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Abstract

Background The Kellgren-Lawrence (KL) grading system is the most widely used method to classify the severity

of osteoarthritis (OA) of the knee. However, due to ambiguity of terminology, the KL system showed inferior inter-
and intra-observer reliability. For a more reliable evaluation, we recently developed novel deep learning (DL) software
known as MediAl-OA to extract each radiographic feature of knee OA and to grade OA severity based on the KL
system.

Methods This research used data from the Osteoarthritis Initiative for training and validation of MediAl-OA. 44,193
radiographs and 810 radiographs were set as the training data and used as validation data, respectively. This Al model
was developed to automatically quantify the degree of joint space narrowing (JSN) of medial and lateral tibiofemoral
joint, to automatically detect osteophytes in four regions (medial distal femur, lateral distal femur, medial proximal
tibia and lateral proximal tibia) of the knee joint, to classify the KL grade, and present the results of these three OA fea-
tures together. The model was tested by using 400 test datasets, and the results were compared to the ground truth.
The accuracy of the JSN quantification and osteophyte detection was evaluated. The KL grade classification perfor-
mance was evaluated by precision, recall, F1 score, accuracy, and Cohen’s kappa coefficient. In addition, we defined KL
grade 2 or higher as clinically significant OA, and accuracy of OA diagnosis were obtained.

Results The mean squared error of JSN rate quantification was 0.067 and average osteophyte detection accuracy

of the MediAl-OA was 0.84. The accuracy of KL grading was 0.83, and the kappa coefficient between the Al model
and ground truth was 0.768, which demonstrated substantial consistency. The OA diagnosis accuracy of this software
was 0.92.

Conclusions The novel DL software known as MediAl-OA demonstrated satisfactory performance comparable

to that of experienced orthopedic surgeons and radiologists for analyzing features of knee OA, KL grading and OA
diagnosis. Therefore, reliable KL grading can be performed and the burden of the radiologist can be reduced by using
MediAI-OA.
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Background

Osteoarthritis (OA) of the knee is highly prevalent
and can lead to severe pain and significant functional
impairments in patients [1]. Coupled with increas-
ing life expectancy, the prevalence of knee OA is also
increasing and has become one of the most impor-
tant diseases that causes disability in middle-aged and
elderly people, which correspondingly leads to consid-
erable social economic costs [2-5].

The most important and practical method for the
diagnosis of knee OA is the use of plane knee radio-
graphs. Among the instruments for grading radio-
graphic knee OA, the Kellgren-Lawrence (KL) grading
system is the most commonly used method because it
is simple and practical [6, 7]. However, there are some
limitations in grading knee OA with this system. For
example, KL system classifies grades based on two
important features of OA, the degree of joint space
narrowing (JSN) and the degree of osteophyte forma-
tion, but each grading is defined with ambiguous terms,
such as “possible”, “doubtful”, “definite”, “moderate” and
“severe” [6]. Therefore, the KL system has shown infe-
rior interobserver and intraobserver reliability [8—10].

For a more reliable evaluation of OA grading with the
KL system, there has been an effort to develop an auto-
mated system by using deep learning (DL) software,
and recent studies have demonstrated promising results
in grading OA [11-16]. However, most of the KL grad-
ing DL software reported thus far presents only the KL
grading results [11, 13-16]. When taking plain radio-
graphs serially over time in a patient, it was thought
that quantitative measurements of OA features such as
the degree of JSN or osteophytes would be necessary
to determine whether the OA is progressing further
within the same grade. In addition, in Korea’s National
Health Insurance, the K-L grade criteria for performing
total knee arthroplasty, unicompartmental knee arthro-
plasty, or high tibial osteotomy vary depending on the
patient’s age. Therefore, it is important to determine
K-L grade more accurately by quantifying or semi-
quantifying key features. Therefore, we have developed
novel DL software known as MediAI-OA to assess radi-
ographic features of knee OA, including osteophyte and
joint space narrowing, as well as grading of OA sever-
ity, based on the KL system. In this study, we aimed to
introduce this novel DL software for the first time and
to evaluate the accuracy and performance of this model
for KL grading of knee OA.

Methods

Ethical approval

This study was approved by the Institutional Review
Board of Seoul National University Bundang Hospi-
tal. The requirement for informed consent was waived
because of the retrospective nature of the study (Institu-
tional Review Board Number: B-2106—-691-104).

