of specific imaging protocol.

Several studies used different methods to cross-validate carti-
lage thickness measurements from MR images, including ste-
reophotogrammetry �17�, acquiring anatomical sections
�14,18–23�, faxitron X-ray �11�, computed tomography arthrogra-
phy �12,24–27�, ultrasound �13,25,28,29�, or laser scanning
�10,30�. A majority of these methods rely on interpolated data
points, regional mean and/or maximal thickness, or surface mean
thickness for data analysis. Using averaged data sets for thickness
validation may artificially increase the accuracy of the measure-
ments since the effect of any local cartilage thickness measure-
ment is minimized. Most studies did not include the ability to
accurately perform an accurate matching “point-to-point” criterion
for statistical comparison. Furthermore, the accuracy of MRI car-
tilage thickness measurements from commercially available soft-
ware packages has not necessarily been validated and may lead to
an under- or overestimation of cartilage thickness. Validation of
indirect cartilage thickness measurements from a MR image data
set is strengthened by direct measurements at the same anatomical

locations.
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Our goal was to perform a matching point-to-point validation of
ndirect cartilage thickness calculations using a 3D-SPGR MRI
ata set with direct cartilage thickness measurements using bio-
echanical indentation testing at the same anatomical locations.
he focus of validating cartilage thickness measurements and not
artilage volume is due to our clinical environment, which empha-
izes the need for accurate assessment of local cartilage degenera-
ion when planning for surgical intervention. Furthermore, a glo-
al measure of cartilage volume does not identify specific
ocations where cartilage degeneration may be occurring. The ap-
roach required registering two independent data sets by using a
hantom that was easily located in both data acquisition coordi-
ate systems. Based on previous investigations �18,25�, we set a
hreshold value of 0.5 mm for successful matching of our thick-
esses as measured from these two techniques.

Methods and Materials

2.1 Specimen Preparation. Seven adult bovine stifle �knee�
oints were acquired from a local abattoir. The knees were stripped
f all soft tissues and were carefully disarticulated to prevent dam-
ge to the articular cartilage of the distal femur. The femur was cut
n half sagittally to separate the condyles. The femoral cartilage
as kept hydrated with physiologic saline solution during the en-

ire preparation process. An L-shaped phantom, composed of
olycarbonate, was rigidly attached to each condyle using nylon
crews at a position close to the articular surface �Fig. 1�. The
hantom was 5 mm thick with arm lengths of 20 mm and was
anufactured to an accuracy of 25 �m in each dimension. The

rms of the phantom were hollow and filled with a dilute gado-
inium solution �1:200 v/v�. The condyle was then submerged in a
ontainer of vegetable oil prior to MR scanning. A material con-
aining sodium polyacrylate was saturated with water and
rapped around the specimen container to increase the regional

ignal intensity. The combination of submersing the specimen in
il with chemical selective fat-suppression scanning ensured a
lear delineation of the articular surface and minimized noise �11�,
s determined from pilot scans.

2.2 Data Acquisition. All scanning was performed on a 3.0 T
linical MRI system �GE Healthcare, Waukesha, WI� with an
ight-channel phased array knee coil. A 3D T1 weighted fat-
uppressed SPGR echo image data set was acquired for cartilage
egmentation and thickness quantification �repetition time �TR�:
3.2 ms, echo time �TE�: 2.7 ms, field of view �FOV�: 13 cm, flip
ngle: 10 deg, slice thickness: 0.7 mm, matrix:512�512, receiver
andwidth: �62.5 kHz, and number of excitations �NEX�: 3�. The
esulting in-plane resolution was 0.25�0.25 mm2. Scanning re-
uired about 25 min for each specimen.

Needle indentation testing of the cartilage was performed im-
ediately following imaging �Fig. 2�. The proximal end of the

emur was secured in a custom positioning device and was
ounted to an EnduraTEC material testing system �ELF 3200,
ose Corp., Eden Prairie, MN�. The articular surface of the distal

emur was oriented perpendicular visually by an experienced tech-
ician to an indentation needle ��=0.6 mm, length=7 mm�. The
eedle was attached to a load cell �1000 g, Honeywell-Sensotec,
odel 31�, which was attached to the EnduraTEC system. A 3D

igitizing stylus with a needle-tipped probe �Microscribe G2x,
mmersion Corp, San Jose, CA� �accuracy: 0.23 mm� was used to
etermine the site of indentation testing relative to a laboratory
oordinate system �LCS� defined by points etched on the surface
f the phantom. Cartilage indentation was performed at a constant
isplacement rate of 0.05 mm/s. A small increase in measured
orce denoted initial contact with the cartilage surface, followed
y a rapid increase in force when contact with underlying bone,
ccurred. The differences in displacement between the two phe-
omena denoted the cartilage thickness �Fig. 2�. The technician

sed a custom written MATLAB �Mathworks, Natick, MA� program
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to aid in determining the cartilage thickness based on the change
in measured tissue stiffness �31�.

