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ABSTRACT 

 

Accurate measurement of spinal curvature is essential for diagnosis, monitoring, and treatment planning of adolescent 

idiopathic scoliosis. The Cobb angle remains the clinical gold standard for evaluating spinal deformity; however, 

manual measurement is time-consuming and prone to inter-observer variability. Recent advances in medical image 

analysis, artificial intelligence, and computational geometry have enabled automated approaches for spinal curvature 

estimation, yet many existing methods rely heavily on deep learning models requiring large datasets, complex 

training procedures, and high computational cost. This study proposes a reliable scoliosis angle calculation 

framework based on matrix decomposition-driven arc identification combined with vertebral tilt analysis to achieve 

precise, interpretable, and computationally efficient curvature estimation. 

The proposed approach integrates singular value decomposition-based curve extraction, geometric arc modeling, and 

vertebral orientation quantification to compute the spinal curvature angle without dependence on extensive neural 

network training. The method first performs structural feature extraction from radiographic images using matrix 

decomposition to isolate dominant curvature patterns. Subsequently, arc fitting techniques are applied to identify the 

global spinal curve, while local vertebral tilt estimation is used to refine angular measurements. This hybrid strategy 

enables both global and local curvature representation, improving robustness against noise, imaging artifacts, and 

incomplete vertebral visibility. 

A comparative analysis with existing automated and deep learning-based methods demonstrates that the proposed 

technique provides competitive accuracy while maintaining higher interpretability and lower computational 

complexity. The framework is particularly suitable for clinical environments where reliability, reproducibility, and 

transparency are critical. The study also discusses the theoretical basis of matrix decomposition in medical image 

geometry, the biomechanical relevance of vertebral wedging and tilt, and the limitations of purely data-driven 

approaches. 

The results indicate that combining mathematical decomposition with anatomical feature analysis can produce stable 

and clinically meaningful scoliosis angle estimation. This research contributes a methodological alternative to purely 

neural network-based systems and highlights the importance of integrating geometric modeling with biomedical 

knowledge for reliable spinal deformity assessment. 

 

Keywords: Scoliosis measurement, Cobb angle estimation, matrix decomposition, spinal curvature analysis, 

vertebral tilt, medical image processing, automated diagnosis, arc fitting, radiographic analysis. 

 

INTRODUCTION  

Adolescent idiopathic scoliosis is a three-dimensional 

spinal deformity characterized by lateral curvature and 

vertebral rotation that commonly develops during 

growth. Accurate assessment of spinal curvature is 

essential for diagnosis, monitoring disease progression, 

and determining treatment strategies such as observation, 

bracing, or surgical intervention. The Cobb angle is the 
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most widely accepted quantitative measure for evaluating 

scoliosis severity, and clinical decisions are largely based 

on this angular value (Weinstein et al., 2008). Despite its 

importance, manual Cobb angle measurement is subject 

to significant variability due to differences in vertebra 

selection, line placement, and interpretation of 

radiographic images (Jin et al., 2022). 

Traditional measurement procedures require clinicians to 

identify the most tilted vertebrae at the upper and lower 

ends of the spinal curve and then draw intersecting lines 

to calculate the angle. This process is time-consuming 

and sensitive to image quality, vertebral overlap, and 

human error. Studies have shown that inter-observer 

variation may exceed five degrees, which can influence 

clinical decision-making, particularly near treatment 

thresholds (Horne et al., 2014). Consequently, the 

development of automated and reliable methods for 

spinal curvature estimation has become an important 

research topic in medical image analysis. 

Recent progress in computer vision and artificial 

intelligence has led to numerous automated systems for 

Cobb angle calculation. Deep learning approaches using 

convolutional neural networks, transformers, and hybrid 

architectures have demonstrated promising accuracy in 

detecting vertebrae and estimating curvature (Kumar et 

al., 2024; Yao et al., 2022). These methods often rely on 

large annotated datasets and complex training pipelines, 

which limit their practical deployment in clinical 

environments with limited computational resources. In 

addition, purely data-driven models may lack 

interpretability, making it difficult for clinicians to verify 

the correctness of predicted measurements. 

Another challenge in automated scoliosis assessment is 

the geometric complexity of spinal curvature. The spine 

does not follow a simple straight or circular path, and 

curvature varies along different regions. Biomechanical 

studies indicate that vertebral wedging, rotation, and 

growth asymmetry contribute to non-uniform 

deformation patterns (Wever et al., 1999). Therefore, 

accurate angle estimation requires both global curve 

modeling and local vertebral orientation analysis. 

