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To prospectively quantify the accuracy of hip cartilage
thickness estimated from three-dimensional (3D) sur-
faces, generated by segmenting multidetector computed
tomographic (CT) arthrograms by using direct physical
measurements of cartilage thickness as the reference
standard.

Four fresh-frozen cadaver hip joints from two male donors,
ages 43 and 46 years, were obtained; institutional review
board approval for cadaver research was also obtained.
Sixteen holes were drilled perpendicular to the cartilage
of four cadaveric acetabula (two specimens). Hip capsules
were surgically closed, injected with contrast material, and
scanned by using multidetector CT. After scanning, 5.3-mm
cores were harvested concentrically at each drill hole
and cartilage thickness was measured with a microscope.
Cartilage was reconstructed in 3D by using commercial
software. Segmentations were repeated by two authors.
Reconstructed cartilage thickness was determined by us-
ing a published algorithm. Bland-Altman plots and linear
regression were used to assess accuracy. Repeatability
was quantified by using the coefficient of variation, intrac-
lass correlation coefficient (ICC), repeatability coefficient,
and percentage variability.

Cartilage was reconstructed to a bias of —0.13 mm and a
repeatability coefficient of +0.46 mm. Regression of the
scatterplots indicated a tendency for multidetector CT to
overestimate thickness. Intra- and interobserver repeat-
ability were very good. For intraobserver correlation, the
coefficient of variation was 14.80%, the ICC was 0.88, the
repeatability coefficient was 0.55 mm, and the percentage
variability was 11.77%. For interobserver correlation, the
coefficient of variation was 13.47%, the ICC was 0.90, the
repeatability coefficient was 0.52 mm, and the percentage
variability was 11.63%.

Assuming that an accuracy of approximately 0.5 mm
is sufficient, reconstructions of cartilage geometry from
multidetector CT arthrographic data could be used as a
preoperative surgical planning tool.

©RSNA, 2010
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ccurate quantification of carti-

lage thickness is a critical factor

to address prior to choosing the
optimum treatment for patients with
hip pain (1-3). Because the hip joint
is geometrically complex, visualization
of cartilage thickness relative to the
underlying three-dimensional (3D) mor-
phologic characteristics could prove
essential to the diagnosis and treatment
of hip joint cartilage pathologic anoma-
lies (4). Three-dimensional represen-
tations of hip cartilage could provide
a spatial map of cartilage thickness to
augment our understanding of morpho-
logically abnormal hips or those with os-
teoarthritis. For example, evidence from
one study (5) suggests that cartilage
may actually swell in the early stages of
osteoarthritis. It would be useful, there-
fore, to quantify cartilage thickness by
using computed tomographic (CT) ar-
thrography in patients who complain of
pain that may be related to osteoarthri-
tis but do not have direct evidence of ra-
diographic thinning or localized defects.
Further, quantification of cartilage loss
for longitudinal studies and the devel-
opment of guidelines for interpretation
of biomechanical models are made pos-
sible with 3D representations of hyaline
cartilage (1,2,6-9).

As a supplement to radiography,
advanced imaging techniques, such as
magnetic resonance (MR) imaging and
multidetector CT arthrography, can help
clarify the extent of cartilage damage in
the hip joint (1,2,8,10-13). However,
evidence suggests that multidetector
CT arthrography may be more sensi-
tive than MR imaging for helping detect

Advances in Knowledge

B Acetabular cartilage thickness can
be estimated within =0.46 mm
of the true value with 95% toler-
ance from three-dimensional
surfaces that were semiautomati-
cally reconstructed from multide-
tector CT arthrograms.

B By using commercial segmenta-
tion software, acetabular carti-
lage thickness can be estimated
with very good inter-and intraob-
server reproducibility.

hyaline cartilage lesions (2,14). CT ar-
thrography has also been shown to be
more accurate than MR arthrography
for estimating cartilage thickness in the
hip (15), ankle (16), and knee (17).
However, the accuracy of hip cartilage
thickness measured from 3D reconstruc-
tions of multidetector CT arthrographic
image data has not been assessed.
Three-dimensional reconstruction of hip
joint hyaline cartilage from multidetec-
tor CT arthrograms poses unique dif-
ficulties that preclude extrapolation of
two-dimensional thickness measurement
errors from prior imaging studies. For
example, the high degree of concavity of
the hip joint may predispose multidetec-
tor CT images to more extensive oblique
sampling and out-of-plane curvature
errors, which may be exacerbated when
reconstructed in 3D.

