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ABSTRACT 

 

Background: The increasing use of molecular testing in oncology has amplified 

reliance on diagnostic material obtained through minimally invasive 

procedures. In numerous clinical scenarios, cytological specimens represent 

the only available substrate for molecular and genomic analysis. Despite their 

growing clinical relevance, published studies addressing molecular testing in 

minimally invasive cytology remain methodologically diverse and analytically 

heterogeneous, complicating interpretation and comparison. 

Objective: This scoping review sought to systematically identify molecular 

testing methodologies applied to minimally invasive cytology specimens, 

describe patterns of specimen utilization, classify reported clinical 

applications, evaluate laboratory and technical factors affecting analytical 

feasibility and reliability, and highlight recurrent methodological limitations 

and knowledge gaps within the literature. 

Methods: The review followed the Arksey and O’Malley scoping review 

framework and was reported according to PRISMA-ScR guidance. A 

comprehensive search of major biomedical databases was conducted to 

identify studies describing molecular or genomic analyses performed on 

minimally invasive cytological specimens. Following duplicate removal, 

records underwent structured title, abstract, and full-text screening using 

predefined eligibility criteria. Relevant study characteristics and 

methodological data were extracted using a standardized charting approach. 

Results: Two hundred studies met eligibility criteria and were included. The 

literature demonstrated substantial variability in molecular platforms, 
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specimen preparation techniques, and clinical contexts. Next-generation 

sequencing and PCR-based assays were most commonly reported, with many 

studies employing multiple analytical approaches. Fine-needle aspiration 

cytology and cell block preparations predominated. Analytical feasibility was 

consistently influenced by specimen adequacy, cellularity, nucleic acid yield, 

and pre-analytical variability. Frequent methodological limitations included 

retrospective designs and inconsistent reporting practices. 

Conclusion: The evidence reflects expanding integration of minimally invasive 

cytology into molecular diagnostic workflows across oncologic applications. 

However, heterogeneity in study design, laboratory practices, and reporting 

standards limits comparability and definitive assessment of analytical 

performance. Standardization efforts and prospective validation studies are 

needed to strengthen the evidence base. 

 

 

INTRODUCTION 

 

The integration of molecular diagnostics 

into oncology has transformed approaches 

to cancer classification, diagnosis, and 

therapeutic decision-making. Precision 

oncology relies on the identification of 

genomic alterations and predictive 

biomarkers to guide tumor characterization 

and the selection of targeted therapies1. 

Evidence increasingly shows that tumors 

with similar morphological features may 

exhibit distinct molecular profiles with 

important clinical consequences2. 

Consequently, molecular profiling is now 

central to contemporary oncologic practice 

and has created a sustained demand for 

analytical approaches capable of generating 

reliable genomic data from limited or 

minimally invasive specimens3. This 

requirement is particularly relevant in 

advanced disease and in anatomically 

challenging sites where surgical biopsy is 

either impractical or unsuitable for repeated 

sampling4. 

Minimally invasive cytology provides a 

practical and widely used source of 

diagnostic material in this setting. 

Cytological specimens obtained through 

fine-needle aspiration, exfoliative 

techniques, effusion analysis, brushings, 

washings, and liquid-based preparations 

are routinely applied across a broad range 

of tumor types5. These approaches offer 

clear advantages, including reduced 

procedural risk, rapid specimen acquisition, 

and the feasibility of repeated sampling for 

ongoing clinical assessment6. In many 

clinical contexts, especially in metastatic 

disease, cytological material may represent 

the only accessible substrate for both 

diagnostic evaluation and molecular 

analysis7. 

Despite these strengths, the application of 

cytology to molecular testing has 

historically been approached with caution. 

Concerns have focused on specimen 

adequacy, tumor cellularity, nucleic acid 

yield, and the effects of fixation and 

processing on molecular integrity8. 

Cytological preparations differ from 

histological specimens in cellular 

composition, preservation methods, and 

processing workflows, all of which 

influence downstream analytical 

performance. Tumor fraction and specimen 

adequacy remain consistently identified as 

critical determinants of successful 

molecular testing9. 

Recent advances in molecular pathology 

have expanded the feasibility of cytology-

based molecular analysis. High-sensitivity 

platforms, including next-generation 

sequencing and digital polymerase chain 
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reaction, enable genomic interrogation from 

low-input or partially degraded nucleic 

acids10. When pre-analytical handling and 

laboratory workflows are appropriately 

optimized, cytological specimens can yield 

clinically actionable molecular 

information11. 

