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Abstract:

Necrotizing fasciitis (NF), popularly referred to as the “flesh-eating disease,” is a progressively advancing soft-
tissue infection that causes massive tissue necrosis, systemic inflammatory response syndrome, and increased
mortality rates. Even in the presence of advanced antimicrobial and surgical treatments, delayed diagnosis and
antimicrobial resistance have been identified as significant barriers. This review describes the etiology,
pathogenesis, epidemiology, and advances in the diagnosis and treatment of NF. The involvement of different
causative pathogens like S. pyogenes, S. aureus, polymicrobial pathogens, and marine microorganisms has been
discussed. The use of new methods using molecular diagnostics, artificial intelligence (AI), machine learning
(ML), and advanced imaging techniques is considered to enhance early diagnosis and risk prediction. The
treatment options include surgical debridement, antibiotics, and negative pressure wound therapy, along with
potential future methods such as precision medicine, regenerative medicine, and three-dimensional (3D)
bioprinting. Despite the promise of these technologies, several obstacles remain in their validation and
implementation. Combining Al-based diagnostics with personalized treatment and regenerative technologies can
become a promising area for enhancing the treatment of NF.
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1. INTRODUCTION

NF, more often known as the “flesh-eating disease,” is a rare, yet aggressive soft tissue infection
that involves necrosis of the fascia and its surrounding structures'. The disease develops rapidly and
usually ends in septic shock, systemic toxicity, multi-organ dysfunction, and high mortality rate in
case of lack of timely diagnosis and surgery. Despite the progress in antimicrobial therapy, intensive
care, and surgery that has increased patients’ survival rates, delayed diagnosis is still one of the
biggest problems, since the initial symptoms of NF can resemble those of other soft tissue infections,
including cellulitis or abscesses. Therefore, early diagnosis and multidisciplinary treatment are still
the main factors of patient’s outcome?.

Recent advances in molecular microbiology, medical imaging, Al, ML, regenerative medicine, and
tissue engineering have had a major impact on the diagnosis and management of NF. New
techniques have allowed for rapid detection of pathogens and better prediction of risk, and new
therapies based on precision medicine, immunomodulation, and 3D bioprinting provide novel
avenues for individualized therapy and tissue regeneration. The development of these technologies
has moved the emphasis away from infection-based approaches toward a more comprehensive and
patient-focused approach involving both clinical and computational skills®.

1.1 Background and Context

NF is a surgical emergency that is life-threatening due to its ability to be brought about by a variety
of different microbes. The microbes are bacterial or, at times, fungal in nature. They have the
capability of invading and causing necrosis on the fascial tissues. NF can be caused by
Streptococcus pyogenes, Staphylococcus aureus, polymicrobial, and sea organisms such as Vibrio
vulnificus. The increased number of individuals suffering from diabetes mellitus, obesity, chronic
kidney disease, immunosuppression, and antimicrobial resistance has led to an increase in NF cases
and their complexities®. In addition, the field of genomics, molecular diagnostics, medical imaging,
and computational medicine has made it possible to gain more understanding of the disease.

1.2 Objectives of the Review
This review seeks to:

e To give an overview on the present knowledge of the microbial pathogenesis, etiology,
epidemiology and the disease biology of NF.

o To examine the recent developments in molecular diagnostics, artificial intelligence, ML
and precise diagnostic technologies for early detection of the disease.

e To discuss the present standards of care treatments along with some other innovative
therapies including regenerative medicine and 3D printing.
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e To explore the translational value of Al assisted clinical decision making and personalized
treatment approaches.

e To determine the existing research gaps and future directions for prevention and
management of NF.

1.3 Importance of the Topic

Although rare, NF is still regarded as one of the worst infectious diseases because of its fast
development, diagnostics challenges, and high mortality rate’. The rise of the level of antibiotic
resistance among microbes, higher frequency of chronic metabolic conditions, and high cost of the
provided care make an even more pressing need for effective diagnostics and treatment options. The
combination of Al technologies, molecular medicine, regeneration approaches, and precision
medicine brings great chances to develop effective ways for diagnostics, planning of treatment, and
reconstructive tissue surgery after extensive surgical interventions®. Thus, the review of the current
evidence combined with the novel technological advances is crucial for future studies.

