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Abstract

Background: Stress distribution is the pattern of mechanical load distribution, particularly between the medial

and lateral compartments. Lower leg alignment and the meniscus play an important role in this distribution. CT-

osteoabsorptiometry estimates stress distribution by analyzing the distribution pattern of subchondral bone

density. This study aimed to explore the extent to which lower limb alignment and meniscal extrusion can explain

the distribution of subchondral bone density.

Methods: This was a retrospective study including 92 patients (73 with osteoarthritis (OA) and 19 without OA).

Lower limb alignment, meniscus-extrusion ratio (MER), and subchondral bone density were assessed using CT-

osteoabsorptiometry. High-density areas (HDA) on the articular surface were quantitatively analyzed.

Results: Hip-knee-ankle (HKA) angle, medial MER (MMER), lateral MER (LMER), and medial compartment

HDA to total HDA ratio (medial ratio) were —4.3°, 46.8%, 20.4%, and 70.0%, respectively. Multiple regression

analysis revealed that HKA, MMER, and LMER were significant variables. The adjusted R2 of HKA, MMER,

and LMER for the medial ratio was 0.80. The standardized coefficients for HKA, MMER, and LMER were

—0.30, 0.40, and —0.41, respectively.

Conclusions: Lower leg alignment and meniscus extrusion explain 80% of the variance in the distribution of

subchondral bone density. These findings indicate that both factors can account for approximately 80% of the

estimated stress distribution as assessed by CT-osteoabsorptiometry. The distribution of subchondral bone

density estimated by HKA and meniscus extrusion was useful for diagnosing and treating knee osteoarthritis.
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Introduction

Knee osteoarthritis (OA) is associated with aging, gender, genetics, obesity, malalignment, and trauma [1, 2].

Among them, malalignment and breakdown of the hoop function following meniscal injury have been reported

to cause localized overstress on the knee joint surface, leading to cartilage wear [1, 2]. Therefore, identifying the

stress distribution on the knee joint surface in each patient is crucial to identifying areas of overstress, leading to

early treatment interventions, such as high tibial osteotomy (HTO), and preventing OA progression.

However, directly clarifying the stress distribution across the knee joint in individual patients is

challenging. Therefore, stress distribution has been estimated using various methods, such as three-dimensional

(3D) motion analysis, biomechanical studies using cadavers, and finite element analysis. Furthermore, studies

have been conducted using load sensor-integrated implants in total knee arthroplasty (TKA). This method was

thought to be the only approach that allowed the direct measurement of the stress distribution. However, this

method did not allow direct measurement of individual stress distribution, and meniscus function was not

considered.

Based on Wolff’s law, which claims that bone strength is enhanced in areas under high stress, resulting

in increased mineralization [3], bone density is a substitute for direct stress measurements. Bone mineral density

of the mediolateral compartment has been reported to correlate with knee adduction moment (KAM) [4, 5],

which is a surrogate of mediolateral loading in the knee joint[6], indicating that the mediolateral distribution of

bone density may adapt in response to stress on the articular surface. CT-osteoabsorptiometry (CT-OAM) is an

analytical method for estimating the stress distribution on the living joint surface based on the distribution of
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subchondral bone density across the articular cartilage [7]. Previous studies have demonstrated a correlation

between the mediolateral distribution of subchondral bone density and leg alignment [8]. Furthermore, changes

in leg alignment due to HTO result in changes in the distribution of subchondral bone density [8, 9]. However,

the mechanism by which the distribution of subchondral bone density reflects the stress distribution has not been

fully elucidated.

Lower leg alignment and meniscus hoop function are important factors affecting stress distribution [1, 2].

