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Background: Osteoporosis (OP) and knee osteoarthritis (KOA) are common comorbidities in postmenopausal women, yet the
relationship between OP and localized bone mineral density (BMD) around the knee remains unclear. This study investigated the effect
of concomitant OP on periarticular BMD and its associations with the Western Ontario and McMaster University Osteoarthritis Index
(WOMAC), radiographic severity, and hip-knee-ankle (HKA) angle in postmenopausal women with KOA.

Methods: In this cross-sectional study, 117 postmenopausal women were classified into a KOA combined with OP group (n=59) and
a KOA-only group (n=58) based on dual-energy X-ray absorptiometry (DXA) T-scores. All participants underwent dual-energy
computed tomography (DECT) to quantify BMD around the distal femur, proximal tibia, and patella; weight-bearing radiographs to
assess Kellgren-Lawrence (K&L) grade and HKA angle; and the WOMAC questionnaire to evaluate pain and joint function.
Results: Patients with KOA combined with OP demonstrated significantly lower knee BMD than those with KOA alone (P < 0.001).
This reduction in BMD was more pronounced with increasing OP severity. Notably, even after adjusting for pain levels, BMD
remained significantly lower in the KOA combined with OP group (P < 0.05). Furthermore, medial knee BMD in the KOA combined
with OP group exhibited an inverted U-shaped relationship with K&L grade, peaking at grade III before declining. In contrast, BMD
increased progressively with K&L grade in the KOA group. A significant inverse correlation was also observed between the HKA
angle and medial knee BMD in the KOA combined with OP group, suggesting greater bone loss with increasing valgus deformity.
Conclusion: Postmenopausal women with KOA combined with OP have markedly lower periarticular BMD, associated with more
severe pain, distinctive radiographic changes, and poorer alignment. These findings highlight the need for active bone preservation and
OP management in KOA patients to alleviate symptoms and potentially slow disease progression.
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Introduction
Osteoarthritis (OA) and osteoporosis (OP) are two highly prevalent musculoskeletal disorders that disproportionately
affect postmenopausal women, contributing significantly to pain, functional disability, and diminished quality of life in
this population.' While knee OA (KOA) is characterized by progressive cartilage degradation, osteophyte formation,
and subchondral bone sclerosis, OP is defined by systemic reduction in bone mass and deterioration of bone micro-
architecture, leading to increased fragility fracture risk.*’

Historically, OA and OP were considered mutually exclusive due to their opposing pathological features—increased
bone formation in OA versus bone loss in OP.*” However, a growing body of epidemiological evidence indicates
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a notable coexistence of KOA and OP in postmenopausal women, suggesting a more complex, bidirectional relationship
than previously recognized.®'* This paradox may be explained by several mechanisms: pain-induced disuse from
advanced KOA can accelerate bone loss, precipitating or exacerbating OP.'''* Research indicates OP-related bone
mass reduction, microstructural deterioration, and turnover imbalance may accelerate articular cartilage degeneration in
KOA through mechanisms including: weakened subchondral bone biomechanical support, altered stress distribution,
exacerbated abnormal remodeling, and pro-inflammatory microenvironments.'*'> Concurrently, KOA progression fea-
tures pathological bone changes (eg, subchondral sclerosis, microfractures) that further disrupt local bone
metabolism.'®'” Moreover, OP significantly complicates total knee arthroplasty (TKA) in KOA patients by compromis-
ing prosthesis fixation, increasing perioperative fracture risk, and impeding functional recovery.'®?° Animal studies
confirm that coexisting OP and KOA synergistically accelerate joint destruction.’ Collectively, these findings indicate
OP substantially influences KOA pathological progression, particularly in periarticular bone tissue.

Local bone mineral density (BMD) around knee—specifically in the distal femur (DF), proximal tibia (PT), and patella—
correlates more sensitively and specifically with KOA disease stage, severity, and early subchondral pathological changes than
axial BMD measurements (eg, spine or hip).”>** Consequently, precise periarticular BMD assessment is crucial for under-
standing KOA pathophysiology and complications. However, dual-energy X-ray absorptiometry (DXA), the gold standard for
bone density evaluation, faces limitations when assessing complex anatomical structures like the knee, including superimposition
artifacts, positioning challenges, and inability to differentiate cortical from trabecular bone. Dual-energy computed tomography
(DECT) addresses these limitations by utilizing X-rays at two distinct energy levels. Through material decomposition techniques
(eg, calcium/water or calcium/fat basis pairs), DECT enables accurate quantification of bone mineral content and BMD in
specific regions—including complex knee structures—while effectively distinguishing cortical and trabecular bone.***>

Despite this potential, current literature lacks comprehensive studies that utilize advanced imaging like DECT to
directly compare BMD around knee in postmenopausal women with isolated KOA versus those with KOA combined
with OP. Key questions remain unanswered: How does concomitant OP alter the localized BMD distribution around the
knee in KOA? How are these alterations associated with clinical symptoms (eg, pain), radiographic severity (eg,
Kellgren-Lawrence [K&L] grade), and mechanical alignment (eg, hip-knee-ankle [HKA] angle)? Based on this, the
present study aims to apply DECT to quantitatively assess and compare BMD in key periarticular regions of the knee in
postmenopausal women with KOA alone versus those with KOA combined with OP. Investigate the relationships
between periarticular BMD and clinical pain severity, radiographic OA severity, and lower limb alignment. By providing
direct, precise imaging evidence of the pathological interactions between OP and KOA, this study seeks to enhance the
understanding of their coexistence. Our findings are expected to offer an important objective basis for the early
identification of high-risk patients, inform optimized treatment strategies (including the potential role of OP management
in slowing KOA progression), and improve preoperative planning for TKA in this complex patient population.