2. MICROBIAL PATHOGENESIS, ETIOLOGY, EPIDEMIOLOGY, AND DISEASE
BIOLOGY

NF is a highly progressive soft tissue infection marked by massive necrosis of the fascia and other
underlying soft tissue structures, with a potential for developing systemic toxicity and multiple
organ failures and even death in case of delayed treatment’. Despite being rare, NF is considered an
urgent surgical condition due to its highly progressive nature and difficulties in early diagnosis. The
recent progress in the fields of microbiology, molecular diagnostics, and clinical research have
greatly enhanced the knowledge regarding the microorganisms involved, host immune response to
infection, and epidemiology of the disease. These advances have also paved the way for
incorporating Al and ML in future diagnostics and treatment of NF. It is important to understand
the biological underpinning of the disease®.

2.1 Etiology, Classification, and Microbial Pathogenesis

NF is divided into four main microbial types depending on the causal agents and the course of
infection. The first type of infection accounts for the majority of NF cases and consists of
polymicrobial infections caused by aerobic and anaerobic bacteria, including Escherichia coli,
Klebsiella pneumoniae, Bacteroides spp., and Enterococcus spp. Infection of the second type is
mainly caused by Streptococcus pyogenes, either alone or combined with Staphylococcus aureus,
including methicillin-resistant Staphylococcus aureus (MRSA) strain’. The third type of infections
is caused by marine and freshwater pathogens such as Vibrio vulnificus and Aeromonas hydrophila
while infection of the fourth type is associated with fungal pathogens like Candida and Mucor spp.
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This classification is significant from a clinical point of view since the causal agents determine the

course of infection and treatment.

The highly pathogenic nature of NF is attributed to the production of several virulence factors which
allow for quick invasion of bacteria into tissues and subsequent tissue destruction. Bacteria produce
exotoxins, streptolysins, proteases, hyaluronidase, collagenase and DNAses, which break down
connective tissue, cause cellular damage and help bacteria spread along fascial planes'. Certain
pathogens, especially Streptococcus pyogenes, produce superantigens which lead to over-
stimulation of the immune response. The synergistic activity of different bacteria in polymicrobial
infections enhances tissue destruction and reduces the efficiency of host immune response.
Furthermore, the development of biofilms has become a well-established mechanism of
pathogenesis that provides bacteria with protection against antibiotics and elimination by the

immune system'!.

The relationship between the invaders and the host is very important in determining the level of
disease severity. In many cases, minor trauma, surgical procedures, burns, insect stings, intravenous
drug injection, and ulcers in the skin act as points of entry for the microbes. Within the avascular
fascial layer, the invaders are concealed from the immune system and they bring about damage to
the endothelium and microvascular clots, resulting in ischemia and creating the right environment
for further growth of bacteria'”>. From human clinical and molecular investigations, it has been
shown that the immune response in the host, the inflammatory response pathways, and genetic
susceptibility is some of the determinants of disease outcome in the patient. This shows that NF is
not just due to microbial virulence but an interaction between the pathogen and the host body

systems.
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Figure 1. Pathophysiological Mechanism of NF Showing Bacterial Invasion, Tissue Destruction,
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2.2 Host Immune Response, Clinical Progression, and Risk Factors

The process of NF is facilitated by a complicated interplay between the pathogenicity of
microorganisms and the exaggerated immune response of the host. Immediately after infection, the
innate immunity of the body triggers neutrophil activation, macrophages and inflammatory
cytokines such as tumor necrosis factor alpha (TNF-a), interleukin-1 (IL-1) and interleukin-6 (IL-
6)!3. Although this defense mechanism acts in favor of the host at first, high concentrations of
cytokines may lead to systemic inflammatory response syndrome (SIRS) with dysfunctional
endothelium and increased vascular leakage, reducing the supply of blood to tissues. Studies have
demonstrated the role of such an inflammatory response in the deterioration of severe cases of NF.