Dataset

This research used data from the Osteoarthritis Initia-
tive (OAI) for training and validation of the MediAI-OA.
The OAI (https://nda.nih.gov/o0ai/) is a multicenter, lon-
gitudinal, prospective observational study of knee OA
[17]. Radiographic features from weight-bearing fixed
flexion knee posteroanterior (PA) radiographs, such as
osteophytes, attrition, joint space width and KL grade,
were provided in this dataset. Among the OAI datasets,
44,193 out of 45,003 radiographs were set as the training
data, and 810 radiographs were used as validation data.
These data include all KL grades O to 4, and training set
and validation set were randomly extracted from each
grade. The purpose of using the validation dataset in the
process of developing this model was to determine the
optimal weight value and parameters. In addition, down-
sampling was performed to improve data imbalance by
equalizing the number of validation samples for each KL
grade to prevent the model from being biased towards a
specific KL grade.

To construct a dataset for testing this novel DL soft-
ware, patients aged 20 years and older who visited our
institution for knee pain from 2019 to 2021 were retro-
spectively reviewed. Among these patients, only those
patients with standing knee anteroposterior (AP) radio-
graphs and Rosenberg (45-degree flexion standing PA
view) radiographs were selected. The following patients
were excluded from the analysis: 1) patients diagnosed
with inflammatory arthritis; 2) patients who underwent
knee arthroplasty; 3) patients with internal metal fixa-
tion devices around the knee due to previous surgery;
4) patients who had bony deformities due to previous
fractures, tumors or infections around the knee; and 5)
patients with only a radiograph, which can give a large
error in the KL grading classification due to the severely
inappropriate angle of the X-ray beam during imaging.
The same exclusion criteria were applied to the training
dataset and validation dataset. Finally, a total of 400 knee
radiographs (200 standing AP and 200 Rosenberg radio-
graphs) from 102 patients were selected as the test set.


https://nda.nih.gov/oai/
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Software and libraries

The following software and libraries were used during
the MediAI-OA development process: Keras 2.3.1, Ten-
sorflow 2.0.0, Scikit-learn 0.24.2, Torch 1.7.0, Torchvision
0.8.1, Numpy 1.19.5, and Opencv 4.5.5.64.

Ground truth

In the test set radiographs, minimum joint space width
(mJSW) measurements, the determination of osteo-
phyte presence and final KL grading were performed by
two orthopedic knee arthroplasty specialist (CBC and
SBK) and one radiologist of musculoskeletal depart-
ment (CHK) with more than 20 years of experience. The
mJSW was determined as the narrowest knee joint space
between medial tibiofemoral joint or lateral tibiofemo-
ral joint. To quantify the mJSW, one radiologist (CHK)
directly segmented the joint space, and the software per-
formed the quantification. The presence of osteophytes
was separately assessed in the following four regions:
medial distal femur (MF), lateral distal femur (LF),
medial proximal tibia (MT) and lateral proximal tibia
(LT). KL grading was performed according to the original
KL system [6, 18]: grade 0 indicated a definite absence of
evidence of osteoarthritis; grade 1 demonstrated doubt-
ful narrowing of the joint space and possible osteophyte
lipping; grade 2 demonstrated definite osteophytes and
possible (<50%) JSN; grade 3 was defined as moderate
multiple osteophytes, definite (>50%) JSN, some sclero-
sis and possible deformity of bone ends; and grade 4 was
defined as large osteophytes, marked JSN in which there
was bone-to-bone contact of the tibiofemoral joint [19],
severe sclerosis and definite deformity of the bone ends.
Before the evaluation of the entire test set, a pilot test
was conducted with a part of the test set, and consensus
among three evaluators was established. The result that
was agreed upon by two or more evaluators was adopted
as the ground truth; in addition, if there was a disagree-
ment between all three evaluators, re-evaluation was
performed. If the discrepancy persisted, grade was deter-
mined via consensus meeting.

Data preprocessing & augmentations

Data preprocessing and data augmentation were per-
formed to improve the learning performance of the
MediAI-OA. First, when both knees were taken together
in a plain radiograph, one side was separated and pro-
cessed. Afterwards, the left knee image was inverted to
be in the same direction as the right knee image. Zero
padding was applied to the images to retain in-plain
dimensions [20]. In addition, normalization, adaptive
histogram equalization, brightness change, contrast
change and noise addition were applied to data via online
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augmentation [21]. During the model test, augmenta-
tion was applied to the test dataset, and the results were
derived by ensemble them.