Methods

Study Participants and Inclusion/Exclusion Criteria
This study initially identified 159 postmenopausal women with KOA who presented at Second Hospital of Shanxi Medical
University between December 2021 and August 2025. The inclusion criteria were: 1) postmenopausal women aged>50
years; 2) a diagnosis of KOA meeting the American College of Rheumatology (ACR) clinical and radiographic criteria (K&L
grade>]); 3) for the OP group, a DXA-confirmed diagnosis of OP according to WHO criteria (T-score<-2.5); and 4) provision
of voluntary informed consent and the ability to complete all study assessments, including imaging and questionnaires.
Exclusion criteria comprised: 1) secondary OP (eg, due to hyperparathyroidism, long-term glucocorticoid use, or thyroid
dysfunction); 2) secondary OA (eg, post-traumatic, rheumatoid arthritis, or infectious arthritis); 3) other systemic diseases
known to severely affect bone metabolism (eg, chronic kidney disease, malignancy, or severe liver disease); 4) a history of
knee surgery or intra-articular injections within the past six months; 5) contraindications for or inability to complete DECT
scanning, including metallic implants or motion artefacts resulting in suboptimal image quality; 6) concurrent conditions
affecting lower limb alignment (eg, severe hip or ankle deformity or neurological disorders); and 7) recent treatment (within
one year) with any anti-OP medication (eg, bisphosphonates, SERMs, or teriparatide).
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Based on these criteria, 42 patients were excluded. Specific reasons for exclusion included: hyperparathyroidism
(n=2), long-term glucocorticoid therapy (n=3), rheumatoid arthritis (n=5), severe chronic kidney disease or cirrhosis
(n=6), prior knee arthroscopy (n=7), recent intra-articular injections (n=3), poor DECT image quality (n=6), femoral head
necrosis (n=4), congenital hip dysplasia (n=2), and recent anti-OP therapy (n=4). Consequently, 117 patients were
ultimately enrolled in the study (Figure 1).

A post-hoc power analysis was conducted using G*Power software (version 3.1.9.7) to evaluate the statistical power
of our study for detecting differences in the primary outcome—BMD around knee. Based on the observed effect size
(Cohen’s d = 0.85) for the difference in medial distal femoral BMD between the KOA combined with OP and KOA
groups, with a sample size of 117 (n;=59, n,=58), an alpha level of 0.05, and a two-tailed test, the achieved statistical
power was calculated to be 0.98. This exceeds the conventional threshold of 0.80, indicating that the final sample size
was sufficient to identify statistically significant differences in the primary outcome measure between the two groups.

Based on the World Health Organisation diagnostic criteria and the Chinese Practice Guidelines for OP Patients,
patients were grouped and degrees of OP were defined based on their DXA results’ T-score.”®*’ T-score>-1.0 indicates
normal bone mass, —2.5<T-score<-1.0 denotes reduced bone mass, T-score<-2.5 signifies OP, and T-score<-2.5 with
fragility fractures constitutes severe OP. In this study, T-scores were compared against data from white female subjects.
Patients all voluntarily signed the informed consent form. This study were approved by the Clinical Research Ethics
Committee of the Second Hospital of Shanxi Medical University (approval No.(2020)YXNO.131).

Demographic Data and Questionnaire Data
Demographic data (age, weight, height) were recorded for all patients and bone mass index (BMI) was calculated. Additionally,
clinical data pertaining to alcohol and tobacco usage, as well as The Western Ontario and McMaster Universities Osteoarthritis
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Figure | Flow chart of study inclusion and exclusion of patients.
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Index (WOMAC) were documented. WOMAC (version 3.1) comprises three scales: 1) pain severity during different postures or
movements, 2) the severity of joint stiffness, and 3) difficulty in performing activities of daily living. Each item is scored using
a visual analogue scale, and a total score is calculated to assess the severity of the patient’s OA and pain level. Higher scores are
associated with more severe pain, worse quality of life, and poorer joint function. Mild < 80, moderate 80—120, severe > 120.

Radiographic Data

For each patient, standardized anteroposterior, lateral, and weight-bearing knee radiographs were obtained. Two
specialized musculoskeletal radiologists independently assessed KOA severity using the K&L grading system.
Discrepancies of one grade were resolved by accepting the higher-ranking radiologist’s assessment; differences exceed-
ing one grade underwent third radiologist arbitration, with the final diagnosis determined by consensus with the third
reviewer. Consequently, the inter-rater reliability among the three physicians was quantified using Fleiss’ kappa, yielding
a value of 0.773 (p<0.001, 95% CI: 0.711-0.835), which indicates excellent agreement. Additionally, we measured the
HKA angle from bilateral lower extremity full-length radiographs.