With progression of the infection, bacterial toxins and inflammatory factors result in microvascular
thrombosis, tissue ischemia, and progressive necrosis of fascia. As a result, impaired blood flow
results in inadequate delivery of oxygen, immune cells, and antibacterial agents to the infected areas,
thus promoting further proliferation of bacteria'. In humans, there is typically very severe pain,
which is disproportionate to the physical signs, with rapid development of erythema, edema,
discoloration of the skin, hemorrhagic blisters, and extensive necrosis. If there is a delay in surgical
procedure, the infection progresses very quickly to septic shock, multiorgan dysfunction syndrome
(MODS), and death even under aggressive antimicrobial treatment. Clinical data from humans show
that the earlier diagnosis and surgical debridement are critical for survival'>,

There are a number of patient-related risk factors that greatly enhance the risk of NF infections and
are linked with poor clinical results. The commonest risk factor identified in clinical practice is
diabetes due to hyperglycemia-related problems in neutrophils activity, wound healing impairment,
and vasculopathy. Another common risk factors include obesity, chronic renal disease, liver
cirrhosis, malignancy, immunosuppression, HIV infection, alcoholism, old age, peripheral
vasculopathy, and traumatic/postoperative wounds. Recent multi-center epidemiologic researches
have also shown that the rising prevalence of metabolic and immunosuppressed states is among the
reasons for the rising burden of NF. Hence, identifying patients at risk is a necessary step in the
clinical work and helps in developing future risk score models using Al algorithms!®.

2.3 Epidemiology, Global Burden, and Current Clinical Challenges

However, NF is a rare and potentially lethal condition, which prevalence is estimated at between
0.3 and 15.5 out of 100,000 per year, depending on the geographical location, healthcare system,
and age and other patient characteristics'’. The disease affects people of all age groups; however, it
is more common among middle-aged and older individuals suffering from metabolic or
immunocompromised diseases. The latest research into the epidemiology of NF has found that there
is a progressive growth of its incidence around the world, primarily due to the increasing number
of diabetics, obese, patients with chronic kidney disease, and the elderly. Despite advances in critical
care and antimicrobial therapy, mortality rates for NF remain quite high, approximately 20% to
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40%, with much higher death rates among patients with delayed diagnosis, sepsis, and multiorgan
failure.

Geographically speaking, there is significant variation in the epidemiology of NF depending on
microbial ecology, environmental factors, socio-economic factors, and access to health care. The
incidence of polymicrobial infections is higher in developed health care environments, while
infections due to Vibrio vulnificus and Aeromonas hydrophila often occur in coastal environments
or in tropical areas after exposure to infected seawater or food sources's. On the other hand, the
occurrence of invasive Group A Streptococcus has continued to be a major cause of monomicrobial
NF in various parts of the world. Epidemiological studies conducted in humans have shown that
late presentations in health care facilities, poor surgical capabilities, and inadequate access to
technological advancements for diagnosis play a major role in poor prognosis, especially in low-
and middle-income countries'’.

Even with the numerous developments in the management of infectious diseases, a number of
clinical difficulties still make the treatment of NF a challenge. The early presentation of the disease
is a problem due to the similarity in the early symptoms with other less complicated conditions like
cellulitis. The increasing resistance of microorganisms, particularly the MRSA, Gram-negative
bacteria among others, has added to the challenge in managing the infection. In addition, lengthy
hospitalization, multiple surgical procedures, intensive care admissions and reconstruction have put
a substantial economic and emotional strain on the patients and the health facilities. Human cohort
studies indicate that the combination of molecular diagnostics, electronic health records (EHRs) and
Al clinical decision support could help in risk stratification and prompt action, which could be a
future direction in the clinical management of the condition®.