The accuracy of the indentation system was previously deter-
mined to be 2–5% of the actual thickness being measured, com-
parable to other methods of thickness measurement �30�. The
point of indentation was marked with ink to ensure sufficient
spacing between collected data points. Indentation testing was re-
peated for points across the articular surface, which were within
the working volume of the indentation device. Indentation points
were localized to the central portion of the condyle, in an effort to
minimize errors due to out-of-plane curvature of the articular sur-
face. The indented points were separated by about 6 mm. Ap-
proximately 18 points were acquired for each femoral condyle
examined.

2.3 Data Analysis. The MR image data were analyzed using
custom written semi-automated software �GE Healthcare, Wauke-
sha, WI�. First, the hyperintense voxels of the gadolinium solution
within the phantom were identified and segmented within the MR
coordinate system �MRCS� �Fig. 3�. The location of the phantom
in the MRCS was determined by fitting a digital solid model of
the phantom to the hyperintense voxels of the gadolinium solution
segmented from the MR data. The solid model was created from
the known dimensions of the manufactured phantom. The custom

Fig. 1 Prepared bovine femoral condyle with L-phantom rig-
idly attached „arrow… using nylon screws
software allowed the user to adjust the rigid registration manually
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etween the digital phantom and the segmented phantom until the
t accuracy was greatest. The software determined a fit accuracy
alue by calculating how many of 880 predetermined points
ithin the digital phantom fell within the segmented hyperintense
oxels.

Next, the cartilage of the condyle was manually segmented, and
he deep and superficial surfaces of the cartilage were defined. The
at-saturation pulse sequence used displayed the cartilage as hy-
erintense voxels and the bone with little to no signal intensity
Fig. 3�. An iterative closest point calculation method was used to
efine cartilage thickness. Finally, the locations from the indenta-
ion testing were transformed to the MRCS by aligning the coor-
inates of the phantom in the LCS with coordinates of the phan-
om in the MRCS. This alignment enabled a one-to-one pairing of
artilage thickness calculations/measurements between the LCS
nd MRCS.

2.4 Repeatability Analysis. Two examiners segmented, reg-
stered, and analyzed each bovine data set two times. The different
ata analysis sessions were separated by more than 24 h. All data
rocessing and analysis by the two individuals was performed
eparately from one another. One examiner had extensive experi-
nce of performing the segmentation and data set transformations

Fig. 2 Needle indentation testing to measure ca
terial testing system for indentation testing. A
location and orientation and site of indentation
needle probe oriented perpendicular to the artic
curve from indentation at one testing location. T

ig. 3 „„a… and „b…… Reformatted images used to display, local-
ze, and define the location of the L-phantom „arrows… in the MR
oordinate system. Image slice showing user set threshold „c…,
emi-automated segmentation „d…, and final segmentation „e…

f the femoral condyle.
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and the second examiner was newly introduced to segmenting
data sets and data processing. Training data sets for the repeatabil-
ity analysis were provided to both examiners from pilot scans.

2.5 Statistical Analysis. A regression and correlation analysis
was performed between the MR thickness and the indentation
thickness data. Bland–Altman analysis between the two data sets
was also performed since correlation does not account for system-
atic errors of each measurement system �32�. The Bland–Altman
plot displays the average thickness of a point calculated by MRI
and indentation on the ordinate and the difference of the measure-
ments on the abscissa. The limits of agreement were calculated as
the average thickness difference�2·std. dev. of thickness differ-
ences and represent the range over which 95% of the differences
are expected to occur �32�. Deviations of measurements were re-
ported as systematic �comparison of pairwise differences
including�offsets� and absolute or random deviations �compari-
son of pairwise differences not including�offsets� �13�. Inter-
and intra-examiner repeatabilities of cartilage thickness calcula-
tions were calculated using the Bland–Altman calculation of 1.96
std. dev. of the average thickness difference �32�, as well as cal-
culation of the root mean square error �RMSE� and coefficient of
variation �COV� of the thicknesses, as outlined previously by
Glüer et al. �33�.