Beyond their role in initial diagnosis, 

cytology-based specimens are increasingly 

used for longitudinal disease monitoring. 

Serial sampling allows the detection of 

tumor evolution, including the emergence 

of resistance-associated mutations and 

clonal heterogeneity under therapeutic 

pressure12. This application is supported by 

advances in liquid biopsy and circulating 

tumor DNA technologies, which have 

demonstrated the feasibility of real-time 

genomic monitoring in clinical oncology 
16,17,18. Such approaches inform treatment 

modification, support adaptive therapeutic 

strategies, and contribute to survivorship 

care through ongoing molecular assessment 
19,20. 

The existing literature in this field is, 

however, characterized by substantial 

heterogeneity. Variations in specimen 

preparation techniques, analytical 

platforms, and reporting practices 

complicate cross-study comparisons and 

limit the development of standardized 

workflows14. These differences often reflect 

interactions among pre-analytical variables, 

specimen characteristics, and platform-

specific requirements rather than intrinsic 

limitations of cytological material15. 

Laboratory and technical factors remain 

central to analytical reliability. Pre-

analytical variables such as fixation 

methods, specimen handling, tumor 

fraction, and nucleic acid extraction 

protocols have measurable effects on assay 

performance and reproducibility [8]. 

Additional factors, including assay 

sensitivity thresholds and bioinformatic 

interpretation frameworks, further 

contribute to variability in analytical 

outcomes10. 

Existing reviews have largely focused on 

individual tumor types or specific 

molecular platforms, thereby limiting a 

comprehensive understanding of the 

broader field. A structured synthesis that 

maps molecular methodologies, specimen 

utilization patterns, clinical applications, 

and technical challenges across diverse 

study settings is therefore warranted. 

Accordingly, this scoping review was 

undertaken to systematically characterize 

the evidence on molecular testing in 

minimally invasive cytology. The objectives 

were to map molecular methodologies, 

describe patterns of specimen utilization, 

classify clinical applications including 

diagnostic, therapeutic, and monitoring 

roles, examine laboratory factors 

influencing analytical reliability, and 

identify key methodological gaps relevant 

to precision oncology. 

 

METHODOLOGY 

This study was conducted as a scoping 

review to systematically examine 

methodological approaches, analytical 

strategies, and thematic trends in the 

literature on molecular testing using 

minimally invasive cytology specimens in 

oncology. A scoping review design was 

selected because the available evidence is 

methodologically heterogeneous, with 

substantial variation in study designs, 

specimen types, molecular platforms, and 

reporting practices, thereby limiting the 

feasibility of quantitative synthesis. Scoping 

reviews are particularly valuable for 

mapping broad and complex evidence 

within emerging fields of research [21]. The 

review followed the methodological 

framework proposed by Arksey and 

O’Malley [21] and was reported in 

accordance with the Preferred Reporting 

Items for Systematic Reviews and Meta-
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Analyses extension for Scoping Reviews 

(PRISMA-ScR) to enhance methodological 

transparency and reproducibility23.A 

comprehensive literature search was 

conducted in PubMed/MEDLINE, Embase, 

Scopus, and Web of Science between 15 

April and 20 October 2025. The search 

strategy incorporated both controlled 

vocabulary and free-text terms related to 

cytology, minimally invasive sampling, 

molecular diagnostics, and oncology. 

Retrieved records were imported into 

reference management software, and 

duplicate entries were removed through 

automated detection followed by manual 

verification.Study selection was undertaken 

in two sequential stages comprising title 

and abstract screening followed by full-text 

assessment. Two reviewers independently 

screened studies using predefined 

eligibility criteria, and disagreements were 

resolved through discussion and consensus. 

The study selection process is summarized 

in Figure 1.Eligibility criteria were 

developed using the Population–Concept–

Context framework recommended for 

scoping reviews22. Studies were included if 

they reported primary data on molecular or 

genomic analyses performed on human-

derived minimally invasive cytology 

specimens in oncologic settings. Eligible 

specimen types included fine-needle 

aspiration cytology, cell block preparations, 

liquid-based cytology, effusions, brushings, 

and washings. Studies involving non-

neoplastic conditions, histology-only 

specimens, non-human data, or insufficient 

methodological detail were excluded. 