3. NEXT-GENERATION DIAGNOSTICS, ARTIFICIAL INTELLIGENCE, AND
MACHINE LEARNING

Early diagnosis of NF still represents a major clinical challenge since this disease is frequently
characterized by non-specific symptoms mimicking cellulitis or other types of soft-tissue infections
in its early stage. Thus, delay in diagnosing NF leads to severe consequences such as massive tissue
damage, sepsis, limb loss, and death. Therefore, novel methods of diagnostics related to molecular
diagnostics, medical imaging, artificial intelligence, and ML have completely changed the approach
to diagnostics and have opened up new opportunities for fast pathogen detection, better risk
stratification, and faster decision making?'. Combination of traditional diagnostic techniques and
computational methods may facilitate diagnostics and contribute to precision medicine.

3.1 Conventional and Molecular Diagnostic Approaches

The diagnosis of NF is mainly based on a triad of clinical evaluation, laboratory tests, and
radiological evidence. Early clinical signs include severe pain out of proportion to examination
findings, rapid onset of erythema, swelling, fever, and signs of systemic toxicity, especially in
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predisposed individuals®?. Laboratory tests will typically show high values of white blood cells,
CRP, serum creatinine, creatine kinase, and lactate because of wide spread tissue damage and
inflammation. The Laboratory Risk Indicator for NF (LRINEC) has been extensively used as an
additional method for discriminating between NF and other soft tissue infections, but recent clinical
research indicates that the LRINEC test sensitivity is highly inconsistent.

Further to the above, medical imaging is an important tool that helps in confirming clinical findings
especially in those patients with uncertain presentations. Computed tomography (CT) can detect
fascial thickening, soft-tissue gas, fluid collections, and inflammation, while MRI helps in the
detection of fascial edema and involvement of deeper tissues. Another emerging imaging modality
that has been used for rapid bedside diagnosis is ultrasonography, which helps in the detection of
fluid collection and subcutaneous gas in the fascia®>. While imaging aids in making a proper
diagnosis, surgery is the gold standard when there is high clinical suspicion since delayed surgery
may have detrimental effects on patient’s outcome.

Advancements in molecular diagnostics have contributed to faster and more accurate diagnosis of
pathogenic agents. Polymerase chain reaction (PCR), multiplex PCRs, next generation sequencing
(NGS), and metagenomic sequencing allow the detection of bacteria via their DNA in tissue or
blood specimens, even difficult to detect fastidious or polymicrobial bacteria. It has been shown in
studies of patients that molecular techniques can help with the administration of pathogen specific
antibiotics earlier and provide more accurate diagnosis, especially for negative culture infections®*.
With the increasing availability of sequencing technology, molecular diagnostics is likely to become
more important in personalized treatment approaches of infection and the application of precision
medicine methods for NF.

3.2 Artificial Intelligence and Machine Learning for Early Diagnosis

Al and ML are revolutionizing the diagnosis of NF through rapid evaluation of massive and
intricate clinical data sets. Some of the supervised ML techniques used include Random Forest,
Support Vector Machine, Extreme Gradient Boosting (XGBoost), and Logistic Regression that have
shown excellent results in the selection of high-risk individuals using factors such as demographic
data, laboratory tests, vital signs, and clinical manifestations®>. This helps the physician to
differentiate NF from other soft tissue infections and therefore seek an earlier surgical evaluation.
According to the research conducted on humans and in multiple centers, the use of Al in making
predictions has proved to be accurate when used alongside the traditional clinical method.

Further enhancement in the diagnostic capabilities is achieved through deep learning models by
automating the extraction of complex features from medical imaging modalities including CT, MRI,
and ultrasound images. CNNs have exhibited great potential in detecting fascial thickening, soft
tissue gas, edema, and necrosis which are usually difficult to be recognized while interpreting
images normally?®. Besides, radiomics helps in quantifying imaging biomarkers. In order to
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facilitate clinical adoption, there is the development of explainability approaches of Al, commonly
referred to as Explainable Al (XAI). SHAP and Local Interpretable Model-Agnostic Explanations
(LIME) approaches have enabled explanation of the model’s predictions such that a physician can
get an insight into the role played by various risk factors in making a prediction instead of depending
on black box models?’.

