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Abstract

TITLE: Semi-Automated Quantification of Cartilage Volume in Knee Osteoarthritis:

Responsiveness and Concurrent Validity

Alexander Mathiessen, Emily Huang, Erin L. Ashbeck, C. Kent Kwoh, Jeffrey Duryea

Purpose: Cartilage volume change on Magnetic Resonance Imaging (MRI) is a potential
surrogate endpoint in osteoarthritis (OA) research. Current scoring systems have limited
sensitivity to change and require expensive and time-intensive radiology expertise. Our Local-
Area Cartilage Segmentation (LACS) software for knee OA has been demonstrated to be fast,
responsive, and associated with radiographic and pain progression. We aimed to extend LACS to
the lateral femur, medial tibia, and lateral tibia, and evaluate responsiveness to change as well as
correlation with existing cartilage measurements using an established independent manual

segmentation method.

Methods: 115 participants with symptomatic knee OA were selected from the Osteoarthritis
Initiative progression sub-cohort. Cartilage volume in fixed weight-bearing areas was measured
with LACS on unilateral knee MRIs at the baseline and 24 month visit, paired and blinded to
image date, using the sagittal 3D double-echo steady-state (DESS) sequence. Change in cartilage
volume was calculated between the baseline and the 24-month visit. Responsiveness and

concurrent validity were quantified.

Results: The standardized response mean was —0.54 for the medial femoral region and lower in
the other sub-regions. Correlation with Chondrometrics measures of cartilage thickness ranged
between 0.67 and 0.88. The expert reader time was under 5 minutes and total reader time less

than 10 minutes total per compartment.

Conclusions: We updated the LACS software for knee cartilage segmentation to not only
include the medial femur, but also medial tibia, lateral tibia, and lateral femur. The automated

steps increase efficiency compared to manual segmentation, and limit the need and cost of an



expert reader. We found favorable SRMs for cartilage volume change over two years with
default regions of interest. The software correlated well against established measurements of
cartilage thickness based on manual segmentation. The updated LACS software represents a

powerful tool for fast segmentation of knee cartilage in larger cohorts.



Glossary of Abbreviations

DESS double-echo steady-state

LACS local-area cartilage segmentation
LF lateral femur

LT lateral tibia

MF medial femur

MT medial tibia

MRI magnetic resonance imaging

OA osteoarthritis

OAI Osteoarthritis Initiative

SRM standardized response mean



Description of Scholarly Work

Background, Significance, and Implications

Osteoarthritis (OA) is the most common form of arthritis and accounts for substantial morbidity
worldwide. Globally, approximately 300 million people are affected by OA, including over 30
million in the United States."” Knee OA in particular accounts for over 80% of the disease’s total
burden and is a leading cause of lower extremity disability in adults.’ Pain is the hallmark
symptom of OA; it drives people to seek medical care and greatly contributes to functional
limitations and reduced quality of life. As a result, osteoarthritis is costly to society, accounting
for billions of dollars in direct and indirect costs from medical expenditures and earnings losses,

respectively.’

Treatment options for OA are unfortunately limited. Without a cure, the management of OA
focuses on alleviating symptoms. No disease-modifying drugs are currently available for OA,
and patients with significant symptoms that persist despite nonoperative treatment ultimately
undergo surgical intervention, which is dominated by total joint replacement. As the prevalence
of OA rises with an aging population and increasing obesity rates, research efforts to advance

OA treatment will become increasingly important.

Currently, OA research is hampered by the lack of sensitive outcome measures of structural
change that are capable of detecting statistically significant differences in disease severity and
progression. The Kellgren-Lawrence grading scale, invented over 60 years ago, is still the most
widely used radiographic scoring system in OA research.” However, this method limits
radiographic evaluation of OA to identification of bony changes, such as joint space narrowing,
osteophyte formation, and subchondral sclerosis, and is also criticized for its insensitivity to

change.’