Data charting was conducted using a 

standardized extraction framework 

developed prior to analysis. Extracted 

variables included study characteristics, 

specimen types, molecular methodologies, 

clinical applications, and laboratory or 

technical factors influencing analytical 

performance. Data extraction was 

completed by one reviewer and 

independently verified by a second 

reviewer to ensure consistency and 

accuracy.Evidence synthesis followed a 

descriptive and thematic approach 

consistent with scoping review 

methodology22. The analysis aimed to map 

patterns in study design, specimen 

utilization, analytical methodologies, 

clinical applications, and methodological 

limitations across the available evidence 

base. 

 

 

 

Database Search Strategies 
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Figure 1: PRISMA-ScR Flow Diagram of Study Identification, Screening, Eligibility Assessment, 

and Inclusion 

 

Flow diagram illustrating the identification, 

screening, eligibility assessment, and 

inclusion of studies in the scoping review of 

molecular testing in minimally invasive 

cytology. The figure details database 

retrieval, duplicate removal, exclusion 

criteria, full-text evaluation, and final study 

inclusion, reported in accordance with 

PRISMA-ScR guidelines for scoping 

reviews. 

 

RESULTS 

 

Overview of Study Selection 

A total of 200 studies met the predefined 

eligibility criteria and were included in this 

scoping review (Figure 1). The included 

studies encompassed a wide range of 

oncologic contexts, molecular testing 

methodologies, and cytological specimen 

types, reflecting the methodological and 

clinical heterogeneity of cytology-based 

molecular diagnostics. Across the evidence 

base, variability was observed in study 

design, specimen preparation approaches, 

and analytical platforms.The principal 

findings are summarized in Tables 1,2 and  

figure 2,3,and 4 

 

Characteristics of Included Studies 

The included studies demonstrated diverse 

methodological designs and clinical 
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applications (Table 1). Retrospective 

observational studies constituted the largest 

proportion (n = 107), followed by method 

development or feasibility studies (n = 39) 

and prospective validation studies (n = 37). 

A smaller subset focused on clinical utility 

or outcome-based analyses (n = 17).In terms 

of oncologic context, lung cancer was the 

most frequently represented (n = 63), 

followed by breast (n = 20), thyroid (n = 18), 

head and neck (n = 17), prostate (n = 16), 

and pancreatic malignancies (n = 15). 

Geographic representation was led by 

studies from the United States (n = 44), 

Japan (n = 19), China (n = 17), Italy (n = 16), 

and Germany (n = 15), although reporting 

of study location was not uniform across all 

included publications. 

 

Table 1 

Characteristics of Included Studies (N = 200) 

Study Characteristic Category Number of Studies (n) 

Study Design Retrospective 

observational 

107 

Method development / 

feasibility 

39 

Prospective validation 37 

Clinical utility / outcomes 17 

Oncologic Context Lung 63 

Breast 20 

Thyroid 18 

Head & Neck 17 

Prostate 16 

Pancreatic 15 

Geographic Representation 

of Studies 

United States 44 

Japan 19 

China 17 

Italy 16 

Germany 15 

 

Descriptive characteristics of studies 

included in the scoping review. Values 

represent frequencies of reported study 

attributes across the evidence base. 

Categories are presented for mapping 

purposes and do not imply comparative 

methodological weighting. 

 

Molecular Testing Methodologies 

A broad spectrum of molecular testing 

approaches was reported across the 

included studies (Figure 2). Next-

generation sequencing (NGS) was the most 

frequently described methodology (n = 90), 

followed by polymerase chain reaction 

(PCR)-based assays (n = 42). RNA-based 

panels or transcriptomic assays were 

reported in 23 studies, while fluorescence in 

situ hybridization (FISH) was utilized in 20 

studies. Less frequently reported 

methodologies included methylation or 

epigenetic assays (n = 13) and digital PCR (n 

= 12).Many studies employed more than 

one molecular technique, reflecting the 

complementary use of targeted and high-

throughput platforms in cytology-based 

molecular diagnostics. 
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Figure 2:  Reported Molecular Testing Methodologies 

 

Reported molecular testing methodologies 

across included studies. Frequencies reflect 

the number of studies reporting each 

analytical approach. Multiple molecular 

techniques may have been utilized within 

individual studies. 

 

Cytological Specimen Types Used for Molecular 

Analysis 

Multiple cytological specimen types were 

utilized for molecular analysis (Table 2). 