Furthermore, leg alignment strongly interacts with meniscus dysfunction [10], indicating that even with the same

leg alignment, the stress distribution may differ if the meniscus status is different. Therefore, a method in which

both leg alignment and the meniscus are evaluated simultaneously may enable the estimation of the stress

distribution. Meniscus extrusion, which is the displacement of the meniscus medially or laterally outside the

margins of the tibial plateau, has recently been recognized as a hallmark of meniscus dysfunction [11]. It can

result from various types of meniscal tears, particularly radial and root tears. Reported risk factors include

increasing age, malalignment, degenerative joint changes, high body mass index, and female sex [12]. This study

aimed to clarify the extent to which the distribution of subchondral bone density measured by CT-

osteoabsorptiometry can be explained by lower leg alignment and meniscus extrusion. Furthermore, this study

aimed to investigate the validity of the relationship between the distribution of subchondral bone density and

stress distribution by making a comparison with previous reports. We hypothesized that leg alignment and

meniscus extrusion could explain the distribution of subchondral bone density across the knee joint.
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Method

This study was approved by the Institutional Review Board of Hokkaido university Hospital (No.: #018-0213),
and it included patients who underwent osteotomy around the knee for OA and knee trauma between 2016 and
2021 at Hokkaido university hospital. Radiographic, CT, and MRI examinations were retrospectively analyzed.
Patients with a wide range of lower limb alignments, including both varus and valgus deformities, were included
to evaluate how alignment patterns, in conjunction with meniscal extrusion, influence the distribution of
subchondral bone density. Data on the ipsilateral side of the knees in patients with OA were obtained. This
population was selected because, at our institution, patients undergoing osteotomy represent the largest group
for whom both CT and MRI of the knee are routinely available. Importantly, only preoperative imaging data
were used for analysis to evaluate the relationship between meniscus extrusion, lower limb alignment, and
subchondral bone density. Moreover, data on the contralateral knees of patients with knee trauma were used as
non-OA controls. In addition, data from the contralateral knees of patients with unilateral knee
trauma were used as non-OA controls. At our institution, CT and MRI imaging of the contralateral
(uninjured) knee is routinely requested for patients with knee trauma as a surveillance measure.
Furthermore, based on the exclusion criteria described below, we ensured that these contralateral
knees showed no clinical or radiographic signs of OA, thereby allowing us to assess the distribution
of subchondral bone density in healthy joints. Exclusion criteria were as follows: (1) osteotomy around
the knee performed for other diagnoses such as spontaneous osteonecrosis of the knee joint, (2) previous surgery

at the evaluated knee, (3) lack of radiographic, CT, and MRI examinations, and (4) nonradiographic OA at the
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contralateral side of the knees in patients with knee trauma. Of the 102 patients who underwent osteotomy around

the knee for OA during the study period, 29 were excluded. Of the 94 patients who underwent contralateral knee

trauma surgery, 75 were excluded. Finally, 92 knees of 92 patients (59 with varus OA, 14 with valgus OA, and

19 with contralateral knee trauma [non-OA]) were included in this study.

Full-length anteroposterior radiographs of the lower limb in full extension were obtained for

radiographic evaluation. Radiological parameters were evaluated preoperatively, including the degree of OA at

the tibiofemoral joints assessed using the Kellgren—Lawrence classification of the weight-bearing

anteroposterior radiographs of the femorotibial joint [ 13], and hip—knee—ankle angle (HKA; varus was negative),

percentage of mechanical axis, mechanical lateral distal femoral angle (mLDFA), and mechanical medial

proximal tibial angle (mMPTA) measured on anteroposterior radiographs of the whole lower limb taken with a

long cassette in the one-leg standing position.

