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Abstract 
Avascular necrosis (AVN) is a debilitating condition 

characterized by bone ischemia and structural 

collapse, leading to significant morbidity. Early 

diagnosis is critical for effective management, yet 

challenges persist due to its insidious onset, non-

specific symptoms, and limitations of traditional 

diagnostic modalities. This systematic review 

examines the pathophysiology, clinical presentation, 

and diagnostic advancements in AVN, emphasizing 

their implications for treatment strategies. 

Conventional imaging techniques, while widely 

used, face limitations in detecting early-stage 

disease. Emerging modalities such as Single Photon 

Emission Computed Tomography (SPECT), Positron 

Emission Tomography (PET), and artificial 

intelligence (AI)-driven imaging offer enhanced 

diagnostic precision. Biomarkers and genetic 

studies represent promising non-invasive tools for 

early detection. Management strategies are closely 

tied to diagnostic accuracy, with early-stage 

interventions focusing on pharmacotherapy and 

core decompression, while advanced stages 

necessitate surgical approaches. Innovations in 

diagnostic tools and multidisciplinary care are 

paving the way for personalized management and 

improved outcomes. However, challenges such as 

diagnostic delays, variability in criteria, and access 

disparities remain significant. This review 

underscores the need for standardized protocols, 

cost-effective technologies, and further research to 

optimize AVN diagnosis and treatment. 
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I. Introduction 
Avascular necrosis (AVN), also referred to 

as osteonecrosis, is a progressive disease 

characterized by the death of bone tissue due to 

compromised blood supply [1]. It most commonly 

affects the femoral head, though other skeletal sites 

may also be involved. AVN progresses through 

distinct stages, ultimately leading to structural 

collapse and debilitating joint pain if left untreated 

[2]. Early diagnosis of AVN is critical to halting 

disease progression and optimizing patient 

outcomes, as interventions in the early stages can 

prevent significant morbidity and obviate the need 

for invasive surgical procedures [3]. 

The importance of timely diagnosis stems 

from the insidious onset of AVN, which often 

presents with non-specific symptoms. Delays in 

recognition can result in significant cartilage 

damage and reduced quality of life. As the disease 

advances, it imposes an increasing burden on 

healthcare systems due to the cost of joint 

replacement surgeries and associated rehabilitation 

[4]. Hence, understanding the diagnostic landscape 

of AVN is pivotal in guiding clinical practice and 

enhancing the efficacy of management strategies. 

The objectives of this systematic review are 

threefold. First, to provide an overview of the 

underlying pathophysiology and clinical 

presentation of AVN to contextualize diagnostic 

challenges. Second, to evaluate the efficacy and 

limitations of current diagnostic modalities, with a 

particular focus on imaging techniques and 

emerging technologies. Finally, to identify gaps in 

existing diagnostic frameworks and explore 

innovations poised to transform the field, including 

artificial intelligence and advanced imaging 

technologies [5,6]. 

This review underscores the need for an 

integrated diagnostic approach to AVN, which 

accounts for clinical, radiological, and biochemical 

parameters. By synthesizing existing evidence, the 

study aims to inform clinicians and researchers 

about the most effective diagnostic practices, 
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thereby enhancing early detection and improving 

patient outcomes [7]. 

 

II. Pathophysiology of Avascular Necrosis 
Avascular necrosis (AVN) arises from the 

disruption of blood supply to the bone, leading to 

cellular death, structural compromise, and eventual 

joint collapse [8]. The pathophysiology is 

multifactorial and complex, involving vascular 

occlusion, increased intraosseous pressure, and 

reduced perfusion. Trauma, such as fractures or 

dislocations, is a common etiology, directly 

damaging the vasculature supplying the bone. Non-

traumatic causes include corticosteroid use, 

excessive alcohol consumption, and conditions like 

sickle cell anaemia and systemic lupus 

erythematosus [9,10]. 

The disease process begins with ischemia-

induced osteocyte death, which triggers an 

inflammatory cascade. This response results in bone 

marrow oedema and further compromises 

microvascular integrity. Subsequent resorption of 

necrotic bone by osteoclasts creates mechanical 

instability, leading to subchondral fracture and joint 

deformation [11]. 

