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1 | INTRODUCTION

Knee osteoarthritis (KOA) represents a predominant health issue,
impeding the daily activities of over 650 million individuals globally.
Given its high prevalence, KOA demands comprehensive management

strategies ranging from medication to surgery, imposing a significant

Having osteoarthritis in one knee is reported as an independent risk factor for
developing contralateral knee osteoarthritis (KOA). However, no study has been
designed to predict the development of contralateral KOA (cKOA). The authors
hypothesized that specific risk factors for cKOA development exist and that it could
be accurately predicted with the assistance of machine learning. KOA was defined
using the Kellgren-Lawrence grade (KLG) of 2 or higher. Data from 1353 unilateral
KOA patients (900 from the Osteoarthritis Initiative [OAI] and 453 from the
Multicenter Osteoarthritis Study [MOST]) over 4-5 years of follow-up were
examined. The risk factors for cKOA development were analyzed, and a machine
learning model was developed to predict cKOA using OAI as the development data
set and MOST as the test data set. cKOA developed in 172 (19.1%) and 178 (39.3%)
of the patients (OAl and MOST, respectively) over a period of 4-5 years. A machine
learning model was developed using the Tree-based Pipeline Optimization Tool
algorithm. This model utilized nine variables, including baseline lateral joint space
narrowing grade of the contralateral knee (odds ratio 4.475). The area under the
curve of the receiver operating characteristics curve, along with accuracy, precision,
and F1-score, were recorded as 0.69, 0.60, 0.50, and 0.58, respectively, in the test
data set. The development of cKOA could be effectively predicted using a limited
number of variables through machine learning. Surgeons should consider the
development of cKOA in patients with identified risk factors when managing
KOA patients.

KEYWORDS
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socioeconomic impact on communities.? It has been demonstrated that
the presence of KOA in one knee is an independent predictor for the
development of contralateral KOA (cKOA), with accelerated joint space
narrowing and a higher rate of arthroplasty in the contralateral knee.®
Furthermore, individuals with unilateral KOA are more likely to sustain

meniscal injuries in the contralateral knee.* Additionally, a prospective
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cohort study revealed that 80% of patients with unilateral KOA at
baseline progressed to bilateral KOA within a span of 12 years.”

Several previous studies have explored the risk factors associ-
ated with developing cKOA in patients with unilateral KOA. Varus
alignment of the unaffected knee has been identified as a significant
risk factor for developing cKOA in obese females.® A high body mass
index (BMI) has also been acknowledged as a potent risk factor for
developing cKOA in patients with unilateral KOA.” Flexion contrac-
ture in KOA has been linked with higher Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC) scores and
flexion contracture in the contralateral knee.® For patients who have
undergone unilateral total knee replacement arthroplasty (TKA),
factors such as medial and lateral joint space narrowing,” baseline
Kellgren-Lawrence grade (KLG),” and the tibiofemoral angle®° of the
contralateral knee were identified as risk factors for also requiring
TKA on the contralateral knee. However, the majority of these
studies focused on identifying risk factors rather than predicting
the development of cKOA in individuals.

Machine learning has proven to be an effective tool for pre-
dicting the development of KOA.1*"*2 One study achieved a pre-
diction accuracy of 74.1% for KOA development using 55 risk factors
and machine learning techniques.* Another study utilized 10 risk
factors, achieving an area-under-the-curve (AUC) of 0.772 in the
receiver operating characteristics (ROC) curve of the model.*? Yet
another model, which combined radiographic data with patient
information, achieved an AUC of 0.75.1% Despite these advances, few
studies have been designed explicitly to predict cKOA development
in KOA patients.

