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A B S T R A C T

Background: Joint space width (JSW) is a traditional imaging marker for knee osteoarthritis (OA) severity, but it
lacks sensitivity in advanced cases. We propose tibial subchondral bone area (TSBA), a new CT imaging marker to
explore its relationship with OA radiographic severity, and to test its performance for classifying surgical decisions
between unicompartmental knee arthroplasty (UKA) and total knee arthroplasty (TKA) compared to JSW.
Methods: We collected clinical, radiograph, and CT data from 182 patients who underwent primary knee
arthroplasty (73 UKA, 109 TKA). The radiographic severity was scored using Kellgren-Lawrence (KL) grading
system. TSBA and JSW were extracted from 3D CT-reconstruction model. We used independent t-test to inves-
tigate the relationship between TSBA and KL grade, and binary logistic regression to identify factors associated
with TKA risk. The accuracy of TSBA, JSW and established classification model in differentiating between UKA
and TKA was assessed using AUC.
Results: All parameters exhibited inter- and intra-class coefficients greater than 0.966. Patients with KL grade 4
had significantly larger TSBA than those with KL grade 3. TSBA (0.708 of AUC) was superior to minimal/average
JSW (0.547/0.554 of AUC) associated with the risk of receiving TKA. Medial TSBA, together with gender and
Knee Society Knee Score, emerged as independent classification factors in multivariate analysis. The overall AUC
of composite model for surgical decision-making was 0.822.
Conclusion: Tibial subchondral bone area is an independent imaging marker for radiographic severity, and is
superior to JSW for surgical decision-making between UKA and TKA in advanced OA patients.
1. Introduction

Knee osteoarthritis (OA) is a prevalent degenerative disease world-
wide and a leading cause of joint pain and disability [1]. Loss of articular
cartilage, which serves as a cushion for joint movement, is a hallmark of
OA [2], and currently, there is no cure once damage occurs. For advanced
knee OA patients, knee arthroplasty is the last but effective resort to
relieve pain and restore function, with total knee arthroplasty (TKA)
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being the traditional option [3]. Over the past few decades, uni-
compartmental knee arthroplasty (UKA) has been increasingly used in
cases where damage is limited to one anatomic compartment due to its
less invasive nature, shorter recovery time, and better postoperative
function [4]. The current surgical decision between TKA and UKA partly
relies on radiographical findings like the narrowing of joint space width
(JSW). However, studies have demonstrated that for advanced knee OA,
JSW has limited sensitivity to assess structural severity [5,6]. Therefore,
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there is a growing need to develop a new imaging marker to accurately
assess the degree of structural damage in advanced-stage knee OA and
provide quantitative evidence for surgeons when making surgical
decisions.

JSW is a conventional imaging marker for evaluating the severity of
knee OA [7] but might underestimate cartilage degeneration in advanced
cases. It is measured as the distance between the margins of the femur
and tibia in anteroposterior (AP) knee radiographs to indicate cartilage
loss indirectly [8]. JSW is a component of several scoring systems for
knee OA, including the commonly used Kellgren-Lawrence (KL) grading
system, where radiographic severity is assigned from KL grade 0 to KL
grade 4 with the narrowing of JSW [9]. However, researchers have re-
ported that in up to 50% of cases undergoing primary TKA, the degree of
articular cartilage damage was more severe than the preoperative KL
grade [6]. Additionally, a 30-month follow-up MRI examination found
the continued occurrence of degenerative lesions such as cartilage loss,
effusion, and synovitis in KL grade 4 knees [10].

The subchondral bone undergoes remarkable remodelling during OA
progression and plays a crucial role in supporting the overlying cartilage
[11]. Previously, the subchondral bone size measured in MRI
cross-sectional slices was found to expand with the increasing extent of
cartilage loss [12,13]. In the other cohort study, Researchers used MRI to
follow up on the size of subchondral bone in osteoarthritic knees with
different KL grades [14]. They found that patients with higher KL grades
tended to have a greater change in subchondral bone size. Recently, Gary
and colleagues proposed a shape measure of subchondral bone length in
MRI sagittal slices (defined as SBL) based on the extent of overlying
cartilage. They showed that SBL was associated with the risk of future
knee replacement surgery [15]. However, MRI suffers from limitations
such as distortion and poor bone contrast due to magnetic field in-
homogeneities and limited scan time [16,17]. Furthermore, given the
worn-out cartilage and continued activity of subchondral bone [18], MRI
may not be the optimal imaging modality for accurately assessing the
subchondral bone shape in advanced-stage OA [19].

