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Abstract

Introduction—Quantitative cartilage morphometry is a valuable tool to assess osteoarthritis
(OA) progression. Current methodologies generally evaluate cartilage morphometry in a full or
partial sub-region of the cartilage plates. This report describes the evaluation of a semi-automated
cartilage segmentation software tool capable of quantifying cartilage loss in a local indexed
region.

Methods—We examined the baseline and 24 month follow up MRI image sets of twenty-four
subjects from the progression cohort of Osteoarthritis Initiative (OAI), using the Kellgren-
Lawrence (KL) score of 3 at baseline as the inclusion criteria. A radiologist independently marked
a single region of local thinning for each subject, and three additional readers, blinded to time
point, segmented the cartilage using a semi-automated software method. Each baseline-24 month
segmentation pair was then registered in 3D and the change in cartilage volume was measured.

Results—After 3D registration, the change in cartilage volume was calculated in specified
regions centered at the marked point, and for the entire medial compartment of femur. The
responsiveness was quantified using the SRM values and the percentage of subjects that showed a
loss in cartilage volume. The most responsive measure of change was SRM = —1.21, and was
found for a region of 10 mm from the indexed point.

Discussion—The results suggest that measurement of cartilage loss in a local region is superior
to larger areas and to the total plate. There also may be an optimal region size (10 mm from an
indexed point) in which to measure change. In principle, the method is substantially faster than
segmenting entire plates or sub-regions.

Introduction

Osteoarthritis (OA) is the most common joint disorder and has a high social and economic
cost. OA is one of the most frequent causes of pain, loss of function, and disability in adults
and the impact on the healthcare system is increasing as the population ages!=2.
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Evaluation of structural changes in joints, such as the knee, is important for tracking the
progression and the effect of treatment on the course of OA375. Several radiological
imaging techniques have been used to measure cartilage change. Magnetic resonance
imaging (MRI) provides high-resolution visualization of the cartilage, and other soft tissue
structures such as, ligaments, and meniscus and their pathological change, making it an ideal
modality for OA assessment. It is also non-invasive and does not use ionizing radiation.
Semi-quantitative scoring systems such as Whole-Organ Magnetic Resonance Imaging
Score (WORMS), and the Boston Leeds Osteoarthritis Knee Score (BLOKS) are established
measures for assessment of degenerative changes in joints with OA using MR images’~9.
However, these systems are based fundamentally on a qualitative assessment of the knee
joint and do not attempt to completely quantify the structural changes due to OA

Quantitative measurement of articular structures on MR images may reveal changes that are
not observed with semi quantitative scoring. Several software methods have been described
in the literature that provide tools to manually or semi-automatically segment (outline) the
articular cartilage on MRI data sets3: 5 10~33. Compared to more automated techniques,
manual cartilage segmentation is time consuming and potentially less objective. However,
the thin size of joint cartilage (often less than 1 mm.) combined with the low contrast
between the cartilage and surrounding soft tissues, can make it difficult to create a fully
automated segmentation softwarel2-13. Semi automated techniques, in which an observer
with anatomic knowledge is required to guide the software, are the most common
approaches. Several different algorithms such as region growing21, shape modelling22,
edge detection??, or active contour models33—34 are employed.

Many methods are laborious and the reader time can be a major component to the expense
of studies that use these measurements. Large studies such as the OAI will require analysis
methods that can be applied to the vast amount of MRI data sets in an efficient manner.
After data from all time points are acquired, the OAI will have over 50,000 knee MRI image
sets for each pulse sequence. A fast semi-automated software analysis tool would offer a
great deal of promise for handling the task of processing these data. The cost of a clinical
trial or other study can be greatly reduced using a method with lower reader time and
improved responsiveness.

We previously published a validation study of a software tool that uses a hybrid approach.
The tool had two components: core image-processing algorithms (low level software code)
that provided automated image analysis, and a graphical user interface, which allowed the
reader to view and correct the software output. An "active contour” edge detection algorithm
was employed to automatically refine the segmented margins; this step applied an objective
and consistent final refinement to the delineated edge and reduced the amount of variation
due to the reader input. The software tool was also modified to permit the reading of paired
data sets and demonstrated improved reproducibility, compared to a blinded reading, based
on an analysis of duplicate acquisitions3®.