3 Results
A total of 105 paired MRI-indentation thickness data points

were analyzed from the 7 bovine condyles. The Pearson correla-
tion coefficient �r� between the variables was significant �r
=0.88, p�0.0001� �Fig. 4�. The Bland–Altman analysis found
cartilage thickness differences of 0.00�0.23 mm �mean�std.
dev.� between the MRI analysis and indentation measurement
�Fig. 5�. The upper and lower limits of agreement were 0.45 mm
and �0.46 mm, respectively. The systematic deviations were

ge thickness. „a… Specimen mounted in the ma-
digitizing stylus was used to record phantom

the LCS. „b… Close-up of indentation test using
surface. „c… Representative force-displacement

circle indicates cartilage thickness.
rtila
3D
in

ular
0.9�19.0%, and the absolute deviations were 13.7�13.2%. The
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ntra-examiner thickness differences were 0.03�0.22 mm, with a
epeatability of 0.43 mm, a RMSE of 0.15 mm, and a COV of
0.2%. The inter-examiner thickness differences were 0.05
0.24 mm, with a repeatability of 0.47 mm, a RMSE of 0.17
m, and a COV of 11.3%.

Fig. 4 Correlation plot of MR thickn
thickness measurements. A significa
surements was found.

Fig. 5 Bland–Altman analysis of paired M

displaying mean difference „solid line… and lim

41007-4 / Vol. 132, APRIL 2010
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4 Discussion

We validated cartilage thickness measurements on a point-by-
point basis between a MR imaging and indentation data sets.
Good correlation and minimal differences were found between the

s measurements versus indentation
correlation between the paired mea-

and indentation thickness measurements
es
nt
R

its of agreement „dashed lines…
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easurement techniques. Combining the separate data sets was
ossible by using a novel MR phantom that was manufactured to
igh precision.

The accuracy of our cartilage thickness measurements is com-
arable to previous cartilage thickness validation studies in litera-
ure. The correlation found in this study is similar to a previous
eport of MR and cartilage thickness measurements from anatomi-
al sections �20�, which reported Pearson correlations of r
0.69–0.88. A study by Yeh et al. �23� used specific anatomic

andmarks to perform a matching point-to-point analysis of proxi-
al humeral and glenoid cartilage thicknesses measured with MR

rthrography and direct anatomic section analysis. Correlation co-
fficients of 0.73–0.87 were reported. We reprocessed the data
resented by Yeh et al. �23� to perform a Bland–Altman analysis.
ur reanalysis of their data found mean differences of
.25�0.55 mm for the humeral head and −0.17�0.51 mm for
he glenoid fossa, indicating limits of agreement of approximately
.35 mm and �0.85 mm, and 0.85 mm and �1.19 mm for each
one, respectively. These limits of agreement are about twice
hose of the current study. A Bland–Altman analysis was also
erformed using the mean tibial and patellar cartilage thickness
ata reported by Graichen et al. �14�, with correlations of r
0.72–0.97 and absolute cartilage thickness differences of 4.3–
2.3%. Our reanalysis produced a mean difference of 0.02
0.13 mm, and limits of agreement of 0.28 mm and �0.24 mm,
hich are closer to our study. We also reanalyzed the tibial and

alar dome cartilage data presented by El-Khoury et al. �12� and
ound a mean difference of 0.10�0.21 mm and limits of agree-
ent of 0.53 mm and �0.32 mm. The range of cartilage thickness

ifferences found in previous studies may be attributed to the
ifferent in-plane and out-of-plane resolutions of the image sets,
he potential of decreased signal-to-noise ratio �SNR� due to de-
reased magnetic field strengths, the anatomy scanned, and the
ethod used to validate the MR measurements. The studies by
raichen et al. �14� and El-Khoury et al. �12� used anatomy with

artilage thickness similar to the current study. Finally, previous
tudies have reported that 61.1–84.5% of measurements were
ithin 0.5 mm of the actual value �18�, with lower estimates of
0% of measurements �25�. For the 105 paired measurements
valuated in this study, 96% of the matched data points were
ithin 0.5 mm of each other.
The inter- and intra-examiner repeatabilities of the cartilage

hickness measurements are also comparable to previous reports
n literature. Karvonen et al. �21� reported intra- and inter-
bserver COVs of 3.2–10.5% and 12.8–23.2%, respectively.
uensterer et al. �22� reported a cartilage thickness COV of 3–6%

sing surface wide average cartilage thickness values. Kladny et
l. �20� used mean cartilage thickness to achieve intra- and inter-
bserver differences of 0.39�0.31 mm and 0.39�0.33 mm, re-
pectively. The elevated COV values of our study are likely due to
he point-by-point nature of the analysis. Using a regional or over-
ll surface average cartilage thickness for statistical analysis re-
uces any spurious local errors associated with a measurement
echnique.