CT imaging provides high-resolution images of bone structures and
has become a useful tool for preoperative planning in knee joint
replacement surgery [20],while its potential to assess disease severity and
assist in surgical decision-making remains unclear. Therefore, we devel-
oped the tibial subchondral bone area (TSBA) as a new preoperative im-
aging marker based on 3D CT-reconstruction bone model to characterise
tibial subchondral bone expansion. The following research questionswere
asked: 1) Is the value of TSBA related to OA radiographic severity in
advanced OA patients? 2) Can TSBA perform better in classifying surgical
decisions between UKA and TKA compared to JSW? 3) Can TSBA provide
surgeons complementary information independent of clinical covariates
in surgical decision-making?

2. Method

2.1. Patient population

The ethical approval of this study was obtained from the Hospital
Authority of Hong Kong (approval number UW 22–090). A retrospective
search of the Queen Mary Hospital's dataset was conducted to retrieve
patientswhounderwent primary knee arthroplasty using theRobotic-Arm
Assisted Surgery system between January 2019 and January 2022. The
surgical decision for UKA fulfilled the inclusion criteria delineated by
Kozin& Scott [21,22] (details are described in Supplementary table S1). A
total of 200 patients were enrolled in this study. Patients were included in
this study if they have medical records of preoperative AP standing knee
radiograph, CT image and Knee Society Knee Score [23] (KSKS, an
objective knee score completed by the surgeon; details are described in
Supplementary table S2). Patients with valgus alignment, avascular ne-
crosis, poor CT image quality, or congenital or acquired malformations of
the femur and tibia were excluded from the study. After selection, 182
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patients were included in the analysis. A detailed flowchart of patient
selection is shown in Fig. 1. Each patient's demographic information,
preoperative KSKS, knee radiograph, and CT data were reviewed
retrospectively.

The images for interpretation were taken one week before knee
arthroplasty and saved in Digital Imaging and Communications in
Medicine (DICOM) format. Imaging parameters of CT data were as fol-
lows: thickness 0.625 mm, pixel spacing 0.468750 mm � 0.468750 mm,
matrix 512 � 512.
2.2. Radiographic analysis

2.2.1. Radiographic grading of knee osteoarthritis
All patients underwent preoperative AP standing knee radiographs,

and the radiographic severity of the knee joint was assessed by an or-
thopaedics surgeon using the Kellgren-Lawrence grading system [9].

2.2.2. Quantitative measurement of tibial subchondral bone area based on
CT images

The 3D models of the femur and tibia were semi-automatically
segmented with 3D Slicer (Version 4.10.2, an open-source image pro-
cessing software). They were transferred into our in-house developed
knee quantitative analysis software (Knee-analysis, Ageing Research and
Therapy Laboratory, Hong Kong) for quantitative measurement of TSBA
and JSW.

Wemeasured the area of the tibial subchondral bone surface based on
the region of condyles and intercondylar tubercles concerning the eight
anatomic landmarks on the tibia (Fig. 2a). First, on the top view of the
tibia, the points on the boundary of the medial (pink) and lateral (green)
tibial subchondral bone were initially marked with label tools (Fig. 2b).
Second, the tibia was rotated to the anterior, posterior, medial, and
lateral views (Fig. 2c) to adjust control points on the medial and lateral
plateaus. Third, the triangular 3D medial and lateral bone surfaces
(Fig. 2d) were generated separately from the B-spline contours that
enclose the control points. Finally, the area of the two surfaces was
calculated as medial and lateral TSBA.