In contrast, magnetic resonance imaging (MRI) is capable of visualizing all the tissues in the
affected joint, including cartilage, menisci, bone, and soft tissue, which each may contribute in

the pathogenesis of OA.” Because cartilage loss is a central feature of OA, quantitative software



methods have been developed to measure cartilage volume using MRI. While these software
methods are advantageous in that they provide objective assessments of the true size and shape
of anatomical structures, they utilize manual segmentation (i.e., tracing cartilage borders by hand
slice by slice) that is time-intensive and costly.® Therefore, manual segmentation may not be
practical for large OA clinical research studies, which typically require large data sets to achieve
appropriate power. To support future efforts to investigate basic research hypotheses and develop
new therapies, a tool that allows for faster, efficient, reproducible, and responsive measurements

of structural change on MRI is needed.

The local-area cartilage segmentation (LACS) method aims to fill this gap. The LACS method is
a software quantification technique that utilizes computer algorithms and guidance of a reader to
trace cartilage borders at localized regions of the articular surface.”"" It was previously
demonstrated to be faster than, and just as responsive as, manual segmentation, but is currently
limited to the medial femoral cartilage."' Our project will expand the scope of the LACS method
to include the capability of measuring cartilage volume on MRI also in the lateral femoral,
medial tibial, and lateral tibial compartments of the knee joint, and provides further validation of

the LACS method as an efficient, sensitive tool to objectively assess structural change in OA.

Our project has several implications. First, capturing changes in cartilage volume in different
areas of the knee joint will provide a detailed visualization of the pattern of cartilage loss in knee
OA. This will enable greater understanding regarding the structural changes that correlate with
OA pathogenesis and progression. Our project also demonstrates that the LACS method is fast
and responsive, making it feasible for use as an objective, sensitive disease assessment tool in
future OA research studies and clinical trials. Specifically, the LACS method can potentially be
used to monitor the response to newly developed OA therapies, which are sorely needed as the

public health impact of OA continues to grow.

Student’s and Collaborators’ Roles

This project was conceived and designed by Dr. Jeffrey Duryea (JD) and Dr. Alexander

Mathiessen (AM). Project execution consisted of several stages, as described below.



1. Software updates. The LACS method was initially developed for use with the medial
femoral cartilage. For this project, JD updated the software so that it could be used for
volume measurements of lateral femoral and medial and lateral tibial cartilage. AM and I
tested several iterations of this software using a sample set of knee MRI scans, providing

regular feedback to JD for further refinement of the software.

2. Image preparation. When the software was ready, we began working on the study set of
knee MRI scans. There are several steps required to prepare the scans for the LACS
method, including defining the region for segmentation by identifying certain anatomical
landmarks on each knee MRI scan, followed by bone segmentation, which involves
computer-aided tracing of the bone edges. AM performed these steps for the femur on

each knee MRI scan within the study set; I did so for the tibia.

3. Cartilage segmentation. We then used the LACS method to perform cartilage
segmentation. AM was the primary reader for the study set. I performed cartilage
segmentation on a subset of the knee MRI scans to provide data for assessment of inter-
reader reproducibility. The steps involved in the LACS method are described in further

detail in the appended manuscript.

Statistical analysis of data was performed by our collaborators at the University of Arizona. AM

drafted the initial manuscript with input from the rest of the team, including myself.
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Appendix: Manuscript

Introduction

Osteoarthritis (OA) is a leading cause of disability and loss of independence among older adults
(1), with a clear and growing individual and socioeconomic burden globally (2). Yet there are no

licensed disease modifying drugs available for OA.

Large existing studies of knee OA such as the Osteoarthritis Initiative (OAI) (3, 4) and the
Multicenter Osteoarthritis Study (MOST) (5) have huge potential in exploring potential
biochemical, genetic and imaging biomarkers for development and progression of OA that
ultimately can serve as candidate endpoints in clinical trials of novel interventions. Cartilage
change on Magnetic Resonance Imaging (MRI) is one such promising surrogate endpoint, with
strong support for both its concurrent and predictive validity (6, 7). However, although tens of
thousands of individual knee MRI scans are available in the OAI cohort, only a fraction has
actually been segmented for cartilage volume. Therefore, there is an urging need for an

objective, reliable, and fast method for cartilage segmentation.