Meniscus status evaluation

Meniscus extrusion was evaluated using coronal T2-weighted images acquired at 3.0-mm intervals

using a 3.0 Tesla MRI scanner (Discovery MR750W 3.0T, GE Healthcare. Chicago, USA). The location of the

medial meniscus (MM) on the joint line was quantified based on a previous study [14]. Briefly, a vertical line

intersecting the peripheral margin of the medial tibial plateau was drawn on the coronal image at the midpoint

of the superficial layer of the medial collateral ligament (Fig. 1). Two additional lines were drawn parallel to the

first line at the outer (periarticular) and inner (intra-articular) margins of the meniscus, respectively. The distance
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between the first and second lines, defined as “extrusion width (EW),” and the distance between the second and

third lines, defined as “total width (TW),” were measured. The medial meniscus-extrusion ratio (MMER) was

calculated as EW / TW. The same method was applied to the lateral meniscus, which was evaluated as the lateral

meniscus-extrusion ratio (LMER). The locations of MM and LM on the joint line in each group were

independently measured by two orthopedic surgeons (TE and TS).

Fig. 1. Measurement of the location of the medial meniscus (MM) on the coronal image of the left knee on
magnetic resonance imaging. A vertical line (solid line) intersecting the peripheral margin of the medial tibial
plateau was drawn. The second (dotted line) and third lines (dashed line), parallel to the first line, were drawn at
the outer and inner margins of the meniscus, respectively. Distance between the first and second lines, defined
as the “extrusion width (EW),” and the distance between the second and third lines, defined as the “total width
(TW),” were measured; each width was quantified in millimeters.

CT-osteoabsorptiometry
Axial images of the knee were acquired with a slice thickness of 0.5 mm using a high-resolution helical

CT scanner (Aquilion One/ViSION Edition; Toshiba Medical Systems, Japan). Acquired CT data were

transferred to a personal computer. Sagittal and coronal slices at 1.0-mm intervals and 3D bone models were
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generated from axial CT data using commercial software (Ziocube®; Ziosoft, Inc., Tokyo, Japan). The sagittal

and coronal axes were determined based on the epicondylar axis of the distal femoral condyle at the axial slice.

An outline of the medial and lateral compartment of the proximal tibial articular surface was manually selected

to include the entire subchondral bone layer of the articular surface in all slices based on sagittal and coronal CT

images and a 3D CT image of the articular surface of the proximal tibia [8, 15]. The subchondral bone density

of each generated sagittal slice was then analyzed using noncommercial software (Osteodens 4.0) [15-18]. The

maximum increment point in Hounsfield units from the joint surface was selected as the starting point of the

region of interest, and the maximum point in Hounsfield units was selected automatically in the 2.5-mm region

of interest from the starting point. The radiodensity of the identified subchondral bone region was determined at

each coordinate point at 1-mm intervals. Sagittal slices were then stacked, and a two-dimensional image that

mapped the distribution of subchondral bone density was created (Fig. 2). The range between the maximum and

minimum values in Hounsfield units on the mapping images was divided into nine grades, which were used to

generate a surface mapping image and produce a color scale in which red and violet indicated the greatest and

lowest bone densities, respectively.
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Fig. 2. Measurement of subchondral bone density in the proximal tibia using customized software. (A) The
subchondral bone density of the selected area was automatically measured at each coordinate point in each 1.0-
mm sagittal slice. (B) Map of the subchondral bone density distribution created by stacking sagittal slice data.

The obtained mapping data were quantitatively analyzed, focusing on the location of the high-density

area (HDA) of the articular surface, which was defined as the region containing the coordinate points

representing the top 20% of the Hounsfield unit values out of the total area of the medial and lateral

compartments. The ratio of the HDA of the medial compartment to the total HDA of both compartments was

calculated as the medial ratio [8].

%HDA was assessed by two observers (TE and TS). Intra- and interobserver reliability were evaluated

on five randomly selected knees. The intraobserver reproducibility of the medial ratio measured using CT-

OSTEOABSORPTIOMETRY showed interclass correlation coefficients (ICC) for intraobserver agreement of

0.916 for TE and 0.910 for TS. The ICC for interobserver reproducibility of the medial ratio was 0.904.

