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Abstract 

 
Objective: Human Papillomavirus (HPV) is a critical factor in the pathology of various carcinomas, 

including cervical cancer, and warrants improved testing platforms for effective management and 

therapeutic outcomes. This study aims to compare the various traditional methods and molecular 

diagnostic platforms used for HPV screening in histological and cytological samples. Method: in this 

study, we identified the gap in the HPV screening methods being used currently, by systematically 

scrutinizing the strengths and limitations of traditional techniques such as the histological- cytological 

approaches, In-Situ Hybridization, Immunohistochemistry (IHC), and nucleic acid-based assays 

including the conventional Polymerase Chain Reaction (PCR) and then the Next-Generation Sequencing 

(NGS) as modern HPV genotyping method. Results: We found the traditional methods were the most 

widely used due to their low cost. While the NGS remains the unique and complex screening technique 

recommended by many medical and health bodies across the globe, most literature acknowledged a 

series of disadvantages using such approaches, and these include low sensitivity and optimization of 

probes; issues related to primer design, integrity of the specimen, impurities from the amplification, and 

discrepancies due to antibodies’ variations.  Conclusion: for an integrated screening approach, this 

study proposes a more complex, holistic framework for selecting and applying HPV detection methods 

to enhance clinical decision-making and improve patient outcomes in HPV-related disease 

management. Finally, the study stressed the development of AI-assisted approaches to improve the 

efficiency and consistency of HPV detection by enabling rapid triage of more complex cases. 
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1. Introduction  

Human Papillomavirus (HPV) is well established as a primary causative agent of cancer, 

especially in the anogenital and oropharyngeal areas [1]. The most conspicuous impact can be 

attributed to the rise in cases related to cervical cancer, which develops due to the 

advancement of precursor tumors into invasive cancer, an event exacerbated by the presence 

of high-risk HPV [2]. Thus far, the emergence of over 200 types of HPV has been noted, 

defining a broad viral group [3]. It is important to note, however, that HPV types 16 and 18 

pose a special threat due to their formidable role in oncogenesis and malignant transformation 

[4]. Minimizing cancer cases, especially among those with high-risk HPV types, demands a 

better understanding of the virus and better methods of early diagnostics [5]. With the 

established link of HPV with cervix and uterine cancer, present-day scientific emphasis has 

moved from only understanding the virus itself and its implications to improving diagnostic 

tools and techniques. Correct HPV typing is critical for implementing early control and 

prevention programming related to HPV infections. This is why pioneering advancements in 

both cytologic and histologic diagnostic methods, as well as newer molecular tests such as 

Polymerase Chain Reaction, In-Situ Hybridization (ISH), Immunohistochemistry, and Next-

Generation Sequencing, have greatly improved HPV diagnostics by increasing sensitivity, 

specificity, and prognostic value. 

Conventional screening is currently dominated by standard methodologies, such as 

cytologic evaluation (e.g., the Papanicolaou test, commonly called the Pap smear) and 

histologic evaluation. However, these existing methodologies are prone to some limitations, 

among which is the inability to screen effectively for the molecular alteration associated with 

HPV-induced cancer [6]. This is due to an unmet need for more effective, innovative molecular 

screening methodologies capable of targeting molecular markers and events related 

particularly to HPV and its malignant potential [6]. Due to their increased sensitivity, 

specificity, and ability to distinguish infection from induced cellular alterations, molecular 

methodologies have gained ready acceptance for the detection of HPV infection [6, 7]. As HPV 

has a propensity to colonize epithelial cells and induce genetic changes leading to cancer, 

attempts for virus isolation in histological and cytological specimens hold promise [8]. 

Moreover, it has been recognized that the initial screen for HPV-induced events is paramount 

in the diagnostic process before the establishment of cancer [9]. Here, cytological methods 

involve analyzing cellular anomalies consistent with precancerous changes, while histological 

analysis depicts tissue architecture to identify disease [9]. However, given the fact that a 

precursor stage of cervical cancer is always a dysplastic change leading to invasive carcinoma, 

its prevention with conservative treatment is always a favorable factor because the cancer itself 

takes a predictable pathway. 

Notably, HPV types 16 and 18 have already established themselves as the most cancer-

causing strains, being responsible for a large pool of cases related to cervical cancer worldwide 
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[2]. Over the past two decades, the diagnostic technologies used to detect HPV have 

significantly improved with the advent of molecular diagnostics platforms [6]. Today, these 

molecular diagnostic platforms permit the specific and precise typing of high-risk HPV strains, 

some of which may be missed with cytological/histological analyses alone [7]. Moreover, 

molecular diagnostics, namely polymerase chain reaction (PCR) and ISH, further enable 

mapping of viral genomic material within infected cells, thereby enabling precise diagnostic 

analysis [11]. Specifically, with regard to the molecular diagnostics employed in the analysis of 

infected tissue for HPV infection, especially at early stages, these diagnostics permit a level of 

diagnostic complexity previously unattainable with classical protein staining alone [12]. 

Moreover, other molecular diagnostics, namely immunohistochemistry (IHC) and next-

generation sequencing (NGS), have increasingly been used in HPV disease diagnostic research 

and molecular analysis [13]. With these sophisticated molecular diagnostic platforms, 

including both IHC and NGS platforms, specific proteins associated with HPV infections can 

be detected and mapped within infected tissues, providing valuable subject information 

related to the functional activity of the virus within the subject tissue sample [13]. Concerning 

HPV virus molecular diagnostics within subject tissue, NGS technologies further enable 

broad-scale comparative genomics analysis of the virus within a subject sample, including 

specific mapping and tracking of virus genotypic variability related to virus integration within 

subject cellular genomic targets [14].  

International standard operating procedures (SOPs) have been developed by 

organizations including the Centers for Disease Control (CDC, USA), the World Health 

Organization (WHO, UN), and the American Society for Colposcopy and Cervical Pathology 

(ASCCP, USA) [13]. These international health bodies have recommended molecular screening 

as the preferred testing method for HPV, shifting from cytological screening to nucleic acid-

based assays to improve risk assessment and early diagnosis. Due to the high cost of molecular 

analyses, the shortage of experts and adequate infrastructure, these novel technologies are 

rarely used [14]. Therefore, this paper compares the primary and molecular diagnostic 

methods for HPV screening—thereby providing complementary evidence to advance the easy 

accessibility of the novel techniques. 

The present study is designed to critically assess the effectiveness of traditional 

diagnostic platforms compared to molecular diagnostic paradigms, thereby establishing an 

evidence-based framework to guide method selection and the possible integration of various 

diagnostic platforms in HPV screening.  