A conventional clinical MRI reading, while offering a comprehensive assessment of knee OA,
makes no attempt to quantify the true size or shape of disease-related structures. For research
purposes, several semi-quantitative scoring systems have been developed (8-10) but these are
also based on qualitative and subjective assessments that require expensive and time-intensive
radiology expertise; ordinal scales also have limited sensitivity to change compared to
continuous measurements. Continuous measures that involves manual segmentation of cartilage,
by contrast, have the potential to be more sensitive and responsive instruments for monitoring
longitudinal change in knee OA (11, 12), but is also time-intensive and costly. To overcome
these limitations, semi-automated software systems have been developed — providing a rapid,

inexpensive, quantitative and objective method of evaluating disease status and progression.

A novel and semi-automated Local-Area Cartilage Segmentation (LACS) software for knee OA

has previously been demonstrated to be fast, responsive, and associated with radiographic and
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pain progression (13, 14). However, LACS was initially developed to segment medial femur
cartilage only. We aimed to update and extend LACS to the lateral femur, medial tibia, and
lateral tibia — and evaluate responsiveness to change, as well as correlation with existing
cartilage measurements using an established independent manual segmentation method from
publicly available Osteoarthritis Initiative (OAI) data. We expect to demonstrate that the
extended LACS method can be used to measure structural OA severity and progression in both

current and future large studies and clinical trials of knee OA that includes MRI.

Methods

Participants

The OAI is a multicenter, longitudinal, prospective observational study, with publicly available

detailed protocols and data releases (https://oai.nih.gov). Individuals with or at risk for

symptomatic KOA, aged 45-79, were recruited from four clinical centers and followed with
comprehensive annual clinic visits over 9 years. The institutional review boards at each of the
recruitment sites approved the study, and all participants gave informed consent. Individuals at
risk for symptomatic knee OA were eligible for OAI participation based on the presence of
specific risk factors. General criteria for exclusion were rheumatoid arthritis or other
inflammatory arthritides, bilateral end stage knee OA or total knee replacement, inability to walk

without aids, or contraindications for MRI.

For this study, we used data from Projects 9 of the Progression sub-cohort of the OAI. Project 9
contains measurements of cartilage thickness based on manually segmented MRI images — the
“Chondrometric measurements”, which are freely available online

(https://ndar.nih.gov/oai/full_downloads.html). For inclusion in Project 9, n = 590 “index” knees

were selected from subjects with available fixed-flexion knee radiographs and a complete set of
MRIs in at least one knee from both the baseline and the 24-month visit. Index knees were
defined as those with 1) frequent knee symptoms and 2) the equivalent of Kellgren-Lawrence
(KL) grades 2 or 3 radiographic OA at baseline. When a participant had two “Index” knees, only

one knee was selected.
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We first selected a random training set of 100 knees for method development. Of the remaining
490 subjects, we selected 25 knees from the top quartile of two-year loss in each knee
compartment (lateral femur (LF), medial femur (MF), lateral tibia (LT), and medial tibia (MT))
based on the corresponding four Chondrometric variables (BLFMTC, BMFMTC, WLTMTC,
and WMTMTC) — in total 100 knees. We also selected 20 random knees. Since there was some
overlap in the sample enriched for cartilage loss, the total number of unilateral knees used in our

final segmentation and analyses was 115 (not 120).

Image analysis and reading procedure

MR images were acquired at four OAI clinical centers using dedicated Siemens Trio 3T

scanners. The MRI readings were performed on sagittal double-echo steady state (DESS) 3D
MRI scans (sagittal, 0.365mm 0.365mm, 0.7mm slice thickness, repetition time 16.5ms, echo
time 4.7ms). Readings were performed viewing the baseline and 24 month scans together but

blinded for time points and sample selection.