Recently, OA research studies have begun to study changes in the cartilage thickness in
different anatomic sub-regions of the knee joint, evaluating the effect of different risk
factors on the rate of change detected in these areas25726 36. In principle, measuring the
cartilage in sub-regions should be more responsive to change than in total plates and studies
have demonstrated improved responsiveness of cartilage loss in the central femorotibial (FT)
sub-region24 36. Osteoarthritis can affect different sub-regions of the FT joint with variable
intensity in each person. This can reduce the sensitivity of the measurements in detecting
change in cartilage thickness in studies with a wide range of subjects. In order to overcome
this issue Buck et al37 used the ordered values approach which only considered the
magnitude of change separate from the location of the sub-region.
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The goal of the current study was to validate a method that uses 3D image registration in a
focussed region with more severe disease. We hypothesized that this approach would
provide a substantial increase in responsiveness to cartilage change from OA progression.
An additional goal of the research was to validate a technique that could represent the first
step in developing a tool that can be used to provide measures of OA progression for large
numbers of patients.

Materials and Methods

Twenty-four subjects were randomly selected from the OAI Progression Cohort Data Set
0.1.1 and Image Releases 0.B.1 and 1.B.1. Conditions for inclusion were a Kellgren-
Lawrence (KL) grade of 3 at baseline and additional criteria described in a separate
publication (43). Three readers (TI, RB, and AW) used the software method to segment the
medial compartment femur for the baseline and 24 month visits. Our study used the sagittal
3D dual-echo steady-state (DESS) (sagittal, 0.456 mm x 0.365 mm, 0.7 mm slice thickness,
TR 16.5 ms, TE 4.7 ms. Reformatted to 0.365 mm x 0.365 mm x 0.7 mm) pulse sequence
and the segmentation was performed paired but with the readers blinded to time point.

We used a previously documented semi-automated software method3! to perform the
cartilage segmentation with several additional components described below. An initial
segmentation of the bone-cartilage margins was first performed for each slice (Figure 1a)
and was used to constrain the subsequent segmentation of the opposing cartilage-soft-tissue
margin (Figure 1b). Once the bone-cartilage margin of the central slice had been segmented,
the observer placed two points on the two "tips" of the cartilage on each slice. As shown in
Figure 1, a 10 mm circular region around each of these points defines an “exclusion region”
where the reader was instructed to ignore any inaccuracies in the segmentation. The use of
the exclusion regions was employed to decrease the reader time by ignoring these locations
where software failures are common and cartilage loss is less frequent. The reader then used
the tool to segment the opposite free cartilage margin and the software initiated an
automated active-contour algorithm to refine the segmentation (Figure 1b).

A radiologist (HY) independently marked the center of the largest cartilage lesion in the
medial compartment for each subject on the 24-month visit MR image set. To avoid a bias
towards a known area of thinning, this reader did not view the baseline data set and the
images were evaluated using the eFilm (Merge Healthcare, Hartland, WI) software, and not
the cartilage segmentation tool. This location was provided to the other readers on a
randomly selected time point so as not to reveal the order of the scans. Once the
segmentation was completed, the baseline (Figure 2a) and 24 month (Figure 2b) image sets
were registered in three dimensions (3D) for each subject. Registration was performed on
the 3D binary-segmented images by matching the voxels that were identified to be on the
bone-cartilage interface according to a previously reported method38. After registration, 3D
binary "gain™ and "loss" images (Figure 2c and 2d) were produced consisting of voxel
locations that contained cartilage on the baseline but not on the follow-up (loss) and those
that did not contained cartilage on the baseline but did on the follow-up (gain).

The baseline to follow-up volume difference (AV) was calculated as the difference between
loss and gain in a region centered on the location of thinning (red X on Figures 2c and 2d).
AV was calculated for radii of 5.0 mm, 10.0 mm, 15.0 mm, 20.0 mm, 25.0 mm, 30.0 mm,
35.0 mm, and 40.0 mm, and for the total half plate. Responsiveness was measured using the
average AV, the standard deviation of AV, the standardized response mean, (SRM)
difference (Average of AV)/(Standard Deviation of AV), percent difference (AV)/(Average
of V), and by calculating the percentage of subjects for which there was a net loss of
cartilage.
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Results

The results are given in Table 1. The SRM for the mean cartilage thickness was highest in
magnitude for the 10 mm region (SRM=—1.21), while the lowest SRM was detected for total
medial femoral condyle (SRM=—0.51). The smallest percent decrease was observed for the
total medial femoral condyle (6.3%), while the largest was for the 5.0 mm region (22.6%).
Based on the SRM and the percentage of knees with change (Columns 5 and 7), the results
suggest an optimal region of 10 mm from the indexed point in which to measure the
cartilage loss.

Discussion

Results using our new technique demonstrate that measurement of cartilage volume loss in a
local indexed region is more responsive than when assessed in larger areas and the total half
plate. The data also suggest that there also may be an optimal region size of 10 mm in which
to measure change. This is the first study to present the use of 3D registration for measuring
cartilage change in located regions of the medial femoral condyle, and the effect of the size
of the sampled region in the proximity of an indexed location.

