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░ 1. Introduction 

Lumbar disc bulging or herniation (LDBH) is considered to be one of the most widespread degenerative disorders 

of the spine and the leading cause of chronic low back pain, radiculopathy, and long-term functional impairment 

globally. The condition is developed because of gradual structural and biochemical degeneration of the 

intervertebral disc, which causes disc deformation, disc annular fissures, and compression of the surrounding 

neural tissue [1]. Timely and accurate diagnosis of the LDBH is important because delayed diagnosis may result in 

nerve damage that cannot be reversible. As an answer to these constraints, other imaging methods have been 

explored to enable more accessible and cost-effective diagnostic lines, which include lumbar disc height measures 

based on conventional radiographs that can be meaningfully correlated with disc bulging or herniation identified 

through MRI [2]. Other imaging methods have also been examined to enable more diagnostic pathways, which are 

lower cost and more easily accessible, without sacrificing the quality of the findings. Put simply, these studies have 

enabled more consistent and reproducible research of the spine [3].  

In addition to imaging, lumbar disc degeneration is also becoming a multifactorial condition that is not only 

dependent upon mechanical loading but also systemic and metabolic factors. The traditional diagnosis models tend 

to ignore these biological factors [4]. New evidence has shown that metabolic disorders may have an important role 

in causing degenerative processes to happen, with abnormal lipid metabolism linked to dyslipidemia being strongly 

associated with causing the changes in the vertebral endplates due to the variations in type 2 diabetes in the absence 

of excessive mechanical stress [5]. These results underscore the necessity to introduce metabolic health indicators 

in the degeneration assessment models. The development of quantitative MRI has also contributed to the 
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knowledge on the early-stage degeneration of the disc [6]. This concept has motivated the development of 

quantitative
 
MRI-derived metabolic evidence to correlate systemic metabolic changes with disc tissue composition, 

which could be used to more precisely grade the severity of degeneration. Next, it can be followed by combining 

the structural, biochemical, and metabolic information to allow the effective diagnosis of early disease [7]. 

Besides imaging phenomena, biomechanical variables have also been proved to be the most important factors in the 

development of degenerative processes in the surrounding intervertebral discs [8]. The fact that spinal mechanics 

are closely related to degenerative pathology is supported by the observation that altered load distribution, 

including thoracolumbar fracture and kyphotic deformity, accelerate the degenerative process in the adjacent 

intervertebral discs. In conjunction with improvements in the field of diagnostics, regenerative approaches have 

proven to be promising in altering the progression of diseases and have been shown to reduce inflammatory 

processes, promote the maintenance of extracellular matrix, and maintain the structure of the disc [9]. These 

findings suggest the potential for biological therapies that target underlying degenerative mechanisms rather than 

solely addressing symptoms. In addition, the clinical relevance of specific MRI features has been re-evaluated. 

High-intensity zones within lumbar discs, once considered incidental findings, have been found to correlate 

strongly with chronic low back pain, highlighting their diagnostic and prognostic value [10]. These results indicate 

the possibility of biological treatment through the targeting of the underlying degenerative mechanisms instead of 

addressing symptoms. Moreover, the diagnosis and prognosis of chronic low back pain have also been proposed to 

rely on high intensity zones in the lumbar discs, which previously were considered as incidental results, indicating 

the strong correlation between these factors and disease progression and individual risk profile [11]. The idea of 

effective age of a disc has also been presented, where level-specific imaging data is used to estimate degeneration 

based on biological age and not the chronological age itself. Systematic reviews and studies at the molecular level 

have reified the value of methodological consistency and biological integration of the lumbar disc with 

segmentation of the lumbar disc showing that model reliability and generalizability largely depends on the diversity 

of the datasets, imaging protocols, and annotation quality [12]. Quantitative MRI analyses have also shown notable 

age and sex differences in disc composition, which is manifested in the differences of T1r signals, and that further 

demonstrates the necessity of considering demographic and biological variability [13]. On the molecular level, it 

has also been found that the pyruvate dehydrogenase kinase 4 (PDK4) is an important regulator of ferroptosis in 

degenerative discs, and that is why the development of cellular death mechanisms and the manifestations of 

degenerative alterations, which can be observed on imaging, are directly connected [14]. To conclude, the current 

tendencies in research of lumbar spine are concerned with implementing models of the integrated diagnosis that 

represent the complexity of disc degeneration. The suggested study will help create a new model of clinical 

decision-support systems, through incorporation of MRI-based measures with personalized clinical and metabolic 

measures, which will solve the issue of lumbar degeneration and improve clinical treatment of the disease [15]. 