The algorithm for knee osteoarthritis severity analysis

The MediAI-OA approach consists of the following 4
steps: (1) detection of the knee joint region and regions
associated with osteophytes; (2) segmentation and quan-
titative analysis of the joint space width area; (3) determi-
nation of the presence of osteophytes in each region (MF,
LF, MT and LT); (4) automatic classification of KL grade;
and (5) integration and visualization of OA features of
the knee joint. Figure 1 shows the entire pipeline. We
used high-resolution network (HRNet), RetinaNet, and
Neural Architecture Search Network (NASNet) models
in the development of each process, and these models are
all pretrained models using the OAI dataset. For the Nas-
Net model, KL grade and presence of osteophytes were
used as given in the OAI dataset. For HRNet and Reti-
naNet models for detection of regions of interest (ROIs),
the authors manually annotated the region and the model
was trained with these data.

Step 1: Detection of knee position and ROIs
In order to determine whether the radiograph is a right
knee image, a left knee image, or an image that includes
both knees, the model was trained to detect medial fem-
oral condyle and center of the fibular head of each knee
by using a key point detection model. A HRNet was used
for key point detection, which has the advantage of using
less memory while maintaining high performance [22].
We assigned ROIs to the training data image through
bounding box annotation and trained MediAI-OA to
automatically detect ROIs by using RetinaNet [23]. Reti-
naNet showed better performance in terms of speed and
accuracy than Faster R-CNN when applied during the
development process, therefore, RetinaNet was used.
The following five areas were trained ROIs: an area that
includes the distal femoral condyle and the proximal tib-
ial plateau centered on the knee joint space and the four
major osteophyte sites, including the MF, LF, MT and
LT (Fig. 2). These four osteophyte ROIs are key areas for
determining the grade of arthritis radiologically.

Step 2: Automatic segmentation of joint space &
quantification

This AI model was developed to automatically segment
the knee joint space region for the quantification of mJSW
(Fig. 3). In the segmented joint space area, both the nar-
rowest medial joint space width and lateral joint space
width were calculated in the peripheral part where the
femoral condyle and tibial plateau form a joint, except for
the central part where the femoral notch and tibial spine
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Fig. 1 Schematic diagram of the novel DL software known as MediAl-OA. This model preprocesses knee radiographs and detects knee positions
and ROIs. Subsequently, the quantification of the joint space narrowing, detection of osteophytes and classification of KL grade are automatically
performed. The results are visualized in an integrated manner. The figure shows which processes the existing network architecture model was used
for. HRNet was used to detect knee position and automatically measure tibia width for quantification of joint space narrowing. RetinaNet was used
for detection of ROIs and NASNet was used for KL grade classification and osteophyte detection

exist. In this study, mJSW was measured as the ratio of the
narrowest medial or lateral tibiofemoral joint space width
to the mediolateral width of the tibial plateau to correct
for possible individual variations in joint space width [24].
The Al model was also trained to detect most medial and
most lateral corner points of the distal femur and proximal
tibia to determine the boundary of the joint area by using
HRNet (as shown in Fig. 4). In addition, the tibial plateau
width was also measured through the points detected in
this process. The length of the line connecting the bot-
tom 2 corners among the 4 corners was used as the tibial
width. Subsequently, to quantify the degree of JSN, JSN
rate was calculated by comparing it with the mJSW ratio of
the normal population. The mJSW of the normal popula-
tion was defined as the median value of mJSW in the KL
grade 0 dataset. The JSN rate was defined as 0% when there
was no JSN compared with normal population, and when
complete bone-to-bone contact between femur and tibia
occurred, the JSN rate was defined as 100% (Fig. 5).

JSNrate(x) = 100 x <1 mJSW )

a medianvalueof mJSW

Step 3: Automatic detection of osteophytes

MediAI-OA was trained to automatically classify the
presence of osteophytes and mark the location of oste-
ophytes in each of the four ROIs by using a NASNet
model, which is an image classification model based on
convolutional neural network [25].

Step 4: Automatic evaluation of KL grade

In addition, MediAI-OA was developed to automati-
cally classify KL grade using NASNet model. NASNet
was used because the NASNet model showed higher
sensitivity and specificity for discriminating each KL
grade than the EfficientNet and ResNet models. Due to
the fact that it is not very clinically important to dis-
tinguish between KL grades 0 and 1, this model was
designed to Groups 0 and 1 together.

Step5: Integration and visualization of knee OA features
After automatically acquiring the results of the JSN
rate, presence of osteophytes and KL grade, this Al

narrowestJ]SW . /tibialwidth,

=100 x (1 —

Medianvalue|(narrowest]SW /tibialwidth)y,]
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Fig. 2 Five regions of interests (ROIs). The knee joint space region and four major osteophyte regions, including medial distal femur, lateral distal

femur, medial proximal tibia and lateral proximal tibia, were set as the ROls
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Fig. 3 The automatic segmentation process of the knee joint space

integrated and visualized the three results of OA fea-
tures together (Fig. 6).

