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Abstract
Objective—To compare precision and evaluate equivalence of femorotibial cartilage volume
(VC) and mean cartilage thickness (ThCtAB.Me) from independent segmentation teams using
identical MR images from three series: sagittal 3D Dual Echo in the Steady State (DESS), coronal
multi-planar reformat (DESS-MPR) of DESS and coronal 3D Fast Low Angle SHot (FLASH).

Design—19 subjects underwent test-retest MR imaging at 3 Tesla. Four teams segmented the
cartilage using prospectively defined plate regions and rules. Mixed models analysis of the pooled
data were used to evaluate the effect of acquisition, team and plate on precision and Pearson
correlations and mixed models to evaluate equivalence.

Results—Segmentation team differences dominated measurement variability in most cartilage
regions for all image series. Precision of VC and ThCtAB.Me differed significantly by team and
cartilage plate, but not between FLASH and DESS. Mean values of VC and ThCtAB.Me differed
by team (P<0.05) for DESS, FLASH and DESS-MPR, FLASH VC was 4–6% larger than DESS in
the medial tibia and lateral central femur, and FLASH ThCtAB.Me was 5–6% larger in the medial
tibia, but 4–8% smaller in the medial central femur. Correlations betweenDESS and FLASH for
VC and ThCtAB.Me were high (r=0.90–0.97), except for DESS versus FLASH medial central
femur ThCtAB.Me (r=0.81–0.83).

Conclusions—Cartilage morphology metrics from different image contrasts had similar
precision, were generally equivalent, and may be combined for cross-sectional analyses if
potential systematic offsets are accounted for. Data from different teams should not be pooled
unless equivalence is demonstrated for cartilage metrics of interest.
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Introduction
Osteoarthritis (OA) is a leading cause of disability and loss of independence[1], although
much of its pathophysiology is not well understood and no proven cures or treatments which
prevent or delay onset have been found[2]. The Osteoarthritis Initiative[3] is a public-private
partnership jointly sponsored by the National Institutes of Health (NIH) and pharmaceutical
industry, targeted at identifying the most promising biomarkers for development and
progression of symptomatic knee OA. The OAI enrolled 4,796 men and women ages 45–79,
who either have, or are at increased risk of developing, knee OA. These subjects will be
evaluated over at least 9 years with radiography and Magnetic Resonance (MR) imaging,
biochemical, genetic and clinical assessments of disease activity. The images, clinical data,
and biospecimens are public access resources[3].

The OAI knee MR protocol supports development of potential imaging biomarkers,
particularly segmentation and quantification of cartilage morphologic changes[3–9] such as
cartilage volume (VC) or mean thickness over the total area of bone (ThCtAB.Me).
Segmentation[4–7, 10–13] requires both high spatial resolution and high image contrast and
was the primary motivation to use 3D Dual Echo in the Steady State (DESS) acquisitions
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and 3 Tesla (T) MR systems[4, 14]. At the time the OAI began, DESS had not yet been
validated for quantitative cartilage morphometry, hence both coronal 3D FLASH (Fast Low
Angle SHot)[13] acquisition for central weight-bearing femoro-tibial cartilage morphometry
and sagittal 3D DESS acquisition for cartilage morphometry over the entire knee were
included[3, 4].

FLASH acquisitions at 1.5T and 3T have since been cross-validated[11, 15–17] and shown
to have equivalent precision for quantitative cartilage measurements. The OAI also
undertook a pilot study to validate quantitative cartilage morphometry using both coronal
FLASH and sagittal DESS, to determine whether reproducible segmentation could be
accomplished by different segmentation teams, and whether sagittal DESS and multi-planar
reformat (DESSMPR) of sagittal DESS provide equivalent results to coronal FLASH. Four
cartilage segmentation teams evaluated the same sets of de-identified, randomly ordered
test-retest MR images, and individually published their results[18–24, 54]. However, the
pooled results from these teams have not been directly compared.