Methods to generate 3D images
of cartilage surfaces by using CT or
MR have been described for the hip
(1,2,8,18) and other diarthroidal joints
(17,19-25).  However, prior
structions relied on custom algorithms
(1,2,8,17,19,21-23), or proprietary soft-
ware (20) that are not readily available
for direct clinical application. Thus, the
purpose of our study was to prospectively
quantify the accuracy of hip cartilage
thickness estimated from 3D surfaces,
generated by segmenting multidetector
CT arthrograms, by using direct physical
measurements of cartilage thickness as
the reference standard.

Materials and Methods

Specimen Preparation

recon-

Four fresh-frozen cadaver hip joints
from two male donors, ages 43 and
46 years, were obtained and used with
institutional review board approval for

Implication for Patient Care

B Assuming that an accuracy of
approximately £0.5 mm is suf-
ficient, reconstruction of acetab-
ular cartilage geometry from
multidetector CT arthrographic
data could potentially be used as
a preoperative planning tool.

cadaver research. The hips were dis-
sected free of musculoskeletal tissues,
leaving the cartilage, labrum, and hip
joint capsule intact. A transverse ar-
throtomy was performed on one-half of
the circumference of the joint capsule.
The hip was disarticulated after divi-
sion of the ligamentum teres and the
joint was visually inspected by an or-
thopedic surgeon (B.C.A., with 5 years
experience) for cartilage damage.

The joint was prepared for imag-
ing by using a previously described
technique (16). The acetabulur lunate
surface was divided in four quadrants
(anteroinferior, anterosuperior, postero-
superior, and posteroinferior). A 1.5-
mm-diameter drill bit (Synthes North
America, West Chester, Pa) was aligned
perpendicular to the articular surface
and, using a trauma drill (model 2102,
Stryker Instruments, Kalamazoo, Mich)
and light steady pressure, was advanced
through the articular cartilage approxi-
mately 1 cm into the subchondral bone
of the acetabulum. Four drill holes,
oriented in a diamond-shaped pattern
(Fig 1), were made in each of the four
quadrants: one each medial and lateral,
and two midline, for a total of 16 holes
per specimen. The joint was rearticulated
and a water-tight capsular closure was
performed by using a running stitch.
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Figure 2

Subchondral Bone

Figure 1:  Photograph of
disarticulated hip joint shows
femoral head, capsule, labrum,
and acetabulum. Four drill holes
were created perpendicular

to cartilage surface in a diamond
pattern in four quadrants of
acetabulum. Arrows = drill holes
in posterosuperior quadrant
(prior to harvest of cores).

Core
(5.3 mm)

Cartilage

Figure 2:  Digital microscopic image (magnification, 40) of bisected
acetabular osteochondral core shows interface of subchondral bone and
cartilage (dashed line); 1.5-mm diameter hole drilled prior to multidetector CT
arthrography served as a fiducial in image data. After imaging, 5.3-mm osteo-
chondral cores were harvested around drill hole center. Physical measurements
of core cartilage thickness were acquired at locations (black arrows) adjacent
to drill hole. Optical measuring grid, with 0.10-mm markings, is visible. White

arrows = dimensions of hole and core.

Multidetector CT Arthrography

By using a 21-g needle, specimens were
injected with 20 mL of contrast material
(Omnipaque 300; Amersham Health,
Princeton, NJ). This volume represents
the upper boundary of what has been
reported for clinical injections (2,26-32),
but was necessary to obtain full capsu-

lar distension owing to the lack of mus-
culature surrounding the capsule, and
is consistent with a prior cadaver hip
multidetector CT imaging study (33).
Specimens were scanned in neutral
anatomic position (anterior superior
iliac spines in plane with the pubis sym-
physis joint) by using a 16-section CT

scanner (SOMATOM Emotion 16; Sie-
mens Medical Solutions, Malvern, Pa)
by using the following parameters: 16
detector rows of 0.6 mm each; collima-
tion, 120 kVp; tube charge, 150 mAs;
and pitch, 1.5 (helical scan). Images
were reconstructed with an acquisition
matrix of 512 X 512, a field of view of
160 mm, and an axial section thickness
of 0.75 mm (0.32 X 0.32 X 0.75 mm
resolution). This protocol yielded a ra-
diation dose of 6.47 mGy, as estimated
by the CT scanner.