2.2.3. Quantitative measurement of joint space width based on CT images
We measured the 3D JSW of the medial and lateral compartments as

the minimum and average projection distances from the triangular sur-
face of the tibial plateau to that of the femoral condyle. The two com-
partments' projection directions were determined separately by finding
the norm of the “best fitting planes” fitted on the tibial subchondral
surface using the least square method (Fig. 3a). In detail, Euclidean
distances were measured on the projection lines that start at sampling
points with a uniform spacing of 2 mm � 2 mm (Fig. 3b) and end at the
surface of femoral condyles. Sampling points that could not connect to
the tibial plateau and femur condyle triangular surface were excluded
from the JSW calculations (Fig. 3c).

2.2.4. Inter-rater and intra-rater reliability measurements
To assess the reliability of TSBA and JSW measurements, 20 knees

were randomly selected and independently measured by two examiners
to evaluate the inter-observer reliability. One of the examiners repeated
the measurements two weeks later for intra-observer analysis.
2.3. Model development

We investigated the classification performance of two parameters,
TSBA and JSW, and subsequently developed a CT-based model incor-
porating these measures. Meanwhile, a clinical model was established,
including gender, age, height, weight, BMI, and KSKS. We then estab-
lished a composite model by combining the CT-based indices and the
clinical factors.



Fig. 1. Flow chart describing the patient enrolment process in this study.

Fig. 2. The workflow of measuring the tibial subchondral bone area. a) the area of the tibial subchondral bone surface measured in this study, points A-F are eight
anatomic points: the medial most point of the tibial subchondral bone (point A), the lateral most point of the tibial subchondral bone (point B), the anterior-most point
of the medial tibial condyle (point C), the anterior-most point of the lateral tibial condyle (point D), the posterior-most point of the medial tibial condyle (point E), the
posterior-most point of the lateral tibial condyle (point F), the medial intercondylar eminence (point G), the lateral intercondylar eminence (point H). b) the initial
mark of the boundary of the medial (pink colour) and lateral (green colour) tibial plateau surface. c) the control points were adjusted in different viewing angles
manually. d) the medial and lateral tibial subchondral bone surface extracted from the tibia model.

Fig. 3. The workflow of measuring the joint space width. a) the medial and lateral plane fitted by the least square method. b) the sampling points located on the
medial and lateral tibial plateau surface. c) the visualization of three-dimensional JSW measured in medial and lateral compartments. The excluded sampling points
were marked with red colour.
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2.4. Statistical analysis

Descriptive statistics for demographic information of the subjects
were tabulated. Independent t-tests were performed for continuous var-
iables and the Chi-Square test was used for categorical variable (gender).
3

Reliability of the measurement of CT-based parameters, i.e., tibial sub-
chondral bone area and joint space width, were tested using interclass
correlation (ICC) [24]. The CT-based parameters in patients with KL
grade 3 and patients with KL grade 4 were compared using independent
t-tests. The effect of potential confounding factors on the relation



Table 1
Demographical information of subjects.

Characteristics KL grade 3
(n ¼ 78)

KL grade 4
(n ¼ 104)

p value

Gender (female) 78 (47) 104 (50) 0.139
Age (years) 67.5 (6.2) 66.5 (5.9) 0.370
Height (cm) 157.6 (9.6) 157.5 (7.6) 0.943
Weight (kg) 67.7 (11.8) 67.9 (13.1) 0.956
BMI (kg/m2) 27.3 (4.2) 27.3 (4.8) 0.996

Values are expressed as means, with SD in parentheses.
Gender differences are compared with the chi-square test.
Abbreviation: KL, Kellgren-Lawrence; BMI, body mass index.

Table 2
Inter-observer and intra-observer reliability.

Parameters Inter-observer reliability Intra-observer reliability

ICC 95% CI ICC 95% CI

Medial TSBA 0.992 0.981–0.997 0.987 0.968–0.995
Lateral TSBA 0.986 0.964–0.994 0.988 0.970–0.995
Medial minimal JSW 0.988 0.970–0.995 0.981 0.954–0.993
Lateral minimal JSW 0.966 0.917–0.986 0.989 0.972–0.996
Medial average JSW 0.989 0.973–0.996 0.990 0.974–0.996
Lateral average JSW 0.980 0.975–0.992 0.990 0.975–0.996

Abbreviation: ICC, Intraclass correlation coefficient; CI, Confidence Interval,
TSBA, Tibial subchondral bone area; JSW, joint space width.
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between CT-based parameters and radiographic severity was explored by
calculating estimated marginal means through analysis of variance
methods.