The present analysis objectives were to determine the impact of segmentation team on
cartilage morphology metrics and to use pooled data from all four teams to a) compare the
overall reliability of cross-sectional cartilage measurements from DESS and FLASH, b)
determine the equivalence of cartilage measurements from the two acquisitions, and c)
determine the impact of image contrast, image plane, and cartilage region on precision and
cartilage metric values. This work represents one component necessary to qualify cartilage
biomarkers from DESS image contrast by comparison to the previously validated FLASH.

Methods
Study Participants

The 19 subjects enrolled in this pilot study met OAI eligibility criteria with an expanded
lower age limit (40 years) [3]. Clinical knee OA was defined as having symptoms on the
majority of days in one month over the past year and a physician diagnosis of knee OA.
Knees classified as without clinical OA did not meet these requirements. One knee per
subject was scanned twice on the same day after repositioning. Approximately equal
numbers of knees with and without clinical OA were included.

Knee radiographs were not performed. However, 13 subjects were also enrolled in the OAI
and had site-based Kellgren-Lawrence grades [25] from their screening knee radiographs.
There was one grade 0 study knee, seven grade 1 knees, four grade 2 knees, and one grade
3knee. All grade 2 and 3 knees were in the clinical OA group; all grade 0 and 1 knees were
in the non-clinical-OA group.

This study was performed at The Ohio State University and Memorial Hospital of Rhode
Island under review and approval of the local institutional review boards. All subjects gave
informed consent.

MR Acquisition
Images were acquired on 3T MR systems (Siemens Magnetom Trio, Erlangen, Germany)
using quadrature transmit-receive knee coils (USA Instruments, Aurora, OH)[4, 18–23].
There were no activity, time of day, or dietary restrictions before the MR exams. After the
first exam, the subject was allowed to walk for ~10 minutes before repeating the exam. All
images were reviewed by the technologist and were immediately reacquired if any were
unacceptable (orientation, incomplete anatomical coverage, motion, artifact, etc.).
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Two 3D acquisitions, identical to those used in the OAI, were included[4, 18–24]: 1) A 1.5
mm slice thickness double-oblique coronal 3D FLASH with water excitation (Figure 1A)
acquired with the posterior edges of the medial and lateral femoral condyles located in the
same coronal slice or not more than 2 slices apart (Figure 2)[26]. 2) A 0.7mm slice thickness
sagittal 3D DESS with water excitation series acquired orthogonal to the coronal FLASH
(Figure 1B). 1.5 mm double-oblique coronal images (DESS-MPR) oriented identical to
FLASH were created from the sagittal DESS images (Figure 1C).

Image Segmentation
The 114 series were de-identified, randomized, and the teams blinded to subject
identification and order of acquisition. Images were segmented independently, i.e. were not
paired for analysis, to achieve better insight into the impact of contrast and plane on
equivalence and test-retest precision of independent measurements.

The femoro-tibial cartilage was divided into four plates by anatomic location: the medial
tibia (MT), lateral tibia (LT), central (weight-bearing) medial femur (cMF), and central
lateral femur (cLF)[26, 27]. The cartilage plate locations and segmentation rules were
prospectively defined by consensus. All slices that displayed cartilage underwent
segmentation, except those with substantial partial volume averaging at the margins.
Cartilage covering peripheral osteophytes was excluded.

The cMF and cLF were differentiated from the trochlear and posterior femoral regions in the
coronal plane with the anterior boundary defined as the first image where the continuous
trochlear cartilage layer separated into distinct cartilage layers (Fig. 2B), the “bone bite”
[26]. The posterior boundary was defined as 60% of the distance between the anterior
boundary and the last image containing the posterior aspects of the femoral condyles, i.e.,
“double bulls-eye” containing both cartilage and bone (Figure 2B). These definitions were
selected because they are less dependent on the knee flexion angle and included a greater
number of slices than previous studies[26], thereby increasing the amount of cartilage
measured with the goal of reducing measurement variability[28]. Cartilage regions of
interest were defined similarly in both the sagittal and coronal planes by using the same
landmarks and 3D viewing during segmentation.

Imaging metrics (Figure 3) included cartilage volume (VC) and mean thickness over the
total area of bone (ThCtAB.Me)[27]. The individual segmentation teams utilized their
standard methods to calculate these values.