Risk factors for AVN are diverse, 

encompassing both modifiable and non-modifiable 

elements. While younger populations are at risk due 

to trauma, middle-aged individuals often develop 

AVN due to metabolic or systemic conditions. 

Gender-based differences suggest males are more 

frequently affected, particularly in cases involving 

alcohol and corticosteroids [12]. 

Staging AVN is essential for diagnosis and 

treatment planning. The Ficat-Arlet classification 

system, widely used for staging, categorizes the 

disease into four stages based on radiological and 

clinical findings. In Stage I, MRI detects early 

ischemic changes, while Stage II reveals sclerosis 

and cyst formation. Stage III is marked by 

subchondral collapse, and Stage IV involves 

secondary osteoarthritis [13]. 

 

Table 1: Summary of Ficat-Arlet Staging System 

Stage Radiological Findings Clinical Presentation 

Stage I Regular X-rays; MRI shows ischemia Mild pain, no functional limitation 

Stage II Sclerosis, cysts on X-ray Pain increases, mild restriction 

Stage III Subchondral collapse Significant pain, limited mobility 

Stage IV Joint space narrowing, osteoarthritis Severe pain, functional impairment 

 

The interplay of mechanical and biological factors 

in AVN progression underscores the importance of 

early detection. This understanding is critical to 

prevent the irreversible damage that characterizes 

later stages [14]. 

 
Figure 1:Flowchart: Pathophysiology of AVN 

 

III. Clinical Presentation 
Avascular necrosis (AVN) commonly 

presents with insidious, progressive symptoms, 

often delaying diagnosis and treatment [15]. The 

hallmark symptom is joint pain, typically localized 

to the groin, thigh, or buttock in cases involving the 

femoral head. Initially, the pain is intermittent and 

exacerbated by weight-bearing activities. As the 

disease progresses, patients experience constant 

pain, even at rest [16]. 

Clinical examination may reveal tenderness 

over the affected joint, a reduced range of motion, 

and pain with specific movements, such as internal 

or external hip rotation. Patients often report 

difficulty with activities of daily living, such as 

walking or climbing stairs, significantly impacting 

their quality of life [17]. 

Differential diagnosis is challenging due to 

symptom overlap with other conditions, including 

hip osteoarthritis, bursitis, and lumbar 

radiculopathy. In younger individuals, transient 

synovitis or stress fractures may mimic AVN [18]. 

Accurate differentiation is essential, as treatment 

strategies differ significantly among these 

conditions. 

 

Table 2: Differential Diagnosis of AVN 

Condition Key Features Diagnostic Tools 

Hip Osteoarthritis Morning stiffness, crepitus X-ray (joint space narrowing) 

Bursitis Localized tenderness, swelling Ultrasound 

Lumbar Radiculopathy Radiating pain, neurological deficits MRI (spine imaging) 
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Transient Synovitis Acute onset resolves within weeks Exclusion by clinical course 

Stress Fracture Localized pain, history of repetitive trauma MRI 

 

The functional impact of AVN extends beyond 

physical pain, often leading to psychological distress 

due to loss of mobility and independence. Studies 

highlight a significant reduction in health-related 

quality of life (HRQoL) scores among affected 

individuals, emphasizing the need for timely 

intervention [19]. 

 

 
Figure 2:Flowchart: Clinical Presentation of AVN 

. 

IV. Current Diagnostic Modalities 
4.1 Imaging Techniques  

Imaging plays a pivotal role in diagnosing 

and staging avascular necrosis (AVN). X-rays are 

often the initial investigation due to their 

accessibility and cost-effectiveness. However, they 

are limited in detecting early-stage AVN, as 

radiographic changes such as sclerosis or 

subchondral collapse are visible only in advanced 

stages [20]. 

MRI is considered the gold standard for 

diagnosing AVN, especially in its early stages. It has 

a sensitivity of over 90% and can detect bone 

marrow oedema, ischemic changes, and early 

necrosis, which are not evident on X-rays [21]. 

Coronal and sagittal views provide detailed 

anatomical visualization, aiding in precise staging. 

MRI is beneficial in assessing bilateral involvement, 

which is common in AVN cases [22]. 

Bone scintigraphy, while less sensitive than 

MRI, is effective in identifying multifocal AVN. It 

involves using radioactive tracers like technetium-

99m to visualize areas of altered bone metabolism. 

