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Abstract

Objective: In osteoarthritis (OA) models, histology is commonly used to evaluate the severity of
joint damage. Unfortunately, semi-quantitative histological grading systems include some level of
subjectivity, and quantitative grading systems can be tedious to implement. The objective of this
work is to introduce an open source, graphic user interface (GUI) for quantitative grading of knee
OA.

Methods: Inspired by the 2010 OARSI histopathology recommendations for the rat, our
laboratory has developed a GUI for the evaluation of knee OA, nicknamed GEKO. In this work,
descriptions of the quantitative measures acquired by GEKO are presented and measured in 42
histological images from a rat knee OA model. Using these images, across-session and within-
session reproducibility for individual graders is evaluated, and inter-grader reliability across
different levels of OA severity is also assessed.

Results: GEKO allowed histological images to be quantitatively scored in less than 1 min per
image. In addition, intra-class coefficients (ICCs) were largely above 0.8 for across-session
reproducibility, within- session reproducibility, and inter-grader reliability. These data indicate
GEKAO aided in the reproducibility and repeatability of quantitative OA grading across graders and
grading sessions.

Conclusions: Our data demonstrate GEKO is a reliable and efficient method to calculate
quantitative histological measures of knee OA in a rat model. GEKO reduced quantitative grading
times relative to manual grading systems and allowed grader reproducibility and repeatability to be
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easily assessed within a grading session and across time. Moreover, GEKO is being provided as a
free, open-source tool for the OA research community.

Introduction

Preclinical models of osteoarthritis (OA) represent a critical link in the translational pipeline.
In these models, OA-related damage is commonly evaluated using histological assessments,
including the Mankin scheme? (or one of its modified versions?=4) and the 2006
Osteoarthritis Research Society International (OARSI) score®. In 2010, OARSI tasked OA
experts to identify “consensus of scoring systems for the most important species used in OA
animal model research®.” Moreover, within the guiding principles of this initiative, Aigner
and colleagues wrote:

“Clearly, there will never be a perfect scoring system fulfilling all need in all
respects: but the basic requirement is simplicity such that the scoring system should
be easy to follow and reproducible for sinsle observers as well as multiple
observers' *

These remain key goals for OA histopathology, ultimately seeking to improve robustness
and repeatability of OA assessments across studies.

To build field consensus, key nomenclature were defined in the 2010 OARSI histopathology
initiative’s guiding principles’. First, “staging” was defined as an overall disease assessment,
whereas “grading” was defined as assessments at a specific site or region. While grading
provides relatively more detail on OA features than staging, grading is more time-
consuming. Furthermore, the 2010 OARSI guiding principles defined “scoring” as a general
term for semi-quantitative and quantitative evaluations, whereas “measuring” was defined as
specifically evaluating an OA feature in a quantitative manner. The semiquantitative nature
of staging, grading, and scoring systems includes some level of subjectivity, and thus, can be
relatively difficult to replicate across experiments and labs. Moreover, OA histopathology
can be tedious, leading to challenges in throughput and repeatability.

To address throughput and repeatability, our laboratory has developed a graphic user
interface (GUI) for the evaluation of knee OA, nicknamed GEKO. Inspired by quantitative
measures in the 2010 OARSI recommendations for the rat®, GEKO loads a series of
histological images, guides users through the measurement of several OA features,
calculates measures of joint damage, and returns these quantitative measures in a comma
delimited file. GEKO is introduced here, beginning with descriptions of quantitative
measures acquired by our software and method of use. In addition, across-session and
within- session reproducibility for individual graders using GEKO is evaluated, as well as
inter-grader reliability across different levels of OA severity for both GEKO and manual
grading. Our data demonstrate GEKO can reliably and efficiently calculate quantitative
histological measures of rat knee OA, reducing grading times and allowing grader
reproducibility and repeatability to be easily assessed within a study. Finally, in the spirit of
the 2010 OARSI histopathological initiative, GEKO is being provided as a free, open-source
method for the OA research community. An executable program and MATLAB-based
scripts are available at https://www.orthobme.com/resources.html.
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A GUI for the Evaluation of Knee OA (GEKO)

GEKO is a MATLAB-based program designed to help graders measure histological features
of knee OA. GEKO was inspired by the 2010 OARSI histopathology recommendations for
the rat®; as such, GEKO is specifically designed to grade geometric changes in frontal plane
histological images of rat knee OA. While GEKO could be applied to frontal plane
histological images from other species, GEKO users should note that, to comply with the
2010 OARSI histopathology recommendations, histopathology scoring for the specific
species used should also be reported, thereby allowing for comparisons between studies. In
this way, GEKO serves as a supplement, but not replacement, of current OARSI
histopathology recommendations for species other than rats.