 

2. Traditional methods for HPV detection 

2.1 Pap smear (cytology) 

The Papanicolaou test, also known as the Pap smear, has been the primary platform for 

cytological screening for cervical cancer since the 1940s, when it was introduced by Dr George 

Papanicolaou [15,16,17]. This screening protocol is designed to identify aberrant distortion in 

exfoliated cervical cells, which may be suggestive of the occurrence of pre-cancerous lesions or 

invasive cervical tumors [18].  Although this method was not initially designed to screen for 
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HPV directly, it has been very useful for the detection of cellular aberrations triggered by a 

prolonged regimen of HPV infections [19]. 

During a Pap smear procedure, specimens of cells from the cervix are taken and 

scrutinized microscopically for evidence of dysplasia (pre-cancerous changes) and cancer [20]. 

With HPV infection, specific characteristic cellular changes may be visible, such as 

koilocytosis, a cell with a typical halo surrounding the nucleus, which is associated with high-

risk HPV infection [21]. Additionally, these cellular characteristics play a key role in the 

diagnosis of precancerous changes, especially those with CIN, a potential precancerous stage 

that may progress to cancer if left untreated [22]. 

Moreover, the sensitivity of the Pap smear test is currently a subject of great concern. 

Even though this diagnostic tool shows a high level of specificity and accuracy in recognising 

cases with apparent cytological changes, its potential to overlook both hidden and deeper 

lesions is high, especially for some types of cancer, such as adenocarcinomas [23]. As a type of 

cancer developing from glandular tissue, adenocarcinomas mostly pose challenges in the 

process of being detected with the aid of cytologic tools such as the Pap smear tests [24]. 

According to evidence, about 50% of adenocarcinomas may be overlooked when Pap smear 

testing is independent [25], thereby underscoring its inadequacy, especially for non-squamous 

cell carcinoma [26]. 

These limitations in Pap smear sensitivity have led to increased interest in new 

molecular paradigms with potential for use in combination with cytologic exams [27]. Besides, 

in many screening programs, the concept of co-testing, which integrates HPV DNA testing 

protocols (which directly detect high-risk HPV genotypes) with cytological methods, has 

become a standard practice that promises to overcome the pitfalls of cytological examination 

[2]. Nevertheless, while the Pap smear has maintained its prominence as an indispensable 

diagnostic platform, it is now identified as part of a larger diagnostic strategy [28]. 

 

2.2 Histopathological examination 

Histopathology, the microscopic examination of tissue samples to detect disease, has been 

used to diagnose cervical carcinoma. In the case of HPV-associated lesions, histological 

inspection has been useful for confirming cytological test results or evaluating aberrant tissue 

samples obtained by biopsy, colposcopy, or surgical excision [29]. This is especially efficient at 

identifying high-grade lesions, such as CIN2 and CIN3, and invasive carcinoma [30]. 

From a clinical standpoint, H&E staining is the most commonly used staining method 

in histopathology. This is a common staining technique used to observe cellular and tissue 

morphology and to preliminarily assess tissues for pathology [31]. As a diagnostic tool for 

HPV infection, histopathological evaluation can provide insights into the main features of the 

infection and its potential for cancerous transformation [32]. As a clinical tool, the observation 

of koilocytes, which is specific for infection with HPV, is straightforward [32]. As specific 

viewpoints within the context of a newer methodology for treating late infection, including 

cellular dysplasia and an increased Nuclear-to-Cytoplasmic ratio, among others, can be 

observed [33]. 
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Histopathological analysis is highly beneficial for assessing tissue changes associated 

with HPV. However, just like the Pap smear test, histopathological analysis platforms cannot 

independently identify the virus [34]. Even though it helps assess the level of anomalies 

produced by the causative agent, histopathological analysis is incapable of distinguishing 

among HPV types or identifying specific high-risk HPV infections without the aid of other 

molecular diagnostic platforms [35]. However, a significant drawback of histopathological 

screening is its invasiveness, which often involves a biopsy procedure. This makes it 

unsuitable for general clinical use, as it is mostly indicated for screens with a previously 

established level of suspicion and for cases showing apparent pathological changes, including 

abnormal cytology results and lesions noted during colposcopic examination [36]. Moreover, 

when infections present with significant histological changes despite being early-stage, they 

can evade standard histological analysis, underscoring the importance of hybrid approaches 

that incorporate molecular platforms such as immunohistochemistry and in situ hybridisation 

[37]. 

 

2.3 Strengths and weaknesses of traditional methods 

Traditional paradigms based on cytology and histology are associated with several strengths, 

as well as some weaknesses. Traditional diagnostic platforms have found wide application 

and a long history of utility in clinical practice, due to their accessibility and relatively low cost 

[38]. The Pap smear, especially, is non-invasive and, hence, could be easily performed as part 

of a clinical routine, and this is one of the advantages that gave it its initial utility as a 

screening platform [39]. Conversely, histopathology affords a more comprehensive and close 

examination of tissue architecture and is suitable for screening for high-grade lesions and 

confirming invasive cancers [40]. However, both diagnostic paradigms are associated with 

some notable limitations. Notably, the Pap smear screening tool is not sufficiently sensitive, 

especially for adenocarcinomas and early-stage lesions, as it can lead to missed cases of HPV-

related malignancies [2]. Furthermore, both methods are not suitable for identifying the 

presence of HPV infection or deciphering between high-risk and low-risk genotypes, making 

them inferior in efficacy in determining the precise culprit of cellular abnormalities [41]. As a 

result, reliance on these conventional platforms alone may result in underdiagnosis or delayed 

identification of high-risk HPV infections [42]. 

Besides, the urgent need for more precise, early diagnosis has led to the introduction 

and incorporation of molecular diagnostic tools into testing programs. Besides, the Co-testing 

method, which incorporates molecular platforms, such as PCR or HPV DNA testing with 

primary cytological routines, has resulted in improved sensitivity and specificity of screening 

paradigms [43]. Interestingly, coupling the visual inspection afforded by cytology and 

histology with the molecular precision unlocked using modern diagnostic platforms has 

enabled clinicians to obtain a more detailed understanding of HPV infection and its potential 

to induce malignancies [44]. Table 1 highlights the various diagnostic methods and their 

utility. 
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Table 1 Comparison of HPV detection techniques in histology and cytology samples. 

HPV Detection 

Technique 
Sensitivity Specificity 

Sample Type 

Compatibility 
Advantages Limitations 

Pap Smear 

(Cytology) 
Moderate Moderate Cytology 

Widely available and 

cost-effective, it detects 

cytological changes in 

exfoliated cells. 