This modality is useful in cases with high suspicion 

of AVN but inconclusive MRI findings [23]. 

Though not routinely used for early 

diagnosis, CT scans provide excellent detail of bony 

architecture and are valuable for assessing 

subchondral fractures and joint congruity in 

advanced stages. A CT-guided biopsy can also 

confirm AVN in atypical presentations [24]. 

 

Table 3: Comparison of Imaging Modalities in AVN Diagnosis 

Modality 
Sensitivity 

(%) 

Specificity 

(%) 
Strengths Limitations 

X-ray 50-70 80-90 
Widely available, cost-

effective 
Insensitive in early stages 

MRI >90 >90 
High sensitivity, early 

detection 

Expensive, limited 

availability 

Bone 

Scintigraphy 
80-85 60-70 Detects multifocal AVN 

Low specificity, radiation 

exposure 

CT-Scan 85-90 75-80 
Detailed bony 

architecture 
Poor early-stage sensitivity 
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Figure 3: Representation of Comparison of Imaging Modalities in AVN Diagnosis 

 

4.2 Emerging Technologies  

Emerging technologies offer promising 

advancements in AVN diagnosis. Single-photon 

emission computed tomography (SPECT) and 

positron emission tomography (PET) provide 

enhanced functional imaging compared to 

traditional scintigraphy, improving the detection of 

early ischemic changes [25]. Hybrid modalities like 

PET-CT further integrate anatomical and metabolic 

imaging, allowing comprehensive assessment [26]. 

Biomarkers represent another frontier in 

AVN diagnostics. Elevated levels of specific 

markers, such as vascular endothelial growth factor 

(VEGF) and bone turnover markers, are associated 

with ischemic processes and bone remodelling in 

AVN. Although currently in experimental stages, 

these biomarkers hold the potential for non-invasive, 

early detection [27]. 

 

Initial Assessment 
Patient history and physical examination 

First-line Imaging 
X-rays (rule out advanced disease) 

Gold Standard Imaging 
MRI (detect early-stage changes) 

Supplementary Techniques 
Bone Scintigraphy (multifocal involvement) 

CT-Scan (structural details, subchondral fracture) 

Emerging Diagnostics 
SPECT/PET (functional imaging) 

Biomarker analysis (non-invasive detection) 

Figure 4:Diagnostic Pathway for AVN 

 

V. Challenges in Diagnosis 
Diagnosing avascular necrosis (AVN) is 

fraught with challenges, primarily due to its 

insidious onset and diverse etiologies. These 

obstacles often result in delayed diagnosis, 

misdiagnosis, or underdiagnosis, exacerbating 

disease progression and compromising treatment 

outcomes [28]. 

 

5.1 Delays in Recognition and Referral 

AVN frequently presents with non-specific 

symptoms, such as vague joint pain, leading to 

misattribution to conditions like arthritis or muscle 
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strain. Primary care physicians may not immediately 

suspect AVN, particularly in younger patients or 

those without known risk factors, resulting in 

delayed specialist referral [29]. 

 

5.2 Variability in Diagnostic Criteria 

The lack of standardized diagnostic 

protocols contributes to inconsistencies in AVN 

detection. Imaging modalities are often used at the 

discretion of clinicians, leading to variability in 

sensitivity and specificity across settings. While 

MRI is considered the gold standard, access 

limitations in resource-poor regions create 

diagnostic disparities [30]. 

 

5.3 Limitations of Current Imaging Techniques 

Each imaging modality has its limitations. 

X-rays, though widely available, are insensitive to 

early-stage AVN. Bone scintigraphy lacks 

specificity, often yielding false positives in 

conditions with increased bone turnover. CT scans 

provide structural detail but fail to detect early 

ischemic changes [31]. Even MRI, despite its high 

sensitivity, may miss subtle lesions or fail to 

distinguish AVN from other conditions like transient 

bone marrow oedema syndrome [32]. 