Physical Measurements of Acetabular
Cartilage Thickness

Each hip was disarticulated. A 5.3-mm
modified trephine (Stryker Instruments)
and a custom 1.5-mm centering post
were used to harvest cores as described
previously (16), with each core bisected
longitudinally, centered over the drill
hole. Cores were placed on a micro-
scopic stage (Eclipse E-600; Nikon,
Melville, NY) with an optical measuring
grid overlying the bisected edge of the
cartilage sample. A microscopic image
was obtained by using a digital cam-
era (60800; Optronics, Goleta, Calif)
at a magnification of X40 (Fig 2). Im-
ages were transferred to a PC (nx5000;
Hewlett-Packard, Palo Alto, Calif) and
analyzed by using software (Document
Imaging, version 11.0.1897.0; Micro-
soft, Redmond, Wash). After calibra-
tion with the optical grid, two mea-
surements were obtained (B.C.A.), one
from each side of the drill hole, and
were averaged for a single value for
cartilage thickness.

3D Reconstructions of Acetabular
Cartilage Geometry

Segmentation of image data was per-
formed by using software (Mimics, ver-
sion 10.1; Materialise, Leuven, Belgium).
Each dataset was automatically given a
threshold level by using a masking tech-
nique, which allows the user to highlight
pixels over a specific range of signal
intensities. A baseline threshold level
mask was defined separately for cartilage
and bone/cartilage interface by using a
protocol previously shown to result in
accurate reconstructions of cartilage
and bone (34,35). Pixels exclusively
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Figure 3
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Figure 3: Representative right acetabulum. (a) Sagittal multidetector CT arthrogram shows 1.5-mm drill
hole, cartilage, contrast agent, and subchondral bone (arrows). Note that drill hole was not filled with contrast
agent, presumably owing to surface tension and high viscosity of the solution. (b) Lateral oblique 3D recon-
struction of bone (dark gray) and cartilage (light gray) after semiautomatic segmentation.

representing air for several image sec-
tions were queried to determine the
maximum pixel signal intensity, which
served as the minimum threshold level
value for cartilage. The maximum signal
intensity for cartilage was defined as the
minimum pixel value that represented
bone, which was determined in a simi-
lar fashion by querying pixels thought
to exclusively define cortical bone. A
similar approach was used to define the
threshold level range for cortical bone.
Specifically, the upper threshold level of
cartilage was defined as the minimum
signal intensity for bone. The maximum
intensity for bone was set to the mini-
mum pixel value of contrast agent, de-
fined by querying pixels thought to ex-
clusively represent the contrast agent.
The aforementioned approach to deter-
mine the threshold level was performed
independently for each hip joint scan to
ensure that any fluctuation between CT
scans was not a confounding factor. Fi-
nally, areas where cartilage cores were
harvested were identified by using a sep-
arate mask to provide fiducials for ref-
erencing the locations of experimentally
measured cartilage thickness.

Manual segmentation was required in
areas of thinned cartilage or less dense
bone. Regions where pixels blended
together were separated by using a
paintbrush tool available in the Mimics
program so that the resulting outline

of pixels followed the cartilage/con-
trast agent or bone/cartilage boundary.
Manual segmentation required approxi-
mately 2 hours for each hip. Because
manual segmentation could introduce a
degree of intra- and interobserver re-
peatability, each CT dataset was reseg-
mented (B.C.A.) following a time lapse
of 6 months. In addition, each dataset
was segmented to quantify interobserver
repeatability (A.E.A.).

Polygonal surfaces of the outer lay-
ers of the acetabular cartilage and sub-
chondral bone were created by using
Mimics (Fig 3) and analyzed for carti-
lage thickness by using a published al-
gorithm (35). Cartilage thickness was
visualized at each node as a fringe plot
by using free software (LS-PREPOST
2 Beta PC; Livermore Software Tech-
nology, Livermore, Calif) designed for
visualizing finite element results. Loca-
tions of the drill holes were identified
by visualizing the fiducials adjacent to
the reconstructed cartilage surface and
approximately 18 nodes (mean, 17.8 =
4.6 [standard deviation]) were queried
circumferentially around the hole to
obtain estimates of cartilage thickness.
These data were averaged to determine
a single value.