An advantage of our study was the use of a registration novel
hantom to compare cartilage thickness measurements from MRI
ata with indentation analysis on a point-by-point basis. The reg-
stration allowed for comparison of indirect MRI cartilage thick-
ess calculations with direct indentation cartilage thickness mea-
urements at the same anatomical location. The accuracy of the
egistration was determined from the overlap of the segmented
oxels of the contrast fluid within the phantom with a geometric
olid model of the phantom in the analysis software. The overlap
f the two volumes consistently covered over 97% of the seg-
ented contrast agent voxels for both examiners.
Our novel experimental method combined two distinct data

ets: voxels representative of the contrast agent in the phantom
nd surface coordinates of the phantom from a digitizing probe.

he common framework between the data sets is the known di-

ournal of Biomechanical Engineering
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mensions of the phantom, accurate to 25 �m, which were used
for the data registration. Registering the two testing coordinate
systems, MR- and laboratory-based, allowed for a point-by-point
comparison of cartilage thickness. The one-to-one analysis is ben-
eficial over reporting cartilage thickness measurements using in-
terpolated �11�, regional mean thickness �10,19�, or overall articu-
lar surface mean thickness �14� because the data are site specific.
Furthermore, the 3D indentation measurements and 3D cartilage
thickness calculations allowed for out-of-plane curvature of the
articular surface, which may affect validation of cartilage thick-
ness measurements �11,24�.

Our study had several limitations. The anatomy evaluated was
that of the distal bovine femoral condyles and not human femoral
condyles. The mean cartilage thickness measured was approxi-
mately 1.5 mm, slightly thinner than the reported range of articu-
lar cartilage thickness in human knees, 1.75–2.75 mm �10,20,30�,
and more representative of human shoulder cartilage thickness,
�1.5 mm �13,34�. The thin bovine cartilage was evaluated in
pilot scans, and a slice thickness of 0.7 mm was used in the
current study. The current slice thickness is thinner than a previ-
ous MR study of human humeral/glenoid fossa cartilages, whose
investigators used a 1.0 mm slice thickness and emphasized the
need to acquire thin image slices when evaluating thin cartilages
�13�.

The specimen was also submerged in vegetable oil during scan-
ning to aid in delineation of the articular surface. Previous inves-
tigators noted difficulty in defining the articular surface in vivo
due to opposing articulations, e.g., the load bearing region of the
femoral-tibial joint �10�, as well as the presence of noise in MR
images �11�. Volume averaging, related to voxel dimensions, also
play a role in accurately defining articular layers �11�. We sought
to maximize the accuracy of our thickness measurements by re-
ducing these confounding factors. The signal from the vegetable
oil was nulled in the fat-suppressed MR images, which facilitated
definition of the articular surface. It is unlikely that submersion in
oil altered the cartilage thickness, the paired measurements, and
therefore the results, since indentation analysis was performed
shortly after the MR scanning.

A primary difference between our study and previous studies
was the focus on validating a cartilage thickness tool rather than
validating cartilage volume measurements. Previous investigators
calculated cartilage volume to evaluate OA over time �35�, to
assess risk factors associated with changes in cartilage volume
�36�, and to evaluate volume changes as a result of axial align-
ment of the skeleton �37�. Our primary interest in developing a
tool for quantitative analysis of cartilage morphology was for lo-
calized cartilage thickness measurements. The studies listed above
reported significant differences in cartilage volume; however, a
change in bulk volume does not indicate the location of cartilage
loss. We anticipate that our results will aid in validating a tool for
clinical evaluation of in-vivo cartilage thickness. This tool could
be used in the longitudinal assessment of regional thickness
changes over time in OA cohorts and also in providing a digital
template of the joint for the purposes of future tissue engineering
efforts.
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