BMD Measurement

The patient’s medial and lateral DF BMD, medial and lateral PT BMD, and patella BMD were scanned using a Revolution
CT instrument (GE Medical Systems, Waukesha, WI, USA). The reconstructed 1.25 mm thin-layer CT images after DECT
scanning were transferred to an advanced workstation (ADW4.7; GE Medical Systems, Waukesha, WI, USA) using the
“MD analysis” function in the Gemstone Spectral Imaging (GSI) viewer software (GE Healthcare, USA). The principle of
this method is that the X-ray attenuation of each substance can be represented by two “base substances”, of which water and
iodine are the two most commonly used base substances, and bone minerals are represented by hydroxyapatite; therefore,
the quantitative determination of hydroxyapatite is key to the diagnosis of OP. DECT scan with hydroxyapatite-water as the
substrate pair has good accuracy and high application value in the clinical diagnosis of OP.?® Therefore, in this study, MD
images were obtained using HAP-water as the substrate pair, and hydroxyapatite-water values of knee were measured.
Additionally, DXA and DECT were utilized to obtain BMD measurements at the ipsilateral femoral neck to evaluate the
accuracy of DECT-based BMD assessment.

The patient will be measured in a supine position as well as in a comfortable lower extremity curvature, which will
minimize artifacts and errors associated with swaying during the examination due to pain.*>*® We chose coronal images
for data measurements and the measurement plane will be set at the center of the knee, where the intercondylar spine is
located. The investigator will measure three consecutive images to reduce measurement errors. The data will also be
collected independently by two specialized physicians, and if the error is greater than 20 (mg/cm3) then a third physician
will perform the measurement and take the result with an error of less than 20 (mg/cm3) with the third physician and take
the average of the two as the final measurement value (Figure 2).

Statistic Analysis

Categorical variables are expressed as percentages. Normally distributed continuous variables are reported as mean + standard
deviation (SD), while non-normally distributed continuous variables are presented as median and interquartile range (IQR).
Normality was assessed using the Shapiro—Wilk test for sample sizes smaller than 50 and the Kolmogorov—Smirnov test for
larger samples. For comparisons between two independent groups, independent samples t-tests were used for normally
distributed data and Mann—Whitney U-tests for non-normally distributed data. Differences in categorical variables were
assessed using chi-square tests. For comparisons across more than two independent groups with normally distributed data,
one-way analysis of variance (ANOVA) was applied; if variances were equal, post-hoc LSD tests were used, otherwise,
Tamhane’s T2 test was employed. All statistical analyses were performed using SPSS software version 26.0 (IBM, Armonk,
NY, USA). We utilized Pearson’s correlation analysis to assess the relationship between the HKA and BMD around knee,
reporting the strength of the association using the correlation coefficient (r). Graphical representations were created using
GraphPad Prism version 8.0.1 for Windows (GraphPad Software, Boston, MA, USA; www.graphpad.com). A two-sided
p-value of less than 0.05 was considered statistically significant for all tests.
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Figure 2 Schematic diagram of radiographic data acquisition for patients. (A) Frontal and lateral X-ray diagram of the knee. (B) Full-length diagram of the patient’s bilateral
lower extremities and a schematic diagram of the HKA angle measurements. (C) Diagram of the patient’s position for DECT. The red arrow indicates the patient’s head
position during the examination. (D) Lumbar spine and femoral neck BMD test chart. The yellow box represents the region of interest during DXA testing. (E) Schematic
diagram of the patient’s BMD around knee measured by GSI View software. The red circle denotes the region of interest selected during measurement around the knee and
the patella.

Abbreviations: BMD, bone mineral density; HKA, hip-knee-ankle angle; DXA, dualenergy X-ray absorptiometry; DECT, dual-energy computed tomography; GSI, gemstone
spectral imaging; DF, distal femur, PT, proximal tibia.

Results
The DECT-Based Method Demonstrated Favorable Accuracy for Evaluating BMD

DECT and DXA were utilized to quantify BMD within an identical region of interest in the femoral neck. The results
indicated a strong positive correlation between the two modalities (Pearson’s r = 0.920, P < 0.001), confirming that the
DECT-based assessment provides an accurate reflection of BMD (Table 1).

Baseline Data on KOA Patients Combined with or without OP and BMD Around

Knee
A total of 59 menopausal patients diagnosed with KOA and OP, and 58 menopausal patients diagnosed with KOA, were
enrolled in this investigation. Table 2 contains the pertinent demographic and clinical information for the participant pool.
There was no significant difference between the KOA combined with or without OP group in terms of age, height,
weight, BMI, risk of AUDIT, and risk of smoking. And there was no significant difference between the two groups in
terms of WOMAC grading and K&L grading (p>0.05).