Statistical Analysis
Test-retest precision—Bland-Altman plots of test-retest differences for each cartilage
biomarker were visually assessed for variance to mean relationships and out-of-bounds
measures. The variance of each test-retest pair of measurements ((y1−y2)2/2) was calculated
and the root mean square errors (RMSE) for pooled data were derived using the square root
of the average variance of the pairs. The RMSE was divided by the overall group means of
the pairs to determine the RMSE coefficient of variation (CV%). The RMSE is smaller (sqrt
2) than the standard deviation of the differences used in calculating Bland-Altman 95%
limits of agreement. Measurements from all teams were combined for pooled estimates of
precision. Using pooled data, mixed model analyses (SAS Proc MIXED) based on
maximum likelihood estimation were performed to evaluate the effect (F-test in the mixed
model analysis) of the independent variables of acquisition (contrast and plane), cartilage
plate and segmentation team and their interactions on precision, with ln((y1−y2)2/2) as the
dependent variable and including a random effect for knee to account for repeated measures
within a knee.
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The sensitivity of precision to outliers was assessed by: 1) deleting isolated test-retest pairs
with differences greater than 4 standard deviations (SDs) above or below the mean; and 2)
excluding teams that had significantly higher precision error compared to at least two other
teams for a given plate.

Equivalence—The average cartilage biomarker value of the test-retest pair was used as a
surrogate for the true value for a knee. The mean and SD of VC and ThCtAB.Me were
calculated for each combination of acquisition, cartilage plate and team and for data from all
teams combined. To evaluate systematic differences in cartilage biomarker values between
teams and between FLASH and DESS contrast, mixed model analyses (SAS Proc MIXED)
based on maximum likelihood estimation were performed to evaluate the effect (t-test in the
mixed model analysis) of these independent variables on the average cartilage values as
dependent variables and including a random effect for knee. Normality assumptions for the
mixed model analyses of equivalence and test-retest precision were assessed graphically via
Bland-Altman and conditional residuals plots (SAS Proc MIXED). No concerns were noted
other than occasional outliers, which were addressed by removal. The pooled values were
compared between acquisitions using two-way scatter plots, Bland-Altman plots, and
Pearson correlation coefficients.

Results
Subjects

The 19 subjects (7 men, 12 women) had a mean±SD age 51.6±7.6years (range 40.2–71.3
years) and body mass index 30.4±6.1kg/m2 (range 19.1–44.0kg/m2). Ten study knees had
clinical OA; ten knees were right knees (5 with OA) and nine left knees (5 with OA).

Image Segmentation Teams
Four teams submitted data, but one team submitted femoral results using two independent
methods (designated Teams B and D); therefore five sets of femoral results are presented.
Teams A, B and C used manual cartilage segmentation; Team D used an automated central
femoral plate definition; Team E used a semi-automated approach followed by manual
correction. Team A submitted only tibial VC results. Team E used different region
definitions for the tibial cartilage plates segmented in the sagittal and coronal planes. Teams
B and D excluded cartilage on the plate edges.

Test-Retest Differences
Bland-Altman plots of the test-retest values of VC and ThCtAB.Me for FLASH, DESSMPR
and DESS (Fig. 4) showed all teams had points outside the 95% limits of agreement for the
pooled data, with Team E having the greatest number. No trends or slopes were observed in
the variance to mean associations.

Test-Retest Precision by Analysis Team, Plate and Acquisition
Cartilage Volume (VC)—For each image set and plate analyzed separately (Table 1), VC
precision varied two- to five-fold between teams. VC precision showed no significant
differences between teams for FLASH, but there were significant (p<0.05) team differences
in precision for DESS-MPR in all four plates and for DESS in cMF. Precision estimates
from pooled data for each plate and series ranged from 5.5%–9.5%, with DESS-MPR
having the greatest variability (Table 1).

When data for a given plate was pooled over teams and all three series (not in tables) there
were significant differences in precision by team for MT, LT and cMF and a trend for cLF

Schneider et al. Page 5

Osteoarthritis Cartilage. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(p=0.078); team effects did not differ by image contrast or plane (two-way interactions,
p>0.16).