Statistical analysis

Statistical analyses were performed using JMP Pro 17.0 (SAS Institute Inc., Cary, 256 NC, USA). The
9
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relationship between the medial ratio and various explanatory variables, including the MER and lower limb

alignment, was analyzed using simple linear regression and multiple regression analyses. Simple linear

regression analyses were performed for each explanatory variable to explore their separate effects on the medial

ratio. Subsequently, a multiple regression analysis was performed to evaluate the combined effects of all

explanatory variables on the medial ratio. Multicollinearity among the explanatory variables was assessed using

the variance inflation factor (VIF). Variables with VIF values >5 were excluded from the final multiple

regression model to ensure reliable coefficient estimates. A p-value = 0.05 indicated statistical significance. The

post hoc power analysis revealed that, with an alpha value of 0.05 and a sample size of 92 knees, a power of

0.98 was achieved for the multiple regression analysis of the medial ratio.

Results

A total of 92 patients were included in this study. Of the 92 patients, varus OA patients were 59, valgus OA

patients were 14, and non-OA were 19. The mean HKA for all patients was —4.3° (95% CI: —5.5 to —3.1).

Subgroup analysis showed that the mean HKA was —7.4° (—8.4 to —6.4) in varus OA patients, 6.0° (4.4 to 6.4)

in valgus OA patients, and —2.1° (—3.2 to —1.0) in non-OA patients. The mean MMER and LMER for all patients

were 46.7% (95% CI: 40.1 to 52.7) and 20.3% (15.5 to 25.2), respectively. In subgroup analysis, MMER was

64.8% (60.1 to 69.6) in varus OA, 17.1% (10.9 to 23.2) in valgus OA, and 12.5% (9.2 to 15.7) in non-OA patients.

The corresponding LMER values were 13.7% (11.7 to 15.7), 65.2% (46.7 to 83.7), and 5.7% (5.2 to 10.3),

respectively. The mean LMER for all patients was 20.3% (95% CI: 15.5 to 25.2). Subgroup analysis showed

10
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that LMER was 13.7% (11.7 to 15.7) in varus OA, 65.2% (46.7 to 83.7) in valgus OA, and 5.7% (5.2 t0 10.3) in

non-OA patients. The mean medial ratio was 70.0% (95% CI: 65.5 to 74.5) for all patients, 75.0% (71.1 to 78.8)

in varus OA, 48.9% (42.5 to 55.2) in valgus OA, and 38.3% (33.7 to 42.9) in non-OA patients (Table 1).

Table 1. Patient characteristics.

All patients (n=92) Varus QA patients (n=59) Valgus OA patients(n=14) Non-QA patients (n=19)

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

Age (years) 51.1 [48.3,53.9] 56.9 [54.6, 59.2] 474 [38.3, 56.5] 357 [30.1,41.4]
Sex (n Male : n Female) 40:52 27:32 5:9 811

Height (cm) 1624 [160.4, 164.5] 160.6 [158.0, 163.1] 168.3 [159.2, 177.3] 165.7 [162.1, 169.3]
Weight (kg) 72.1 [68.8, 75.4] 73.6 [69.6, 77.5] 68.1 [50.4, 85.9] 69.3 [63.0, 75.5]
HKA () 4.3 [-3.1,-3.5] -7.4 [-8.4, 6.4] 6.0 [4.4, 6.4] —2.1 [-3.2,-1.0]
mLDFA (%) 86.7 [86.3,87.2] 87.5 [87.1, 87.8] 83.5 [82.5, 84.4] 86.7 [86.2, 87.6]
mMPTA (°) 84.3 [83.6, 84.9] 82.8 [82.1, 83.5] 88.1 [87.3, 89.0] 85.9 [84.8, 87.0]

Ratio of meniscus extrusion (%o)

Medial meniscus 46.7 [40.1, 52.7] 64.8 [60.1, 69.6] 17.1 [10.9, 23.2] 12.5 [9.2. 15.7]
Lateral meniscus 20.3 [15.5,25.2] 13.7 [11.7,15.7] 65.2 [46.7, 83.7] 8.0 [5.7.10.3]