Identifying risk factors and predicting the development of cKOA
could assist surgeons and patients with unilateral KOA, such as en-
lightening a need for early modification in lifestyle-provoking cKOA
development. Therefore, the authors initially explored the risk factors
for developing cKOA in individuals with unilateral KOA. Subse-
qguently, a machine learning model was developed to predict the
onset of cKOA in these patients. Two independent datasets were
employed for model development and testing to minimize the risk of
model overfitting. It was hypothesized that unilateral KOA patients
might exhibit distinct risk factors for developing cKOA, apart from
the general risk factors associated with KOA. Specifically, we pro-
posed that the severity of unilateral KOA could act as a unique risk
factor for cKOA development due to the increased mechanical
burden on the contralateral knee in KOA patients.**

2 | METHODS
2.1 | Data acquisition

Data from the Osteoarthritis Initiative (OAI), a public, multi-center, 10-
year observational study sponsored by the National Institutes of Health
that provides clinical and radiological data on 4796 participants aged
between 45 and 79 years,*> were employed to validate hypotheses. In
this study, the knees were classified according to the KLG® from 0 to 4

and KOA was defined by a KLG of 2 or higher. Among the initial 4796
participants, only those with KLG labels at baseline and at the 4-year
follow-up for both knees were included, resulting in
3430 participants. Participants who underwent knee arthroplasty
during the study were excluded. Additionally, 55 participants lacking
basic demographic information such as age, sex, and race were ex-
cluded, leaving a total of 3375 participants. An independent data set
was obtained from the Multicenter Osteoarthritis Study (MOST),”
another large observational study that provides radiological and clinical
data on individuals with KOA for model testing. The MOST study
involved 3026 participants aged between 50 and 79 years. It was
analyzed similarly, except that the follow-up period was 60 months due
to a different study protocol. Among the 3026 participants, those with
KLG labels at baseline and at the 60-month follow-up for both knees
were included, totaling 1917 patients. Our retrospective cohort analysis

is classified as Evidence Level Il

2.2 | Patient grouping

Participants with unilateral KOA at baseline were identified, resulting
in 900 participants from the OAl and 453 from the MOST study.
Participants with unilateral KOA at baseline who did not develop
cKOA after the follow-up were categorized as the “cKOA (-)” group,
and those who developed cKOA were categorized as the “cKOA (+)"
group. A flow chart illustrating the patient selection process is

depicted in Figure 1.

2.3 | Variables for cKOA development

Patient variables reported to be associated with KOA development in
previous studies were selected for our study. Variables included
age, sex (male and female), race (white and others), BMI,” presence
of diabetes mellitus (DM),'® alignment (degrees[°], with varus
represented as negative),'® total WOMAC score,?® history of
meniscectomy,20 baseline KLG, and the grades for medial and lateral
joint space narrowing according to the Osteoarthritis Research Society
International (OARSI) atlas®?%2? ranging from O (no joint space
narrowing) to 3 (severe narrowing) at baseline for all participants.
All predictive variables were gathered from the initial clinic visit during
the baseline period. These variables were collected from both the
OA-affected knee and the contralateral knee of the participants and

were analyzed as separate entities.

2.4 | Statistical analysis and machine learning

Demographic differences (sex, age, and race) between the cKOA (-)
and cKOA (+) groups in the OAl and MOST datasets were examined
using the chi-square test and independent t-test. Odd's ratio, its
p-value, and 95% confidence intervals were determined for

each variable using univariate logistic regression. A p-value < 0.05
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FIGURE 1 Flow chart detailing the selection of participants for the study. KLG refers to Kellgren-Lawrence grade, while KOA denotes knee

osteoarthritis.

was deemed statistically significant. Variables were input into
a machine learning model irrespective of their p values in the
univariate analyses.