Statistical Analysis

A Bland-Altman plot (36), including
95% tolerance intervals (estimated as

1.96 times the standard deviation of
the differences) (37), was generated to
quantify agreement between multide-
tector CT-based estimates of cartilage
thickness and physical measurements,
and included both segmentation trials
(B.C.A.). This specific form of a 95%
tolerance interval, which Bland and
Altman called the limits of agreement,
assumes that the individual paired dif-
ferences of the two methods are nor-
mally distributed. Therefore, the mean
value = 1.96 (standard deviation) is the
boundary of the middle 95% of these
difference pairs. Inter- and intraob-
server repeatability was quantified by
using the coefficient of variation, in-
traclass correlation coefficient (ICC),
repeatability coefficient, and percent-
age variability by using statistical soft-
ware (SPSS, version 11.5 for Windows,
2002; SPSS, Chicago, IlI). Linear re-
gression was also performed to assess
the relationship between physical and
multidetector CT measurements of car-
tilage thickness. Bland-Altman and lin-
ear regression plots were generated
by using graphic software (Sigmaplot,
version 8.0 for Windows, 2002; Systat
Software, San Jose, Calif).

In this dataset, multiple measure-
ments were obtained from the same hip
(n = 4) and the same cadaver (n = 2).
To account for data clustering, the vari-
ance was multiplied by the design effect,
DE (38): DE =1 + (n — 1)(ICC), where
n is the average cluster size (38). This
equation provides a correct estimate of
variance (ie, design effect) that is larger
than the variance computed without
accounting for clustering effects for a
nonzero ICC. The ICC was computed at
the hip level and cadaver level of clus-
tering. Both ICCs were zero (truncated
to six decimal places). Therefore, the
variance was not increased and applying
conventional statistical methods that as-
sume independence of observations was
deemed appropriate.

Cartilage thickness for the four ac-
etabula ranged from 1.13 to 3.49 mm
(mean, 1.82 mm = 0.48), as measured
experimentally and from 1.06 to 4.03
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Figure 4

Anterior

LEFT
Figure 4:

4.0 mm

0.0 mm

RIGHT

Fringe plots of acetabular cartilage thickness for left and right hips of one specimen. Thicker cartilage dominated anterosuperior

region; thinner cartilage was predominately confined to posterior lunate surface. * = approximate locations of physical measurements.
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Figure 5:  Bland-Altman plot shows data for mean cartilage thickness plotted

against difference. Data points for both trials of observer 1 (Ob. #1) are plotted.
Best-fit lines for observers 1 (solid line) and 2 (Ob. #2, dashed line) were
nearly identical. Dotted lines = 95% tolerance interval for observer 1. Equations
for both best-fit lines indicated tendency for multidetector CT (MDCT) to
respectively over- and underestimate cartilage thicker and thinner than

approximately 1.25 mm.

(mean, 1.88 mm = 0.58), as estimated
from the 3D reconstructions of multi-
detector CT image data (both observ-
ers, both trials). Color fringe plots of
reconstructed cartilage depicted thicker
cartilage along the proximal roof with
thinner cartilage at the posterior lunate
surface (Fig 4).

Analysis of the Bland-Altman plot as
a combined dataset of both trials from
observer 1 (B.C.A.) (Fig 5) demonstrated
that cartilage was reconstructed to a
bias of —0.13 mm (average difference
between physical and multidetector CT
thickness measurements) and repeat-
ability coefficient (1.96 X the standard

deviation of the differences between phys-
ical and multidetector CT) of =0.46 mm.
Regression of the difference (physical
measurements — multidetector CT
measurements) to the average ([physi-
cal measurements + multidetector CT
measurements]/2) for both trials of
observer 1 yielded a significant (P <
.001) negative relationship (difference =
0.26—0.21 X mean thickness; R* =
0.22), indicating that there was ten-
dency for multidetector CT to overes-
timate thickness when cartilage was
greater than approximately 1.25 mm
thick, and to underestimate thickness
when cartilage was less than approxi-
mately 1.25 mm (Fig 5). Only four data
points were outside the 95% tolerance
interval (estimated as 1.96 times the
standard deviation of the differences),
which was 0.85 and 0.90 mm wide at
the lower and upper boundaries of car-
tilage thickness analyzed, respectively
(Fig 5). Regression of the Bland-Altman
plot for observer 2 yielded a best-fit line
(difference = 0.28—0.18 X mean thick-
ness; R? = 0.14) that was very similar to
observer 1 (Fig 5). Linear regression of
physical measurements versus multide-
tector CT for both trials of observer 1
(Fig 6) yielded a significant (P < .001)
relationship (physical thickness = 0.35
+ 0.76 X multidetector CT thickness;
R? = 0.85). Linear regression of data
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Figure 6: Scatterplot of physical measurements (Phy. Thick.) of cartilage
thickness plotted against multidetector CT measurements (MDCT. Thick.). Data
points for both trials of observer 1 (Ob. #1) are plotted. Linear regressions