Cartilage segmentation

Using custom software, the reader used the LACS method to segment cartilage volume in the
four weight-bearing regions (LF, MF, LT, and MT). A non-expert reader first identified a set of
consistent anatomical landmarks on the femur and tibia, which were used to generate the bone
contours and subsequently consistent areas for cartilage segmentation in every patient (Figure 1
and 3). Automated edge detection algorithms then outlined the cartilage in these areas. An expert
reader (AM) corrected the cartilage margins when necessary (Figure 2B). Improved user
interface and additional automated steps such as sequential stacking of multiple participants for
marking landmarks, automatic cartilage outline across the segmentation area, and copy-paste
seed-points from previous slides were added to the software to further reduce reader time. Also,
quality assurance steps to ensure consistent readings over multiple time points were

implemented, including control for MRI scan rotation and differences in the coordinate system.
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Segmentation areas

As described previously for MF (15), an experienced radiologist indicated an “indexed” location
of potential thinning in 24 subjects. Based on this, we selected a fixed area in the coordinate
system for MF cartilage segmentation. A similar approach was used in the current extension to
LF, MT, and LT, using 25 cases from the test-dataset. After reviewing areas of potential
thinning, the variables used to define the fixed segmentation areas (blue surface in Figure 1-3)
were:

MF: z-axis = zp = Az=0.8 £ 0.1; 8-angle = 6y £ AB =210° £ 50°.

LF: z-axis = zo = Az = 0.23 + 0.08; 8-angle = 6y + AB = 210° £ 50°.

MT: x-axis = X9 = Ax = 0.8 £ 0.1; y-axis = Ay; = Ay, = [0.1, 0.9].

LT: x-axis = xg £ Ax = 0.23 £ 0.1; y-axis = Ay; = Ay, = [0.1, 0.9].

Measurement areas
An initial trim was performed to encounter edge effects, with Az = 0.09 for MF and Az = 0.07
for LF, A = 45°. The flexibility of the software allows for post-hoc adjustment of the

measurement region within the segmented area for improved responsiveness, by relocating z and

0 (femur) or x and y (tibia).

14



z-axis
{perpendicula
to plane)

Figure 1. A cylindrical coordinate system defines locations in 3-D space by 3 variables: r, 0, and
z. A) The 0 variable is the rotation on the sagittal axis, radiating from the z-axis. The z variable
relates to the location in the medial-lateral direction from a value of z = 0.0 at the outer edge of
the lateral femoral condyle to z = 1.0 at the most medial location of the femoral condyle,
identified by a reader. B-C) The z-axis is defined to pass through the center of the circular
portion of the two femoral condyles, z; and z,. D) The r variable is defined in the intercondylar
fossa and indicates a standardized anterior direction along the tibia shaft from the center of the
cylinder (z3) to where the red cylinder crosses the bone edge, indicated by the reader. The r

defines 6 = 0° and indicates a plane roughly perpendicular to the weight-bearing area.
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Figure 2. Two variables of the cylindrical coordinate system, z and 0, defines consistent regions

on the femur condyles for cartilage segmentation. A-B) The segmentation areas are located by
the variables z( (0.8 for MF, 0.23 for LF), Az (0.1 for MF, 0.08 for LF), 6, (210°), and A9

(50°).C) Example of all the segmented slices in one femur condyle.
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Paosterior

Figure 3. The two-axis coordinate system defines locations in 2-D space by 2 variables: x and y.
A) The x variable relates to the location in the lateral-medial direction, from a value of x = 0.0 at
the outer edge of the lateral tibia to x = 1.0 at the most medial location of the medial tibia,
indicated by a reader. B-C) The y variable relates to the length of the tibia plateau in a sagittal
plane, following the bone contour in an anterior-posterior direction from a value of y = 0.0 at the
anterior edge to y = 1.0 at the posterior edge of tibia, indicated by a reader. To ensure consistent
placement of tibia plateau, baseline and follow-up images were marked simultaneously in paired
view. The segmentation areas are located by the variables xo = 0.8 for MT and 0.23 for LT, Ax =
0.1 and Ay =[0.1, 0.9].