Medial ratio (%) 70.0 [65.5, 74.5] 81.8 [79.5, 84.2] 312 [18.5, 43.9] 62.0 [57.7, 66.3]

184
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Data are presented as means (95% CI). Non-OA, contralateral knee of the trauma; HKA, hip—knee—ankle angle;
mLDFA, mechanical lateral distal femoral angle; mMPTA, mechanical medial proximal tibial angle; EW,
extrusion width of the meniscus; TW, total width of the meniscus.

The single linear regression analysis at all subjects revealed significant correlations between the medial

ratio and HKA (R2=0.63), mLDFA (0.36), mMPTA (0.38), MMER (0.45), and LMER (0.47) (p < 0.001) (Table

2). The mMPTA had a VIF of >5 and was excluded from the multiple regression analysis. The multiple

regression analysis of all subjects revealed that HKA, MMER, and LMER were significant independent variables

with regression coefficient () of —0.01, 0.30, and —0.38, respectively (p < 0.01) (Table 3). The standardized

regression coefficients of MMER (0.40) and LMER (—0.41) were higher than those of the HKA (—0.30). The

adjusted R? for this analysis was 0.80 (Fig. 3). At each subgroup, the significant independent variables were the

HKA and MMER at varus OA; HKA, MMER and LMER at valgus OA; and MMER at non-OA (Table 3). The

prediction equation using significant independent variables at all subjects was as follows: medial ratio = 58.6 —

11



196 1.1 x HKA + 30.3 x MMER — 37.0 x LMER. In the regression analysis using only the HKA, the prediction

197  equation was as follows: medial ratio = 57.5 — 2.9 x HKA.

198  Table 2. Simple regression analysis to explore the correlation among the medial ratio, lower limb alignment,
199  and meniscus extrusion.

Variables Medial ratio

All subjects Varus OA Valgus OA Non-OA
R? P value R? P value R? P value R? P value
HKA 0.63 <0.01 0.24 <0.01 0.11 0.26 0.01 0.77
mLDFA 0.36 <0.01 0.03 0.20 0.02 0.62 0.12 0.12
mMPTA  0.38 <0.01 0.12 0.01 0.01 0.77 0.01 0.70
MMER 0.45 <0.01 0.30 <0.01 0.03 0.56 0.21 0.05
ILMER 0.47 <0.01 0.01 0.50 0.37 0.03 0.01 0.80
200
201

Actual vs Predicted Medial ratio

100 = ®

~
i

Predicted Medial ratio (%)
[

[Se]
n

v 1
0 25 50 75 100

Actual Medial ratio (%)

202 Fig. 3. Plot of the relationship between the actual and predicted values of the medial ratio across the data points
203 analyzed. The coefficient of determination (adjusted R?= 0.80) is provided as a measure of model fit, indicating
204  that the model explained 80% of the variance in the medial ratio.

205
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Table 3. Multiple regression analysis of the influence on the medial ratio.

Variables Medial ratio

All subjects (R2= 0,80, P< 0.01) Varus OA (R?= 0,44, P<0.,01) Valgus OA (R*=0,55,P=0.03) Non-OA (R? =026, P< 0.01)

p[95% CI] p value P [95% CI] p value B [95% CI] p value P [93% CI] p value
HKA —-0.01 [-0.02, -0.01] <0.01 —0.01 [-0.01,-0.003] <0.01 -0.06 [-0.11,-0.01]  0.03 —0.01 [-0.02, 0.02] 0.97
mLDFA 0.01 [-0.02, 0.01] 0.76 0.01 [-0.01, 0.02] 0.45 0.04 [-0.11, 0.03] 0.24 —0.03 [-0.05, 0.01] 0.06
MMER 0.30 [0.21, 0.40] <0.01 0.22[0.12,0.33] <0.01 1.22[0.08, 2.35] 0.04 0.73 [0.43, 1.47] 0.03
LMER —0.38 [-0.50, —0.26] <0.01 —0.15[-0.38,-0.09] 0.23 -0.39 [-0.70,-0.07] 0.02 -0.35[-1.15,0.20] 0.38

B, regression coefficient; HKA, hip—knee—ankle; mLDFA, mechanical lateral distal femoral angle; MMER,
medial meniscus-extrusion ratio; LMER; lateral meniscus-extrusion ratio.