Using the predictor variables, a machine learning model was
developed with the Tree-based Pipeline Optimization Tool (TPOT),
an automated machine learning tool that explores the optimal
combination of machine learning algorithms, feature selections, and
hyperparameters.?®> All missing values were replaced with the
median value for model development.?* The OAI data set was
divided randomly in a 3:1 ratio for training and validation. Various
models with differing pipelines, selected features, and hyperpara-
meter configurations were trained using the training set. The most
effective model, as determined by TPOT, based on the highest
validation F1 score, was then selected. The chosen model was
evaluated using the MOST data set, and both the ROC curve and its
AUC value were calculated. Measures such as the confusion matrix,
F1 score, accuracy, precision, and recall for the test set were
calculated. To assess the contributions of selected variables to the
model and to Vvisualize their importance, SHapley Additive
exPlanations (SHAP) values.?® were calculated and presented
graphically. All statistical analyses, machine learning model
development, and visualization were conducted using Python 3.9
(Python Software Foundation, http://python.org).

3 | RESULTS

3.1 | Demographic differences among the groups
cKOA developed in 172 (19.1%) and 178 (39.3%) of the patients (OAI
and MOST, respectively). Demographic information and differences
among cKOA (-) and cKOA (+) groups of OAIl data set and MOST
data set are each described inTable 1. In the OAI data set, sex (49.3%
female in the cKOA (-) group; 62.8% female in the cKOA (+) group)
and race (12.6% Nonwhite in the cKOA (-) group; 19.2% Nonwhite in
the cKOA (+) group) were significantly different between the cKOA
(=) and cKOA (+) groups (p = 0.002 and 0.035, respectively). For the
MOST data set, sex (48.0% female in the cKOA (-) group; 65.7%
female in the cKOA (+) group) was significantly different between the
groups (p < 0.001).

3.2 | Variables of cKOA development

The odds ratio for the development of cKOA, 95% confidence
interval, and p-value of the variables analyzed within the OAI and
MOST datasets are detailed inTables 2 and 3, respectively. In the OAI
data set, variables such as sex, race, and BMI exhibited significant
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TABLE 1 Demographic information and differences between the

cKOA (-) and cKOA (+) groups in the OAl and MOST datasets.
OAI cKOA (-) (h=728) cKOA (+) (h=172) p-Value
Age (years) 70.120 £ 9.204 69.035+8.267 0.131
Sex (female) 359 (49.3%) 108 (62.8%) 0.002*
Race (non-white) 92 (12.6%) 33 (19.2%) 0.035*
MOST cKOA (-) (h=275) cKOA (+) (h=178) p-Value
Age (years) 62.007 £7.733 61.860£7.587 0.841
Sex (female) 132 (48.0%) 117 (65.7%) <0.001*
Race (non-white) 41 (14.9%) 29 (16.3%) 0.691

Note: Data are expressed as number (percentage %) for categorical
variables and mean * standard deviation for continuous variables; OAl,
Osteoarthritis Initiative; MOST, Multicenter Osteoarthritis Study; cKOA
(=), participants who did not develop contralateral knee osteoarthritis
after follow-up; cKOA (+), participants who developed contralateral knee
osteoarthritis after follow-up.

*p-Value below 0.05 indicates statistical significance.

differences between the cKOA (+) and cKOA (-) groups. Regarding
the contralateral knee variables, baseline lateral joint space narrowing
grade, prior meniscectomy history, baseline KLG, and total WOMAC
score showed significant variations between the groups. Within the
variables from the arthritic knee at baseline, the total WOMAC score
demonstrated a significant difference between the groups.

In the MOST data set, significant differences were noted
between groups in terms of sex and BMI. Variables of the contra-
lateral knee, including baseline lateral joint space narrowing grade,
baseline KLG, baseline medial joint space narrowing, and total
WOMAC score, differed significantly between groups. Among the
variables from the arthritic knee at baseline, both total WOMAC
score and prior meniscectomy history showed significant differences

between the groups.