Fine-needle aspiration (FNA) cytology was 

the most commonly reported specimen type 

(n = 72), followed by cell block preparations 

(n = 57) and liquid-based cytology (n = 35). 

Effusion cytology samples (n = 21) and 

brushings or washings (n = 15) were less 

frequently represented.The use of multiple 

specimen types within individual studies 

was common, reflecting variability in 

clinical sampling approaches and 

laboratory workflows. 

 

Table 2 

Cytological Specimen Types Used for Molecular Analysis 

Cytology Specimen Type Number of Studies Reporting Specimen 

(n) 

Fine-Needle Aspiration Cytology (FNA 

Cytology) 

72 

Cell Block Preparations 57 

Liquid-Based Cytology 35 

Effusion Cytology Samples 21 
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Brushings / Washings 15 

 

 

Reported cytological specimen types used 

for molecular analysis across included 

studies. Values indicate frequencies of 

studies reporting each specimen category. 

Classifications are presented for descriptive 

mapping and do not imply relative 

analytical performance or utilization 

prevalence. 

 

Clinical Roles of Cytology-Based Molecular 

Testing 

The clinical roles of molecular testing 

performed on minimally invasive cytology 

specimens were diverse (Figure 3). 

Predictive biomarker assessment was the 

most frequently reported application (n = 

73), followed by diagnostic classification or 

refinement (n = 65). Treatment selection or 

stratification was described in 44 studies, 

while disease monitoring or surveillance 

applications were reported in 18 

studies.These findings indicate that 

cytology-based molecular testing is applied 

across multiple stages of the diagnostic and 

therapeutic continuum in oncology.

 

 
Figure 3:  Reported Clinical Roles of Cytology-Based Molecular Testing 

 

Reported clinical roles of cytology-based 

molecular testing across included studies. 

Values represent frequencies of studies 

describing each application domain. 

Categories are presented for descriptive 

mapping and should not be interpreted as 

indicators of clinical effectiveness, priority, 

or comparative utility. 

 

Laboratory and Technical Considerations 

Recurrent laboratory and technical factors 

influencing molecular analysis were 
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identified across the included studies 

(Figure 4). The most frequently reported 

challenges included low cellularity or 

specimen adequacy constraints (n = 50) and 

limited nucleic acid yield (n = 47). 

Variability in fixation and specimen 

preparation was described in 41 studies, 

while assay sensitivity limitations were 

reported in 28 studies. Tumor fraction 

variability (n = 25) and bioinformatic or 

interpretative challenges (n = 9) were also 

noted. 

These factors were frequently described in 

combination within individual studies, 

highlighting the multifactorial nature of 

analytical variability in cytology-based 

molecular testing. 

 

 
Figure 4: Reported Laboratory and Technical Considerations 

 

Reported laboratory and technical 

considerations influencing molecular 

analysis of cytological specimens across 

included studies. Values represent 

frequencies of studies describing each 

factor. Categories are presented for 

descriptive synthesis and do not quantify 

assay failure rates or relative analytical 

impact. 

 

DISCUSSION 

 

This scoping review examined the 

methodological and analytical landscape of 

molecular testing performed on minimally 

invasive cytology specimens across diverse 

oncologic applications. The findings 

indicate that the field is characterized by 

substantial variability in analytical 

platforms, specimen preparation strategies, 

and reporting practices. Such heterogeneity 

is expected in an evolving diagnostic 

domain but limits reproducibility and 

comparability across studies24. 
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The prominence of next-generation 

sequencing within the literature reflects its 

increasing integration into precision 

oncology workflows25. However, its 

frequent use does not imply universal 

applicability. Implementation is influenced 

by factors such as nucleic acid input 

requirements, assay validation complexity, 

and sensitivity to pre-analytical variation 26. 

In contrast, targeted molecular techniques, 

including polymerase chain reaction and 

hybridization-based assays, remain relevant 

in settings where focused diagnostic 

questions or resource constraints shape 

methodological selection26. 

The analytical reliability of cytology-

derived material remains an area of active 

evaluation. While several studies 

demonstrate the feasibility of genomic 

testing on cytological specimens, others 

report reduced sensitivity or assay failure 

associated with low cellularity, limited 

tumor fraction, or compromised nucleic 

acid quality26. These differences are largely 

attributable to variability in laboratory 

workflows and analytical thresholds rather 

than intrinsic limitations of cytological 

material29 . 