The incorporation of Al into EHRs and clinical decision support systems (CDSS) is a significant
milestone in achieving real-time risk assessment and patient-centered management. Al algorithms
provide automated alerts to detect patients at higher risks of developing NF by processing
information from laboratory test results, imaging findings, microbiological results, and patient
histories. Nevertheless, while there is promising performance, almost all Al-based risk prediction
models currently available have been trained on retrospective data and smaller patient groups?®.
Thus, large multicenter human validation studies and prospective clinical trials are needed for the
practical application of these tools.
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Figure 2. Artificial Intelligence-Based Clinical Decision Support Framework for Early Diagnosis
and Personalized Management of NF

3.3 Future Intelligent Diagnostic Platforms

Intelligent diagnostic technologies that are emerging could be used in the future to enhance the
diagnosis and management of the disease. Biosensors that are wearable and can monitor the body's
physiological parameters continuously including body temperature, heart rate, oxygen level, and
biomarkers could help detect early signs of systemic deterioration in high-risk cases®’. In a similar
manner, diagnostic platforms using rapid molecular tests and biosensors would help identify the
pathogens in a timely manner at the point of care.
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Also, digital pathology and sophisticated computer-based imaging is anticipated to become more
prevalent in the future diagnostic processes®®. High resolution whole slide imaging and Al-based
algorithms may help pathologists in recognizing the infection of microbes, necrosis of the tissues,
inflammation and damage to the blood vessels in a more systematic manner. Moreover, federated
learning provides a secure way to train Al models at various healthcare institutions by using patient
data without actually sharing the data.

Futuristic diagnostic algorithms are likely to combine multiple modes of clinical data, such as
biomarkers in the laboratory, imaging, genomics, sequencing of microbiology, and health records.
Digital twins involve the creation of a virtual model of each patient that can predict risks, monitor
the disease, and determine treatment. While these techniques are at different levels of development,
further testing by prospective clinical human studies, reporting, and interdisciplinary cooperation
will be necessary to make these intelligent diagnostics part of routine medicine?'.

Table 1. Human-Based Al and Advanced Diagnostic Approaches for NF

Approach Clinical Application Major Advantage Current Challenge

ML & Deep | Early diagnosis and risk | Improves diagnostic | Requires large

Learning prediction using clinical, | accuracy and supports | multicenter
laboratory, and imaging | early intervention validation datasets
data

Molecular Rapid pathogen | Faster ~and  more | High cost and limited

Diagnostics identification and | sensitive than | availability

(PCR, NGS) antimicrobial guidance conventional culture

Radiomics & Al- | Detection  of  fascial | Objective image | Lack of standardized

Based Imaging involvement and disease | interpretation and | imaging protocols
severity from CT/MRI severity assessment

Clinical Decision | Real-time risk | Integrates patient data | Data interoperability

Support & EHR- | stratification and | for clinical decision- | and workflow

Based Al treatment support making integration

Future Precision
Diagnostics

Digital pathology,
wearable biosensors,
federated learning, and
digital twins

Enables
diagnosis

personalized
and
continuous monitoring

Limited prospective
human clinical
validation

4. ADVANCED THERAPEUTICS, REGENERATIVE MEDICINE, 3D BIOPRINTING,

AND FUTURE PERSPECTIVES
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Even though there have been remarkable developments in intensive care and antimicrobial
treatment, NF remains a condition that causes high morbidity and mortality as it is characterized by
rapid disease development and severe tissue damage. Effective treatment requires timely
identification, surgical procedures, and proper use of antimicrobials. New technologies like
precision medicine, artificial intelligence, regenerative medicine, and 3D bioprinting have opened
up new avenues for developing novel treatment approaches in recent times. The objective of these
new technologies is to not only increase patient survival but to decrease disability and promote
healing™®.

4.1 Current Standard-of-Care Therapeutics

In terms of NF treatment, early surgery continues to be the mainstay of therapy and plays the most
vital role in determining the fate of the patients. Surgical removal of all necrotic tissues helps lower
the bacterial load, minimizes the formation of toxins and halts disease progression. All human trials
have confirmed that surgery conducted during the first 24 hours of diagnosis leads to reduced
mortality as compared to surgery performed later. Due to the fact that necrosis can extend into the
deeper tissue, serial exploratory procedures are often needed.