GEKO loads a series of histological images, presents images one at a time, and provides
instructions to assist the grader in identifying specific OA features (Supplemental Figure 1).
Please note, while toluidine blue is typically used for histopathology in our lab, GEKO can
used for any stain that allows the features in Supplemental Figure 1 to be identified. Within
GEKO, the grader marks 6 features per image, including tibial plateau width, medial
synovial capsule thickness, osteochondral interface, affected cartilage surface width, lost
cartilage, and osteophyte diameter. These marks are then used to calculate quantitative
measures of knee OA, including surface, middle, and deep cartilage matrix loss widths; total
cartilage degeneration width; osteophyte size; and, joint capsule thickness (Supplemental
Figure 2 and Supplemental Table 1).

Histological Images of Rat Knee OA

To evaluate GEKO, images of post-traumatic knee OA in the rat were acquired from a past
experiment [9]. All prior methods and testing were performed with University of Florida
Institutional Animal Care and Use Committee (IACUC) approval; no additional animals
were used for this study.

In this prior work?, post-traumatic OA was modeled in 250 g male Lewis rats by surgically
transecting the medial collateral ligament and medial meniscus (MCLT+MMT). Sham
surgery consisted of medial collateral ligament transection alone, while naive animals
received no surgical manipulation. Animals were euthanized at 1, 2, 4, and 6 weeks post-
operation. For the evaluation of GEKO, a single section representing evidence of knee OA
was selected for grading from 42 animals (6 MMT and 3 sham per time point, 6 naive
control animals); the set of histological images was selected to provide a range of OA
severity. Please note, the purpose of this study was to evaluate grader reproducibility using
GEKO, not to evaluate histological differences between groups; differences between MCLT
+MMT, sham, and naive animals have been previously reported®.

Grading Reproducibility

Four blinded graders independently evaluated histological images in four separate GEKO
grading sessions, with each grading session separated by one week. While grading, graders
did not communicate with other graders.
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In each grading session, graders were presented 48 randomized histological images (42
unique histological images, plus two replicates of three images from OA-affected knees).
Prior to grading, the image set was independently randomized for each grader, with the
criteria that repeated images be separated by at least 1 different image. Each week, the set of
repeated images was changed. As a follow- up experiment, three graders evaluated a set of
48 images both manually and using GEKO.

To assess within-session reproducibility, repeated image grades (n=3 per grader with 3
repeated measures) were used to calculate alpha model within-session intra-class correlation
coefficients (ICCs) with two-way random compensation (SPSS). Similarly, alpha model
ICCs with two-way random compensation were used to assess across-session reproducibility
for each grader and inter-grader reliability within a session. Finally, alpha model ICCs with
two-way random compensation were used to evaluate inter-grader reliability for manual and
GEKO measures. All reported ICCs represent average consistency agreement. Statistical
significance between manual and GEKO ICCs was determined using Student’s t-test (paired,
two-tailed).

Grading Time

Results

To assess grading time, GEKO tracked the time spent on each image. GEKO grading times
in the first session were then compared to manual grading times for one experienced grader
using the same 48-image set. Statistical significance was determined using Student’s t-test.

GEKaO reduced session grading time from 377+193 seconds per image to 48+19 seconds per
image (p<0.0001, Student’s t-test).

Average within-session ICCs were above 0.85, with average within-session ICCs for surface
cartilage matrix loss width, deep cartilage matrix loss width, total cartilage degeneration
width, osteophyte size, and joint capsule thickness above 0.9 (Table 1). Average across-
session ICCs dropped slightly, but remained above 0.75 (Table 1). Deep cartilage matrix loss
width was the least reproducible, with across- session ICCs ranging from 0.714 to 0.811.

GEKO and manual grading had inter-grader ICCs were above 0.9 for tibial plateau width,
total cartilage degeneration width, osteophyte size, and joint capsule thickness (Table 1).
However, manual inter-grader ICCs were higher for surface and deep cartilage matrix loss
width, while GEKO inter-grader ICCs were higher for middle depth cartilage matrix loss
width (p<0.05). GEKO inter-grader ICCs were above 0.7 for all measures except deep
cartilage matrix loss width, while manual inter-grader ICCs were above 0.7 for all measures
except middle cartilage matrix loss width.