Discussions

The results of this study showed that lower leg alignment and MER accounted for approximately 80%

of the distribution of subchondral bone density. This finding indicates that 80% of the estimated stress

distribution as assessed by CT-osteoabsorptiometry across the knee joint can be accounted for by lower leg

alignment and meniscus extrusion. Lower leg alignment [6, 19] and meniscus injury [20-22] have been reported

to be strong factors associated with stress distribution across the knee joint. The combination of these two strong

factors has been thought to allow for an explanation of most of the distribution of subchondral bone density. The

prediction equation for the medial ratio was 58.6 — 1.1 x HKA + 30.3 x MMER — 37.0 x LMER. For example,

in a patient with typical varus OA and small HKA, high MMER, and low LMER, the medial ratio became high.

In cases of medial meniscus posterior root tears, even when alignment is not strongly varus, the medial ratio also

becomes high because of the high MMER. In non-OA knees, MMER and LMER are nearly normal. Thus, effects

of MMER and LMER on the medial ratio in the prediction equation cancel each other out, resulting in the medial

ratio being solely dependent on the HKA.
13
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In this study, when the meniscus was not considered, the prediction equation for the medial ratio was

57.5 - 2.9 x HKA. A previous study using load sensor-integrated implants in TKA showed that the prediction

equation was as follows: mediolateral force ratio = 63 — 2.6 x HKA [6]. This study showed that the prediction

model (regression coefficient and intercept) of the medial ratio closely approximated that of the mediolateral

force ratio from load sensor-integrated implants in TKA [6]. Data from load sensor-integrated implants can be

used as a benchmark for the stress distribution across the knee joint, though these data do not reflect the meniscus

function. A comparison between the prediction model of the CT-osteoabsorptiometry and that of load sensor-

integrated implants showed that the distribution of subchondral bone density closely reflects the stress

distribution. Nonetheless, the CT-osteoabsorptiometry has a primary limitation in that it does not directly

measure the stress distribution.

KAM, which is calculated using 3D motion analysis, is a representative indicator of the medial-lateral

load ratio in the knee joint [6, 19]. However, 3D motion analysis requires analytical equipment and specialized

personnel. Thus, the facilities capable of this analysis are limited. Additionally, this method does not reflect the

meniscus function, making it difficult to accurately estimate the actual stress distribution. Currently, evaluating

the influence of the meniscus may be possible by combining 3D motion analysis with patient-specific finite

element analysis [23, 24]. However, using this approach in a clinical setting is challenging. Conversely, the

medial ratio can be calculated based on the results of this study using lower limb alignment and meniscus

extrusion. Therefore, the stress distribution can be adequately assessed before and after surgery in routine clinical

practice, even without the use of special devices. This method is valuable for future knee joint research.

14
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The standardized regression coefficient of medial meniscus extrusion (MME) was higher than that of

the HKA. This finding indicates that MME has a stronger impact on stress distribution than leg alignment. Lower

leg alignment and meniscus tear independently influence the stress distribution [6, 19, 20, 25]. Furthermore, leg

alignment can induce meniscus extrusion [26]. Therefore, the relationship between leg alignment, MME, and

stress distribution is complicated. A biomechanical study showed that changes in lower leg alignment did not

cause a statistically significant change in the mean contact pressure when the meniscus was in a normal state

[27]. This finding indicates that the meniscus hoop function compensates for the effects of leg alignment on the

stress distribution, indicating that the meniscus plays a significant role in the stress distribution. Based on these

findings, the meniscus hoop function may be more important than alignment in influencing stress distribution.