The binary logistic regression was performed to determine the effects
of CT-based parameters and clinical covariates on the risk that patients
underwent TKA. By selecting the significant parameters, all model's
formulas are summarised in supplementary. The classification perfor-
mance of CT-based parameters and the developed models were evaluated
using the ROC curves. The Delong test was used to compare the area
under the curve (AUC) of different CT-based parameters and the AUCs of
different models, respectively.

All statistical analyses were performed using SPSS Statistics (version
26.0; IBM). Two-tailed p < 0.05 was considered statistically significant.

3. Results

3.1. Clinical characteristics of patients

A total of 182 patients, 78 patients with KL grade 3 and 104 patients
with KL grade 4, were included in the final analysis. The patient de-
mographic information is summarised in Table 1. There were no signif-
icant differences in gender distribution, age, height, weight, and body
mass index between the two groups.
Table 3
TSBA and JSW in patients with KL grade 3 compared to patients with KL grade 4.

Parameters Crude analysisa

KL grade 3 (n ¼ 78) KL grade 4 (n ¼ 104)

Medial TSBA (mm2) 1415.42 (231.42) 1630.59 (258.99)
Lateral TSBA (mm2) 1131.39 (192.38) 1245.87 (221.18)
Medial minimal JSW (mm) 1.71 (0.55) 1.25 (0.61)
Lateral minimal JSW (mm) 2.72 (0.83) 2.62 (1.03)
Medial average JSW (mm) 4.09 (0.89) 3.31 (0.86)
Lateral average JSW (mm) 6.42 (0.98) 6.76 (1.28)

Abbreviation: TSBA, Tibial subchondral bone area; JSW, joint space width.
The Bold denotes that the results are statistically significant, with a p value < 0.05.

a Values are expressed as means, with SD in parentheses.
b Values are expressed as means, with SE in parentheses, adjusted for age, gender,
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3.2. Parameter reliability test

The inter- and intra-observer reliability of CT-based parameters are
shown in Table 2. All parameters showed an almost perfect inter-
observer reliability with ICC �0.966 (95% CI 0.917–0.986). Similarly,
an almost perfect intra-observer reliability existed for all parameters with
ICC �0.981 (95% CI 0.954–0.993).

3.3. TSBA and JSW in advanced knee OA patients

Measurements of TSBA, minimal JSW and average JSW in the medial
and lateral compartments are summarised in Table 3.

Regarding TSBA, it was found that patients with KL grade 4 had a
significantly larger value than those with KL grade 3. In the medial
compartment, patients with KL grade 4 (1630.59 � 258.99 mm2) have
15.2% larger TSBA than those with KL grade 3 (1415.42 � 231.42 mm2,
p < 0.001). In the lateral compartment, patients with KL grade 4
(1245.87 � 221.18 mm2) had 10.1 % larger TSBA than those with KL
grade 3 (1131.39 � 192.38 mm2, p < 0.001). In terms of JSW in the
medial compartment, patients with KL grade 4 had smaller minimal JSW
and average JSW (1.25 � 0.61 mm and 3.31 � 0.86 mm, respectively)
than patients with KL grade 3 (1.71 � 0.55 mm and 4.09 � 0.89 mm) (p
< 0.001 for both differences). After adjusting for potential confounding
factors (including age, gender, height, weight, and BMI), the results
remained significant.

3.4. Univariate and multivariate analyses of classification factors

The clinical characteristics of patients who underwent UKA and TKA
are summarised in Supplementary Table S3. Table 4 shows the Odds
ratios of patients receiving TKA for twelve classification factors, five of
which were statistically significant at univariate analysis: age, BMI,
KSKS, medial TSBA, and lateral TSBA. Increases in medial TSBA, lateral
TSBA, and BMI were associated with an increased risk of receiving TKA.
Conversely, increasing age and KSKS were associated with a decreased
risk of receiving TKA.