3.3 | Machine learning model development and
performance examination

The optimal model identified by TPOT was built using Linear Support
Vector Classification, a type of Support Vector Machine typically
employed for classifying linearly separable data.?® The best predictor
variables were selected through a feature selection process within
TPOT, and they included the baseline lateral joint space narrowing
grade of the contralateral knee, meniscectomy history of the con-
tralateral knee, baseline KLG of the contralateral knee, sex, race,
baseline KLG of the OA knee, BMI, total WOMAC score of the
contralateral knee, and total WOMAC score of the OA knee. ROC
curves for the validation data set and the test data set are shown in
Figure 2. The AUC for the ROC curves of the validation and test
datasets were 0.67 and 0.69, respectively. The confusion matrix is
depicted in Figure 3, and the test accuracy, precision, recall, and
F1-score were 0.60, 0.50, 0.70, and 0.58, respectively.

SHAP plot and mean absolute SHAP value of each variable are
displayed in Figure 4. The variables identified as significant, in
descending order of mean absolute SHAP value, include sex, baseline
lateral joint space narrowing grade of the contralateral knee, history
of meniscectomy in the contralateral knee, BMI, baseline KLG of the
OA knee, race, baseline KLG of the contralateral knee, total WOMAC
score of the contralateral knee, and total WOMAC score of the
OA knee.

4 | DISCUSSION

The development of cKOA in a KOA patient could be well-predicted
using a machine learning model with a select few variables. Impor-
tantly, this model was evaluated on an independent data set, unlike

some other models.**12

that predict KOA progression. Our study
elucidated distinct risk factors for cKOA development in patients
with unilateral KOA through both univariate logistic regression and
machine learning analysis. Notably, significant risk factors included
variables that represent the severity of unilateral KOA, such as the
total WOMALC score of the OA knee.

Nine variables identified after the feature selection process
suggest optimal performance. BMI, sex, total WOMAC score of the
contralateral knee, previous meniscectomy of the contralateral knee,
and baseline KLG of the contralateral knee were prominent risk
factors in both machine learning and logistic regression analyses,
aligning with prior research.”?142927.28 Figyre 4 of SHAP values
illustrates that following sex—which is already recognized as a strong
risk factor for KOA?6—the lateral joint space narrowing grade of the
contralateral knee emerged as the second most influential feature in
our model. This finding, coupled with its high odds ratio of 4.475 in
univariate logistic regression, underscores the importance of early
baseline lateral joint space narrowing grade in the contralateral knee
as a predictor of cKOA development, a divergence from previous
work.” It has been reported that the lateral meniscus endures higher
axial loading than the medial meniscus,?’ and lateral meniscectomy
has been identified as a more significant risk factor for KOA devel-
opment than medial meniscectomy.®® Additionally, meniscal altera-
tion has been substantially linked to joint space narrowing.3!
Consequently, lateral meniscal alteration in the contralateral knee,
which could manifest as lateral joint space narrowing, may increase
the overall mechanical loading on the contralateral knee and lead to
cKOA development. Future research focusing on gait mechanics
and the lateral meniscus could further elucidate the role of baseline
lateral joint space narrowing in cKOA development.

It is notable that both the KLG and the total WOMAC score of the
arthritic knee at baseline contributed significantly to the prediction
made by our model, corroborating the hypothesis that the severity of
KOA can act as a significant risk factor for cKOA development,
alongside other well-known risk factors associated with KOA pro-
gression. Due to pain, patients with severe KOA typically avoid placing
weight on the affected knee, which can lead to increased stress on the

contralateral knee as KOA progresses. Increases in joint contact forces
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FIGURE 2 Receiver operating characteristic (ROC) curve for the validation data set from the OAI (A) and the test data set from MOST (B).
AUC represents the area under the curve of the ROC curve. MOST, Multicenter Osteoarthritis Study; OAI, Osteoarthritis Initiative.

FIGURE 3 Confusion matrix for the test data
set. cKOA (-) signifies participants who did not
develop contralateral knee osteoarthritis after
follow-up; cKOA (+) identifies participants who
developed contralateral knee osteoarthritis after
follow-up.