Therefore, reconstruction of the meniscus hoop function is an important part of the treatment strategy for knee

OA.

In this study, subchondral bone was evaluated in both patients with OA and those without OA,

regardless of varus or valgus alignment in the lower limbs. A previous study showed that pelvic width influenced

KAM and that, even with the same alignment, pelvic width could affect the stress distribution [28]. Therefore,

in this study, it might not be appropriate to categorize the stress distribution based solely on the alignment of the

HKA of 0°. Furthermore, previous studies investigating the impact of alignment on KAM [19] and studies on

TKA [6] have evaluated both varus and valgus alignments simultaneously. Therefore, we considered it

appropriate to include both varus and valgus alignments without distinguishing between them.

Considering the mediolateral load distribution using KAM, an indicator of mediolateral load

15
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distribution, the moment is the product of the ground reaction force (GRF) and the moment arm. The GRF vector

rises from the center of pressure toward the center of mass, which is located anterior to the second sacral vertebra

in a single-leg standing position [29]. Therefore, even with normal alignment, the medial compartment load is

greater than lateral one. The medial compartment load increases further with varus alignment. Approximately

80% of the total load is distributed on the medial side at the HKA of 5° [6]. Conversely, even with valgus

alignment, the medial load does not decrease drastically; at the HKA of 3°-5° valgus, the mediolateral load

distribution is 50%:50% [6, 30]. Multiple regression analysis showed that the significant variables were the HKA

and MMER at varus OA and HKA, MMER, and LMER at valgus OA. These results indicated that the

mediolateral load distribution at valgus OA was influenced by not only LMER but also MMER because, even

with valgus alignment, the load was distributed on the medial compartment, comparable to that on the lateral

side.

This study has several limitations. First, although the CT-osteoabsorptiometry method is a valuable

tool for estimating stress distribution across the knee joint, it does not directly measure stress distribution.

Therefore, the findings of this study rely on the assumption that subchondral bone density reflects long-term

loading patterns according to Wolff’s law. Second, there is an inherent interaction between lower limb alignment

and meniscus extrusion. As previously described, malalignment can influence meniscal position, and vice versa.

This interrelationship may have affected the results of the multiple regression analysis. However, in this study,

the variance inflation factors (VIF) for HKA and medial meniscus-extrusion ratio (MMER) were 2.1 and 1.7,

respectively, indicating that multicollinearity was not substantial. Therefore, we believe that HKA and MMER
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290
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292
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295

did not act as strong confounding variables in our analysis. Third, the OA and non-OA groups had different

patient backgrounds. Non-OA patients were younger and likely had higher bone mineral density compared to

older OA patients. However, since the medial ratio is defined as the proportion of the high-density area in the

medial compartment relative to the total high-density area of both compartments, it is a relative measure that

should not be substantially influenced by differences in absolute bone mineral density. Despite these limitations,

this study provided important insights into the relationship between lower limb alignment, meniscus extrusion,

and mediolateral load distribution via the distribution of subchondral bone density. These findings could

contribute to a deeper understanding of load distribution across the knee joint and highlight key biomechanical

factors that may be relevant for the prevention and treatment of osteoarthritis.

Conclusion

This study demonstrated that meniscus extrusion and lower leg alignment together explained

approximately 80% of the variation in the distribution of subchondral bone density across the knee joint. The

predictive model based on alignment parameters showed a similar trend to the mediolateral force ratio measured

using sensor-integrated implants during TKA. These findings suggest that the distribution of subchondral bone

density, as assessed by CT-osteoabsorptiometry, may reflect long-term joint stress distribution, and that this

estimated distribution can be influenced by meniscus extrusion and lower leg alignment.
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