 

Table 4: Diagnostic Challenges in AVN 

Challenges Impact on Diagnosis Potential Solutions 

Non-specific symptoms Delayed recognition Increased clinician awareness 

Lack of standardized 

criteria 
Variability in detection Development of uniform diagnostic guidelines 

Imaging limitations Misdiagnosis delayed treatment Integration of advanced imaging modalities 

Accessibility issues Disparities in diagnosis Improving healthcare infrastructure 

 

5.4 Socioeconomic and Geographical Barriers 

Access to advanced diagnostic tools like MRI is 

often limited in rural or low-resource settings. High 

costs further restrict their use, especially in countries 

with inadequate healthcare coverage. This disparity 

leads to delayed diagnosis and poorer outcomes in 

underserved populations [33]. 

 

 
Figure 5:Flowchart: Challenges in AVN Diagnosis 

 

5.5 Overcoming Challenges 

Efforts to mitigate these challenges include 

increasing clinician awareness of AVN risk factors 

and symptoms, particularly in high-risk populations 

such as individuals on long-term corticosteroid 

therapy or those with a history of trauma [34]. 

Furthermore, adopting uniform diagnostic protocols 

and leveraging emerging technologies like 

biomarkers and artificial intelligence can enhance 

diagnostic precision and accessibility [35]. 

 

VI. Innovations in Diagnosis 
Advancements in diagnostic technology are 

revolutionizing the early detection and management 

of avascular necrosis (AVN). These innovations 

address existing challenges, such as delayed 

recognition, variability in diagnostic criteria, and the 

limitations of traditional imaging modalities, paving 

the way for more precise and accessible diagnosis 

[36]. 

 

6.1 Advances in Imaging Technology 

Emerging imaging modalities, such as 

Single Photon Emission Computed Tomography 

(SPECT) and Positron Emission Tomography 

(PET), offer improved functional imaging 

capabilities. SPECT, particularly when combined 

with CT, enables detailed assessment of bone 

metabolism and structure, making it invaluable in 

early AVN diagnosis [37]. PET, often used in 

conjunction with advanced tracers, provides insights 

into bone remodelling and ischemic changes, 

offering superior sensitivity in identifying 

subclinical lesions [38]. 

Three-dimensional (3D) imaging reconstructions 

from MRI and CT scans have also shown promise in 

enhancing diagnostic accuracy by providing a more 

detailed representation of the affected bone, aiding 

in precise staging [39]. 
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6.2 Role of Artificial Intelligence and Machine 

Learning 

Artificial intelligence (AI) and machine 

learning (ML) algorithms are increasingly being 

integrated into AVN diagnosis. These technologies 

analyze imaging data to detect subtle abnormalities, 

identify early ischemic changes, and predict disease 

progression. Studies have demonstrated that AI-

driven diagnostic systems can achieve comparable, 

if not superior, accuracy to expert radiologists while 

reducing interobserver variability [40]. 

 

Table 5: Innovations in Imaging for AVN 

Technology Key Features Diagnostic Advantages 

SPECT/CT 
Combines functional and structural 

imaging 
Early lesion detection, detailed assessment 

PET Advanced tracers for bone remodelling High sensitivity for ischemic changes 

3D Imaging Comprehensive visualization Enhanced staging accuracy 

AI/ML in 

Imaging 
Automated data analysis 

Reduced variability, improved early 

diagnosis 

 

6.3 Biomarkers and Genetic Studies 

The use of biomarkers offers a promising 

non-invasive diagnostic approach. Biomarkers such 

as vascular endothelial growth factor (VEGF), 

matrix metalloproteinases (MMPs), and bone-

specific alkaline phosphatase (BSAP) are associated 

with bone ischemia and remodelling, providing 

insights into disease activity [41]. Advances in 

genetic studies have also identified polymorphisms 

associated with AVN susceptibility, potentially 

enabling personalized diagnostic and therapeutic 

strategies [42]. 

 

 
Figure 6: Flowchart: Emerging Innovations in AVN Diagnosis 

 

6.4 Future Directions for Research 

Despite these advancements, further research is 

essential to validate the clinical utility of emerging 

technologies. Large-scale studies are required to 

standardize biomarker use and evaluate AI systems 

across diverse populations. Developing cost-

effective and portable imaging solutions can also 

improve access to advanced diagnostics in resource-

limited settings [43]. 

The following section will explore how accurate 

diagnosis influences treatment strategies and 

improves outcomes in AVN management. 