The multivariate analysis of gender yielded an association with the
risk of receiving TKA (p ¼ 0.034) but not at univariate analysis (p ¼
0.512). In univariate analysis, BMI, age, and lateral TSBAwere associated
with the risk of TKA, but not in multivariate analysis. Besides, medial
TSBA and KSKS were independent classification factors in both univari-
ate and multivariate analyses (p � 0.001 for all).

3.5. Performance of TSBA: comparison with JSW

The receiver operating characteristic curve analyses of TSBA,minimal
JSW, and average JSW are shown in Fig. 4a. It is shown that medial TSBA
yielded an AUC of 0.708, performing the best among those imaging
markers, then followed by lateral TSBA (AUC ¼ 0.619). In contrast, the
minimal JSW and average JSW yielded the AUCs range from 0.533 to
Adjusted analysisb

p value KL grade 3 (n ¼ 78) KL grade 4 (n ¼ 104) p value

<0.001 1416.50 (24.46) 1629.82 (20.67) <0.001
<0.001 1136.55 (17.88) 1242.18 (15.11) <0.001
<0.001 1.72 (0.07) 1.25 (0.06) <0.001
0.472 2.72 (0.11) 2.62 (0.10) 0.931
<0.001 4.10 (0.10) 3.31 (0.09) <0.001
0.075 6.41 (0.13) 6.76 (0.11) 0.058

height, weight, body mass index.



Table 4
Odds ratios of total knee arthroplasty for classification factors.

Parameters Univariate Multivariate

Odds Ratio p value Odds Ratio p value

Gender 0.817 (0.446–1.495) 0.512 0.180 (0.037–0.876) 0.034
Age 0.721 (0.530–0.981) 0.037 0.716 (0.436–1.175) 0.186
Height 0.722 (0.514–1.013) 0.059 0.925 (0.030–28.350) 0.965
Weight 1.182 (0.851–1.641) 0.319 0.516 (0.003–89.505) 0.801
BMI 1.544 (1.075–2.219) 0.019 2.086 (0.022–197.731) 0.752
KSKS 0.431 (0.293–0.633) <0.001 0.305 (0.174–0.536) <0.001
Medial TSBA 2.217 (1.540–3.191) <0.001 3.622 (1.708–7.684) 0.001
Lateral TSBA 1.623 (1.163–2.265) 0.004 2.014 (0.890–4.556) 0.093
Medial minimal JSW 0.866 (0.641–1.170) 0.349 1.203 (0.584–2.480) 0.617
Lateral minimal JSW 0.786 (0.581–1.062) 0.117 0.802 (0.460–1.400) 0.438
Medial average JSW 0.813 (0.601–1.098) 0.177 1.021 (0.470–2.216) 0.958
Lateral average JSW 0.893 (0.662–1.203) 0.456 0.607 (0.322–1.147) 0.124

Values in parentheses are 95% confidence intervals.
Gender is for males compared to females.
The Bold denotes that the results are statistically significant, with a p value < 0.05.
Abbreviation: KSKS, Knee society knee score; JSW, joint space width; TSBA, Tibial subchondral bone area.
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0.554, which were not statistically significantly different from the
random classifier (AUC ¼ 0.500). The result suggested that JSW cannot
distinguish between UKA patients and those receiving TKA.

A pairwise comparison of AUCs using the DeLong test showed that the
performance of medial TSBA is significantly greater than other CT-based
parameters (p < 0.020 for all); details are presented in Supplementary
Table S4.

3.6. Performance of CT-based model: comparison with clinical model

Feature selection for eachmodel usingmultivariate logistic regression
is presented in Supplementary Table S5, with all formulas summarised in
Supplementary.

The ROC curves for the three models are shown in Fig. 4b. The
composite model demonstrated the highest classification performance
(AUC ¼ 0.822). The CT-based model (AUC ¼ 0.708) yielded a classifi-
cation performance similar to that of the clinical model (AUC¼ 0.711). A
pairwise comparison of AUCs using the DeLong test showed that
combining CT-based indices and clinical factors significantly improved
classification performance; details are shown in Supplementary Table S6.
Fig. 4. a) Receiver operating characteristic curves show the performance of TSBA
characteristic curves show the performance of the CT-based model compared with t
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4. Discussion

In this study, we performed quantitative measurements of TSBA and
JSW on preoperative CT images of patients who underwent primary knee
arthroplasty. This study aimed to explore the relation between TSBA and
radiographic severity and to determine its performance for classifying
surgical decisions between UKA and TKA. We have shown that patients
with KL grade 4 have larger medial and lateral TSBA than patients with
KL grade 3. These differences remain significant and are not affected by
potential confounding factors such as gender, age, or BMI. We also found
that TSBA showed greater discrimination in surgical decisions than JSW.
Moreover, the Greater classification performance of the composite
model, compared with the clinical model and CT-based model, was also
demonstrated.