Table 3 presented the variations in BMD around knee of patients with KOA combined with or without OP. The results
indicate that in KOA combined OP patients, the medial and lateral DF BMD, medial and lateral PT BMD, and the
patellofemoral BMD were considerably lower than those in KOA patients (p<0.001). Conversely, the values of medial/
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Table | Correlation Between DECT and DXA Measurements of Femoral

Neck BMD
DXA (g/lcm?) | DECT (mg/cm?®) r P Statistical Methods
0.877+0.219 114.25+42.50 0.920 | <0.001 | Pearson correlation test

DECT: dual-energy computed tomography, DXA: dual-energy X-ray absorptiometry, BMD: bone
mineral density.

Table 2 Baseline Characteristics of Patients and Characteristics of OA and WOMAC

Degree
KOA with OP (n=59) | KOA (n=58) P Statistical Methods

Age 68.76+8.96 66.74+8.65 >0.05 Ttest
Height (m) 1.62+0.06 1.64+0.09 >0.05 T-test
Weight (kg) 58.93+8.68 61.25£8.97 | >0.05 Ttest
BMI (kg/m?) 22.56+2.99 23.34+3.13 >0.05 T-test
Alcohol (AUDIT risk)
Low risk 51 (86.44%) 52 (89.66%)
High risk 8 (13.56%) 6 (10.34%) >0.05 Chi-Square test
Smoking 4 (6.78%) 4 (6.90%) >0.05 Chi-Square test
WOMAC degree
Moderate 29 (50%) 31 (53.45%)
Severe 29 (50%) 28 (46.55%) | >0.05 Chi-Square test
K&L degree
| degree 11 (18.64%) 11 (18.97%)
Il degree 21 (35.59%) 21 (36.21%)
Il degree 15 (25.42%) 16 (27.59%)
IV degree 12 (20.34%) 10 (17.24%) | >0.05 Chi-Square test
HKA angle 6.30£6.39 2.8447.11 0.007 Ttest

Abbreviations: KOA, knee osteoarthritis; OP, osteoporosis; P, p value; BMI, body mass index; WOMAC, Western
Ontario and McMaster University Osteoarthritis Index; K&L, Kellgren-Lawrence; HKA, Hip-Knee-Ankle angle.

Table 3 BMD Around Knee in Patients with KOA Combined with or Without OP

KOA with OP KOA P Statistical Methods
Medial DF BMD 174.45+62.28 234.27+54.25 | <0.001 T-test
Lateral DF BMD 145.36+47.57 228.94+61.17 | <0.001 T-test
Medial PT BMD 163.20+65.93 210.714£53.05 | <0.001 T-test
Lateral PT BMD 106.51£38.13 178.16+55.18 | <0.001 T-test
Patella BMD 98.74141.43 160.731+41.66 | <0.001 T-test
DF M/L BMD 1.06(0.90~1.51) | 1.03(0.87~1.21) | >0.05 | Mann—-Whitney U-test
PT M/L BMD 1.43(1.15~2.09) | 1.16(0.96~1.62) | 0.002 | Mann—Whitney U-test

Abbreviations: KOA, knee osteoarthritis; OP, osteoporosis; P, p value; BMD, bone mineral density; DF,
distal femur; PT, proximal tibia; M/L, Medial/Lateral.

lateral (M/L) PT BMD were significantly higher in KOA combined with OP patients compared to KOA patients
(p<0.05). The higher M/L BMD ratio in the KOA combined with OP group, despite lower absolute BMD values,
suggests that concomitant OP may exacerbate the mechanical-driven disparity in bone loss between compartments,
further disturbing the load distribution and biomechanical environment of the knee. Furthermore, the HKA angle
exhibited a statistically significant decrease in KOA combined with OP patients compared to KOA patients (p<0.01),
indicating greater degrees of genu valgum in the former group.
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Relationship Between BMD Around Knee and OP

Patients were categorized into four categories based on their mid-axis bone BMD examination and T values: normal bone
mass, reduced bone mass, OP, and severe OP. Overall, BMD around knee was inversely correlated with OP severity. The
most pronounced reduction in BMD was observed in the OP group compared to the reduced bone mass and normal bone
density groups. However, no significant difference was found between the OP and severe OP groups, a finding likely

constrained by the limited sample size of severe OP patients in our cohort. (Figure 3).

Relationship Between BMD Around Knee and WOMAC Degree

Tables 4 and 5 present the statistical results for BMD around knee across different WOMAC degree. In the severe patient
group, there were notable dissimilarities in BMD around knee among KOA combined with or without OP patients.
Additionally, PT M/L BMD was significantly greater in KOA combined with OP patients than in KOA patients (p<0.05).
Similarly, a parallel occurrence was found in the moderate patient group, except for the absence of significant differences
in DF and PT M/L BMD. There was no significant variation found in BMD around knee between the varying degrees of
WOMAC degree in KOA patients with OP. However, among patients with KOA, the severe group demonstrated
significantly higher BMD in the medial PT compared to the moderate group (p<0.05).
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Figure 3 Histogram of BMD around knee with OP grade. (A) Histogram of BMD of the medial DF with OP grade. (B) Histogram of BMD of the lateral DF with OP grade.
(C) Histogram of BMD of the medial PT with OP grade. (D) Histogram of BMD of the lateral PT with OP grade. (E) Histogram of BMD of the patella with OP grade.