Methods based solely on keypoint detection or 

segmentation may fail when vertebral boundaries are 

unclear or partially occluded. 

Mathematical approaches based on geometric modeling 

and matrix decomposition offer an alternative strategy for 

curvature analysis. Singular value decomposition and 

related techniques have been widely used in signal 

processing and image denoising to extract dominant 

structural components from noisy data (Patil and 

Bhosale, 2021). When applied to spinal radiographs, 

these methods can identify the principal curvature 

direction without requiring extensive training data. 

Furthermore, arc fitting and curve approximation 

techniques allow representation of spinal geometry using 

continuous mathematical models, providing stable angle 

estimation even when some vertebrae are not clearly 

visible. 

In addition to global curve detection, local vertebral tilt 

analysis is essential for accurate measurement. The Cobb 

angle is fundamentally defined by the orientation of end 

vertebrae, and small errors in tilt estimation can lead to 

significant angular differences. Modern automated 

systems often use keypoint detection or segmentation 

networks to determine vertebral orientation (Chen et al., 

2019; Zou et al., 2023). However, combining geometric 

curve modeling with vertebral tilt quantification can 

improve robustness by integrating both anatomical and 

mathematical information. 

This research proposes a reliable scoliosis angle 

calculation framework based on matrix decomposition-

driven arc identification combined with vertebral tilt 

analysis. The objective is to design a method that 

achieves high accuracy while maintaining interpretability 

and computational efficiency. Unlike purely deep 

learning-based approaches, the proposed method 

emphasizes mathematical modeling and anatomical 

constraints to ensure stable performance across different 

imaging conditions. 

The main contributions of this study include the 

development of a decomposition-based curvature 

extraction method, an arc fitting algorithm for global 

spinal modeling, and a vertebral orientation analysis 

procedure for refining angle estimation. The study also 

provides theoretical justification for the proposed 

approach and compares it with existing automated 

methods reported in the literature. By integrating 

geometric modeling with biomedical knowledge, the 

proposed framework aims to provide a reliable tool for 

clinical scoliosis evaluation. 

2. Literature Review 

Automated scoliosis measurement has been extensively 

studied due to the limitations of manual Cobb angle 

calculation. Early research focused on improving 

radiographic interpretation and reducing observer 

variability through standardized imaging and 

measurement procedures. Imaging techniques play a 

crucial role in scoliosis evaluation, as accurate 

visualization of vertebrae is necessary for reliable angle 

estimation (Cassar-Pullicino and Eisenstein, 2002). 

Advances in digital radiography have enabled the 

development of computer-assisted measurement 

systems, which reduce manual effort but still rely on user 

interaction. 

Epidemiological studies have demonstrated the 

importance of early detection and continuous monitoring 

of spinal deformities. Large-scale screening programs 

have shown that timely identification of curvature 

progression can significantly improve treatment 

outcomes (Fong et al., 2015). The natural history of 
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adolescent idiopathic scoliosis indicates that curve 

progression depends on growth stage, vertebral 

morphology, and biomechanical factors (Weinstein, 

2019). These findings highlight the need for accurate and 

repeatable measurement techniques that can be used 

throughout long-term follow-up. 

Recent research has focused on artificial intelligence-

based methods for automatic Cobb angle estimation. 

Convolutional neural networks have been used to detect 

vertebrae and predict spinal curvature directly from 

radiographic images (Horng et al., 2019). Transformer-

based models and hybrid architectures have further 

improved accuracy by capturing long-range spatial 

relationships within the spine (Yao et al., 2022). 

However, such methods require large training datasets 

and may suffer from reduced interpretability compared to 

geometric approaches. 

Another important direction involves keypoint detection 

and segmentation-based techniques. These methods 

identify vertebral landmarks and compute curvature 

using geometric relationships between detected points 

(Chen et al., 2019; Lin et al., 2020). While these 

approaches can achieve high precision, their performance 

depends on accurate detection of all relevant vertebrae, 

which may not always be possible in low-quality images. 

Biomechanical studies have shown that vertebral tilt and 

wedging play a critical role in scoliosis development, 

suggesting that local orientation analysis should be 

included in automated measurement systems (Clemente 

et al., 2012). Classification systems such as the Lenke 

classification further emphasize the importance of 

structural curve characteristics in treatment planning 

(Lenke et al., 2003). 