Wide-spectrum intravenous antibiotic coverage should start right away after clinical diagnosis,
irrespective of the need for microbiological proof. The empirically used combination drugs should
have efficacy against Gram-positive, Gram-negative, and anaerobes, and then, after confirmation
of culture and susceptibility to antimicrobials, specific treatment should be used. Additional
treatments such as hyperbaric oxygen treatment and intravenous immunoglobulin (IVIG) have been
tested for improved tissue perfusion, inhibition of bacterial toxin production, and regulation of
inflammatory reaction®’. Negative-pressure wound therapy (NPWT) has emerged as an additional
treatment strategy following surgery for improving granulation tissue production, reduction of
swelling, and preparation of large wounds for eventual reconstructive treatment. Despite good
results seen in several clinical trials, more studies are needed to standardize the protocol.

4.2 Emerging Therapeutic Technologies

Modern developments in precision medicine have made NF treatment move from a generalized
approach towards an individualized one. The combination of clinical features, biochemical
indicators, microorganism genome analysis, and host immune response allows for better
stratification and tailored antimicrobial prescription. Al can also be used in conjunction with
precision medicine to process multidimensional data related to the patient’s condition and make
prognoses about its severity, choose the optimal timing of treatment, and provide personalized
decisions for clinicians.

The use of novel immunomodulation treatments is also being studied as a means to manage the
excess inflammatory response that occurs with NF. Such experimental techniques range from
cytokine inhibitors, monoclonal antibodies, stem cell therapy, and regenerative medicine techniques
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that seek to improve tissue healing and modulation of the immune system. Biomaterials and
bioactive wound dressings laced with anti-microbial drugs or growth factors have been found to be
promising in aiding wound healing and minimizing secondary infections. Nanotechnology has also
proven promising in providing better localized anti-microbial delivery, though its use is currently
experimental and needs human-based testing™*.

4.3 3D Bioprinting, Tissue Engineering, and Future Clinical Translation

Tissue loss after surgical debridement is frequently followed by complicated reconstruction surgery
in order to restore function and appearance. One of the novel technologies for regenerative medicine
is 3D bioprinting, which is used to develop customized skin substitutes and engineered soft tissues
by using living cells, biomaterials, and growth factors. The goal of these bioengineered scaffolds is
to enhance the process of wound healing and to prevent the complications of skin grafting in patients
suffering from extensive soft tissue loss due to NF*.
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Figure 3. Three-Dimensional Bioprinting-Based Skin Regeneration Approach for Advanced
Wound Reconstruction in NF

Tissue engineering developments have created additional opportunities for the regeneration of
fascia and personalized reconstruction of wounds through the creation of biodegradable scaffolds,
extracellular matrix biomaterials, and stem cell-assisted regenerative approaches. Human tissue
models are becoming more common as tools for testing biocompatibility of scaffolds, tissue
regeneration, and antimicrobial efficiency prior to use in clinical practice. The use of Al is
anticipated to become significant for optimizing scaffold structure, predicting the results of tissue
regeneration, and creating personalized approaches to wound reconstruction. Despite being mainly
at the translational stage, these technologies are anticipated to become part of future clinical practice
with the help of additional multidisciplinary research and human clinical trials. The success of the
technology adoption will be contingent on its standardization, regulatory approval, long-term safety
assessment, and clinical benefits.
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Table 2. Comparative Summary of Selected Literature on NF Diagnosis, Management, and

Emerging Technologies

improving skin repair.

Author(s) | Study Focus Key Findings Clinical/Research

& Year Contribution

Tottoli et | Skin wound | Reviewed biological | Provided a foundation for

al. (2020)*® | healing processes | mechanisms of wound healing | understanding regenerative
and emerging | and highlighted advances in | medicine approaches
technologies  for | regenerative technologies, | applicable to  complex
wound biomaterials, and  tissue- | wounds following NF.
regeneration engineered approaches for