of observers 1 (solid line) and 2 (Ob. #2, dashed line) indicated tendency for
multidetector CT to overestimate thickness measurements. Strong coefficients
of determination (R?) demonstrated that 3D reconstructions of multidetector CT
images are well suited to measure acetabular cartilage thickness.

from observer 2 was nearly identical
(physical thickness = 0.37 + 0.79 X
multidetector CT thickness; R? = 0.86)
(Fig 6).

The intra- and interobserver re-
producibility of cartilage thickness as
estimated from surfaces reconstructed
from multidetector CT data were very
good. For intraobserver correlation,
the coefficient of variation was 14.80%,
the ICC was 0.88, the repeatability
coefficient was 0.55 mm, and the per-
centage variability was 11.77%. For in-
terobserver correlation, the coefficient
of variation was 13.47%, the ICC was
0.90, the repeatability coefficient was
0.52 mm, and the percentage variabil-
ity was 11.63%.

We quantified the accuracy of hip car-
tilage thickness measured from 3D
surfaces generated by segmentation
of multidetector CT arthrograms with
commercial software. The magnitude
and spatial distribution of acetabu-
lar cartilage thickness in the cadaver
hips analyzed in our study were in
good agreement with previous data

(7,39-42). Shepherd and Seedhom
(42) measured acetabular cartilage
thickness in cadaver hips and yielded
an average thickness of 1.20-2.25 mm
(1.50 = 0.29) (42). Mean acetabu-
lar cartilage thickness measured by
Adam et al (39) was 0.85-1.72 mm,
with maximum thickness values rang-
ing from 1.43 from 3.14 mm. In our
study, the thickest cartilage was found
to occupy the superior quadrants,
which also parallels results by Shep-
herd and Seedhom (42) and Athanasiou
et al (40).

Linear regression of physical versus
multidetector CT thickness data dem-
onstrated a tendency for cartilage thick-
ness to be overestimated by multidetec-
tor CT. Regression of the Bland-Altman
plot also suggested that cartilage thick-
ness was overestimated. However, un-
like the regression equation, the best-fit
line of the Bland-Altman plot crossed
the y-axis at a thickness value within
that measured in our study (approxi-
mately 1.25 mm), which indicated that
multidetector CT respectively under-
and overestimated the true thickness
of cartilage when it was thinner or
thicker than approximately 1.25 mm.

Assuming consistent threshold levels
were acquired, a possible explanation
for this finding is as follows: when car-
tilage is surrounded by thicker, more
radiopaque medium (ie, bone, con-
trast agent) there will be a net effect
of perceived cartilage thinning owing to
volumetric averaging between adjacent
pixels. However, because volumetric
averaging acts in both directions (e,
brighter pixels will appear darker when
averaged with radiolucent pixels), carti-
lage that is thicker than the surround-
ing bone and contrast agent will cause
thickness measurements to be overes-
timated.

It has been previously shown that
CT volumetric averaging is dependent
on the spatial resolution of the im-
age data, the thickness of the imaged
object, and the orientation of the sec-
tion plane with respect to the object’s
curvature (34,43-45). The width of the
CT beam collimation and the full width
at half maximum (FWHM) of the sec-
tion sensitivity profile also dictates the
perceived thickness of thin objects im-
aged by using multidetector CT (43,44).
Reconstruction errors increase in near-
exponential fashion (34,35,43,44) as the
thickness of the object imaged falls be-
low the FWHM (approximately 0.7 mm
has been cited for a clinical multidetec-
tor CT scanner [43,44]). While we did
not query cartilage with a thickness less
than the FWHM of our CT scanner, the
pixel resolution used in this study was
below the FWHM. Therefore, volumet-
ric averaging likely occurred beyond the
single interface of adjacent pixels.