Lower sensitivity for 

adenocarcinomas 

can miss early HPV 

infection. 

Histopathologic

al Examination 
Moderate High Histology 

Provides a direct view 

of tissue architecture, 

good for diagnosing 

advanced lesions 

Limited to visual 

changes, cannot 

confirm HPV 

presence without 

molecular markers 

PCR 

(Polymerase 

Chain Reaction) 

High High 
Cytology, 

Histology 

Detects low viral loads, 

identifies high-risk HPV 

genotypes, fast results 

Prone to 

contamination and 

false positives, it 

doesn’t indicate viral 

integration status 

In Situ 

Hybridization 

(ISH) 

Moderate High Histology 

Visualizes HPV DNA in 

tissue architecture, 

useful for studying viral 

localization 

Less sensitive than 

PCR, it may miss 

infections with low 

viral loads. 

Immunohistoch

emistry (IHC) 

Moderate 

to High 
High 

Cytology, 

Histology 

Identifies HPV-related 

proteins and markers 

(e.g., p16INK4a), easy to 

perform 

Subjectivity in result 

interpretation may 

require a 

combination with 

other methods for 

higher accuracy. 

Next-Generation 

Sequencing 

(NGS) 

Very 

High 
Very High 

Cytology, 

Histology 

Detects multiple HPV 

strains and viral 

mutations 

simultaneously, with 

precise viral integration 

analysis 

High cost, complex 

technology, limited 

to research or 

specialized clinical 

settings 

 

3. Molecular methods for HPV detection 

3.1 Polymerase Chain Reaction (PCR) 

The PCR is a molecular tool widely used in HPV screening [45,46]. By PCR, also known as a 

thermocycler, specific sequences of viral DNA are amplified, facilitating the detection of viral 

signature genetic material in samples with very low viral load [47]. Consequently, PCR has 

gained utility for detecting infections at an early stage or in conditions where the viral load is 

low but the risk of oncogenic transformation is high [48]. PCR functions by targeting certain 

characteristic regions of the HPV genome, such as the L1, E6, or E7 genes. These oncogenes 

have been shown to play key roles in establishing the viral replication processes and 

oncogenesis and, hence, represent a suitable genetic biomarker for identifying the presence 
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and activity of HPV [49]. PCR tool also enables the determination of the specific viral genotype 

involved in the infection, and this is useful in classifying the risk level of the infection and 

guiding therapeutic intervention [50]. Notably, the E6 and E7 oncoproteins are important 

molecular markers for screening for HPV infection, because their expression directly correlates 

with the virus's ability to initiate cancerous events in host cells [51]. The identification of these 

genes using the PCR platforms could be used to confirm the occurrence of high-risk HPV 

types, such as HPV-16 and HPV-18, which are notorious culprits associated with cervical 

cancers and other non-cervical malignancies [52].  

Recently, Yerim et al. [53] and Khan et al. [54] found PCR to be the analytically accurate 

biomedical tool for HPV detection, with comprehensive genotyping and high sensitivity. Even 

though PCR is influenced by primer design, specimen integrity, and possible impurities 

introduced during amplification, it remains the most suitable method for detecting high-risk 

HPV types from small DNA quantities.  

The PCR diagnostic tool is preferred for its high specificity and sensitivity. This 

diagnostic tool can be used to isolate HPV DNA from specimens when standard approaches, 

including histopathological examination of a Pap smear, may not detect anomalies, especially 

those with minimal changes [55]. As a direct consequence of this advantage, the PCR 

diagnostic tool has gained popularity and emerged as a reliable alternative for detecting 

subclinical infections, especially when the virus causes little change in cellular morphology 

[56]. Moreover, PCR can distinguish among different HPV strains [57]. However, some 

limitations related to PCR have been noted. For instance, the high sensitivity of the PCR 

procedure may, in some cases, lead to false positives because of contamination with trace 

amounts of the virus from the environment or from a previously positive sample [58]. This 

problem is particularly concerning in a clinical setting, where tight control over contamination 

may be impractical. Moreover, the procedure fails to provide data concerning the integration 

of the virus into the host genome, an important factor in oncogenic transformation [59]. The 

integration of the viral genome into the host genome may disrupt regulatory control over cell 

growth, leading to uncontrolled cellular growth and, thus, cancer [60]. 

Irrespective of its limitations, the PCR technique is currently a key standard in HPV 

diagnostics. Furthermore, when used in combination with other diagnostic tools, it 

significantly improves the accuracy of HPV diagnosis, especially concerning persons with a 

heightened predisposition to developing HPV-induced carcinomas [55]. 

 

3.2 In Situ Hybridization (ISH) 

In-Situ Hybridisation (ISH) is a major molecular diagnostic tool used to localise HPV-related 

DNA/RNA within biological tissues [6]. Unlike PCR, which concentrates nucleic acids in 

solution, ISH can be used to analyse the spatial location of viral nucleic acids within tissues, 

thereby helping to understand the virus's topology within the tissue sample [61, 62]. It is 

worth noting that one of the key applications of ISH is distinguishing benign from malignant 

tissues, given the co-localization of HPV DNA within specific loci within a tissue due to 

potential integration of viral DNA into the host genome [63]. Although standard ISH can be 

used to correlate virus load with histological location, a host of new technologies, such as 
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RNA-based and chromogenic ISH (c-ISH), are currently being used to enhance sensitivity with 

the aid of newer tools for probe optimization. 

The ISH diagnostic model uses 'labeled' probes that target specific DNA or RNA 

sequences associated with HPV in the tissue sample. When these probes hybridise with 

specific sequences, they can be detected with a microscope using a special staining technique, 

thereby identifying the specific location of the viral genetic material within the cellular 

environment [64]. The ability to identify regional spatial details of the virus is a significant 

advantage of the ISH diagnostic model [65]. Unlike PCR, ISH can identify the location of viral 

genetic material within the tissue sample and better aid in assessing risks associated with the 

causative pathogen [66]. 

Another significant use of ISH is the demonstration of the presence of high-risk HPV 

types in cases of cervical and oropharyngeal cancers. By precisely localizing HPV-related DNA 

within a tissue, ISH can determine viral load in areas of cellular dysplasia/malignancy [67]. 