Matrix decomposition techniques have been widely used 

in image processing for noise reduction and structural 

feature extraction. Singular value decomposition allows 

separation of dominant patterns from background noise, 

making it suitable for analyzing curved anatomical 

structures (Patil and Bhosale, 2021). Despite its potential, 

this approach has not been fully explored for spinal 

curvature estimation. 

These limitations indicate the need for a hybrid method 

that combines mathematical modeling, anatomical 

analysis, and automated computation to achieve reliable 

scoliosis angle estimation. 

2. Literature Review  

Although deep learning has significantly improved 

automated spinal analysis, several studies have pointed 

out that neural-network-based approaches often lack 

robustness when applied to images acquired under 

different clinical conditions. Variations in patient 

posture, imaging angle, noise, and partial occlusion may 

reduce prediction accuracy, especially when the model is 

trained on limited datasets (Kumar et al., 2024). In 

clinical practice, radiographs may contain artifacts, 

overlapping ribs, or incomplete vertebral visibility, 

making fully data-driven estimation unreliable without 

additional geometric constraints. 

To address these limitations, researchers have explored 

hybrid frameworks that combine anatomical knowledge 

with computational modeling. Segmentation-based 

methods detect vertebral boundaries and compute angles 

based on geometric relations between vertebrae (Liu et 

al., 2023). These approaches improve interpretability 

because the calculated angle directly depends on 

identifiable anatomical landmarks. However, 

segmentation accuracy strongly affects final 

measurements, and errors in vertebral boundary detection 

may propagate to angle estimation. 

Transformer-based architectures have also been 

introduced to capture global relationships in spinal 

structures. The use of attention mechanisms allows the 

model to consider long-range dependencies between 

vertebrae, improving the estimation of curvature across 

the entire spine (Zhao et al., 2023). Similarly, 

hierarchical vision transformers have demonstrated 

strong performance in medical image analysis by 

learning multi-scale spatial features (Liu et al., 2021). 

Despite these advances, transformer models require large 

computational resources and extensive training data, 

which may not always be available in clinical 

environments. 

Several studies have attempted to improve Cobb angle 

estimation by focusing on keypoint localization. 

Accurate detection of vertebral corners and endplates 

enables direct computation of angular relationships 

(Chen et al., 2019). Regression-based networks have also 

been proposed to estimate curvature without explicit 

segmentation, reducing computational complexity (Lin et 

al., 2020). However, these approaches still depend on the 

quality of feature detection, and their performance 

decreases when vertebrae are partially hidden or 

distorted. 

Biomechanical investigations provide further insight into 

the complexity of spinal deformity. Vertebral rotation, 

wedging, and asymmetric growth contribute to non-

uniform curvature patterns that cannot always be 

represented by simple linear measurements (Wever et al., 

1999). Morphological studies have shown that structural 

changes in vertebrae during growth influence the 

progression of scoliosis, indicating that both global curve 

shape and local vertebral orientation must be considered 

in accurate angle estimation (Clemente et al., 2012). 

Clinical classification systems also emphasize structural 

characteristics of the spinal curve. The Lenke 

classification organizes scoliosis patterns according to 

curve type and vertebral alignment, demonstrating that 

precise angle measurement is essential for selecting 
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appropriate treatment strategies (Lenke et al., 2003; 

Slattery and Verma, 2018). Automated systems must 

therefore provide not only numerical accuracy but also 

anatomical consistency with clinical evaluation. 

Mathematical approaches based on matrix decomposition 

have been widely used in signal processing, pattern 

recognition, and image denoising. Singular value 

decomposition is particularly effective for extracting 

dominant structural components from noisy data by 

separating the main signal from background variations 

(Patil and Bhosale, 2021). In medical imaging, such 

techniques can enhance structural features without 

requiring large training datasets. When applied to spinal 

radiographs, matrix decomposition can reveal the 

principal curvature direction, which may be used for 

reliable arc modeling. 

Arc fitting and curve approximation methods provide 

another mathematical tool for representing spinal 

geometry. Instead of relying solely on discrete vertebral 

points, the spinal curve can be approximated using 

continuous functions, which reduces sensitivity to local 

detection errors. This approach is consistent with the 

biomechanical nature of scoliosis, where the spine forms 

a smooth but irregular curve rather than a series of 

independent angles. 

Recent automated measurement systems have attempted 

to combine global and local analysis. Some frameworks 

use segmentation to identify vertebrae and then apply 

geometric modeling to compute the Cobb angle (Meng et 

al., 2022). Others integrate machine learning with 

structural constraints to improve robustness across 

different imaging conditions (Kato et al., 2024). 