Our reported bias error equates
to roughly a 5% error in terms of the
average physical thickness value, which
is in good agreement with results re-
ported by Anderson et al (34), who
demonstrated an error of less than 10%
when simulated cartilage greater than
1.0 mm thick was reconstructed by
using commercial software in a phan-
tom study. Wyler et al (46) assessed
the accuracy of multidetector CT ar-
thrography in the hip joint by compar-
ing physical measurements of cartilage
thickness from anatomic slices to mea-
surements acquired from multidetector
CT arthrograms. They reported a mean
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difference between the two measure-
ments of 0.30 mm = 0.52 (standard error
of the mean) (46), which is substantially
larger than our mean error (ie, bias) of
—0.13 mm *= 0.06 mm. The Bland-
Altman plot reported by Wyler et al (46)
demonstrated that, with 95% confidence
(as assessed by the standard error), the
mean difference between physical and
CT-based measurements would be be-
tween —1.34 to 0.74 mm, which was
approximately double the width of our
tolerance interval (as assessed by the
standard deviation). In addition, they re-
ported a poor interobserver repeatability
coefficient of 0.22, which was attributed
to differences in the positioning of mea-
surements between observers (46). The
destructive nature of their experimental
protocol (0.5-mm-thick coronal slices
were cut prior to physical measurement)
may also explain why repeatability was
poor and errors were greater than in
our study (46).

El-Khoury et al (16) compared an-
kle cartilage measurements obtained
from multidetector CT arthrograms
with physical measurements obtained
from excised cores taken from cadav-
eric ankles (range, 1-2 mm thick) and
reported an R?> = 0.81, which is nearly
identical to our study (R? = 0.85). An
independent analysis of their raw data
resulted in a bias value of 0.09 mm and
repeatability coefficient of =0.24 mm,
which was slightly better than our re-
sults. Inspection of the best-fit regres-
sion line reported by El-Khoury et al
indicated that multidetector CT had a
tendency to underestimate thickness,
whereas we observed an overestima-
tion. One explanation for this discrep-
ancy could be that El-Khoury et al ana-
lyzed single-image sections to estimate
thickness rather than obtain these
data from 3D reconstructions. Three-
dimensional reconstruction accuracy of
cartilage has been shown as inferior to
in-plane estimates made from an MR
imaging study of femoral cartilage (18).
In addition, El-Khoury et al acquired
images in the coronal plane of the ankle
joint, transverse to the direction of cur-
vature, which likely reduced volumetric
averaging and staircase artifact. Three-
dimensional reconstructions created on

the basis of images acquired transverse
to the direction of curvature resulted in
lower errors than reconstructions of im-
ages acquired longitudinally (34,45,47).
Repositioning of the hip joint in the CT
scanner would likely have little effect
because the hip joint is nearly spherical
(48,49), and any imaging plane chosen
is destined to initiate staircase artifact
and volumetric averaging.

Several studies have quantified car-
tilage thickness by using MR imaging.
McGibbon et al (18) reported both the
in-plane and out-of-plane (3D recon-
struction) accuracy of MR imaging for
resolving the thickness of femoral sub-
chondral bone and articular cartilage.
They determined that 3D reconstruc-
tion errors were higher than in-plane
errors, with a bias of —0.14 mm and
absolute average error of *0.32 mm,
which can be roughly estimated as the
width of the 95% tolerance interval
(18). Nishii et al (8) described a method
for determining acetabular cartilage
thickness and reported mean errors of
+0.28 mm with an R? of 0.79. Cohen
et al (19) compared cartilage thickness
measurements of cadaveric knees using
a B-spline curve-fitting technique that
was compared with a highly accurate
stereophotogrammetric measurement
technique (50) and reported a mean
error of 0.31 mm with 95% of the mea-
surements within 0.62 mm, on average.
Overall, these results, when compared
with our data, suggest that MR imaging
is equal to or slightly less accurate than
multidetector CT for quantifying carti-
lage thickness. However, ionizing radia-
tion exposure to organs such as the go-
nads, prostate, and bladder should be
carefully considered when using multi-
detector CT.

There were limitations to our study
that warrant discussion. We assessed
the accuracy of cartilage thickness in
normal hips. However, diseased hips
may have thinner cartilage. Thus, our
approach of generating 3D models of
cartilage geometry should only be uti-
lized for patients without radiographic
evidence of cartilage thinning. Never-
theless, evidence suggests that cartilage
may be thicker than normal in hips with
early osteoarthritis and dysplasia (8).

