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Abstract
Purpose—To determine reproducibility of the femoral condyle cartilage volume (CV) in cross-
sectional and longitudinal studies using various 3D imaging techniques at 1.5 T and 3T.

Materials and methods—In 21 subjects with osteoarthritis, MR images including four
different sequences (sagittal 3D fat suppressed SPGR at 1.5T, fat suppressed FLASH at 3T, water-
excitation DESS at 3T, and water-excitation MEDIC at 3T) were acquired at baseline and
approximately one year later. The CV measured using semi-automated segmentation software by
three readers was analyzed.

Results—The mean of interclass correlation coefficient between each reader from SPGR,
FLASH, DESS, and MEDIC was 0.899, 0.948, 0.943, and 0.954, respectively. The mean CV
(×104 mm3) measured by each reader from SPGR/FLASH/DESS/MEDIC sequences was the
following in this order: 1.34/1.52/1.50/1.35, 1.21/1.43/1.40/1.27, 1.22/1.37/1.36/1.22, and
1.17/1.36/1.35/1.21 by readers 1, 2, 3 (first analysis), and 3(second analysis), respectively. There
was no statistically significant difference in CV between any readers in any sequences. The CV
measured on FLASH and DESS tended to be greater than that on SPGR or MEDIC.

Conclusion—Inter- and intra-observer reproducibility of cartilage segmentation using semi-
automated software was validated. Although there is no statistical significance, there is a tendency
of under- or overestimating CV by each sequence.
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Introduction
Osteoarthritis (OA) is the most common type of arthritis and a frequent cause of pain and
disability (1). There is no proven pharmacologic treatment that affects the progression of
OA. A major problem with the development of a pharmacologic treatment for OA is the lack
of a validated, non-invasive method that is both accurate and reproducible at measuring
articular cartilage repeatedly over time to determine disease progression (2). Conventional
radiography is limited by its inability to directly visualize articular cartilage - the tissue in
which the earliest insults of osteoarthritis are thought to occur (3). MRI offers the distinct
advantage of visualizing the articular cartilage directly. MRI can detect signal and
morphological changes in the cartilage and has been used to detect cartilage surface fraying,
fissuring and cartilage thinning (4–10). The standard techniques broadly used in clinical
practice and scientific studies are the 2D fast spin-echo (2D FSE) and the 3D spoiled
gradient-echo (3D SPGR) sequence (10,11). Both sequences are available on most MRI
systems. 2D FSE affords high contrast for evaluating articular cartilage (4–6,10–12). 2D
FSE sequences have excellent signal-to-noise ratios, which help to achieve short scan times.
The sequence has fewer artifacts than 3D SPGR (13). 3D SPGR sequences have been
employed because of their ability to provide high-resolution 3D images (4–6,12). Fat
suppression increases the dynamic range of signal intensities in cartilage. The 3D imaging
capability of this sequence has helped transform it into the standard acquisition technique for
quantitative cartilage assessment such as 3D volume or thickness measurements. Recent
studies indicate, however, that 3D SPGR is hampered by significant image artifacts that can
result in over- or underestimation of cartilage loss (13) and failure of cartilage segmentation
for 3D analysis, due to poor contrast between cartilage and surrounding tissues (14).

The most promising novel MRI pulse sequences for cartilage imaging include water-
excitation 3D spoiled gradient echo with spectral spatial pulses (3D SS-SPGR) (15–17), 3D
steady state free precession (3D SSFP) (18,19), 3D dual echo steady state (DESS) (20), and
3D fastspin-echo (3D FSE) techniques (21). These sequences provide 3D coverage (unlike
2D FSE) while yielding superior CNR between cartilage and surrounding tissues (unlike 3D
SPGR), and are likely to improve accuracy and reproducibility of cartilage MRI. 3D DESS
imaging, which could obtain higher T2* weighting for high signal intensity in cartilage and
synovial fluid, permitted accurate morphology and quantitative assessment of cartilage
thickness and volume (22). 3D measurements of total cartilage volume and cartilage
thickness have evolved as standard for quantitative MRI based assessment of cartilage loss.
However, there is significant disagreement in the literature as to the reproducibility of MRI
derived measurements of cartilage loss in the knee (23). On the other hand, novel high-
resolution 3D imaging technology is likely to yield surrogate outcome measures for cartilage
loss that are substantially more reproducible and accurate than current technology.