Statistical methods

In the absence of disease-modifying therapies, we assumed that knee OA worsens structurally
over time and that the measurement of change in cartilage volume reflects the performance of an
image-based outcome measure. The change in cartilage volume (AVol) was calculated between
the baseline and the 24-month visit in fixed areas of the medial and lateral femoral condyles (MF
and LF) and the medial and lateral tibia plateau (MT and LT). Responsiveness was quantified by
calculating the average and standard deviation (SD) of the volume change, and then calculating
the standardized response mean (SRM = meanay,i/ SDavol). Concurrent validity was evaluated

by estimating the correlation between LACS volume measurements and Chondrometrics
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measurements of cartilage thickness based on manual segmentation in the four corresponding

sub-regions.

Analyses were performed using SAS software, Version 9.4 of the SAS System for Windows
(Cary, NC, USA).

Results
Baseline Kellgren-Lawrence grade distribution for the study participants was KL1 4.3%, KL2
32.2%, KL3 61.7%, and KL.4 1.7% in knees of the 115 participants (53% females, mean (SD)

age 62.6 (£8.8) years, mean (SD) and BMI 30.1 (£5.3) kg/m2).

Figure 4 shows a rendered 3D-model of segmented cartilage, with red areas indicating selected

regions of measurement. The SRM was —0.54 for the medial femoral region, —0.51 for the lateral

femoral region, —0.18 for the medial tibial region, and —0.14 for the lateral tibial region (Table
1). Correlation with Chondrometrics measures of cartilage thickness ranged between 0.67 and
0.88 (Table 2). The expert reader time was under 5 minutes and total reader time less than 10

minutes total per compartment.
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a) FEMUR

Origin {z=0.0, 8=0", r=0.0}
Lateral Medial

b) TIBIA

Figure 4. 3D rendering of knee MRIs of (a) the medial and lateral femur and (b) medial and
lateral tibia. For the femur (a), the cartilage areas are defined by a cylindrical coordinate system
with locations in 3-D space defined by 3 variables: r, 0, and z. For the tibia (b), a two-axis
coordinate system defines locations in 2-D space by 2 variables: z and x. The z variable relates in
both cases to a location in the medial-lateral direction, from a value of z=0.0 at the outer edge of
the lateral condyles to z=1.0 at the most medial location of the condyles. The blue areas represent
the total segmented cartilage, and the red sub-regions are the default regions of measurement.
The flexibility of the software enables further adjustment of the measurement area to improve

responsiveness.

19



Table 1: Responsiveness to Two-Year Change (n=115)

v (VoD s
Medial femur -533 98.0 —0.54
Lateral femur -37.4 73.2 —-0.51
Medial tibia -11.9 66.8 —0.18
Lateral tibia -17.6 128.4 -0.14
Table 2: Correlation between LACS cartilage volume and
Chondrometrics cartilage thickness (n=115)
LACS Chondrometrics Baseline 24 months
volume thickness Pearson Spearman Pearson Spearman
Medial femur cMF.ThCcAB 0.83 0.80 0.86 0.85
Lateral femur MT.ThCcAB 0.77 0.76 0.75 0.72
Medial tibia cLF.ThCcAB 0.65 0.68 0.67 0.67
Lateral tibia LT.ThCcAB 0.89 0.88 0.82 0.83
Discussion

In the current longitudinal study, we updated the semi-automated LACS software method for
knee cartilage segmentation to not only include the medial femur, but also medial tibia, lateral
tibia, and lateral femur. The semi-automated interaction, requiring only simple initiation and
minimal interaction by the user, increases efficiency compared to manual segmentation and limit
the need and cost of an expert reader. We demonstrated good reproducibility, responsiveness to
change and correlation to manually segmented cartilage. The software correlated well against

established measurements of cartilage thickness based on manual segmentation.