This use makes ISH a valuable tool for analyzing and categorizing cases involving the 

integration of viral genetic material into the host genome, as viral integration is a key factor in 

malignant transformation [68]. Moreover, one significant advantage ISH has over other 

methods been its potential to differentiate episomal from integrated viral genomic content, 

due to its established direct link with oncogenic potential [69]. However, some limitations in 

the ISH technique have been identified. The most significant limitation is its lower sensitivity 

compared with PCR when a low viral load is present, although ISH offers high spatial 

resolution [6]. Thus, ISH can fail to detect the virus when viral load is low in infected cases 

[70]. In addition, the cost-effective and technically demanding nature of the ISH procedure 

compared to PCR limits its use in clinical routine practices [67]. Nevetheless, its potential to 

pinpoint the exact location and spatial distribution of the virus within host tissues makes it an 

indispensable tool for genomic and pathologic research aimed at elucidating the 

underpinnings of viral integration and its oncogenic potential [71]. 

 

3.3 Immunohistochemistry (IHC) 

Of note, IHC is a widely used molecular method for detecting HPV-related proteins within 

tissue samples. Unlike PCR and ISH, which focus on viral nucleic acids, IHC detects protein 

expression, particularly the viral oncoproteins E6 and E7, and the cellular protein p16INK4a, 

which is a surrogate marker for high-risk HPV infection [71]. However, the presence of p16/Ki-

67 and Ki-67 proteins indicates a semi-quantitative surrogate marker of HPV activity. 

Recently, von Knebel Doeberitz [72] confirmed that, for transforming diseases, the synergistic 

complex p16/Ki-67 increases diagnostic specificity. Even though results vary with antibody 

quality and scoring, the ease of interpreting tissue architecture remains the sole advantage of 

the IHC technique in HPV detection. 

The E6 and E7 oncoproteins play a critical role in the progression of HPV infections to 

cancer by interfering with tumour suppressor proteins such as p53 and retinoblastoma (Rb), 

leading to uncontrolled cell growth [14]. The use of the IHC tool in screening for these proteins 

provides evidence of HPV involvement in oncogenic activity in the tissue. Besides, p16INK4a, 

a protein usually overexpressed in high-risk HPV-infected cells, represents a valuable 
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biomarker for detecting HPV-induced cancers, particularly in cervical, head, and neck 

carcinomas [7]. 

The IHC is relatively user-friendly and provides useful clues about the biological 

actions of cells infected with HPV. It could be used to determine the active participation of the 

viral proteins in oncogenesis, thereby unearthing the clinical relevance of the attendant HPV 

infection [6]. Besides, in cases where the presence of HPV-associated DNA has been screened 

using PCR, but the activity of E6 or E7 protein is not evident, it may be reasoned that the 

infection is rather latent than active, with no or less risk of cancer development [71]. However, 

some limitations of the IHC tool have been identified. One of which is the subjective nature of 

result interpretation, which largely depends on the level of expertise and judgment of the 

handling pathologist. Hence, variability in staining intensity and background noise can 

confound diagnostic outcomes, increasing the risk of false positives or negative results [73]. 

Besides, while IHC is an excellent detection platform for assessing the oncogenic activity of 

HPV, it may not provide information on the specific HPV genotype present in the tissue 

sample. Hence, IHC is often utilized in conjunction with other molecular platforms, such as 

PCR, to realize a more detailed diagnosis of the infection [74]. 

 

3.4 Next-Generation Sequencing (NGS) 

Next-generation sequencing is one of the foremost molecular techniques for detecting Human 

Papillomavirus because it provides a detailed view of the HPV genome. Contrary to other 

molecular techniques, such as Polymerase Chain Reaction and In Situ Hybridization, which 

can only target specific parts of the HPV genome, next-generation sequencing is capable of 

sequencing the entire HPV genome and provides a detailed overview of the genetic variability, 

mutations, and integration of the virus itself with the host genome [75]. Moreover, next-

generation sequencing can be used for the simultaneous characterization of multiple HPV 

strains, making it an ideal molecular technique for cases involving infections with coexistent 

HPV strains [76]. Moreover, next-generation sequencing can be used for the characterization of 

HPV strains with potential oncogenic mutations within the virus itself [76]. For the efficient 

genotyping of HPV, next-generation sequencing is the most advanced biomedical tool 

available currently for the detection of HPV infection. The most recent observations by Goulart 

et al. [68, 78] and Andersen et al. [79] clearly establish the ability of next-generation sequencing 

for the precise characterization of coexistent HPV strains with substantial accuracy. However, 

because of costs and longer turnaround times in a clinical setting with complexities in 

bioinformatics analysis, next-generation sequencing is rarely used for such purposes. 

Even with the high specificity and vast amount of information generated, the use of 

NGS in a routine clinical setting is hampered by cost and complexity. It is mainly used for 

research and when other diagnostic approaches have failed [78]. The potential of NGS for 

identifying new HPV types and analysing viral integration sites establishes NGS as a crucial 

tool in unravelling HPV's role in cancer induction, although its use is restricted [79]. 

 

3.5 Novel and under-explored genetic biomarkers for the diagnosis of uterine cancers 
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Lately, scientists have gained interest in a variety of genetic markers to develop better 

diagnostic, prognostic, and therapeutic outputs for uterine and cervical cancers, especially 

those induced by HPV infection. Along with the continuous search for new and efficient 

genetic markers, relatively unexplored markers, including HPV-cDNA, PAX1, the long non-

coding RNA MIR22HG, circulating tumour DNA, and CA242, have emerged [80, 90]. Each of 

these markers has shown great promise and received significant attention for their potential to 

improve diagnostic capabilities and enable personalised therapy. However, these markers 

have some limitations in common. A discussion about these markers is given in Table 2. 

 

Table 2 Key genetic biomarkers and their roles in HPV-related uterine carcinomas  

Biomarker Type Function/Significance Clinical 

Applications 

Current 

Challenges 
References 

HPV-cDNA DNA-based 

Detects active HPV 

infections and differentiates 

transient from high-risk 

infections 

Early detection, 

predicting 

persistent 

infections, and 

treatment 

planning 

Requires further 

clinical validation 

for routine 

screening 

[87-90] 

PAX1 

Methylation-

based DNA 

marker 

Tumor suppressor gene; 

hypermethylation linked to 

high-grade CIN and 

cervical cancer 

Early detection 

of cervical and 

endometrial 

cancer, risk 

assessment 

Sensitivity and 

specificity across 

populations need 

further study 

[91,92] 

MIR22HG 

lncRNA 

Long non-

coding RNA 

Involved in epigenetic 

regulation; affects tumor 

growth, invasion, and 

metastasis 

Potential 

prognostic 

marker for 

tracking disease 

progression 

Needs large-scale 

validation for 

clinical use 

[93, 94] 

Circulating 

Tumor 

DNA 

(ctDNA) 