The aim of this study was to determine the reproducibility of quantitative measurements of
femoral condylecartilage volume (CV) in cross-sectional and longitudinal studies using
various 3D imaging techniques at 1.5 T and 3T.

Materials and Methods
Patients

Twenty-one subjects (7 men and 14 women; age, 47–81 years old; mean age 61 years old)
with medial compartment osteoarthritis (Kellgren-Lawrence stage 1 and 2) were enrolled in
this study.
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Magnetic resonance imaging and pulse sequences
All 1.5T imaging was performed on a GE Signa Excite (GEMedical Systems, Milwaukee,
WI) using an extremity coil (quadrature transmit, 4-coil phased-array receive) (Medical
Advances, Milwaukee, WI). 3T imaging was performed on a Siemens Trio 3T scanner
(Siemens Medical Solutions USA Inc., Malvern, PA) with an 8-channel transmit/receive
phased array knee coil (Medical Advances, Milwaukee, WI).

Our protocol consisted of four different sequences: sagittal 3D 1) fat-suppressed SPGR at
1.5T (SPGR), 2) fat-suppressed fast low angle shot at 3T (FLASH), 3) water-excitation
double-echo steady-state at 3T (DESS), and 4) water-excitation multi-echo data image
combination at 3T (MEDIC) were acquired at baseline and approximately one year later.
The scan parameters of each sequence were based on our preliminary work and are shown in
Table 1.

Segmentation of the knee cartilage
To measure CV of the knee femoral condyle, we used semi-automated segmentation
software using an “active contour model” algorithm to refine the segmented margin on each
slice of the 3D image series; this step serves to provide a more precise and objective
segmentation (24,25). In this software, the reader first selected an image near the center of
the cartilage plate and seeded the root point on the bone-cartilage interface. The software
then employed an automated edge-tracking algorithm to attempt a segmentation of the
cartilage on this slice (Fig. 1). The reader corrected segmented areas manually using a
convenient editing tool, if it was needed. Once a central slice was segmented, the software
proceeded to an adjacent slice using the computer-delineated margins from the previous
slice and an active-contour edge-detection algorithm, to attempt an automated segmentation.
This process continued on a slice-by-slice basis until the reader judged that the end of the
cartilage plate had been reached. The second half of the cartilage plate was then segmented
starting at the central slice and proceeding in the opposite direction. Finally, CVs were
calculated by summation of segmented areas. Three readers (an orthopedist, an
anesthesiologist, and a radiologist) were trained by one experienced musculoskeletal
radiologist (HY) using sample images. All readers were exposed to the images until the
group came to a consensus with the HY. Then they independently evaluated images. When
there was a poorly visualized interface for defining cartilage, the agreed rationale was to
assume continuity of cartilage surface from clear cartilage-soft tissue interface on the same
slice or adjacent slices. All readers were blinded to patient identifiers and clinical
information, and assessed image data sets randomly. Four weeks following the first
evaluation sessions, one reader (reader 3; radiologist) performed segmentation again for
intra-observer agreement analysis.

Statistical analysis
We calculated intraclass correlation coefficient (ICC) for 3 readers to evaluate inter- and
intra-observer agreement, and intra-observer agreement was also analyzed by Wilcoxon
matched pairs signed rank test. In addition, we compared the knee cartilage volume using
Kruskal-Wallis test and Dunn’s multiple comparison test. Differences with P<0.05 were
regarded as statistically significant.