GEKO and manual measures did not statistically differ for any measure (Table 2, Student’s
t-test).
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Discussion

GEKO markedly reduced grading times, achieved reasonably high inter-grader ICCs, and
enabled testing of within-session and across-session reproducibility. In particular, measuring
within-session and across- session reproducibility may allow assessment of unknown
sources of error, such as grader skill and fatigue.

GEKO was inspired by the 2010 OARSI recommendations for the rat8, which focused on
grading focal medial tibial plateau damage in post-traumatic OA models. GEKO can be
extended to grading lateral compartment tibial cartilage, though reproducibility of those
grades have not been assessed (our histological images lacked lateral compartment damage).
Similarly, GEKO principles could also be extended to femoral cartilage or sagittal sections;
however, the code would need to be updated to account for a rounded osteochondral
interface. As OA histopathology assessments evolve, we plan to expand GEKO to include
other assessments, like femoral cartilage damage and sagittal section grading.

Other software is available for histological grading; however, GEKO is designed to fill a
niche for preclinical OA models. For example, ImageJ and F1JI are free and offer tools
capable of collecting GEKO-like measures, but these packages require some data
transcription and calculation after image analysis. Commercial software, such as
OsteoMetrics, OsteoMeasure, and Bioquant Osteom, offer more detailed image assessments,
but these products are neither free nor open source. As such, GEKO aims to make rapid,
quantitative histological OA grading broadly available to the OA research community.

A previous publication reports manual inter-grader ICCs for rat knee OAS8. In that study, all
cartilage matrix loss widths, total cartilage degeneration width, and osteophyte size
produced inter-grader ICCs above 0.9. Our manual inter-grader ICCs were comparable for
all measures except middle depth cartilage matrix loss width, and our GEKO inter-grader
ICCs were comparable for all measures except of deep cartilage matrix loss width.
Moreover, direct comparison of manual and GEKO grading show higher GEKO inter-grader
ICCs for middle depth cartilage matrix loss width, and higher manual inter-grader ICCs for
surface and deep cartilage matrix loss width.

Low GEKO inter-grader ICCs for deep cartilage may be due to low variance in the
parameter. In GEKO, deep cartilage is defined as the bottom 8% of cartilage depth. Because
lesion width is small at this depth, missing by a few pixels can have a relatively large effect
on the measured ICC (see large 95% confidence interval in Table 1). Also, GEKO has strict
rules for calculating deep cartilage matrix loss width, while manual graders tend to measure
this width at the bottom of the lesion regardless of lesion depth. While GEKO’s approach
may be less biased, it may also be less consistent.

Table 2 demonstrates some interesting trends on how graders evaluate histological slides
during manual and GEKO grading. In GEKO, graders outline the lesion; then, lesion traces
are mathematically converted into surface, middle, and deep cartilage matrix loss width
(Supplemental Figure 2). While not statistically significant, surface and deep cartilage
matrix loss width tends to be lower in GEKO, while middle depth cartilage matrix loss tends
to be higher. Inspection of graded images indicated lesion traces in GEKO tended to start
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and stop at the tips of fibrillated cartilage; during manual grading, graders tended to measure
loss widths from the bottom of fibrillated cartilage. Also, GEKO determines the depth of
middle and deep cartilage mathematically; in manual grading, these locations are determined
visually. For middle depth cartilage, this may have resulted in some inconsistency during
manual grading. For deep cartilage, manual graders tended to measure the deep cartilage
matrix loss width at the bottom of the lesion, regardless of depth. This may have been
consistent, but not necessarily accurate.

GEKO can be expanded to yield additional measures. For example, our group recently
published quantitative subchondral bone and subintima measures, which we aim to add to
GEKO19, In addition, a better approach to cartilage measures may be continuously defining
the relationships between the cartilage surface, osteochondral interface, and potentially the
tidemark, allowing for new measures of cartilage thickening and the spatial location and
orientation of cartilage changes.

In conclusion, GEKO reduced overall grading time for histological images of knee OA. In
addition, repeatability controls were easily introduced during grading. These controls allow
for a more thorough exploration of grader variability. Overall, GEKO is a robust tool to
improve quantitative histological grading.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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