A further advantage of the new method is the potential to dramatically reduce the reader
time and cost necessary to perform the measurement. Segmentation of the bone-cartilage
margin in the femur typically takes less than 10 minutes, and can be performed by a less
skilled individual. Once this margin is delineated, the automated 3D registration step can
take place without any additional reader time. For our current study, readers segmented the
entire half plate as a comparison metric to understand the effect of sampling region size, and
the reader time was similar to previously published results (40 minutes for the total femur)
31, For future studies or clinical trials it will be necessary to segment the free (non bone)
cartilage margin only in the vicinity of the indexed location on each visit. With such an
approach it is reasonable to suggest that a highly responsive cartilage volume measurement
can be made in an average time of well under 15 minutes per knee for the trained reader.
Based on this assumption, assessments for a two-visit study of 200 subjects could be made
in less than three weeks of time by a single reader.

For this study, a single indexed location was identified for each medial compartment femur
and we evaluated a set of individual fixed sampling regions that were applied equally to
each knee. In practice it may be advantageous to determine custom sized sampling regions
depending on the extent of the observed cartilage damage. We could also implement a
method to measure multiple indexed locations for each cartilage plate. Such improvements
may further increase the responsiveness of the technique.

Several other studies have investigated the change in cartilage morphometry in regions
smaller than the total plate. These are generally done using standardized sub-regions that are
defined using anatomical landmarks24—26: 36. Longitudinal studies have suggested that
central FT sub-regions show more pronounced cartilage loss 24: 36, Hellio et al showed 6
months follow-up annualized cartilage loss in central medial FT sub-region was 3.7% (SRM
—0.33) in KL grade 325, Wirth et al. showed that the rate of cartilage loss was greater in
central sub-regions than the entire FT cartilage plates36. Pelletier et al. showed the cartilage
loss with the rate of change of 12.4%, 12.0% and 4.4% and corresponding SRM values of
1.03, 1.04, and 0.56, in the anterior, central and posterior sub-regions of medial femoral
condyle respectively24. Direct comparison with other studies is problematic as the patient
and imaging characteristics are different, however our results compare quite favorably.

Our analysis is based on the assumption that cartilage should not gain in volume since there
is not physiological basis for cartilage regeneration. Yet there is evidence for an increase in
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cartilage thickness in early stages (K/L grade of 2) of OA3?, This cartilage thickening is due
to the swelling or hypertrophy that can anticipate the cartilage atrophy. However this is a
common issue with any studies that measure responsiveness, and the any volume gain can
be considered part of the measurement noise, and a result of imperfections in the image
acquisition and analysis methodologies.

Additional development of the core image-processing algorithm should enable further
increase in the level of automation, thereby producing a quicker, more objective and robust
tool, which is less influenced by reader bias. Furthermore, we plan to add features to the
graphical user interface to permit segmentation of more than two visits of a longitudinal
study, which will be beneficial to studies, such as the OAI, with many time points.

This study has limitations. The relatively small number of the subjects makes the results
potentially influenced by outliers and it may be difficult to make definite conclusions
without a higher-powered validation study. We observed the change in a population with the
KLG grade of 3; studies with a more healthy population may demonstrate a reduced
responsiveness. The methods will, most likely, perform differently for different levels and
grades of initial cartilage thinning. The method was designed for focal cartilage thinning,
which may not be common in cases with more generalized cartilage loss; for subjects with
known generalized loss other methods may prove more responsive. However, since our test
subjects were selected randomly, and not preferentially for knees with focal loss, this study
provides a robust test of the methodology.

The goal of this study was to validate a method that has the potential to be used for studies
with a large amount of MRI data. As it relies on a voxel by voxel baseline to follow-up
comparison the method can not be used to measure cartilage thickness or surface area or to
assess subjects cross-sectionally. The use of the “exclusion regions” improved the speed of
analysis but also meant that cartilage thinning could not be measured at the outer edges of
the femoral plate, however, these are regions where thinning is less likely. The method could
include the full knee cartilage, if necessary, but with the reader time would be increased.

In conclusion, the results demonstrate that a more local measurement of cartilage change is
superior to methods that use total plates or sub-regions. Furthermore we have also
demonstrated that cartilage thinning can be observed using a method where only half, or
potentially a much smaller fraction, of the femur cartilage is segmented. This technique has
the potential to be a fast and highly effective tool to assess cartilage change for clinical
studies of OA.
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Figure 1.

(a) Example of segmentation of the bone-cartilage interface. The reader also places
landmarks denoting the outer-most “tips” of the cartilage in the slice, which are used to
constrain the segmentation. (b) shows an example of a segmented slice where the bone-
cartilage margin is combined with the remainder of the cartilage border.
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Figure 2.
Example of 3D rendering of the baseline cartilage (a), follow-up cartilage (b), cartilage
gained (c) and cartilage lost (d). (c) and (d) also show the indexed location as a red “x’.
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