Performance assessment

To assess the performance of the AI model, the model
was tested by using the test dataset, and the results
were compared to the ground truth. The accuracy of

mJSW quantification, JSN rate quantification and
osteophyte detection were determined. The precision,
recall, F1 score and accuracy of automatic KL grad-
ing were evaluated [26, 27]. In addition, precision,
recall and F1 score for OA diagnosis were obtained. KL
grades 0 and 1 were classified as normal knees, and KL
grades 2, 3 and 4 were classified as OA [7, 18, 28].
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Fig. 4 The result of four corner detection in the knee. To determine the boundary of the joint area and to measure the tibial plateau width, the Al
model was trained to detect four corners. The length of the line connecting two corners of the tibia was used as the tibial width

A) JSN rate 0% B) JSN rate 25%

P

Fig.5 Example radiographs with JSN rates A) 0%, B) 25%, C) 50%, and D) 75%. Among medial and lateral joint space, the red square box is the area
corresponding to each percentage

The accuracy of mJSW quantification and JSN rate quan-
tification were calculated using mean squared error (MSE)
as follows:

1
MSEjSN _rate = n Z (]SNratepredictian - ]SNrategroundtruth)2

The osteophyte detection accuracy of each of the four
ROIs was calculated by using the following equation, and

1 n
MSE == (MISW prediction — MJSW 2
misw = D nISW prediction — I SW groundtruch) the average accuracy was also calculated:

TruePositive; + TrueNegative,

Accurac = - - — .
Josteophyte; TruePositive; + TrueNegative; + FalsePositive; + FalseNegative;
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Fig. 6 Example of result presented by MediAl-OA

Table 1 Accuracy of osteophyte detection in 4 zones
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#I CRESCOM

RIGHT KL Grade: 2 LEFT KL Grade: 4

JSN (%)
Femur Osteophyte

Tibia Osteophyte

Table 2 Performance of MediAl-OA for KL grading

Zone MF LF MT LT Average

Accuracy 0.84 0.69 0.93 0.90 0.84

MF Medial distal femur, LF Lateral distal femur, MT Medial proximal tibia, LT
Lateral proximal tibia

(i = MF,LF,MT,LT)

The accuracy of automatic KL grading was calculated
by dividing the number of knees classified as true posi-
tive KL grade by the total number of knees. In addition,
Cohen’s kappa coefficient (k) was calculated to evaluate
the agreement between MediAI-OA and our experienced
physicians who established the ground truth. A k value of
0-0.4 is considered fair, 0.4—0.6 is considered moderate,
0.6-0.8 is considered substantial and 0.8—1 is considered
almost perfect agreement.

Results

Automatic segmentation of joint space & quantification
The MSE for mJSW quantification and JSN rate quan-
tification of the MediAI-OA model were 0.000082 and
0.067, respectively.

KL Grade Number of Precision Recall F1-score
test set

KLO&1 162 1.00 0.80 0.89

KL 2 65 0.63 091 0.74

KL 3 65 0.77 0.74 0.76

KL 4 108 0.89 0.94 091

KL Kellgren-Lawrence

Automatic detection of osteophytes

The average osteophyte detection accuracy of this model
was 0.84. Among the four ROIs, the MT region showed
the highest accuracy of 0.93, and the LF region showed
the lowest accuracy of 0.69 (Table 1).

Automatic KL grading

The precision, recall and F1 score for each KL grade are
shown in Table 2. The confusion matrix of our model
is presented in Fig. 7, and the accuracy of KL grad-
ing was 0.83. The k value between the Al model and
ground truth was 0.768, which demonstrated substan-
tial consistency.
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Fig. 7 Confusion matrix of the MediAlI-OA performance test. The true
KL grade is the ground truth result determined by the experienced
physician. The automatically predicted KL grade is the result

of KL grade classification via MediAlI-OA. The gray columns

show the number of test data for which the result of MediAl-OA

and the ground truth matched

Table 3 Performance of MediAl-OA for OA diagnosis

Number of  Precision Recall F1-score
test set
No OA (KLO+1) 162 1.00 0.80 0.89
OA(KL2+3+4) 238 0.88 1.00 0.94

OA Osteoarthritis, KL Kellgren-Lawrence

Diagnosis of osteoarthritis

The F1 scores for the diagnosis of no OA and OA were
0.89 and 0.94, respectively (Table 3). The overall OA diag-
nosis accuracy of this model was 0.92.