DNA fragments 

in the 

bloodstream 

Non-invasive “liquid 

biopsy” detecting genetic 

alterations 

Real-time 

monitoring of 

disease 

progression, 

treatment 

response 

Standardization 

and sensitivity in 

early detection 

remain challenges 

[95, 96] 

CA242 

Tumor-

associated 

carbohydrate 

antigen 

Elevated levels in some 

cervical and uterine cancers 

Potential 

marker for 

tumor burden 

assessment and 

prognosis 

Lacks specificity for 

HPV-related 

cancers, requiring 

further study 

[97] 

 

3.6 Comparative overview 

Each molecular technique for analysing human papillomavirus (HPV) infection has unique 

strengths and weaknesses. Polymerase chain reaction is both sensitive and specific; therefore, 

it is ideal for analysing low numbers of viral deoxyribonucleic acid copies, although it does not 

provide information on viral integration [6]. In situ hybridisation is valuable because it 

provides information about the virus's location within tissue sections, though it is less 
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sensitive than PCR. It provides information about HPV biological activity because it targets 

viral proteins termed E6 and E7; however, it fails to identify the HPV type [71]. Finally, next-

generation sequencing is the most thorough technique for analysing the HPV genome; 

however, its high cost and complexity limit its widespread use [79]. The use and diagnostic 

potential of HPV analysis platforms are demonstrated in Table 3. 

 

Table 3 Applications and diagnostic relevance of HPV detection methods 

HPV Detection Method Primary Applications Diagnostic Relevance Biomarkers/HPV 

Genotypes 

Identified 

Pap Smear (Cytology) Screening for cervical 

dysplasia and pre-

cancerous changes 

Useful in initial screening 

to detect cellular 

abnormalities 

General cellular 

changes; does 

not specify HPV 

genotypes 

Histopathological 

Examination 

Diagnosis of HPV-

associated lesions in tissue 

biopsies 

Essential for visualizing 

structural abnormalities 

in advanced lesions 

Tissue 

architecture 

changes require 

IHC for protein 

markers 

PCR (Polymerase Chain 

Reaction) 

Detection of high-risk 

HPV genotypes and viral 

presence 

High sensitivity and 

specificity for detecting 

HPV DNA 

HPV-16, HPV-18, 

and other high-

risk genotypes 

In Situ Hybridization 

(ISH) 

Localization of HPV DNA 

within tissue sections 

Visualizes infection 

within specific cells, 

distinguishes 

benign/malignant lesions 

HPV DNA, HPV-

16, HPV-18 

Immunohistochemistry 

(IHC) 

Detection of HPV-related 

proteins and oncogenic 

markers 

Indicates HPV oncogenic 

activity through specific 

protein expression 

p16INK4a, E6, E7 

proteins 

Next-Generation 

Sequencing (NGS) 

Comprehensive viral 

genome analysis 

Identifies multiple HPV 

strains, mutations, and 

viral integration patterns 

Multiple HPV 

strains, specific 

viral mutations 

 

4. Comparative analysis of detection methods 

4.1 Traditional methods vs. molecular methods 

Early HPV tests were based on cytological observations carried out using the Pap smear in 

cervical cancer screening, followed by histopathological tests. It can be attributed to the 
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ingenious work of Dr George Papanicolaou in the early part of the twentieth century, who 

introduced the Pap smear, a tool for a preliminary diagnostic evaluation of cervical cells 

infected with HPV and displaying abnormal cells [91, 92]. As a historical diagnostic tool used 

extensively for decades, the Pap smear has its limitations, especially in the detection of high-

risk HPV types and adenocarcinomas, a specific form of cervical cancer found in the glandular 

cells, which can often be elusive even with a cytological study [93]. Hematoxylin and Eosin 

staining is a common tool in histopathological analysis for cell characterisation. The procedure 

is performed by microscopic examination of dissected tissues [94]. This procedure, although 

slightly more invasive than a cell study, is a better modality for understanding tissue alteration 

[94]. It is deficient in molecular-level HPV detection, especially at the early stages of infection 

when cellular alterations are not yet apparent [94]. Molecular biology principles applied with 

increased accuracy—PCR, ISH, IHC, and NGS—took diagnostic accuracy significantly forward 

[95]. This is because these modalities can directly detect biological molecules, such as nucleic 

acids and proteins, with appreciably greater accuracy than cytological disruptions of altered 

cellular morphology in cancer diagnostics [95, 96].  

 

4.2 Strengths of traditional methods 

The Papanicolaou test, also known as the Pap smear, is an important part of general screening 

because of its costs, lack of invasiveness, and ease of performance. Its accessibility makes it 

amenable to wide uptake in public health campaigns aimed at lowering the prevalence of 

cervical cancer, especially in areas where cost is a significant factor and access to molecular 

tools is restricted [97]. Though the test is licensed with some drawbacks, it has made a great 

impact in lowering the rate of cervical cancer due to the timely diagnosis of abnormally 

growing cells. Histopathological analysis, which greatly aids comprehension of architectural 

details and abnormally growing cells, is the 'gold standard' for recognising serious cases of 

cancer [98]. This analysis is used by pathologists with the aid of staining tools such as 

Hematoxylin and Eosin to identify levels of both malignancy and dysplasia in cancerous cells 

and plays an important role in recognition when a specific cancer diagnosis is required, 

especially with the aid of molecular markers. However, both cytologic and histopathologic 

analyses have some serious limitations [99]. The Pap smear is seriously deficient in sensitivity; 

evidence shows that up to 50% of cases of adenocarcinoma can be missed by the screen [100]. 

This is actually a serious problem because, unlike the other main form of cervical cancer, 

namely Squamous cell carcinoma, the former may lack obvious cytologic changes [100]. 

Though the histopathologic screen is efficient for detecting structural anomalies, it is used only 

for obvious cell anomalies and cannot detect direct HPV infection [101]. 

 

4.3 Strengths of molecular methods 

Molecular biology methods offer a more specific strategy for HPV infection. Of these, the most 

distinctive characteristic of PCR is its high sensitivity and specificity [102]. This methodology 

is especially useful in cases with a low biological load but a potentially high oncogenic risk, as 

it can detect trace levels of biological DNA [102]. Moreover, because it can amplify specific 
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regions of the HPV genome—such as the L1, E6, and E7 genes—it can identify the HPV 

infection itself and, therefore, assess a person's risk individually [102]. This feature is especially 

valuable in cases of high-risk HPV types, including HPV 16 and 18, which have a broad 

correlation with the emergence of oral and cervical cancer [103]. 