*p<0.05; **p<0.01; ***p<0.001.
Abbreviations: OP, osteoporosis; BMD, bone mineral density; DF, distal femur; PT, proximal tibia; M/L, medial/Lateral.
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Table 4 BMD Around Knee Between the Two Groups with Different Degrees of

WOMAC Index
KOA with OP KOA P Statistical Methods
Severe
Medial DF BMD 178.99+63.32 240.01+60.67 | <0.001 T-test
Lateral DF BMD 143.39+51.00 218.63+47.90 | <0.001 T-test
Medial PT BMD 172.56+66.86 225.28+51.61 0.001 T-test
Lateral PT BMD 108.50+43.53 186.28+42.87 | <0.001 T-test
Patella BMD 91.51+43.58 161.14+41.52 | <0.001 T-test
DF M/L BMD 1.14(0.98~1.58) | 1.07(0.91~1.25) | >0.05 | Mann—Whitney U-test
PT M/L BMD 1.63(1.18~2.09) | 1.15(0.98~1.56) | 0.002 | Mann—Whitney U-test
HKA angle 7.58+5.39 2.97+8.36 0.015 T-test
Moderate
Medial DF BMD 162.14+60.71 229.56+50.55 | <0.001 T-test
Lateral DF BMD 148.06+48.18 236.77+63.92 | <0.001 T-test
Medial PT BMD 148.44+61.47 189.93+48.85 0.007 T-test
Lateral PT BMD 102.88+33.65 163.99+£59.17 | <0.001 T-test
Patella BMD 104.30+35.34 160.43+44.7 | <0.001 T-test
DF M/L BMD 0.98(0.89~1.48) | 0.99(0.82~1.14) | >0.05 | Mann—-Whitney U-test
PT M/L BMD 1.40(0.99~2.06) | 1.20(0.88~1.73) | >0.05 | Mann—Whitney U-test
HKA angle 4.88+7.17 2.70£5.75 >0.05 T-test

Abbreviations: KOA, knee osteoarthritis; OP, osteoporosis; P, p value; BMD, bone mineral density; DF:
distal femur, PT, proximal tibia; M/L, Medial/Lateral; HKA, Hip-Knee-Ankle angle.

Table 5 BMD Around Knee in Patients with Different Degrees of WOMAC Index
in the Two Groups

Severe Moderate P Statistical Methods
KOA+OP
Medial DF BMD 178.99+63.32 162.14+60.71 >0.05 T-test
Lateral DF BMD 143.39+51.00 148.06+48.18 | >0.05 T-test
Medial PT BMD 172.56+66.86 148.44+61.47 | >0.05 T-test
Lateral PT BMD 108.50+43.53 102.88+33.65 | >0.05 T-test
Patella BMD 91.51+43.58 104.30+£35.34 | >0.05 T-test
DF M/L BMD 1.14(0.98~1.58) | 0.98(0.89~1.48) | >0.05 | Mann—Whitney U-test
PT M/L BMD 1.63(1.18~2.09) | 1.40(0.99~2.06) | >0.05 | Mann—Whitney U-test
HKA angle 7.58+5.39 4.88+7.17 >0.05 T-test
KOA
Medial DF BMD 240.01+60.67 229.56+50.55 >0.05 T-test
Lateral DF BMD | 218.63+47.90 236.77+63.92 | >0.05 T-test
Medial PT BMD 225.28+51.61 189.93+48.85 0.0l T-test
Lateral PT BMD 186.28+42.87 163.99+£59.17 | >0.05 T-test
Patella BMD 161.14+41.52 160.43+44.71 >0.05 T-test
DF M/L BMD 1.11£0.24 1.00+0.22 >0.05 T-test
PT M/L BMD 1.15(0.98~1.56) | 1.20(0.88~1.73) | >0.05 | Mann—Whitney U-test
HKA angle 2.97+8.36 2.70+5.75 >0.05 T-test

Abbreviations: KOA, knee osteoarthritis; OP, osteoporosis; P, p value; BMD, bone mineral density; DF:
distal femur; PT, proximal tibia; M/L, Medial/Lateral; HKA, Hip-Knee-Ankle angle.