Discussion
In this study, we developed a novel DL software known
as MediAI-OA that automatically quantifies the JSN rate,
detects osteophytes and classifies KL grade. MediAI-OA
showed high accuracy in measuring JSN rate, detecting
osteophytes, determining KL grade and diagnosing OA.
The differences between MediAI-OA and other previ-
ously introduced DL softwares that automatically classify
KL grades are as follows. 1) To reduce the effect of indi-
vidual knee size, a technique to quantify mJSW relative to
tibial width was introduced. 2) This technique was devel-
oped to obtain the JSN rate compared to normal knees. 3)
The JSN rate, the presence of osteophytes and KL grade,
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which are characteristics of OA, are integrated and pre-
sented together. Therefore, MediAI-OA is advantageous
for future software modifications, and clinicians can use
this software to help in determining OA classification. In
previous study, there was also a model showing OA char-
acteristics along with KL grade [29]. In this model, JSW
was expressed in ‘mm’ units, and JSN was divided into
four levels. The biggest difference from previous soft-
ware model is that MediAI-OA quantitatively analyzes
and presents the JSN rate as a percentage compared to
normal. This allows physicians to more accurately track
the progression of joint space narrowing. Additionally,
this study analyzes and presents the exact performance of
each KL grade.

The average accuracy of the automatic KL classification
of MediAI-OA was 0.83, which is superior to the reported
accuracy values of 0.66 to 0.72 in previous DL software
studies [11-13, 15, 16, 30]. In addition, when MediAlI-
OA was used to classify KL Grade<2 and >2, it showed
a near perfect accuracy of 0.92. In order to reduce uncer-
tainty and increase reliability of the DL model, this model
not only provides KL grade, but also analyzes and pro-
vides information such as the grade of osteophytes and
the JSN rate compared to normal population.

In the results of this study, the F1 scores of KL grades 2
and 3 were relatively low compared to other grades. This
result is thought to be due to the ambiguity of the defini-
tion of joint space narrowing. In this study, the ground
truth was defined as JSN of < 50% for “possible joint space
narrowing” corresponding to KL grade 2 and>50% for
“definite joint space narrowing” corresponding to KL
grade 3. However, the cutoff value of JSN of "possible"
and "definite” joint space narrowing that central leaders
of OAI think may not be exactly 50%. Therefore, further
research is needed to determine the quantitative rates of
JSN of “possible” and “definite” conditions that experi-
enced clinicians have assessed.

The osteophyte detection accuracy of our model was
relatively low in LF compared to other regions. This is
likely due to the fact that the bony morphology of the
lateral distal femur is not smooth due to the popliteal
groove, and the contour varies depending on the angle of
the X-ray beam, after which double contour occurs [31].
This may also be the reason that the lateral border of the
lateral femoral condyle is a site where the morphological
difference between the AP view and the Rosenberg view
is large.

This study had several limitations. First, our model
only detected the presence of osteophytes in the 4 ROIs
but did not discriminate the severity of osteophytes.
In addition, osteophytes can also occur in areas other
than the four ROIs that we set. However, due to the
fact that the ROIs that we set are the most common
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osteophyte-occurring regions and most important
regions for K-L grading, they will not have a significant
impact on the results. Second, MediAI-OA cannot evalu-
ate subchondral sclerosis or bony abnormalities. Due to
the fact that these features are also included in KL grad-
ing, it will be necessary to develop future models to eval-
uate these OA features together. Third, this model can
only detect tibiofemoral joint OA on knee AP or Rosen-
berg radiographs. Additional research will be needed to
develop a model that can also automatically determine
OA of the patellofermoral joint through knee lateral and
skyline radiographs. Fourth, this software does not dis-
tinguish between KL grade 0 and 1. However, in clinical
practice, the distinction between KL grade 0 and 1 is not
meaningful because it does not have a major impact on
determining the diagnosis and treatment policy. Fifth, in
this model, three characteristics are automatically ana-
lyzed and each result is just visualized together. In the
next version, we are developing a model that integrates
the results of the three OA features and performs final
KL grading.

Through this DL software, more reliable diagnoses
and OA grades can be provided to patients even in clin-
ics without musculoskeletal radiologists or orthopedic
specialists. Additionally, the joint space area and osteo-
phyte locations are displayed visually and intuitively, and
the JSN rate is presented as a percentage, so that patients
could more easily understand their knee condition. Even
when following a patient, it can provide more accurate
information about the progression of OA on radiograph
than past radiographs. This model can be used to reduce
the time radiologists spend interpreting plain knee
radiographs.

Conclusions

The novel DL software MediAI-OA demonstrated satis-
factory performance comparable to that of experienced
orthopedic surgeons and radiologists for analyzing fea-
tures of knee OA, KL grading and OA diagnosis. There-
fore, reliable KL grading can be performed by using
MediAI-OA, and the burden of the radiologist can be
reduced.
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