True label
CKOA (-)

CcKOA (+)

on the contralateral knee in KOA patients have indeed been
reported.’* Gait asymmetry, irrespective of whether the condition is
unilateral or bilateral, has been documented in KOA patients experi-
encing unilateral knee pain.3? Consequently, our findings indicate a
possibility that as KOA deteriorates, the burden on the contralateral
knee may augment due to altered gait mechanics induced by pain,
thereby leading to the development of cKOA. The significance of the
total WOMAC score of the OA knee in univariate logistic regression
across both datasets emphasizes the importance of subjective
discomfort in the OA knee during this process.

Well-known risk factors for KOA progression, such as BMI,%2 total
WOMAC score,** and baseline KLG.>* in the contralateral knee, also

Test Confusion Matrix

-80

-60

cKOIA (-)

CKOA (+)

Predicted label

act as risk factors for cKOA development. However, despite previous
findings indicating knee malalignment as a risk factor for KOA
progression,®® its predictive significance for cKOA development was
not validated. This is consistent with earlier reports that knee align-
ment functions as a marker for progression but not as a predictive risk

t.3¢ This evidence further implies

factor for incident KOA developmen
that gait alterations due to KOA may place a greater mechanical
burden on the contralateral knee than any changes in the alignment of
the knee itself3” thereby emerging as a more critical risk factor.

Our insights concerning distinct risk factors for the contralateral
knee underscore the necessity of closely monitoring lateral joint space

narrowing grade while addressing other well-known modifiable risk
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FIGURE 4 SHapley Additive exPlanations (SHAP) plot (A) and mean absolute SHAP values (B) highlight the importance of predictor variables
in descending order. Included are LJSN, lateral joint space narrowing grade; Menisc, history of prior meniscectomy; BMI, body mass index; KLG,
Kellgren-Lawrence grade; WOMAC, total Western Ontario and McMaster Universities Osteoarthritis Index score; cont, data from the
contralateral knee at baseline; OA, data from the arthritic knee at baseline.

factors of KOA, such as BMI. Although the high incidence of cKOA
development or contralateral degenerative changes in KOA patients has
been previously reported,®” specific risk factors for the affected OA
knee influencing the contralateral knee have not been clearly identified
in prior studies. Our results indicate that symptoms represented by the
total WOMAC score are significant risk factors that influence the pro-
gression of cKOA. Thus, aggressive pain management for the OA knee is
crucial in preventing cKOA among patients with unilateral KOA.

This study is not without certain limitations. First, variables not
collected in the OAI and MOST datasets, such as the presence of
osteophytes, trauma history, and gait parameters, could not be ana-
lyzed. Second, the test AUC value (0.6921) of our machine learning
model was relatively lower than that of pre-existing models that predict
KOA progression or development.}?*3 However, our study is valuable
as it was tested on an independent data set, unlike previous models.'?
Additionally, to the best of our knowledge, this is the first trial aimed at
predicting the development of cKOA. Third, OAl and MOST datasets
had discrepancy in cKOA incidence rates of 19.1% and 39.3%,
respectively. This is expected to result from their subtly different

1517 and previous studies also reported

inclusion criteria including age,
discrepancy of KOA development between the two datasets.>®%? This
independency among the two datasets adds broader applicability to
our model. Lastly, our research focuses exclusively on the development
of cKOA in patients with unilateral KOA. Future studies examining
patients who develop unilateral or bilateral KOA from bilateral healthy
knees could enhance our understanding of the differing pathophy-

siologies of unilateral and bilateral KOA.

5 | CONCLUSIONS

In this study, the development of cKOA in a KOA patient could be
accurately predicted using a few variables through machine learning.
This study identified specific risk factors for developing cKOA in

patients with unilateral KOA, including the severity of KOA in the
arthritic knee, alongside the well-established risk factors for KOA
development. When consulting KOA patients, surgeons should con-
sider the potential for cKOA development and assess risk factors in
both knees, such as high lateral joint space narrowing in the
contralateral knee and a high total WOMAC score in the OA knee.
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