░ 2. Literature Review 

Lumbar degeneration (LDD) is a common and often debilitating spinal condition, which is generally characterized 

by chronic back pain, loss of mobility and progressive loss of the integrity of the intervertebral discs. A coming 
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together of genetic predisposition, repetitive mechanical stress, and progressive biochemical changes undermining 

disc tissue with time are factors that contribute to the development. Nowadays, more attention is paid to 

non-invasive imaging biomarkers through the early identification of degenerative changes. A correlation has been 

determined between disc height measurements made using standard X-ray imaging and MRI images, such as disc 

bulging and herniation [16]. Access to publicly available lumbar spine MRI data and standardized disc and 

vertebral segmentation benchmarks have enabled the sound development and verification of automatic analysis 

techniques in images. All these developments have led to a higher level of diagnostic accuracy, enhanced stability, 

and reproducibility in the study of LLD [17]. 

 Metabolic health is also another important fact in disc degeneration in addition to structural changes. The body of 

evidence is increasingly associating intervertebral disc degeneration and changes in the Modic changes with 

dyslipidemia, especially the high concentration of triglycerides, which implies that lipid metabolism disturbances 

could be the accelerating factors in the degeneration of spinal tissues [18]. Genetic studies have suggested that 

triglycerides can serve as a linking factor between diabetes mellitus type 2 and degeneration of the disc which can 

explain the effects of systemic metabolic diseases on the health of the spinal in a molecular basis [19].  Advances in 

quantitative MRI methods, e.g., T2 mapping, made it possible to detect subtle biochemical changes in the facet 

joints and intervertebral discs, e.g. early decreases in the proteoglycan and collagen content, before the structural 

damage becomes apparent [20]. On the same note, metabolic quantifiers, obtained by MRI, have been used to 

assess the severity of LLD, and there is continued evidence that the reduction of water content and reduction in 

proteoglycan concentration are strong indicators of disc degeneration.  

Overall, all these results highlight the importance of metabolic and biochemical imaging markers in understanding 

the biological processes that lead to LLD development [21]. The automated image analysis has begun to play a 

substantial role in spinal imaging as it makes the diagnostic assessments objective and reproducible. The 

techniques that have been developed to automatically detect and measure lumbar disc degeneration using MRI 

images have proved to be both accurate and reliable to the same extent or even higher than traditional manual 

methods [22]. The approaches reduce subjectivity and maximize consistency in large imaging datasets. Moreover, 

the reviews of automated lumbar disc segmentation techniques prove that the methods lead to the improvement of 

measurement and a significant reduction of inter-observer error, which leads to more reliable diagnostic outcomes 

in clinical or research practice [23].  

Spinal alignment and load also play a critical role in the progression of disc degeneration besides imaging and 

biological factors.  According to research of thoracolumbar fractures that include kyphotic deformity, altered spinal 

biomechanics, and distorted load distribution may jeopardize normal spinal body balance and accelerate 

degenerative changes at the adjacent intervertebral discs [24]. Sustained mechanical stress enhances the 

progressive loss of disc integrity as time goes by. Results of comparative research on extracellular vesicles 

produced by the nucleus pulposus cells and mesenchymal stem cells show that both vesicles have the ability to 

counter degenerative processes but vesicles of the nucleus pulposus cells are more effective in restoring 

extracellular matrix composition [25].  The results create a connection between biomechanical degeneration and 
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the creation of new regenerative remedial measures. Moreover, recent re-evaluations of high-intensity zones 

detected by MRI have shown that the features do not always imply true disc pathology and therefore careful 

interpretation is required to improve clinical assessment and management of disc related pain [26]. The recent 

developments in machine learning and deep learning have made a massive expansion of the use of computational 

approaches to lumbar disc degeneration. The convolutional neural networks (CNNs) have become highly popular 

in the analysis of lumbar spine MRI and used to classify discs, analyze degeneration severity, and detect disc 

herniation. Unlike the traditional methods, which rely on the manually created features, CNNs independently 

derive meaningful patterns in the images, which help achieve increased accuracy and scalability in analysis [27]. 