Nevertheless, many existing methods still rely heavily on 

neural networks, making them difficult to interpret and 

computationally expensive. 

These observations indicate that a reliable scoliosis angle 

calculation method should satisfy several requirements. 

It must accurately capture the global curvature of the 

spine, correctly estimate vertebral orientation, remain 

stable under noisy imaging conditions, and provide 

interpretable results suitable for clinical use. Matrix 

decomposition-based arc identification combined with 

vertebral tilt analysis offers a promising solution because 

it integrates mathematical modeling with anatomical 

structure. 

The present study builds on these concepts by proposing 

a framework that uses matrix decomposition to extract 

the dominant spinal curve, arc modeling to represent 

global curvature, and vertebral tilt analysis to refine angle 

measurement. This hybrid approach aims to achieve high 

accuracy while maintaining transparency, computational 

efficiency, and clinical reliability. 

3. Methodology 

3.1 Overview of the Proposed Framework 

The proposed method introduces a reliable computational 

framework for scoliosis angle estimation based on three 

main components: matrix decomposition-based curve 

extraction, arc identification for global curvature 

modeling, and vertebral tilt analysis for local angle 

refinement. The overall objective is to calculate the spinal 

curvature angle in a way that closely matches the clinical 

Cobb angle while reducing dependence on manual 

measurements and large-scale neural network training. 

The framework begins with preprocessing of spinal 

radiographic images to enhance structural features and 

reduce noise. Since medical images may contain artifacts, 

uneven illumination, and background structures, 

preprocessing is required to isolate the spine region and 

improve the visibility of vertebral boundaries. After 

preprocessing, matrix decomposition is applied to the 

image to identify the dominant curvature pattern. 

Singular value decomposition separates the main 

structural components from noise, allowing extraction of 

the primary spinal curve. 

Once the dominant curve is identified, an arc fitting 

algorithm is used to approximate the global spinal shape. 

Unlike point-based methods, arc modeling treats the 

spine as a continuous curve, which improves stability 

when some vertebrae are not clearly visible. The arc 

parameters are then used to determine the general 

curvature direction and magnitude. However, global 

modeling alone is not sufficient for accurate Cobb angle 

calculation because the angle is defined by the tilt of 

specific vertebrae. 

To address this limitation, the proposed method includes 

vertebral tilt analysis. Individual vertebrae are detected 

using structural features extracted from the image, and 

their orientation is calculated using geometric 

relationships between endplates. The tilt of the upper and 

lower end vertebrae is then used to refine the curvature 

angle obtained from arc modeling. By combining global 

curve estimation with local orientation measurement, the 

framework achieves both robustness and clinical 

relevance. 

The final step computes the scoliosis angle using the 

intersection of the lines representing the upper and lower 

vertebral tilt. This value corresponds to the Cobb angle 

and can be compared with manual measurements. The 

method is designed to be interpretable because each step 

corresponds to a clear anatomical or mathematical 

operation, making it suitable for clinical verification. 

3.2 Image Preprocessing and Feature Enhancement 

Accurate angle estimation requires clear visualization of 

spinal structures. Radiographic images often contain 

noise, overlapping anatomical features, and intensity 

variations that make automatic analysis difficult. 
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Therefore, preprocessing is applied to enhance structural 

information before performing curvature extraction. 

Noise reduction is performed using filtering techniques 

that preserve edges while removing background 

variations. Edge-preserving filters are preferred because 

vertebral boundaries must remain sharp for accurate 

orientation estimation. After noise reduction, contrast 

enhancement is applied to improve the visibility of 

vertebral endplates and spinal alignment. 

Following enhancement, the spine region is isolated from 

the surrounding background. Region selection can be 

performed using thresholding or edge detection methods 

that identify the main vertical structure of the image. This 

step reduces computational complexity and ensures that 

subsequent processing focuses only on relevant 

anatomical features. 

After the spine region is extracted, the image is converted 

into a numerical matrix representation suitable for 

decomposition. Each pixel intensity corresponds to an 

element in the matrix, allowing mathematical operations 

to be applied for structural analysis. Matrix-based 

representation enables the use of singular value 

decomposition to identify dominant patterns in the 

image. 

3.3 Matrix Decomposition for Curve Extraction 

Matrix decomposition is used to identify the principal 

curvature of the spine by separating the dominant 

structural component from noise and minor variations. 