Results
The mean and range of interclass correlation coefficient (ICC) between each reader from
SPGR, FLASH, DESS, and MEDIC are shown in Table 2. The ICC on SPGR was
significantly lower than that on FLASH or MEDIC.
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The mean CV of the femoral condyle measured by each reader from each sequence is shown
in Table 3. There is no significant change in the CV from baseline to one-year follow-up
examinations in any sequences by any readers. The mean CV combined with baseline and
one-year follow-up measured by each reader from SPGR/FLASH/DESS/MEDIC sequences
was the following order: 1.34/1.52/1.50/1.35, 1.21/1.43/1.40/1.27, 1.22/1.37/1.36/1.22,
1.17/1.36/1.35/1.21 (×104 mm3) by readers 1, 2, 3 (first analysis), and 3(second analysis),
respectively. In terms of inter-reader difference, there was no statistically significant
difference in the CV between any readers in any sequences. Regarding intra-reader
reproducibility measured by reader 3, there was no significant difference in the CV between
first and second measurements in all sequences, except for SPGR at baseline.

Although no statistical significance was seen, the CV from each sequences demonstrated
slightly different values. The CV measured on FLASH and DESS at 3T tended to be greater
than that on SPGR at 1.5T or MEDIC at 3T at baseline, one-year follow-up, and in
combined examinations (Fig. 2).

Discussion
In this study, ICC values of all sequences were very high. This indicates reproducibility of
the CV of the femoral condyle in the knee was excellent in all sequences. Reproducibility of
the CV measured on DESS images using the same semi-automated software has shown low
root mean square coefficient of variation value and demonstrated acceptable results (24).
Our results of the measured CV showed no significant difference among the readers, though
the experience of diagnostic radiology varied among them. However, reproducibility on
SPGR at 1.5T was slightly worse than on other sequences at 3T. We attributed that to
thicker slice thickness on SPGR since a previous study reported change in slice thickness
from 1 mm to 0.5 mm resulted on average in a 2% decrease in coefficient of variation (20).
Difference of magnetic field strength might also contribute the result because signal-to-noise
ratio is lower at lower magnetic field strength (26).

Clinically, MRI has played an important role with follow-up evaluation of the knee cartilage
in patients with osteoarthritis, because MR findings are significantly correlated with
arthroscopy findings (27) and bone marrow lesion size is associated with knee cartilage loss
(28). Our results also supported usefulness of MRI to monitor the CV longitudinally due to
the excellent reproducibility. However, there was a pitfall in the methods of segmentation,
i.e. differences of the CV between the sequences.

The sequences in our study could be classified into two types, conventional sequences
(SPGR and FLASH) and composite sequences (DESS and MEDIC). When the former
sequences were compared, the CV from SPGR was smaller than that from FLASH.
Cartilage is demonstrated as hyperintensity as opposed to adjacent hypointense joint
effusion and bone marrow on these sequences. The CV was calculated by summation of
segmented areas shown as hyperintensity on each image. Since slice thickness is a discrete
value, its difference would affect a final CV. It seems that CV calculations with thicker slice
thickness demonstrates more variations from true values, especially when the far medial or
lateral aspect of the femoral condyle cartilage is segmented, and may result in smaller values
due to larger partial volume effect (Fig. 3). The slice thickness on SPGR images was 1.5
mm, while that on FLASH images was 1 mm in this study. In addition to slice thickness
effect, ambiguity of surface contour in posterior region of femoral condylar cartilage, linear
area of high signal intensity in deep zone adjacent to subchondral bone of femoral condyle,
and pseudolaminar structure due to truncation artifact were more significant on SPGR
images as previously reported (Fig. 4)(13). The truncation artifact can result in an apparent,
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though fictitious, laminar appearance of cartilage and significant signal intensity variations
(29). These factors influenced the difference in CV between SPGR and FLASH.

