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Abstract

In this study, the Entropy-Adaptive Gustafson—Kessel (EAGK) fuzzy clustering algorithm is proposed for automated segmentation of the femoral
bone from MRI images, with the aim of quantitative assessment of bone microstructure for osteoporosis diagnosis. The proposed approach
comprises three innovative components: (1) preprocessing based on anisotropic diffusion filtering to reduce inherent MRI noise while preserving
anatomical edge structures; (2) an adaptive mutual-information-based weighting coefficient to suppress the influence of noisy and uncertain pixels;
and (3) dynamic regulation of the controlling parameter through membership matrix entropy at each iteration, enabling automatic balance between
soft and hard clustering. The EAGK algorithm was evaluated on a dataset of 284 proximal femur images, and compared against three reference
methods. The EAGK achieved the highest scores across all three evaluation metrics: Dice Similarity = 86.89%, Jaccard Similarity = 76.82%, and
Contour Similarity = 67.54%. A Kruskal-Wallis test confirmed statistically significant overall differences among all algorithms across all metrics
(p < 0.001). Operating without labeled training data or advanced computational hardware, EAGK provides a practical solution for clinical
environments with limited resources, while enabling extraction of quantitative bone biomarkers directly relevant to early osteoporosis detection
and monitoring.
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1. Short Introduction

Quantitative analysis of bone microstructure plays an important role in osteoporosis assessment and fracture-risk evaluation. Although MRI
provides valuable information about bone architecture and surrounding soft tissues, intensity inhomogeneity, imaging noise, and complex
anatomical boundaries make accurate femoral segmentation challenging. Conventional fuzzy clustering methods, particularly Fuzzy C-Means
(FCM), have limitations in modeling anisotropic structures, whereas deep-learning approaches generally require extensive labeled datasets and
substantial computational resources. These challenges motivate the development of an adaptive, unsupervised segmentation framework capable of
providing accurate and reliable femoral bone extraction.

2. Proposed Work (including design, simulation/experimental results and discussion)

An Entropy-Adaptive Gustafson—Kessel (EAGK) fuzzy clustering algorithm is developed for automated segmentation of the proximal femur in
MRI images. The proposed framework extends conventional Gustafson—Kessel clustering through three complementary mechanisms. First,
anisotropic diffusion filtering based on the Perona—Malik model is employed to reduce image noise while preserving important anatomical edges.
Second, an adaptive weighting coefficient derived from mutual information is incorporated into the clustering objective function to reduce the
contribution of noisy and uncertain pixels. Third, the clustering control parameter ({) is dynamically adjusted according to the entropy of the
membership matrix at each iteration. This mechanism enables the algorithm to adaptively balance local information and global cluster structure
throughout the optimization process.

Following clustering, morphological post-processing based on connected-component analysis and geometric descriptors is applied to identify the
femoral bone region and eliminate irrelevant structures. The proposed method was evaluated using a dataset of 284 proximal femur MRI images,
including 198 T1-weighted and 86 T2-weighted images, acquired from individuals aged 21-83 years. Its performance was assessed against
manually segmented reference images using Dice Similarity (DS), Jaccard Similarity (JS), and Contour Similarity (CS). Three reference algorithms,
namely FCM optimized by Particle Swarm Optimization (FCM-PSO), Fast and Robust FCM (FRFCM), and Residual FCM (RFCM), were used
for comparison.

Experimental results demonstrated the superior overall performance of EAGK across all three evaluation metrics. The proposed method achieved
median DS, JS, and CS values of 86.89%, 76.82%, and 67.54%, respectively, outperforming all reference methods. Compared with the closest-
performing competitor (RFCM), EAGK improved the median scores by 0.94%, 1.90%, and 2.31% for DS, JS, and CS, respectively. The Kruskal—
Wallis test revealed statistically significant overall differences among the four algorithms across all evaluation metrics (p < 0.001). However, after
Bonferroni correction, the improvement over RFCM in CS did not reach statistical significance (p = 0.027). Furthermore, EAGK achieved a DS
standard deviation of 6.02, indicating a favorable balance between segmentation accuracy and consistency. These findings demonstrate the
effectiveness of combining information-theoretic weighting, entropy-based adaptation, and anisotropic diffusion for robust segmentation of
heterogeneous femoral structures.

3. Conclusion

An entropy-adaptive Gustafson—Kessel fuzzy clustering framework was proposed for automated femoral bone segmentation from MRI images. By
integrating anisotropic diffusion filtering, mutual-information-based adaptive weighting, and entropy-driven parameter regulation, the proposed
method achieved superior overall performance compared with three reference algorithms. Its unsupervised nature and limited computational
requirements make it a promising approach for quantitative bone analysis, particularly in resource-constrained clinical environments. Future work
will focus on extending the framework to three-dimensional MRI data, improving automatic parameter optimization, and integrating extracted bone
biomarkers into osteoporosis assessment systems.
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