Relationship Between BMD Around Knee and K&L Grading

K&L grading was devised to evaluate patients’ radiographic results objectively. As displayed in Table 6, patients with KOA
combined with OP had notably lower BMD around knee than those with only KOA at K&L grades II and IV (P<0.05).
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Table 6 BMD Around Knee in Two Groups of Patients with Different K&L Grades

KOA+OP KOA P Statistical Methods
K&L degree |
Medial DF BMD 127.70+£44.52 180.83£60.52 0.029 T-test
Lateral DF BMD 146.48+59.38 175.57+60.49 >0.05 T-test
Medial PT BMD 111.23£23.85 157.83£40.95 0.004 T-test
Lateral PT BMD 109.80+35.74 118.62+47.39 >0.05 T-test
Patella BMD 104.11£23.24 123.36+38.50 >0.05 T-test
DF M/L BMD 0.92+0.29 1.04£0.20 >0.05 T-test
PT M/L BMD 1.15£0.57 1.50£0.60 >0.05 T-test
HKA angle —1.28%4.11 4.58+8.14 0.046 T-test
K&L degree Il
Medial DF BMD 175.15£53.37 245.25+46.11 <0.001 T-test
Lateral DF BMD 141.54+46.45 234.12+34.97 <0.001 T-test
Medial PT BMD 167.93+48.62 211.94+46.11 0.005 T-test
Lateral PT BMD 97.75+40.79 177.70+£47.65 <0.001 T-test
Patella BMD 104.37£49.21 177.83+£45.50 <0.001 T-test
DF M/L BMD 1.14(1.02~1.51) 0.96(0.88~1.25) 0.04 Mann—Whitney U-test
PT M/L BMD 1.64(1.29~2.31) 1.14(0.91~1.70) 0.003 | Mann—-Whitney U-test
HKA angle 8.55+4.57 4.15%7.04 0.021 T-test
K&L degree llI
Medial DF BMD 204.53+56.36 242.41+47.86 >0.05 T-test
Lateral DF BMD 170.90+44.97 211.47+41.81 0.014 T-test
Medial PT BMD 201.04+74.62 222.37+56.44 >0.05 T-test
Lateral PT BMD 133.14+28.61 178.58+32.03 <0.001 T-test
Patella BMD 84.77(76.38~108.30) | 159.45(114.84~176.97) | <0.001 | Mann—Whitney U-test
DF M/L BMD 1.10(0.89~1.74) 1.09(1.00~1.42) >0.05 | Mann-Whitney U-test
PT M/L BMD 1.35(1.15~1.84) 1.24(0.97~1.57) >0.05 | Mann—Whitney U-test
HKA angle 7.13+£6.67 2.63+6.87 >0.05 T-test
K&L degree IV
Medial DF BMD 161.48+76.16 259.98+48.41 0.002 Ttest
Lateral DF BMD 120.29£38.90 297.52+37.17 <0.001 T-test
Medial PT BMD 144.99+72.87 229.65+42.78 0.004 T-test
Lateral PT BMD 82.21+31.53 226.38+36.08 <0.001 T-test
Patella BMD 78.45+31.28 182.90£19.13 <0.001 T-test
DF M/L BMD 1.498+0.891 0.883+0.188 0.038 T-test
PT M/L BMD 1.828+0.657 1.034+0.235 0.002 T-test
HKA angle 8.27+5.77 —1.52+5.41 0.001 T-test

Abbreviations: KOA, knee osteoarthritis; OP, osteoporosis; Pp value; BMD, bone mineral density; DF, distal femur; PT,
proximal tibia; M/L, Medial/Lateral; HKA, Hip-Knee-Ankle angle.

Interestingly, at K&L grade I, significant differences in medial BMD were observed between the groups. Patients with KOA
combined with OP exhibited significantly lower BMD in the medial DF and PT compared to those with KOA alone. Conversely,
at K&L grade 11, significant differences were noted in the lateral compartment, where BMD for the lateral DF, PT, and patella
were significantly lower in the KOA with OP group than in the KOA group. In patients with KOA combined with OP, BMD
around knee demonstrated an initial increase with advancing K&L grade, peaking at grade III, followed by a decline at grade IV.
This inversely U-shaped pattern was most pronounced in the medial PT and was also evident in the lateral PT and DF. In contrast,
the trend was less distinct in the medial DF and patella BMD. (Figures 4 and 5).

Relationship Between BMD Around Knee and HKA Angle
With increasing HKA angle, there was a significant correlation between medial DF BMD (=0.491, P<0.001) and medial PT
BMD (1=0.426, P<0.001) in patients with KOA combined with OP. In patients with KOA combined with OP, medial knee BMD
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demonstrates an positive correlation with the HKA angle. At the same time, a statistically significant trend was observed between
DF (r=0.464, P<0.001) and PT (r=0.436, P<0.001) M/L BMD and HKA (Figure 6). On the contrary, patients with KOA
exhibited opposing BMD trends around knee. Lateral DF BMD (r=—0.380, P<0.01), lateral PT BMD (r=—0.281, P<0.05) and
patella BMD (r=—0.304, P<0.05) all decreased with the HKA angle increasing. Conversely, PT M/L BMD decreased as the HKA
angle increased in KOA group (r=0.338, P<0.05) (Figure 7).
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Discussion