In future clinical trials on OA therapies, there is a need for highly responsive measures of
structural change in order to find statistically significant differences in disease progression
between the treatment and placebo arms. Change in cartilage volume from the baseline to the 24-
month visit was in the current study measured on the weight-bearing surface and quantified by

SRM, a commonly used metric for responsiveness.
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Our efforts to decrease MRI reader time, while maintaining performance, directly address the
high cost of processing a large quantity of MRI data. While segmenting cartilage manually is
straightforward, it is highly resource intensive, time-consuming and subject to reader bias and
error. Semi-quantitative (9) and quantitative measures of cartilage from 3T MRI (17, 18) have
been utilized in many studies, although the advantage of MRI is offset by the substantial reader
time required to evaluate and/or segment cartilage plates on numerous tomographic images. For
example, each annual OALI visit involves several MRI sequences for each knee, and the sequence
for cartilage alone (DESS) has 160 slices per knee. Thus, previous studies using MRI have been
relatively small and/or cross-sectional, cartilage change has not been measured concurrent to
changes in other MRI features, and/or only a limited number of tomographic images from the
MRI are actually segmented (5, 19-23), leaving gaps in knowledge regarding clinical
significance of the relationship of these changes to subsequent outcomes. Our extended method
leverage the unique resources of for example the OAI, which has an abundance of longitudinal
high-resolution 3T MRI imaging and patient-reported outcome measures data, both of which

have been acquired at annual intervals in a large, well-characterized cohort of early OA.

The extension to the lateral femur is similar to the medial compartment. It uses the same
mathematically robust three-dimensional Cartesian coordinate system and require only a shift in
the z-variable from the medial (z = 0.8) to the lateral (z = 0.23) condyle and application of a
slightly narrower Az (0.08 vs 0.1). The newly developed method for segmenting tibia is different
and based on an orthogonal coordinate system. Still, an axis along the lateral-to-medial direction,
the x-axis, defines the outer and inner edges of the segmentation area, whereas a second axis
perpendicular to this, the y-axis, defines the anterior and posterior edge of the cartilage. All
femur variables z, 0 and r, and also the tibia variable x, are based on anatomical landmarks and
are consistent across multiple MRI acquisitions for the same patient. The y-variable for tibia is
less stable across multiple time points and may cause intra-subject variability in multiple scans.
This was approached by marking the baseline and follow-up images simultaneously in paired

view.

It has previously been shown in the medial femur that shrinking the measurement region around

a center point zo and 0y did not affect responsiveness (24). However, the computer-driven and
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flexible nature of this software enables further adjustment of sub-regions — not only confined to
the center of the segmentation, but also across the whole weight bearing area — to potentially
improve responsiveness. For example, we will be able to center unique index points for the areas
of maximum thinning in each patient across visits, which has demonstrated superior
responsiveness to change compared to decreases in radiographic joint space width (25). Also, the
coordinate system that underlies this method enables us to match the anatomical location of MRI

features, such as bone marrow lesions, to cartilage volume at specific adjacent locations.

This study has limitations. First, in longitudinal studies, bone surface area in the knees has been
shown to increase with ageing, even in as little as over one year (26, 27). This would, however,
only mask a reduction in cartilage thickness when measuring cartilage volume based on bony
landmarks, and our method still delivered high responsiveness to change. Alternative outcomes
have been used in the literature, including cartilage volume normalized to the subchondral bone
area and mean cartilage thickness over the entire subchondral bone area (28). Second, we
currently only provide our measurements in the 3D DESS MRI sequence; however, this
sequence has previously been used successfully by our group to quantify cartilage (14). Also, the
method we use captures focused areas of cartilage, not the whole cartilage plate, but this
technique has also been validated in the past (14). Third, we have not assessed clinical validity,

but this will be a focus of future work.

The updated LACS software allows for fast, reproducible, responsive and valid measurement of
cartilage loss on MRI in multiple areas of the knee joint. The additional information gained from
expanding the scope of the software will provide a detailed visualization of the patterns of
cartilage loss in knee OA. The next goal for our group is to implement this and other highly
efficient computer-based methods on the whole OAI cohort to longitudinally track treatable
targets and evaluate their impact on downstream cartilage volume loss and disability.
Importantly, the data generated by this proposed study will also ultimately be made publicly
available, thus further facilitating further exploration of targets to treat. We anticipate that the
updated LACS method will find applications in future clinical trials for monitoring response to

newly developed OA therapies and eventually for guiding management decisions in patient care.
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