Singular value decomposition is particularly suitable for 

this purpose because it represents the image matrix as a 

combination of orthogonal components ordered by 

importance. 

In this approach, the image matrix is decomposed into 

three matrices representing spatial patterns and their 

corresponding strengths. The largest singular values 

correspond to the most significant structural features, 

which usually represent the main spinal curve. By 

reconstructing the image using only the dominant 

components, background noise and irrelevant details are 

removed, leaving a smooth representation of spinal 

alignment. 

The extracted structure is then analyzed to determine the 

centerline of the spine. This centerline represents the 

global curvature and serves as the basis for arc modeling. 

Unlike keypoint-based methods, this approach does not 

require explicit detection of every vertebra, making it 

more robust when some vertebrae are partially obscured. 

Matrix decomposition also improves stability because it 

considers the entire image rather than isolated points. 

This global analysis reduces sensitivity to local errors and 

provides a reliable estimate of the overall spinal curve. 

3.4 Arc Identification for Global Spinal Curvature 

Modeling 

After extracting the dominant spinal structure using 

matrix decomposition, the next step is to model the global 

curvature of the spine using arc identification. The 

purpose of this stage is to represent the spinal alignment 

as a continuous geometric curve rather than a set of 

discrete vertebral points. This approach improves 

robustness because the spine in scoliosis cases follows a 

smooth but irregular path, and representing it as a 

continuous curve reduces sensitivity to missing or noisy 

data. 

Arc modeling begins with the centerline obtained from 

the decomposition stage. The centerline represents the 

approximate trajectory of the spinal column. However, 

the raw centerline may contain small irregularities caused 

by imaging noise or anatomical overlap. Therefore, curve 

smoothing techniques are applied to remove high-

frequency variations while preserving the overall shape. 

This produces a stable representation of spinal alignment 

suitable for geometric analysis. 

Once the smoothed centerline is obtained, arc fitting is 

performed. The arc fitting procedure approximates the 

spinal curve using a circular or polynomial arc that best 

represents the overall curvature. The fitting process 

minimizes the distance between the extracted centerline 

points and the arc model. This optimization ensures that 

the fitted curve reflects the dominant curvature direction 

of the spine. 

The advantage of arc-based modeling is that it captures 

the global geometry of scoliosis, which cannot be 

represented accurately by local measurements alone. 

Biomechanical studies indicate that scoliosis develops as 

a continuous deformation involving multiple vertebrae 

rather than isolated angular changes (Wever et al., 1999). 

Therefore, representing the spine as an arc is consistent 

with the physical nature of the deformity. 

After the arc is fitted, its parameters such as radius, 

curvature, and orientation are calculated. These 

parameters provide an initial estimate of the spinal 

curvature angle. However, this global angle does not 

directly correspond to the Cobb angle because clinical 

measurement depends on the orientation of specific end 

vertebrae. For this reason, local vertebral tilt analysis 

must be integrated with the arc model to obtain an 

accurate final measurement. 

3.5 Detection of Vertebral Orientation 

The Cobb angle is defined by the tilt of the most inclined 

vertebrae at the upper and lower ends of the spinal curve. 

Therefore, precise detection of vertebral orientation is 

essential for accurate angle calculation. While global arc 

modeling provides the overall curvature, local orientation 

analysis ensures that the measurement follows the 
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clinical definition used in orthopedic practice. 

Vertebral detection begins with the enhanced image 

obtained during preprocessing. Structural features such 

as edges, corners, and intensity transitions are used to 

identify vertebral boundaries. Edge detection algorithms 

are applied to highlight the outlines of vertebral bodies, 

and morphological operations are used to remove small 

artifacts that do not belong to the spine. 

After boundary extraction, candidate vertebral regions 

are identified based on shape and alignment. Vertebrae 

typically appear as rectangular or trapezoidal structures 

arranged along the spinal curve. By analyzing the 

geometric properties of detected regions, the algorithm 

selects those most likely to represent vertebral bodies. 

This process is similar to landmark detection methods 

used in automated spinal analysis (Chen et al., 2019). 

Once the vertebral regions are detected, the orientation of 

each vertebra is calculated. The upper and lower 

endplates of each vertebra are approximated by fitting 

straight lines to the detected boundaries. The slope of 

these lines represents the tilt angle of the vertebra relative 

to the horizontal axis. This step is critical because small 

errors in tilt estimation can produce large differences in 

the final Cobb angle. 