While CT arthrography allows one to
delineate acetabular from femoral car-
tilage, the technique is limited because
the boundary between cartilage and ad-
jacent soft tissues such as the labrum
cannot be clearly distinguished. How-
ever, because our study measured car-
tilage thickness in the weight-bearing
region of the acetabulum, away from
surrounding soft tissues, it was not nec-
essary to clearly define these boundar-
ies. Nevertheless, measures of cartilage
thickness at the periphery should be in-
terpreted with caution. In addition, al-
though our choice of arthrography pro-
tocol was based on protocols commonly
performed in live patients, there were
some notable differences. We chose
to use a full concentration of contrast
agent. However, contrast agent is often
diluted in clinical arthrography by us-
ing saline or a local anesthetic (30). It
has recently been shown that a diluted
contrast agent initiates less volumet-
ric averaging that directly translates to
more accurate 3D reconstructions (34).
We chose to use a full concentration of
contrast agent to guarantee a homog-
enous solution and ensure consistent
determination of threshold level of
cartilage from the image data. Absorp-
tion of contrast agent in the cartilage
could skew measurements of cartilage
thickness. However, each specimen was
scanned within 5 minutes following in-
jection. Diffusion of contrast agent in
cartilage is nearly nonexistent in the
first 45 minutes and it has been shown
that Omnipaque may take more than 29
hours to completely diffuse in cartilage
(51-54). Therefore, it is unlikely that
the contrast agent was absorbed by the
cartilage to any appreciable degree.
Although manual segmentation could
compromise the accuracy of the 3D
reconstruction, the width of the 95%
tolerance intervals of the Bland-Altman
plot (*x0.46 mm) was only slighter
larger than the pixel resolution used in
our study (0.32 mm) and was less than
the FWHM of the scanner. Raynauld
et al (22) quantified knee cartilage vol-
ume by using a subvoxel segmentation
method and reported intra correlation
coefficients ranging from 0.94 to 0.99.
Eckstein et al (21) quantified knee joint
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cartilage volume by using a region-growing
algorithm and reported inter- and intra-
observer repeatability coefficient of varia-
tion of less than 4.6%. Stammberger
et al (25) reported interobserver coef-
ficients of variation in thickness between
3.3% and 13.6% by using a B-spline
snakes approach. While our values of
intra- and interobserver are slightly
higher than the aforementioned stud-
ies, cartilage is statistically thicker (39)
and arguably easier to visualize and seg-
ment in the knee than it is in the hip.
Hip joint cartilage has been shown to
have thickness deviations on the order
of 32% (39). Our maximum coefficient
of variation (13.47%) is well below this
value, which indicates that our sim-
plified approach to quantify cartilage
thickness is well suited for most clinical
applications.

In a knee MR imaging study, Stam-
mberger et al (25) demonstrated that
automatic segmentation was as much
as 3.6 times better than manual seg-
mentation for quantifying maximum
cartilage thickness and volume. How-
ever, Anderson et al (34) used both
automatic and manual segmentation
in a phantom multidetector CT arthro-
graphic study and concluded, following
a comparison of standard deviations
between the two techniques, that use of
manual segmentation did not increase
reconstruction errors when compared
with automatic segmentation. Cohen
et al (19) found similar results when
using MR: the maximum difference
between the two techniques was 0.01
mm. While automatic segmentation
would be advantageous by eliminating
intra- and interobserver variation and
represent a substantial time savings, it
was not possible to separate cartilage
from subchondral bone and contrast
agent by using a single range of pixel
intensities.

In conclusion, our results demon-
strate that acetabular cartilage thick-
ness can be estimated to approximately
+0.5 mm of the true value with 95%
tolerance when cartilage geometry is
semiautomatically reconstructed from
multidetector CT arthrographic data
by wusing commercial segmentation
software. Very good intra- and interob-

server agreement suggests that cartilage
thickness can be estimated by a clini-
cian or basic science researcher with
nearly equal results. Our segmentation
protocol was based on the use of com-
mercial segmentation software. There-
fore, the approach described herein is
more adaptable to the clinical setting
than are methods that rely on custom
algorithms and software that is not
readily available to clinicians and scien-
tists alike.
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