There are some advantages of ISH, including the ability to localize HPV DNA within a 

tissue section. This assay is valuable for visualizing the virus's tissue distribution and 

distinguishing between benign and malignant lesions [65]. Unlike PCR, ISH allows researchers 

to visualize the location of the virus within specific cells or tissues rather than just detecting 

viral DNA in solution. This is important for understanding viral integration, an essential step 

in HPV infection's progression towards cancer [7]. 

Another advantage of immunohistochemistry is the additional insight it provides by 

detecting proteins within cells or viruses, such as p16INK4a, a marker for high-risk HPV 

infection, in combination with other viral proteins, such as E6/E7. This is especially useful in 

cases where proof of the virus's oncogenic potential is of prime importance, along with its 

detection [104]. For example, a strong link exists between the expression of high-risk HPV and 

the overexpression of p16INK4a protein. 

Next-generation sequencing is currently capable of providing the most precise analysis 

of the virus genome, although its cost limits its use in clinical diagnostics [105]. This 

technology can identify multiple HPV strains simultaneously and provides a detailed 

overview of genomic changes, thereby aiding in understanding the pathogenesis induced by 

HPV infection [52]. When standard tests fail to yield conclusive results in complex cases, next-

generation sequencing stands out as a valuable tool [52]. 

 

4.4 Comparative strengths and weaknesses 

Every detection technique has its own advantages and disadvantages, and no single technique 

is sufficient for thorough HPV detection. For example, Pap smears are inexpensive and non-

invasive, but they are not sensitive enough to identify HPV infections in their early stages, 

especially adenocarcinomas [106]. Even though histopathological tests are quite good at 

identifying invasive malignancies, they cannot detect HPV directly and instead depend on 

obvious structural alterations that may not appear until much later in the infection [11]. 

However, molecular techniques such as PCR and ISH offer high sensitivity and direct viral 

DNA detection. PCR is a potent method for early detection because it is particularly good at 

detecting low viral loads and genotype-specific information [107]. However, PCR cannot 

detect whether the virus has integrated into the host genome, a crucial step in cancer 

development, and is prone to contamination and false positives. By providing spatial 

resolution, ISH overcomes this limitation and enables localization of the virus within the tissue 

[108]. ISH is typically less sensitive than PCR, though, especially when viral levels are low. 

IHC detects biological proteins and substitutes for markers such as p16INK4a, which provide 

fundamental information on biological oncogenic activity, though it is less sensitive for viral 

detection than PCR [109]. Because of this, it is beneficial when determining the clinical 

importance of an HPV infection. IHC can be personal, though, and the pathologist's 

understanding greatly influences how it is interpreted [110]. Lastly, NGS provides a detailed 
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understanding of the biological genome, including the identification of mutations and patterns 

of viral incorporation; however, due to its high cost and complexity, its application is limited 

to specialist clinical cases or research settings [111]. A comparative analysis of the strengths 

and weaknesses of traditional and molecular diagnostic platforms is presented in Table 4. 

 

Table 4 Strengths and weaknesses of traditional and molecular HPV detection methods. 

HPV Detection 

Method 
Diagnostic Strengths Practical Challenges Clinical Utility 

Pap Smear (Cytology) 

Detects cellular abnormalities 

indicating HPV-related dysplasia; 

widely accepted for early screening 

Moderate sensitivity, 

especially for 

adenocarcinomas; subjective 

Useful for routine HPV 

screening, low-cost, 

accessible 

Histopathological 

Examination 

Provides detailed tissue 

architecture; highly specific for 

advanced lesions and malignancies 

Requires biopsy; cannot 

confirm HPV presence without 

adjunct tests 

Effective in diagnosing 

advanced HPV-related 

cancers 

PCR (Polymerase 

Chain Reaction) 

High sensitivity and specificity; 

detects low viral loads and 

differentiates high-risk HPV 

genotypes 

Contamination risks; false 

positives possible; no viral 

integration info 

Ideal for high-risk HPV 

identification; rapid results 

In Situ Hybridization 

(ISH) 

Localizes HPV DNA in tissue 

samples, revealing infection in 

benign vs. malignant lesions 

Lower sensitivity; less effective 

at detecting low viral loads 

Used to confirm HPV 

presence in tissue for 

clinical correlation 

Immunohistochemistry 

(IHC) 

Detects HPV-associated proteins 

(e.g., p16INK4a), indicating viral 

activity; easy to use in clinical labs 

Interpretation can be subjective 

and may require confirmatory 

tests 

Supports HPV oncogenic 

activity assessment 

Next-Generation 

Sequencing (NGS) 

Highly specific; provides data on 

multiple HPV genotypes and viral 

mutations. 

High cost, complex setup, 

mainly research-focused 

Valuable for research on 

HPV variants and 

integration patterns 

 

4.5 Importance of combined approaches 

The best strategy for detailed and trustworthy HPV discovery, bearing in mind the advantages 

and disadvantages of each technique, is to combine the classical and molecular methods [16]. 

Co-testing using both HPV DNA testing and Pap smears has been established to greatly 

increase diagnostic sensitivity. While HPV DNA testing, particularly by PCR, can detect high-

risk HPV strains even before cellular alterations become obvious, Pap smears can detect 

cellular abnormalities [2]. Additionally, a more complete picture of the infection can be 

obtained by incorporating molecular methods such as PCR, ISH, and IHC. For instance, the 

ISH can determine whether the virus is confined or incorporated into the host genome, 

whereas PCR can verify its presence and detect its genotype [112]. The IHC platform could 

also be used to assess viral oncogenic activity by identifying surrogate marker proteins, such 

as p16INK4a, E6, and E7. This complete strategy is exceptionally fundamental for detecting 
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high-risk individuals who might be more prone to malignancies linked to HPV [99]. Merging 

these methods in clinical practice ensures that no constituent of the infection is wasted, 

improving diagnostic precision and enabling better patient outcomes [87]. 

 

5. Challenges in HPV detection 

5.1 Technical challenges 

The prospect of false positives and false negatives is one of the main technical challenges in 

HPV detection. This problem is particularly evident in molecular methods such as IHC and 

PCR, which are prone to technical errors despite their high precision [65,113]. When samples 

are contaminated with foreign DNA, PCR can yield false-positive results. Because PCR is so 

sensitive and can amplify even minute amounts of biological DNA, a contaminated sample 

may lead to the identification of HPV when the tolerant does not truly have it [114]. This puts 

the patients at risk of getting an improper diagnosis, which could result in unnecessary follow-

up care, nervousness, and even overtreatment [115]. Though they are essential, contamination 

prevention trials, including firm laboratory practices and the use of distinct workspaces for 

multiple sample dispensation stages, can increase operational costs and complexity [116]. On 

the other hand, when the viral burden is too low to detect, false negatives may occur. Even 

PCR may not adequately amplify the biological genome for identification in early-stage 

infections or in samples with damaged DNA [117]. Furthermore, personal interpretation of 

IHC results or disparities in staining measures may lead to false negatives. Because changes in 

tissue research, antibody superiority, and staining concentration can yield contradictory 

results, this bias depends on the pathologist's level of information [118].  