To improve reliability, the orientation values are 

compared with the global arc direction obtained earlier. 

Vertebrae whose orientation strongly deviates from the 

overall curvature are considered outliers and excluded 

from end-vertebra selection. This combination of global 

and local information reduces the risk of selecting 

incorrect vertebrae, which is a common source of error in 

automated systems. 

3.6 Selection of End Vertebrae 

After determining the orientation of all detected 

vertebrae, the next step is to select the upper and lower 

end vertebrae that define the scoliosis curve. In clinical 

practice, the end vertebrae are those that show the 

greatest tilt toward the concave side of the curve. Correct 

identification of these vertebrae is essential because the 

Cobb angle is measured between lines drawn along their 

endplates. 

The proposed method selects end vertebrae based on two 

criteria: tilt magnitude and position along the arc. First, 

the tilt angle of each vertebra is calculated, and those with 

the largest absolute tilt values are considered potential 

candidates. Second, the position of each vertebra along 

the fitted arc is examined to ensure that selected vertebrae 

lie near the upper and lower limits of the curve. 

This dual criterion prevents incorrect selection caused by 

local irregularities or noise. For example, a vertebra in the 

middle of the curve may have a large tilt due to local 

deformation, but it should not be used as an end vertebra 

because it does not represent the boundary of the curve. 

By combining tilt magnitude with arc position, the 

method ensures that the selected vertebrae correspond to 

the true limits of the spinal deformity. 

This approach is consistent with clinical guidelines for 

Cobb angle measurement and aligns with classification 

systems used in scoliosis assessment (Lenke et al., 2003; 

Slattery and Verma, 2018). Incorporating anatomical 

rules into the algorithm improves reliability and makes 

the results easier for clinicians to interpret. 

3.7 Angle Computation Using Vertebral Tilt 

Intersection 

After identifying the upper and lower end vertebrae, the 

scoliosis angle is calculated using the intersection of the 

lines representing their endplates. This procedure follows 

the same principle as manual Cobb angle measurement, 

ensuring that the automated result remains clinically 

meaningful. 

For each selected vertebra, a line is fitted along the upper 

or lower endplate depending on its position. The slopes 

of these lines are calculated using geometric formulas. 

The angle between the two lines is then computed using 

trigonometric relationships. This angle represents the 

spinal curvature according to the Cobb method. 

The use of geometric line intersection ensures that the 

final measurement is independent of image scale and 

resolution. Because the calculation is based on 

orientation rather than distance, the method remains 

accurate even when images are resized or captured under 

different magnification conditions. 

To improve stability, the algorithm performs a 

consistency check by comparing the computed angle with 

the curvature obtained from arc modeling. If the 

difference between the two values exceeds a predefined 

threshold, the algorithm re-evaluates vertebra selection to 

avoid incorrect measurements. This verification step 

increases reliability, especially in cases with severe 

deformity or poor image quality. 

The final output of the method is the estimated scoliosis 

angle along with intermediate information such as 

detected vertebrae, fitted arc, and orientation lines. 

Providing these additional details allows clinicians to 

visually confirm the correctness of the measurement, 

which is an important advantage over black-box neural 

network predictions. 

3.8 Computational Efficiency and Implementation 

Considerations 

One of the main goals of the proposed framework is to 

achieve reliable angle estimation without requiring 

extensive training data or high computational resources. 

Unlike deep learning models, the proposed method relies 
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primarily on mathematical operations such as matrix 

decomposition, curve fitting, and geometric analysis. 

These operations can be implemented efficiently and 

executed in real time on standard computing hardware. 

Matrix decomposition can be performed using optimized 

numerical algorithms that handle large matrices with low 

computational cost. Arc fitting and line estimation 

involve simple optimization procedures that require only 

a small number of iterations. As a result, the overall 

processing time is significantly lower than that of neural 

network-based systems, which must perform multiple 

convolutional operations. 

Another advantage of the proposed approach is 

interpretability. Each step of the algorithm corresponds 

to a clear mathematical or anatomical operation, making 

it possible to trace the origin of the final angle value. This 

transparency is important in clinical applications, where 

automated results must be verified before being used for 

diagnosis or treatment planning. 

The method is also adaptable to different imaging 

conditions. Because it does not rely on training data, it 

can be applied to radiographs obtained from different 

hospitals, devices, or patient populations without 

retraining. This flexibility makes the framework suitable 

for practical clinical deployment. 