When DESS and MEDIC were compared, the CV calculated from MEDIC was smaller than
that from DESS. The MEDIC sequence, one of the GRE sequences, is a useful method for
detecting cartilage lesions because high-resolution images are available with a reasonable
acquisition time. However, it addresses the same major limitations as other gradient-echo
sequences, such as low signal-to-noise ratio, image degradation due to susceptibility
gradients, and chemical shift (30). On MEDIC images, a low-intensity band at the surface of
the knee cartilage was frequently seen (Fig. 5). This seemed to be due to a kind of artifact
like chemical shift or susceptibility artifact. Readers might segment cartilage just deep to
this surface low signal, which would result in underestimation of CV on MEDIC images.
Lower signal-to-noise ratio of MEDIC also might have the potential for causing
underestimation.

Some limitations in our study must be noted. First, number of the subjects in this study was
small. However, our sample size was likely to be valid as the calculation was based on
previous literature (27). Second, there was no gold standard of the CV in our study. We
believed this would be a minor issue because the aim of this study was not to evaluate
accurate measurement of cartilage volume, but to validate the reproducibility of our method
in various 3D sequences. To verify the accuracy of longitudinal CV change by this semi-
automated segmentation method, further long term follow-up studies are necessary. Third,
reproducibility of the CV in the severe OA patients was not validated because the subjects in
this study did not include patients with Kellgren-Lawrence stage 3 or 4. In these patients,
assessment of meniscal injury, osteophyte, and subchondral bone cyst as well as cartilage
injury is needed for staging.

Also, there may be more significant differences in the CV between 3D imaging sequences in
patients with moderate or severe OA. Finally, we only measured the femoral condyle
cartilage volume in this study because it is more challenging. Measuring the CV in the
femoral condyle is more difficult than measuring the CV in the tibial plateau or the patella
because of its thin and curved structure. The volume in the femoral condyle is also likely to
be influenced by multiple factors, such as slice thickness, matrix size, imaging contrast, and
measurement errors. However, it would be necessary to measure cartilage volume of all
compartments, including the tibia and patella, to document change in disease.

In conclusion, the measurement of the CV of the femoral condyle with semi-automated
segmentation technique is reproducible regardless of level of readers’ experience or type of
3D imaging sequences. The CV on SPGR at 1.5T and on MEDIC at 3T tends to be smaller
than that of FLASH or DESS at 3T. We should know sequence dependent cartilage volume
difference when we compare cartilage volume to previous studies, or conduct follow-up
longitudinal studies.
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Figure 1.
Examples of segmentation of the femoral condyle cartilage. a: fat-suppressed 3D spoiled
gradient-echo sequence (SPGR) at 1.5T. b: fat-suppressed fast low angle shot (FLASH) at
3T. c: water-excitation double-echo steady-state (DESS) at 3T. d: water-excitation multi-
echo data image combination (MEDIC) at 3T. The segmentation area of cartilage is shown
in a red line on each image.
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Figure 2.
Overall mean and standard deviation of femoral condyle cartilage volume measured on each
sequence. **, P<0.01; ***, P<0.001.
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Figure 3.
Schematic images of the femoral condyle cartilage segmentation on (a) thin and (b) thick
slice images. The area of underestimation on thick slice images (gray area) is larger than that
on thin slice images.
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Figure 4.
A 57-year old woman. a: On fat-suppressed 3D SPGR at 1.5T, a linear area of marked high
signal intensity in deep zone adjacent to subchondral bone of the femoral condyle (arrows)
is seen with resultant unclear contour of the knee cartilage.
b: Fat-suppressed FLASH at 3T demonstrates similar but lesser degree of a linear area of
high signal intensity in deep zone adjacent to subchondral bone of the femoral condyle with
unclear contour of the knee cartilage (arrow heads).
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Figure 5.
A 57-year old woman (same case in figure 4). a: On water-excitation DESS at 3T, there is
no band-like low intensity in the knee cartilage. b: On water-excitation MEDIC at 3T, a
band-like low signal intensity along the cartilage surface over the femoral condyle is clearly
seen (arrows).
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