Furthermore, the accuracy of detection methods can be significantly compromised by 

sample quality. Inaccurate test results may result from low-quality samples produced by 

improper collection methods, storage problems, or deterioration over time [119]. This is 

particularly true for cytological samples, such as Pap smears, where inadequate sampling or 

improper handling may prevent the detection of HPV DNA or abnormal cells. Low-quality 

samples might not yield sufficiently high-integrity DNA for amplification in molecular testing, 

leading to additional negative results [6, 93]. The challenge of detecting biological integration 

with the host genome presents another technical difficulty. Although tools like NGS can 

provide comprehensive information on biological integration, their high cost and complexity 

prevent their widespread use in standard clinical settings [120]. Although PCR is quite good at 

detecting HPV DNA, it cannot distinguish between integrated and non-integrated viral DNA, 

which is fundamental for assessing the virus's capacity to cause cancer (Dias et al., 2020). A 

fundamental step in the development of cancer is HPV integration into the host genome, 

particularly for high-risk HPV strains like HPV-16 and HPV-18 [4]. 

 

5.2 Clinical challenges 

Discrimination between temporary and persistent HPV infection is one of the key issues in 

HPV detection. A large proportion of HPV infections can be treated as self-limiting infections, 

with an average clearance period of about two years because of the host's immune response 
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[122]. However, persistent infections with high-risk strains of HPV are causative in invasive 

cancers and precancerous diseases. Conventional HPV detection methods, including 

molecular techniques such as PCR, can only detect HPV DNA but fail to distinguish between 

transient and persistent infections [6]. As most cases of HPV infection do not progress to 

cancer, a lack of distinction is of clinical importance [123]. The main challenge is determining 

which cases, based on specific cancer risks, require closer observation and treatment [123]. 

There is value in using other markers, such as p16INK4a, which is overexpressed due to high-

risk HPV-induced cellular changes, to better understand viral expression and cancer induction 

[124]. Moreover, false positives may be present due to a lack of oncogenic viral processes, 

although these do not pose a problem [125]. The other challenge in clinical practice is the 

identification of adenocarcinomas and other non-squamous malignancies related to HPV 

infection. Although the use of Pap smear tests has significantly lowered the prevalence of 

cervical squamous cell carcinoma, the technique is much less sensitive for the identification of 

adenocarcinomas [24]. The reason for this is that adenocarcinomas arise from the glandular 

cells within the cervix, which are located up high within the endocervical canal and therefore 

may be rarely sampled with a Pap smear [126]. Thus, a significant proportion of 

adenocarcinomas may be missed by common screening tests, and new technologies are 

needed to develop better diagnostic tools for these cancers [127]. Although molecular 

techniques, including HPV DNA tests, have significantly improved the potential for the 

identification of high-risk HPV types associated with adenocarcinomas, these tumors continue 

to create challenges in diagnostic tests due to the indistinct cytological and histological 

characteristics [93]. Moreover, co-infections with more than one HPV type and other sexually 

transmitted infections can add complexity to diagnostic tests [128]. However, distinguishing 

these strains, including high- and low-risk strains, is a significant factor because both strains 

may often be present within a patient [129]. Even though molecular techniques, including PCR 

and next-generation sequencing, can accurately identify HPV types, co-infections may further 

complicate analysis because of substantial variation in the quantity of virus present within a 

given infection [52]. 

 

5.3 Logistical and cost challenges 

The expense and complexity of cultured molecular methods pose major problems to their 

acceptance in standard clinical practice in many parts, particularly in low- and middle-income 

countries (LMICs) [130]. Because of their affordability and ease of use, Pap smears remain the 

most commonly used screening method [131]. They are not very sensitive, though, particularly 

when it comes to detecting early-stage lesions or high-risk HPV infections. The use of subtle 

molecular methods, such as PCR or HPV DNA testing, in these settings is sometimes limited 

by a lack of funding, inadequate infrastructure, and a shortage of qualified staff [2]. Although 

NGS provides the most comprehensive information on viral genotypes and integration 

patterns, its high cost and requirement for advanced laboratory equipment and bioinformatics 

resources make it unrealistic for broad use [79]. NGS is primarily used for research or when 

current diagnostic techniques have not yielded conclusive results. On the other hand, though 

less costly techniques such as PCR and IHC are becoming more widely available, their uptake 
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remains limited in many regions of the world due to financial and practical constraints [120, 

132]. Furthermore, both high- and low-income settings and many disadvantaged groups still 

lack access to frequent screening programs and high-quality healthcare. Cervical and other 

HPV-related cancer rates are higher in regions lacking formal screening programs because 

HPV infections often go undiagnosed until they reach more progressive stages [121, 122, 133, 

134]. The uneven identification and treatment of HPV infections are also due to the lack of 

standardized screening measures and follow-up care [123, 134]. Finally, another practical 

matter is whether HPV testing is suitable, particularly in societies where infection is 

denounced. Even in regions where HPV testing is accessible, people may be reluctant to get 

screened because of confidentiality issues, apprehension about getting a diagnosis, or wrong 

information regarding HPV [133, 135]. To overcome these problems, public health efforts that 

inform people about the value of HPV screening and vaccination are important. Still, in some 

places, these programs often encounter opposition or a lack of funding [136, 137]. 

 

5.4 Future directions and solutions 

To meet these challenges, an integrated, multimodal strategy that brings together 

advancements in technology, clinical practice, and infrastructure is required. Moving forward 

with the clinical management of HPV infection requires fundamental research on new 

biomarkers capable of distinguishing between transient and persistent infection [138–140]. For 

example, a molecular approach coupled with existing biomarkers, such as p16INK4a and 

E6/E7 mRNA expression levels, may help select those infected who are most susceptible to 

developing cancer [20, 141]. Figure 1 shows an integrated methodology for overall HPV 

detection, including efficient diagnostic and clinical management of HPV infection. It is also 

important to note that, with a view to offsetting errors due to technology, automated platforms 

working with sample handling and molecular analysis may alleviate contamination and errors 

due to human judgment in molecular analysis, with established methodologies related to 

sample handling and processing working towards alleviating errors associated with HPV 

infection detection [142]. 