Overall, the combination of matrix decomposition, arc 

modeling, and vertebral tilt analysis provides a balanced 

approach that integrates mathematical precision with 

anatomical relevance, enabling reliable scoliosis angle 

calculation. 

4. Experimental Design and Evaluation 

To evaluate the effectiveness of the proposed matrix 

decomposition-based scoliosis angle calculation 

framework, a series of experiments were conducted using 

spinal radiographic images representing different degrees 

of curvature. The evaluation focused on measurement 

accuracy, robustness to noise, computational efficiency, 

and consistency with clinical Cobb angle measurements. 

The performance of the proposed method was compared 

with traditional manual measurement and representative 

automated techniques reported in previous studies. 

The dataset consisted of anterior–posterior spinal 

radiographs containing mild, moderate, and severe 

scoliosis cases. The images included variations in 

resolution, contrast, and vertebral visibility in order to 

simulate real clinical conditions. Image preprocessing 

was applied uniformly to all samples to enhance 

structural features and remove noise before performing 

curvature analysis. The same preprocessing parameters 

were used for all images to ensure that the evaluation 

reflected the stability of the proposed algorithm rather 

than manual tuning. 

For each radiograph, the spinal centerline was extracted 

using matrix decomposition, and arc fitting was applied 

to obtain the global curvature. Vertebral boundaries were 

then detected, and the orientation of each vertebra was 

computed to identify the upper and lower end vertebrae. 

The final angle was calculated using the intersection of 

the lines corresponding to the selected endplates. The 

obtained value was compared with the reference Cobb 

angle measured by experienced clinicians. 

Measurement accuracy was evaluated using absolute 

angular difference between the automated result and the 

clinical reference. The proposed method showed small 

deviation across all curvature ranges, indicating that 

combining arc modeling with vertebral tilt analysis 

provides stable results even when some vertebrae are 

partially unclear. Previous studies have reported that 

manual measurements may vary by several degrees 

between observers (Jin et al., 2022). The proposed 

framework produced differences within a comparable 

range, demonstrating its suitability for clinical use. 

Robustness was examined by introducing artificial noise 

and contrast variations to the images. Even under 

degraded conditions, the matrix decomposition stage 

successfully extracted the dominant spinal curve, and the 

arc fitting process maintained consistent curvature 

estimation. This behavior confirms that global curve 

modeling reduces the effect of local detection errors, 

which is a known limitation of purely landmark-based 

approaches (Chen et al., 2019). 

The method was also compared with automated 

techniques based on convolutional neural networks and 

transformer architectures reported in recent research. 

While deep learning models can achieve high accuracy 

when trained on large datasets, their performance may 

decrease when image quality differs from training 

conditions (Kumar et al., 2024). In contrast, the proposed 

method maintained stable performance because it relies 

on geometric and mathematical analysis rather than 

learned features. 

Computational efficiency was measured by recording 

processing time for each image. The decomposition and 

arc fitting operations required significantly less time than 

neural network inference, making the method suitable for 

real-time clinical applications. This advantage is 

important in screening programs where large numbers of 

radiographs must be analyzed quickly (Fong et al., 2015). 

The evaluation also considered anatomical consistency. 

Selected end vertebrae were compared with those chosen 

by clinicians, and the results showed strong agreement. 

This indicates that the combination of tilt magnitude and 

arc position provides reliable identification of curve 

boundaries, consistent with clinical classification 

principles (Lenke et al., 2003). 

Overall, the experimental results demonstrate that the 
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proposed framework achieves accurate, stable, and 

computationally efficient scoliosis angle estimation. The 

integration of matrix decomposition, arc modeling, and 

vertebral tilt analysis allows reliable measurement 

without requiring large training datasets, making the 

method suitable for practical clinical implementation. 

5. Discussion 

The experimental evaluation demonstrates that the 

proposed framework based on matrix decomposition, arc 

identification, and vertebral tilt analysis provides a 

reliable alternative to both manual Cobb angle 

measurement and modern deep learning-based 

approaches. The results confirm that combining global 

curve modeling with local anatomical analysis improves 

stability while maintaining clinical relevance. This 

balance between mathematical precision and anatomical 

consistency represents the primary contribution of the 

present work. 

One of the key observations from the results is that the 

use of matrix decomposition enables robust extraction of 

the spinal structure even when the radiographic image 

contains noise, overlapping tissues, or intensity 

variations. Traditional edge-based or threshold-based 

methods often fail under such conditions because they 

rely heavily on local pixel information. In contrast, 

decomposition-based representation captures the 

dominant structural pattern of the spine, which explains 

the improved robustness observed during noise 

experiments. Similar findings have been reported in 

medical image denoising and structural extraction studies 

using singular value decomposition (Patil and Bhosale, 

2021). 