 

VII. Management Implications Based on 

Diagnosis 
Accurate diagnosis of avascular necrosis 

(AVN) is crucial in determining appropriate 

treatment strategies, which vary significantly based 

on disease stage and severity. Early and precise 

diagnosis directly impacts clinical decision-making, 

enabling interventions that can preserve joint 

function and delay or prevent disease progression 

[44]. 

 

7.1 Importance of Accurate Staging 

The Ficat-Arlet classification and other 

staging systems rely on imaging findings to guide 

treatment decisions. In the early stages (I and II), 

non-surgical management options such as 

pharmacotherapy, lifestyle modifications, and 

physiotherapy are often effective. Bisphosphonates, 

for example, are used to inhibit osteoclastic activity 

and reduce bone resorption, while anticoagulants 

may improve microcirculation [45]. 

In advanced stages (III and IV), where structural 

collapse has occurred, surgical interventions become 

necessary. Core decompression, vascularized bone 

grafting, and total joint replacement are tailored to 

the extent of joint damage. Accurate staging using 

advanced imaging modalities such as MRI ensures 

that treatment is appropriately aligned with disease 

progression [46]. 

 

7.2 Surgical vs. Non-Surgical Management 

Timely diagnosis enables early-stage 

interventions that may obviate the need for surgery. 

For instance, core decompression performed before 

structural collapse has shown high success rates in 

halting disease progression. Conversely, delayed 

diagnosis often limits treatment options to more 

invasive procedures like joint arthroplasty [47]. 
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Table 6: Management Strategies Based on AVN Stage 

Stages Common Findings Management Options 

Stage I Edema, no structural change Pharmacotherapy, lifestyle modifications 

Stage II Early necrosis Core decompression, bisphosphonates 

Stage III Subchondral collapse Bone grafting, stem cell therapy 

Stage IV Joint destruction Total joint replacement 

 

7.3 Role of Diagnosis in Multidisciplinary Care 

AVN management often involves a 

multidisciplinary team, including radiologists, 

orthopaedic surgeons, and physiotherapists. 

Accurate imaging and biomarker findings allow for 

tailored treatment plans that address both physical 

and functional aspects of care. For instance, 

physiotherapy can be initiated early in the disease to 

improve mobility and reduce pain, while surgeons 

can plan for precise interventions [48]. 

 

 
Figure 6:Flowchart: Management Pathway for AVN Based on Diagnosis 

 

7.4 Implications for Future Management 

Emerging diagnostic tools such as AI-driven 

imaging and biomarkers hold promise for more 

personalized treatment approaches. These 

innovations may help stratify patients based on risk 

profiles, enabling proactive interventions that 

improve long-term outcomes and reduce healthcare 

costs [49]. 

 

VIII. Conclusion 
Avascular necrosis (AVN) remains a 

significant clinical challenge due to its complex 

pathophysiology, variable presentation, and 

diagnostic limitations. This systematic review 

highlights the critical role of early and accurate 

diagnosis in improving patient outcomes, 

emphasizing the limitations of traditional modalities 

and the potential of emerging technologies. 

Conventional imaging techniques such as 

X-rays, MRI, CT scans, and bone scintigraphy, 

though practical, face challenges in early-stage 

diagnosis and accessibility in resource-limited 

settings. Advances in imaging technologies, 

including SPECT and PET, along with the 

integration of artificial intelligence (AI) and 

machine learning (ML), have shown promise in 

enhancing diagnostic accuracy and reducing 

variability. Furthermore, biomarkers and genetic 

studies represent a frontier in non-invasive 

diagnostics, offering insights into disease 

mechanisms and progression. 

Management strategies heavily depend on 

the stage of AVN, highlighting the importance of 

precise diagnosis. Early-stage interventions such as 

pharmacotherapy and core decompression can delay 

disease progression, while advanced stages often 

require surgical options like bone grafting or total 

joint replacement. Accurate staging facilitates 

personalized treatment, improving outcomes and 

preserving joint function. 

Future research should focus on validating 

innovative diagnostic approaches, standardizing 

protocols, and addressing socioeconomic barriers to 

ensure equitable access to advanced diagnostic 

tools. Multidisciplinary care and the adoption of 

personalized medicine hold the key to optimizing 

AVN management. Continued advancements in 

technology and clinical practice are essential to 

mitigate the burden of this debilitating condition. 
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