Globally, a reduction in the disease burden of HPV-associated malignancies can be 

made possible by ensuring improved access to molecular tests in LMICs. This can be ensured 

by developing molecular tests for the Point-of-Care setting that are cost-effective and can be 

used in resource-poor settings [143]. Furthermore, improved accuracy and efficiency of 

screening programs can be ensured by educating medical professionals about the performance 

and interpretation of HPV tests. Finally, prevention of HPV-associated malignancies can be 

achieved by actively promoting routine screening and HPV immunization [144]. Widespread 

immunization can significantly reduce the need for advances in diagnostic technologies in the 

coming generations, given the established efficacy of the HPV vaccine in preventing infections 

with high-risk HPV types [145]. However, achieving a high level of widespread immunization 

will require overcoming significant socio-logistical hurdles [146]. Moreover, some very recent 

studies identify a need for a holistic approach to improving immunization xrates, which, 

according to many experts, may lay the foundation for an effective strategy [147–149]. 
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Figure 1. Itinerary workflow illustrating an evidence-based framework for an integrated HPV screening. 

This schematic representation depicts a complex detection strategy for HPV screening, starting from 

sample collection. Upon histo-cytological examinations of the collected sample, an initial assessment is 

done. Integrated data analysis then drives the clinician toward either routine surveillance or clinical 

management and treatment, with the ultimate goal of improving patient outcomes and prognosis. 

 

5.5 Future perspectives 

For future studies related to the pattern of HPV detection, a combination of validated 

molecular tests with histological and cytological markers of HPV needs to be pursued for 

enhanced accuracy of HPV testing, standardization of workflow protocols among different 

laboratories, and the use of cost-effective high-throughput technologies for facilitating rapid 

HPV screen testing and typing in clinical samples [150, 151]. Microfluidic technologies and 

portable devices may be designed to facilitate rapid on-site HPV testing [152]. For these 

purposes, these ideas and approaches would be cost-effective and can be applied worldwide 

for HPV screening and typing. Thus, cost-effective analyses, staffing and training of lab 

personnel, and establishment of consensus among researchers regarding the clinical 
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application of molecular HPV tests in routine histological and cytological tests would be 

important areas of future work [153]. Bioinformatic cloud computing may be used for an 

enhanced level of accessibility and inter-platform reproducibility of molecular data related to 

HPV testing. Standardised molecular reports may be designed according to existing 

frameworks for histological and cytological tests used for HPV testing. The synergistic 

approach to molecular HPV testing may require reconciling clinical sensitivity with cost-

effectiveness to standardise molecular tests across respective pathology labs in accordance 

with cost-benefit standards [153]. Moreover, artificial intelligence would increase the efficiency 

of HPV testing by improving consistency across labs, facilitating rapid reevaluation of 

ambiguous HPV tests for rapid decision-making regarding clinical pathways and public health 

surveillance of HPV diseases [153]. 

 

6. Conclusion  

This review highlights the importance of both conventional and molecular diagnostic 

techniques for the analysis of HPV infection in histological and cytological preparations. Pap 

smears and histopathological tests currently play a significant role in the diagnostic process 

and disease screening in the initial phases. However, these methods fail to identify the virus 

type and the form of integration with host cells. It is obvious that molecular techniques, such 

as PCR, ISH, IHC, and NGS, are much more sensitive and can precisely identify the virus type 

and elucidate the molecular mechanisms induced by HPV infection in cancer initiation and 

progression. An efficient diagnostic strategy often combines these methods and has a stronger 

impact on diagnostic validity, disease management, and the surveillance of HPV-induced 

cancer cases worldwide, especially in low- and middle-income countries, creating an urgent 

need to implement efficient molecular diagnostics in these settings. 
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 الملخص

التسبب بأنواع متعددة من السرطانات، وعلى رأسها عاملاا محورياا في  (HPV) يعُد فيروس الورم الحليمي البشري الهدف:

سرطان عنق الرحم، مما يستدعي تطوير منصات تشخيصية أكثر دقة وفعالية لتحسين المتابعة والعلاج. يهدف هذا البحث إلى 

ينات النسيجية في الع HPV إجراء تقييم مقارن بين الطرق التقليدية والمنصات الجزيئية المستخدمة حالياا في الكشف عن فيروس

في هذا السياق، تم تحديد الفجوات المرتبطة بطرق الفحص الحالية من خلال تحليل منهجي لنقاط القوة  المنهجية: .والخلوية

 In Situ) النسيجية والخلوية ، وتقنية التهجين الموضعي والقصور في التقنيات التقليدية، بما في ذلك الفحوصات

Hybridization)  المناعة النسيجية، وصبغة (IHC) بالإضافة إلى الاختبارات المعتمدة على الأحماض النووية مثل تفاعل ،

بوصفها أحدث منصات تحديد الأنماط الجينية  (NGS) وتقنية التسلسل عالي الإنتاجية (PCR) البلمرة المتسلسل التقليدي

ا عالمياا لكونها منخفةة التكلفة وسهلة التطبيق. أظهرت الدراسة أن الطرق التقليدية لا تزال الأ النتائج: .للفيروس كثر استخداما

ا وتعقيداا، وقد أوصت بها العديد من الهيئات الطبية والصحية حول  NGS وفي المقابل، تعُد تقنية من أكثر الطرق الحديثة تميزا

حساسية، وصعوبة تحسين المجسات، العالم، رغم ما أشارت إليه عدة دراسات من تحديات مرتبطة باستخدامها، مثل انخفاض ال

، وتأثر النتائج بسلامة العينة، واحتمالات التلوث أثناء التةخيم، إضافةا إلى التباينات (Primers) ومشكلات تصميم البوادئ

ر ومن أجل تطوير نهج تشخيصي متكامل، تقترح الدراسة اعتماد إطا الخلاصة: .الناتجة عن اختلاف الأجسام المةادة المستخدمة

بهدف دعم اتخاذ القرار السريري وتحسين النتائج  HPV شامل وأكثر تعقيداا عند اختيار وتطبيق طرق الكشف عن فيروس

ا، شددت الدراسة على أهمية تطوير تقنيات مدعومة بالذكاء  العلاجية للمرضى المصابين بالأمراض المرتبطة بالفيروس. وأخيرا

ا سريعاا وقراءة دقيقةالاصطناعي لتعزيز كفاءة وثبات كشف الف  .يروس، خاصةا في التعامل مع الحالات المعقدة التي تتطلب فرزا
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