Tran et al. | Predictive models | Evaluated existing prediction | Emphasized the need for
(2025)*7 and clinical | scores and highlighted | improved predictive models
scoring  systems | limitations regarding | and integration of advanced
for necrotizing soft | reliability, sensitivity, and | computational approaches
tissue infections external validation of current | for early diagnosis.
diagnostic scoring systems.
Tsai et al. | Deep learning- | Demonstrated the application | Highlighted the potential of
(2024)% based of deep learning, optimization | Al-driven imaging systems
identification  of | techniques, and image-based | to support rapid diagnosis
NF wusing digital | analysis for automated | and  clinical  decision-
imaging recognition of NF. making.
Wang et al. | Optimization  of | Reviewed advances in | Provided evidence for
(2025)% negative-pressure | negative-pressure wound | advanced wound-care
wound therapy for | therapy and its role in | strategies and postoperative
NF management improving wound healing, | management of NF patients.
controlling infection, and
supporting reconstruction after
surgical debridement.
Zhou et al. | Consensus Established updated | Offered standardized
(2025)% guidelines for | recommendations  regarding | clinical  guidance  for
diagnosis and | diagnosis, surgical | improving early
treatment of adult | intervention, antimicrobial | recognition, treatment
NF therapy, and multidisciplinary | decisions, and  patient
management. outcomes.
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S. DISCUSSION

The results presented in this review emphasize the changing face of the treatment of NF, which is
characterized by the advancements made in microbiology, diagnosis, artificial intelligence, and
regenerative technologies, transforming current medical approaches. Although traditional methods
like surgery and antimicrobial therapy still play an important role in the management of NF, the use
of modern technologies opens new possibilities in its diagnosis and treatment. The following section
analyzes the consequences of the described changes, identifies the limitations of current studies,
and outlines the necessary future directions.

5.1 Interpretation and Analysis of Findings

It can be concluded from the reviewed literature that NF continues to be a rapidly progressing and
potentially fatal condition despite the substantial progress made in both diagnosing and treating this
pathology. Progression is related to microbe virulence, immune system failure, and comorbid
conditions; therefore, an early diagnosis and treatment play a vital role in dealing with the condition.
In addition to surgical debridement and administration of a wide range of antibiotics, recent
advancements in molecular diagnostics, artificial intelligence, and regenerative medicine offer
better chances for an early diagnosis and personalization of treatment.

5.2 Implications and Significance

The development of molecular diagnostics, artificial intelligence, and regenerative medicine could
prove highly useful in the management of NF. The use of Al in diagnostic procedures could allow
early clinical decision-making, whereas fast molecular techniques would facilitate accurate
antibiotic treatment. Additionally, the use of regenerative techniques like tissue engineering and 3D
bioprinting might be used for reconstruction and rehabilitation purposes. All of these developments
have a great potential in decreasing mortality rates.

5.3 Research Gaps and Limitations

Despite this positive progress, several challenges need to be resolved for the successful
implementation of these tools in a clinical setting. The majority of Al-based and ML models have
been based on retrospective data, and their performance in the external environment has not been
validated. Likewise, advanced molecular diagnostics is expensive and not always available.
Moreover, the application of regenerative medicine and 3D printing lacks strong evidence due to
the absence of prospective human clinical trials.

5.4 Future Research Directions

Further research must be dedicated to the incorporation of molecular diagnostics, multimodal
imaging, electronic medical records, and Al in precision medicine approaches for early diagnostics
and personalized therapy. Validation studies of the Al-based diagnostics tools and improvement of
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their use in the clinical practice require large-scale studies involving people. The development of
biomaterials, regenerative medicine, tissue engineering, and 3D bioprinting must also be directed
at translational human research.

6. CONCLUSION

Despite great efforts being directed at understanding the condition and developing treatments, NF
continues to be one of the most dangerous soft tissue infections due to its rapidly evolving nature
and complicated pathogenesis. The current review proves that modern developments in the areas of
molecular diagnostics, artificial intelligence, precision medicine, regenerative medicine, and 3D
bioprinting have already started revolutionizing the diagnostics and treatment of the disease.
Although many of the methods mentioned above need more evidence-based research before they
can be implemented in clinical practice, their combination with traditional multidisciplinary
approach seems to be very promising.
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