In this study, we measured the changes in BMD around knee in postmenopausal women with KOA combined with or without
OP, and measured the HKA, WOMAC degree and the degree of K&L grading to evaluate the difference of BMD around knee
in postmenopausal women between KOA combined with OP patients and KOA patients. It was found that the BMD around
knee in postmenopausal women with KOA combined with OP was significantly lower than that in patients with KOA, and
a higher proportion of patients with KOA combined with OP had severe WOMAC degree than that in patients with KOA. The
difference in the BMD around knee between patients with KOA combined with or without OP was not eliminated after
adjustment for WOMAC degree. As the K&L classification increased, the medial knee BMD of the KOA combined with OP
patients tended to increase and then decrease. And the OA group as a whole showed an increasing trend. Meanwhile, PT
medial BMD and DF medial BMD in patients with KOA combined with OP showed a significant negative correlation with the
HKA angle.This trend was also observed for DF and PT M/L BMD, indicating that the medial BMD around knee decreased
significantly with the increase of the angle. This is also contrary to the data measured in patients with KOA alone, suggesting
that OP significantly influences the effect brought about by HKA on BMD around knee.

A series of epidemiologic studies have shown that OA and OP, two diseases with opposite pathologic features, can
occur in the same patient, the exact mechanism of which has not been clarified.>' With the advancement of imaging
technology and the deepening of basic research, more and more evidence suggests that the subchondral bone is the
primary target organ of OA.** Lesions and changes in BMD in the subchondral region are correlated with cartilage loss
in cases of OA.*® Systemic or joint localized OP can accelerate the development of OA by exacerbating damage to
subchondral bone and cartilage.'* The relationship between KOA and OP has been investigated by many researchers, and
a large number of studies have demonstrated that systemic BMD is a predictor of OA progression, plays a key role in the
onset and progression of OA, and is associated with increased progression of medial and lateral cartilage defects in the
tibiofemoral and accelerated degradation of tibiofemoral lateral cartilage volume.>**> Recent studies have found that
BMD around knee reflects early pathological changes in KOA, as evidenced by dense thickening of the subchondral bone
and reduced bone mineralisation and elasticity, leading to increased BMD but no improvement in bone quality.*®*’
Therefore, it is necessary to explore in detail the different clinical features of KOA with or without OP.

Abnormal subchondral bone activity and remodelling are crucial mechanisms in the development of OA pain.*®
A study of tibial plateau specimens from patients with KOA found that increased local bone remodelling led to
degradation of subchondral bone cysts and structural changes in the cyst region accelerated the destruction of the
overlying cartilage.>® Furthermore, incorrect stress stimulation led to microfractures of the subchondral bone, bone
marrow oedema and increased pain.***' The WOMAC scale is the most widely utilized instrument for evaluating joint
pain and functional status in KOA. Its pain subscale demonstrates high internal consistency and provides a validated
measure of perceived pain severity.**** In this study, we found that in patients with KOA, the BMD of the patella and
lateral DF was significantly higher in patients with severe WOMAC degree than the moderate patients. This is similar to
the findings of Burnett et al** and Lo GH et al.** Patients with high levels of pain had more pronounced reductions in
BMD in the medial and total knee epiphysis and metaphysis, and patients with mild OA had significantly lower
trabecular thickness than patients with severe OA.*® Some studies have also suggested that PT BMD is an independent
risk factor for pain in patients with OA, with patients with low BMD tending to exhibit higher levels of pain.*” This is
also consistent with our previous findings. Therefore, it is important to pay attention to changes in BMD in patients with
KOA and to prevent the development of OP, especially for patients’ quality of life and pain levels.

The results of most studies have shown that the medial knee BMD in KOA patients was significantly higher than the
lateral knee BMD in normal and OP patients.*® In the present study, our overall BMD around knee in the KOA combined
with OP group was significantly lower than that of KOA patients. Interestingly, there was no significant difference in
medial knee BMD between the two groups at K&L classification III, whereas there was still a significant difference in
lateral BMD values between the two groups.The medial knee BMD in KOA combined OP patients tended to increase
first with increasing K&L classification, and then decreased at K&L classification I'V. In patients with KOA, knee BMD
tended to increase with increasing K&L classification. Similarly, Kim YH et al found an inverted U-shaped relationship
between hip BMD and hip OA K&L grading in patients with OP after adjusting for age and gender.*” The underlying
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pathophysiology can be conceptualized as follows: in early to mid-stage OA, persistent mechanical stress stimulates
compensatory subchondral bone sclerosis to maintain joint stability, thereby increasing BMD. In contrast, concomitant
OP compromises bone microarchitecture and repair capacity. In late-stage disease, this impaired state may prevent the
subchondral bone from sustaining abnormal loads, leading to accumulated microfractures, expanded necrotic areas, and
failed pathological remodeling, ultimately manifesting as a decline in BMD. This hypothesis integrates the localized
sclerosis of OA with the systemic fragility of OP, providing a pathophysiological model for their co-existence. Several
studies have shown that medial knee BMD is significantly higher in KOA patients than lateral knee BMD in OP patients,
and the ratio of medial to lateral tibial BMD (M/L-BMD) is greater than.’>>' This performance is similar to similar
results observed in this study in the group of KOA combined with OP patients versus the group of KOA patients, and we
also observed that patella BMD was also significantly lower in KOA combined with OP patients than in KOA patients,
and that the medial DF BMD as well as the medial PT BMD in KOA combined with OP patients increased with
increasing K&L grading. This also suggests that OP appears to counteract the sclerotic effect of OA on the medial and
subchondral patella of the knee, but the sclerosis still increases with increasing OA severity. This effect is not evident on
the lateral side of the knee.