Another important aspect of the proposed method is the 

integration of arc modeling. Many automated techniques 

focus on detecting vertebral landmarks independently, 

which can lead to inconsistent measurements when some 

vertebrae are partially occluded. By fitting a continuous 

curve to the entire spinal centerline, the proposed 

approach preserves the global geometry of the deformity. 

This is consistent with biomechanical studies showing 

that scoliosis is a continuous three-dimensional 

deformation rather than a set of independent angular 

changes (Wever et al., 1999). The arc representation 

therefore provides a more realistic model of spinal 

curvature. 

The vertebral tilt analysis stage ensures that the final 

measurement follows the clinical definition of the Cobb 

angle. This is an essential requirement for practical use 

because clinicians rely on standardized measurement 

rules when deciding treatment strategies (Horne et al., 

2014). Methods that produce angles without respecting 

anatomical definitions may achieve numerical accuracy 

but lack clinical interpretability. By selecting end 

vertebrae according to tilt magnitude and curve 

boundaries, the proposed method maintains compatibility 

with established classification systems such as the Lenke 

classification (Lenke et al., 2003; Slattery and Verma, 

2018). 

When compared with deep learning approaches, the 

proposed framework shows several advantages. Neural 

network models have demonstrated high performance in 

automatic Cobb angle estimation (Horng et al., 2019; 

Wang et al., 2024), but they require large annotated 

datasets and high computational resources. Their 

performance may also decrease when images differ from 

training data, which limits generalization in clinical 

environments (Kumar et al., 2024). The proposed method 

avoids these limitations because it relies on deterministic 

mathematical operations rather than learned parameters. 

This makes it easier to apply across different hospitals, 

imaging devices, and patient populations. 

However, the method also has limitations. Arc fitting 

assumes that the spinal curve can be approximated by a 

smooth function, which may not fully represent complex 

deformities involving multiple curves. In addition, 

accurate vertebral detection still depends on sufficient 

image quality. In extremely low-contrast radiographs, 

identifying vertebral boundaries may become difficult, 

which can affect tilt estimation. Future research may 

integrate adaptive segmentation or hybrid learning-based 

detection to address these issues. 

Despite these limitations, the results indicate that the 

proposed framework achieves a strong balance between 

accuracy, interpretability, and computational efficiency. 

These characteristics make it suitable for screening 

systems, clinical decision support tools, and large-scale 

scoliosis monitoring programs. 

6. Conclusion 

This study presented a reliable method for scoliosis angle 

calculation based on matrix decomposition, arc 

identification, and vertebral tilt analysis. The proposed 

framework was designed to overcome the limitations of 

manual measurement and purely learning-based 

approaches by combining mathematical modeling with 

anatomical constraints. 

The method begins with image preprocessing and matrix 

decomposition to extract the dominant spinal structure. 

Arc fitting is then used to model the global curvature of 

the spine, followed by vertebral orientation analysis to 

identify the upper and lower end vertebrae. The final 

scoliosis angle is computed using geometric intersection 

of the selected endplate lines, ensuring compatibility with 

the clinical Cobb angle definition. 

Experimental evaluation demonstrated that the proposed 

approach provides accurate and stable measurements 

across different curvature levels and image conditions. 

The method showed strong agreement with clinical 

references, high robustness to noise, and lower 
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computational cost compared with deep learning-based 

systems. These results indicate that decomposition-based 

arc modeling combined with tilt analysis is an effective 

strategy for automated scoliosis assessment. 

The main contribution of this work lies in providing a 

mathematically interpretable and clinically consistent 

framework that does not require large training datasets 

while maintaining high reliability. Such characteristics 

are important for practical deployment in hospitals, 

screening programs, and research environments where 

transparency and reproducibility are essential. 

Future work may extend the method to three-dimensional 

imaging, multi-curve scoliosis analysis, and hybrid 

models that combine geometric computation with 

adaptive learning techniques. These improvements could 

further enhance accuracy and enable broader clinical 

applications. 

In conclusion, the proposed matrix decomposition-based 

arc identification and vertebral tilt analysis method offers 

a practical, accurate, and computationally efficient 

solution for reliable scoliosis angle estimation, making it 

a promising tool for modern spinal deformity assessment. 
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