This has enabled them to directly handle raw imaging data in a manner that has led to increased reliability of these 

models in a wide range of scanners, imaging protocols, and patient demographics. A number of studies have made 

use of the multi-task learning techniques of allowing one model to perform various interrelated tasks, such as disc 

segmentation, degeneration grading, and disease classification. These structures maximize effectiveness and 

produce more reliable results through sharing information of the tasks [28]. These models have improved through 

the addition of attention mechanisms that enable the models to focus on areas that are of clinical significance, e.g. 

compromised areas of the nucleus pulposus or annulus fibrosus. This increased transparency helps clinicians to 

understand and believe the predictions of automated systems. Investigators have recently gone beyond image 

analysis to combine clinical, biomechanical, and demographic data in addition to MRI data.  Imaging characteristic 

models that combine patient-specific factors like age, body mass index, physical activity and their metabolic 

indicators have proved to be more effective in predicting disease severity and progression [29]. Such a combined 

approach is a more appropriate description of the complex nature of lumbar disc degeneration and allows a more 

customized assessment and therapy plan. Longitudinal research efforts with the aim of predicting disc degeneration 

with time are gaining interest. These models can be used to help identify the patients who have an increased risk of 

a faster progression of the disease through the analysis of follow-up MRI scans and the observation of disc 

morphology and signal intensity changes [30]. The timely diagnosis can lead to the timely intervention by 

clinicians, which could reduce the probability of major symptoms or the need to operate. 

Despite such positive gains, there are still a lot of challenges.  The generalizability of automated models can be 

limited by factors including imbalanced datasets, varying annotations of experts and differences between imaging 

centers.  In an attempt to reduce such problems, researchers have explored the procedures comprising data 

augmentation, transfer learning and cross-institutional validation to improve model stability and clinical usefulness 

[31]. Simultaneously, explainable artificial intelligence methods are increasingly being used to make the decisions 

of the models more transparent, which would enable their interpretation by clinicians. The last research has 

emphasized the importance of integrating the use of the computational tools into the everyday clinical practice.  

Automated decision-support systems that are designed to serve radiologists and spine experts have been shown to 

have the potential of reducing the time taken to make a report, increase the consistency of diagnosis, and help make 

more informed clinical decision-making [32]. Together, these developments help to highlight the growing 

importance of intelligent imaging in the process of improving the diagnosis, monitoring, and management of 

lumbar disc degeneration. 
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░ 3. Problem Statement 

 Lumbar spine MRI can be manually interpreted and time-consuming, as it highly relies on the expertise of the 

radiologist. 

 There is great inter-observer variation that results in unreliable diagnosis and grading of disc degeneration and 

spinal stenosis. 

 The current AI methods are mostly based on image processing only, disregarding the issues of patient-specific 

clinical and metabolic aspects. 

 The initial biochemical and metabolic alterations in discs can hardly be identified with standard diagnosis 

procedures. 

 Existing systems do not have embedded applications of a diagnosis, severity estimation and treatment planning. 

 Automated, data-driven decision models can occasionally be utilized to provide personalized treatment 

recommendations. 

░ 4. Conclusion 

The article introduces a clever and automatic system that can help physicians more effectively recognize lumbar 

disc degeneration and spinal stenosis through MRI scans, which can support more consistent and reliable clinical 

decision making through the application of a deep learning framework and patient-specific clinical information. 

This approach would be more realistic and context-aware and will help radiologists and spine specialists to 

diagnose, grade, and plan treatments of chronic lower back pain. 
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