Comparisons between cytological and 

histological specimens further illustrate 

unresolved methodological challenges. 

Some studies report comparable analytical 

performance under optimized conditions, 

while others describe variability related to 

specimen architecture, preservation effects, 

and tumor cell representation30. These 

inconsistencies suggest that cytology and 

histology are not universally 

interchangeable and that equivalence 

depends on standardized adequacy criteria 

and validated protocols31. 

From a clinical perspective, cytology-based 

molecular testing is frequently driven by 

necessity. In advanced malignancies or 

anatomically inaccessible lesions, minimally 

invasive specimens may represent the only 

available material for genomic analysis32. 

Beyond initial diagnosis, their role is 

expanding into longitudinal disease 

monitoring. Serial sampling enables 

detection of tumor evolution, including 

resistance mutations and clonal 

heterogeneity under therapeutic pressure33. 

This supports treatment modification and 

contributes to survivorship care through 

ongoing molecular assessment34. 

Pre-analytical and post-analytical factors 

remain central to analytical performance. 

Variables such as specimen adequacy, 

tumor fraction, fixation methods, and 

nucleic acid preservation directly influence 

assay outcomes35. Post-analytical processes, 

including bioinformatic pipelines and 

variant interpretation thresholds, further 

contribute to variability in reported 

results36. In many instances, these 

workflow-dependent factors exert greater 

influence on analytical success than 

specimen type alone. 

The application of cytology-based 

molecular testing in African settings 

remains limited but highlights important 

contextual challenges. Access to advanced 

molecular platforms is often restricted, and 

infrastructure constraints, reagent 

availability, and workforce limitations 

affect service delivery37. Pre-analytical 

challenges, including delayed processing 

and variability in fixation practices, may 

further compromise nucleic acid integrity. 

Despite these constraints, minimally 

invasive cytology offers practical 

advantages due to its cost-effectiveness and 

feasibility. The limited representation of 

African studies underscores a significant 

evidence gap and highlights the need for 

context-specific research and capacity 

building38. 

The methodological composition of the 

evidence base introduces additional 

limitations. The predominance of 

retrospective and single-center studies 

raises concerns regarding reproducibility 

and potential selection bias24. Prospective 
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validation studies remain limited, and 

inconsistent reporting of methodological 

details constrains cross-study comparison. 

This review is also subject to limitations 

inherent to scoping methodology. Formal 

quality assessment was not undertaken, 

and reported frequencies reflect patterns of 

evidence rather than measures of analytical 

validity. Restriction to English-language 

publications may introduce bias, and 

publication bias is likely, as studies 

reporting successful outcomes are more 

frequently disseminated. 

 

Overall, cytology-based molecular 

diagnostics is a technically feasible but 

methodologically heterogeneous field. 

Progress will depend on improved 

standardization of pre-analytical 

workflows, clearer reporting of validation 

parameters, and increased adoption of 

prospective multi-center studies. These 

efforts are essential to enhance 

reproducibility and strengthen the role of 

minimally invasive cytology in precision 

oncology. 

 

CONCLUSION 

 

This scoping review demonstrates that 

minimally invasive cytology specimens can 

provide reliable material for molecular 

testing in precision oncology, particularly 

when conventional tissue biopsies are 

limited or unsuitable for repeated sampling. 

Cytology-based molecular analysis 

supports genomic characterization, 

predictive biomarker assessment, treatment 

selection, and longitudinal monitoring of 

tumor evolution and resistance 

mechanisms. 

Despite these advances, the current 

evidence base remains methodologically 

heterogeneous. Variability in specimen 

preparation, fixation methods, analytical 

platforms, and reporting practices limits 

reproducibility and complicates comparison 

across studies. Analytical reliability was 

consistently influenced by factors such as 

specimen adequacy, tumor cellularity, 

nucleic acid quality, and bioinformatic 

interpretation frameworks. 

Although many studies reported clinically 

actionable molecular findings, the 

predominance of retrospective designs and 

inconsistent methodological reporting 

reduces the strength of available evidence. 

In addition, disparities in access to 

molecular diagnostics in resource-limited 

settings highlight important infrastructural 

and implementation challenges. 

Future research should emphasize 

standardized laboratory workflows, 

harmonized reporting practices, and 

prospective multi-center validation studies 

to strengthen reproducibility and support 

the broader integration of cytology-based 

molecular diagnostics into routine precision 

oncology practice. 
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