When data for each series was pooled over teams and plates, VC precision differed by plate
within each series (p<0.017), with RMSE’s significantly lower in the medial and lateral
femur than the tibia for all series.

Using pooled data, no overall effect of acquisition or orientation (sagittal DESS, coronal
FLASH and DESS-MPR) on precision was found either within a given plate (all p>0.22) nor
for all plates combined (p=0.15). There were no pair-wise differences in precision between
any two series.

Cartilage thickness (ThCtAB.Me)—CV%s for ThCtAB.Me were smaller than VC for
all teams, and varied (2.6%–5.9%) by plate when pooled over teams (Table 2). Based on
RMSE models, there were significant or nearly significant differences between teams in
precision within each plate for all three series, with DESS-MPR having the greatest number
of team differences.

Pooling data over teams and all three series (not in tables), there were significant differences
by team in all four plates (p<0.02); team effects did not differ by acquisition (all p>0.19).
Pooling data over teams and plates, there was a trend (p=0.07) for plate differences in
ThCtAB.Me precision for FLASH and DESS and a significant plate effect for DESS-MPR
(p=0.01), with lateral tibial plates having better precision than femoral.

Averaged over all teams and plates, there was a significant effect of series on ThCtAB.Me
precision (p=0.045). Although DESS had the lowest pooled CV% within each plate, DESS
was not significantly lower than FLASH. However, DESS-MPR precision was marginally
less than FLASH (p=0.07) and less than DESS (p<0.01).

Sensitivity Analyses—Exclusion of isolated test-retest outliers for VC and ThCtAB.Me
and exclusion of all data from outlier teams (Tables 1 and 2) lowered the pooled CV%,
especially for DESS-MPR, and slightly attenuated team effects on precision, but otherwise
did not substantially change the results.

Equivalence of Cartilage Metric Values
There were significant differences (p<0.05) in mean values of VC and ThCtAB.Me by team
for all series in each plate, except for DESS ThCtAB.Me in the cMF and cLF (Table 3).
There were also one or more significant differences between series in cartilage values for
each team (Table 3), but differences varied by team as reflected in significant series by team
interactions and the fact that one team accounted for half of the 27 significant differences.
Team E’s large differences in the tibial plates for sagittal versus coronal orientations were
expected given their use of different plate definitions and their DESS tibial results were
excluded from pooled analyses.

In analyses of the mean values pooled across teams and series, FLASH MT.VC was 4% and
6% greater than DESS-MPR and DESS, respectively, while FLASH cLF.VC was 5%
greater than DESS. FLASH MT.ThCtAB.Me was 5–6% greater than DESS-MPR and
DESS, but in cMF was 4–8% less than the two DESS series. Despite these plate-specific
differences by series, in all plates combined there were no consistent effects of image
contrast on either cartilage metric (VC and ThCtAB.Me).

Pearson correlation coefficients (r) for VC and ThCtAB.Me for FLASH versus DESS-MPR
and FLASH versus DESS using pooled data from all teams are shown in Table 4 with
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example scatter and Bland-Altman plots in Figure 5. Correlations for tibial plates were
uniformly high (r=0.94–0.97) and were only slightly lower for femoral plates (r=0.90–0.95),
with the exception of FLASH versus DESS ThCtAB.Me, which were substantially lower
(r=0.81–0.83). For the latter, exclusion of one team with individual correlations below 0.88
substantially increased the pooled correlations (r=0.90–0.91).

Discussion
Considerable effort has been invested into developing imaging biomarkers to quantitatively
evaluate joint structure and function and to sensitively monitor OA progression[5, 7, 10].
Radiographic joint space narrowing is the only method accepted by the Food and Drug
Administration for demonstrating structure-modifying effects of OA treatments[25].
However, radiography has technical challenges and only infers changes[29], thus direct
cartilage visualization and quantification using MR has been investigated[5, 6, 10].
Information on the performance characteristics of MR-based cartilage metrics is needed to
qualify them for use in OA research. We investigated the effects of MR image contrast,
orientation and segmentation method on test-retest precision and cartilage metric values. We
pooled data from multiple segmentation teams to directly compare knee cartilage
measurements and used multivariate analysis to test for the independent effects of image
contrast, image plane, segmentation team, and plate on precision and cartilage metric values.
This study provides insight into the average (and range) of, performance from different
acquisitions and segmentation methods.