Subchondral bone, a tissue with remodelling capacity that provides
mechanical support and nourishment to overlying cartilage [25], adapts to
changes in local mechanical loading by altering its contour, shape, and
structure [26]. Even in advanced knee OA stages, the subchondral bone's
renewal remodelling remains active [18], characterised by decreased bone
resorption and sustained bone formation [27]. In this study, as a
compared to JSW. The classification threshold was 0.50. b) Receiver operating
he clinical model and composite model. The classification threshold was 0.50.
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cumulative consequence of subchondral bone changes, TSBA related to OA
radiographic severity showed more pronounced potential than JSW in
distinguishing surgical decision-making of advanced knee OA patients.
Meanwhile, the result suggests that Medial TSBA is an independent factor
associated with surgical decisions. However, BMI, an indication in clinical
practice [29], is not significant inmultivariate analysis, which may suggest
that the effect of BMI on the risk of receiving TKA can be mediated in part
through medial TSBA. More studies are needed to investigate the rela-
tionship between TSBA and clinical indications further.

Previous quantitative analysis of subchondral bone expansion was
mainly based on MRI cross-sectional or sagittal slices [12,13,15].
Although both soft tissue and bone can be visualised in MRI [19], it has
been reported recently to underestimate bony structure changes, such as
the size of osteophytes [16,17]. For complex bone morphology analysis,
CT is preferred as it provides high-resolution 3D images [28]. Further-
more, compared toMRI, CT scans are relatively affordable, time-efficient,
and accessible. In clinical practice, several technologies based on CT
images have been developed to improve knee replacement surgical ac-
curacies, such as digital surgical planning, patient-specific instrumenta-
tion, computer-assisted surgery, and Robotic-Assisted surgery [20,29,
30]. The result of this study further expanded the application of CT im-
ages in preoperative assessment of the structural severity and surgical
decision-making of knee OA.

Our multivariate analysis found gender differences and KSKS to be in-
dependent factors of subchondral bone expansion. Females demonstrated a
higher risk of requiring TKA thanmales, partly explained by some previous
findings [31,32], such as a higher prevalence of knee OA and a lower pain
threshold in females thanmales. KSKS is the rating of the severity of patient
symptoms. Previously, it has been found that there is discordance between
radiographic severity and the patient's symptoms [33]. The result of this
study supports this consensus, and the composite model (including gender,
medial TBSA, and KSKS) is suggested to assist surgical decisions.

The study has several limitations. First, it utilised non-weight-bearing
CT images, whereas previous JSW measurements often used weight-
bearing radiographs or CT images [7,34]. However, recent research
suggests that JSW measurements taken from non-weight-bearing CT
scans may provide better correlations with cartilage thickness [35].
Second, wemeasured only minimum and average JSW, but newer studies
examine JSW distribution for additional information [34,36], which
could be further compared with TSBA. Third, recent studies reported that
the quantitative evaluation of subchondral bone trabecular microstruc-
ture based on high-resolution MRI and clinical CT is possible [37,38] and
showed a correlation with OA severity. In the future study, we will
include both microstructure analysis and more bone shape analysis, such
as the slope, concavities, and convexities of the tibial subchondral bone
[39,40], to determine their correlation with knee OA severity and
explore their application in surgical decision-making for OA patients.

In conclusion, our study results demonstrate that tibial subchondral
bone area (TSBA) can reflect radiographic severity in advanced knee OA,
and medial TSBA is an independent parameter for classifying surgical
decisions between UKA and TKA, outperforming the traditionally used
JSW. Further studies are required to validate our findings in other
datasets and to translate the results into clinical practice.
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