HKA is critical not only for the severity and pathogenesis of KOA, but also for knee degeneration. Improvement of knee
valgus deformity can greatly slow down the rate of joint degeneration and is the key to preventing and treating severe KOA.
Genu varum or valgum deformity may be caused by congenital anatomical and developmental abnormalities or secondary to
cartilage wear and narrowing of the medial joint space following tibiofemoral subluxation.> A previous study of BMD around
knee in patients with KOA found that medial knee BMD was proportional to the severity of intra-articular dislocation of the
knee.>® Similarly, medial knee BMD was higher than lateral BMD in KOA patients with internal derangement.>*> This is
similar to what we observed in the OA group of patients. In addition to our DF of interest, we also found that patella BMD was
positively correlated with HKA. In contrast, in KOA patients with OP and medial knee BMD were negatively correlated with
HKA. During the development of KOA, decreased remodeling of the subchondral bone of the medial malleolus and an
imbalance between bone resorption and bone production lead to increased thickness and sclerosis of the subchondral bone
plate. Studies have shown a 15% increase in subchondral bone density and a 30% increase in bone mass in patients with
OA.**7 The concomitant presence of OP significantly compromises the mechanical properties of subchondral bone, thereby
accelerating the progression and severity of KOA. In patients with both conditions, the weakened subchondral bone, combined
with abnormal stress, can lead to subsidence of the medial PT. This exacerbates cartilage degradation and contributes to
internal knee derangement. Our findings demonstrate a significant negative correlation between the HKA angle and medial
knee BMD, which partially supports this proposed mechanism. An increasing varus alignment (decreasing HKA angle)
heightens stress on the medial compartment, further accelerating cartilage wear and establishing a vicious cycle. This finding
aligns with existing literature, which suggests that concomitant OP may contribute to accelerated OA progression and
exacerbated joint deformity.>® Consequently, maintaining normal BMD in KOA patients may help mitigate the progression
of varus deformity.

Despite the novel findings of this study, several limitations should be acknowledged. First, the sample size, although sufficient
for the primary outcome as confirmed by the post-hoc power analysis, was relatively modest. This was particularly evident in the
subgroup analyses, such as for patients with severe OP or specific K&L grades, where the limited number of cases may have
reduced the statistical power to detect significant differences. Second, as a single-center study conducted at a tertiary hospital, our
cohort primarily consisted of patients with moderate to severe symptoms seeking specialized care. This inherent selection bias
limits the generalizability of our findings to the broader community-based population of postmenopausal women with KOA,
which likely includes a larger spectrum of disease severity, including many with mild or asymptomatic OA. Third, the cross-
sectional nature of our study cannot establish causality or elucidate the temporal sequence of the observed changes. For instance,
we cannot definitively conclude whether OP leads to changes in periarticular BMD that accelerate KOA progression, or if the
progression of KOA and its associated disuse and pain ultimately contribute to bone loss. Fourth, we did not measure several key
biochemical markers and hormone known to influence bone metabolism, such as serum vitamin D (25-(OH)D3), parathyroid
hormone and estradiol. Vitamin D deficiency and secondary hyperparathyroidism are highly prevalent in postmenopausal
women and represent significant, independent risk factors for reduced bone mass and OP. Our inability to account for these
variables precluded a more detailed investigation into the pathophysiological interplay between OP and KOA from an endocrine-
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metabolic perspective. Future studies should incorporate these key serum biomarkers to facilitate multivariable analyses and
statistically adjust for their potential confounding effects. Despite these limitations, this study provides valuable insights using
advanced imaging technology. Future prospective, longitudinal, and multi-center studies incorporating comprehensive serolo-
gical testing are warranted to confirm our findings and better understand the complex temporal relationship and pathophysio-

logical mechanisms linking OP and periarticular bone changes in KOA.

Conclusion

This study describes the changes in BMD around knee in postmenopausal female KOA patients combined with or
without OP. Overall, BMD around knee was lower and more painful in KOA combined OP postmenopausal female
patients compared to KOA patients. Meanwhile, with increasing the severity of OA, medial BMD in KOA combined
with OP patients tended to increase at first, and then decrease. As the angle of the knee valgus increases, the BMD
around knee in the two groups of patients showed an opposite trend, with a increasing trend in patients with KOA
combined with OP and an decreasing trend in patients with KOA. As the degree of OP increased, the BMD around knee
became lower. Consequently, our results highlight the imperative for clinicians to actively screen for and manage OP in
postmenopausal KOA patients. Interventions aimed at preventing bone loss and treating established OP may not only
reduce fracture risk but also represent a promising strategy to alleviate pain, improve joint biomechanics, and potentially
modify the progression of KOA, thereby enhancing the overall quality of life for this patient population.
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