Precision and equivalence of two cartilage metrics (VC and ThCtAB.Me) were compared
from four independent segmentation teams using identical MR images from three series:
sagittal DESS, coronal DESS-MPR, and coronal FLASH. Because FLASH had been
previously validated[6, 7, 11, 15, 16, 26, 30, 31], we treated it as the gold standard. Coronal
FLASH was compared to coronal DESS-MPR which has different image contrast and
slightly lower in-plane spatial resolution; FLASH was also compared to sagittal DESS, a
comparison which added the complexity of a different plane. Our results are consistent with
previous publications comparing quantitative morphology from sagittal DESS and coronal
FLASH acquisitions, which showed similar precision but some differences between
acquisitions in mean values of cartilage metrics[18, 19, 22, 45, 47].

Using data pooled across segmentation teams, no significant differences were found in the
test-retest precision of either VC or ThCtAB.Me in femorotibial cartilage plates for FLASH
compared to DESS-MPR or DESS. While DESS CV% for ThCtAB.Me were slightly
smaller than the other series, its precision was significantly better compared only to DESS-
MPR in the cMF. This may suggest a relatively greater ease of segmenting central femoral
cartilage regions in the sagittal plane or the thinner slices of the sagittal DESS minimize the
potential impact of partial volume effects[26, 32].

Several plate-specific offsets in mean values were observed for VC and ThCtAB.Me
between FLASH and DESS image contrasts. FLASH values for MT.VC and
MT.ThCtAB.Me were about 5% higher than mean values for DESS image contrast
(excluding Team E’s sagittal DESS values). A similar small underestimation in MT for
DESS compared to FLASH was previously reported[19], but was not found in a separate
comparison of the two image contrasts[47]. The magnitude of the mean MT offsets are
comparable to that seen between FLASH images acquired at 1.5T and 3T[11]. Differences
between acquisitions in mean cartilage values in LT and cLF were inconsistent and varied
both in magnitude and direction. As a result, no overall differences were found between
series for all cartilage regions combined. A previous analysis combining tibial and central
femoral regions of the same images found a significant, but not clinically meaningful,

Schneider et al. Page 7

Osteoarthritis Cartilage. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



underestimation (1.5%) by DESS compared to FLASH in ThCtAB.ME, but no differences
in VC[22].

Using pooled data from all teams, VC and ThCtAB.me from FLASH correlated highly with
DESS-MPR and DESS and were similar to those previously reported (r>0.90)[47]. They are
also similar to correlations of FLASH acquisitions at 1.5 and 3T (r=0.95–0.97). However,
our coronal FLASH versus sagittal DESS correlations for cMF.ThCtAB.Me (r=0.81–0.83)
were somewhat lower than prior studies. This was attributed to differences in femoral ROI
definition in the coronal and sagittal planes by one team. When the outlier team was
eliminated from the cMF.ThCtAB.Me analysis, the correlations were significantly higher
(0.90–0.91). While a high degree of equivalence was found between acquisitions in both VC
and ThCtAB.Me, this varied somewhat by cartilage plate. The potential for systematic
offsets between acquisitions in cartilage metrics for some regions suggests that cross-
sectional analyses pooling data from different acquisitions and orientations may be feasible,
but should include statistical adjustment of offsets.

Differences between teams dominated the variability in both precision and mean cartilage
metric values and potentially overshadow the impacts of image contrast, plane and cartilage
plate. Of the 24 combinations of acquisition and cartilage region, there were significant or
nearly significant differences in precision by team for 15, and in cartilage metric values by
team for 22. Between-team ranges in precision and mean values were several-fold greater
than the range among series for the same plate. These team differences probably reflect
subtle variations in region definitions, segmentation methods and calculation techniques.
The consensus definitions of the cartilage plates used in this study differed from those
typically used by some of the teams. Moreover, the teams did not have equivalent
experience analyzing images in both the coronal and sagittal planes and none had prior
experience with DESS contrast, which may explain the greater variability in precision
among teams for DESS. This suggests that VC and ThCtAB.Me from different segmentation
teams, even based on the same MR acquisition, should not be pooled in cross-sectional (or
possibly even longitudinal) studies without evidence of comparable precision and
equivalence for the metrics of interest and possibly including statistical adjustment for team
offsets. This situation is analogous to DEXA wherein it is well established that the same
scanner, calibration phantoms, and segmentation software must be used to compare baseline
and followup images[52].

We assessed precision for repeated acquisitions using segmentation of unpaired images, so
our results cannot be directly compared to precision in which test-retest images were paired
for segmentation[11, 19, 28, 33, 36, 41, 45–48, 54]. Unpaired segmentation of test-retest
images has more variability than paired analyses[19, 32], but also has the advantage of
eliminating potential reader bias toward “no difference” when viewing repeat scans together
and may therefore be more sensitive to impacts of contrast and plane on short-term
reproducibility. Although the precision errors reported here overestimate what is achieved
with paired analyses[47] and some team- and plate-specific reproducibility was poor,
precision in all teams combined was comparable to that seen in other unpaired
segmentations[7,26,32,51].

Precision errors were lower for cartilage thickness than for volume both for individual teams
and for each plate and series pooled over teams. This is understandable because each
individual ThCtAB measurement is one component of the volume measurement, and
indicates that variability in selecting the same cartilage ROI will contribute to, and increase,
the variability of unpaired segmentation. Better precision for cartilage thickness compared to
volume has also been seen with paired image analyses in some[18,51,52,54] but not all[11,
32] studies. Smaller precision errors may contribute to a greater sensitivity to change of
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ThCtAB.me than for VC [46,47,52,54]. The pooled precision estimates for cMF.VC and
cLF.VC were better than in the tibia, while for ThCtAB.Me the teams performed better in
tibial than femoral regions.

Our cross-sectional findings of precision similarity and general equivalence of cartilage
metrics between DESS and FLASH do not suggest a preferred MR acquisition. However,
FLASH acquisitions are considered a gold standard, are available from all manufacturers,
and have been used in many clinical studies of cartilage loss [11,12,16,28, 30,33,35,44,53],
albeit often in a sagittal orientation. Independent analyses of baseline and follow-up OAI
images have shown that FLASH, DESS-MPR and DESS provide very similar sensitivity to
change in cartilage thickness[45,47] and further supports our findings of equivalent cartilage
metrics resulting from DESS and FLASH. DESS has the advantage of higher SNR, faster
acquisition times, and the potential for thinner slices. The key item remaining to be
addressed is image plane, since sagittal acquisitions covers all cartilage plates (including the
patella and trochlea) and allows high quality MPRs. On the other hand, coronal acquisitions
have the potential for reduced partial volume in weight-bearing femorotibial cartilage,
however this may not yield superior precision or sensitivity to change[54]. Thinner sagittal
slices increase the number of images to be segmented, however analysis of every other
slice[47] has shown to provide the same sensitivity to change as segmenting all slices.

The current study has several limitations, including the small number of subjects (N=19), a
relatively low grade of OA, the lack of intra- and inter-rater assessments, and not evaluating
the patello-femoral compartment. However, both precision and equivalence results are
consistent with analyses performed in larger and independent samples of images including
knees with more severe disease[33, 36, 45–47]. Segmentation of the patello-femoral joint is
outside the scope of this study and would require different gold standard acquisitions and
different orientation MPRs for effective analysis. Another limitation is that FLASH used a
1.5 mm slice thickness, however studies have shown that 1.0 mm slice thickness is practical
at 3T and yields somewhat greater precision than acquisitions with 1.5 mm[11]. Finally,
results from this cross-sectional study are not directly generalizable to longitudinal measures
of cartilage loss, which needs to be evaluated using longitudinal test-retest data for the
specific combination of acquisition and segmentation method under consideration
[18,32,45,55,56]. In particular, our precision is based on blinded, unpaired segmentation of
cross-sectional test-retest exams whereas longitudinal studies typically utilize paired
segmentation[8,9,36,39].

In conclusion, this study represents one component of the multi-step process for qualifying
quantitative cartilage metrics obtained from a direct or multi-planar reformatted sagittal
DESS acquisition. The pooled analysis of test-retest measurements by four independent
segmentation teams showed that DESS and FLASH image contrast are equivalent for cross-
sectional segmentation of cartilage metrics and that multi-planar reformatted images can be
used to provide equivalent results to directly acquired image sets. The results do not support
pooling of data from different segmentation teams for any metrics even using prospectively
agreed upon anatomic region definitions. On the other hand, pooling VC and ThCtAB.Me
data from different image contrast and orientation may be possible for cross-sectional
analyses, but should be undertaken cautiously for a given segmentation method on a plate-
specific basis and include assessments of potential offsets in mean values.
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Figure 1.
Sample images from (A) FLASH, (B) DESS, and (C) DESS-MPR.
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Figure 2.
Sample FLASH images depicting (A) the anterior boundary of coronal image segmentation
which includes distinct condylar cartilage (green arrow) and (B) the double ‘bulls-eye’
landmark posterior boundary containing both cartilage and bone for calculation of 60%
coverage rule.
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Figure 3.
Sample cartilage segmentation of the central medial femur (cMF) on four consecutive
coronal DESS-MPR slices.
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Figure 4.
Sample Bland-Altman plots for (A) FLASH medial tibial cartilage volume (MT.VC), (B)
DESS-MPR MT.VC, (C) DESS MT.VC, (D) FLASH central medial femoral mean cartilage
thickness over the total area of bone (cMF.ThCtAB.Me), (E) DESS-MPR cMF.ThCtAB.Me,
and (F) DESS cMF.ThCtAB.Me for all segmentation teams. These plots show the difference
in mm3 for VC and mm for ThCtAB.Me between the different test-rest acquisitions. The x-
axis corresponds to the mean value and the y-axis to the difference between test-retest
values. The mean difference is the central solid line. Outliers are identified by points above
and below two standard deviations (upper and lower solid lines). Each plot contains one
outlier that was removed in sensitivity analyses.
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Figure 5.
Scatter plots of (A) medial tibial cartilage volume (MT.VC) for FLASH versus DESS-MPR
and (B) central medial femoral cartilage volume (cMF.VC) for FLASH versus DESS for all
segmentation teams. Bland-Altman plots for (C) MT.VC for FLASH versus DESS-MPR and
(D) cMF.VC for FLASH versus DESS.
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Table 4

Mean differences (SD of differences) and Pearson correlation coefficients (r) for cartilage volume (VC) and
mean cartilage thickness over the total area of bone (ThCtAB.Me) for (A) FLASH versus DESS-MPR and (B)
FLASH versus DESS from the pooled data. Team E did not use identical regions of interest for FLASH versus
DESS for medial tibia (MT) and lateral tibia (LT) and their data was eliminated from the comparison in these
plates. For comparison of FLASH versus DESS ThCtAB.Me, exclusion of one team with individual femoral
correlations below 0.88 substantially increased the pooled correlations (r=0.90–0.91).

(A) FLASH versus DESS-MPR

VC ThCtAB.Me

Mean
Difference

(SD of
differences)

r Mean
Difference

(SD of
differences)

r

MT 71.3 (194.2) 0.95 0.10 (0.09) 0.95

LT 24.9 (233.9) 0.94 0.01 (0.11) 0.95

cMF −17.0 (136.2) 0.94 −0.07 (0.14) 0.94

cLF 21.9 (117.9) 0.95 −0.04 (0.15) 0.90

(B) FLASH versus DESS

VC ThCtAB.Me

Mean
Difference

(SD of
differences)

r Mean
Difference

(SD of
differences)

r

MT 113.1 (198.5) 0.95 0.08 (0.10) 0.97

LT 16.1 (198.0) 0.96 0.14 (0.19) 0.95

cMF −27.8 (155.2) 0.93 −0.13 (0.25) 0.81

cLF 62.1 (117.6) 0.95 −0.04 (0.20) 0.83
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