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Abstract

Background: Papanicolaou staining remains central to cervical cytology, but its laboratory context has
expanded from conventional smears to liquid-based preparation, automated screening, digital
cytopathology, molecular testing, and artificial intelligence.

Objective of the review: To critically synthesize the evolution of Papanicolaou staining and cervical
cytology, with emphasis on staining principles, conventional and liquid-based methods, quality
assurance, automation, digital imaging, HPV-based triage, artificial intelligence, workflow, and
implementation challenges.

Key findings: Conventional smears are inexpensive and information-rich but remain vulnerable to
sampling, fixation, transfer, and screening variability. Liquid-based cytology improves preparation
standardization and facilitates residual-sample molecular testing, although diagnostic advantage is
setting- and platform-dependent. Automation can improve reproducibility and throughput, whereas
digital cytopathology enables remote review and computational analysis but introduces scanning,
storage, validation, and governance requirements. Artificial intelligence may support prioritization,
quality control, and classification, but dataset shift, external validation, and human oversight remain
critical.

Conclusion: The evolution of Pap cytology is cumulative rather than substitutive. Effective cervical
screening depends on validated workflows, specimen quality, laboratory quality systems, appropriate
infrastructure, equitable access, and integration of cytology with HPV testing and human-supervised
digital decision support.

Keywords; Papanicolaou Test; Uterine Cervical Neoplasms; Cytodiagnosis; Artificial Intelligence;
Digital Pathology

INTRODUCTION

Compared to other cancers, cervical cancer is more socially and economically
diversified [1,2,76]. It is still geographically widespread, and measures suggest that
it is largely preventable [76,77]. The International Federation of Gynecology and
Obstetrics (FIGO) have suggested that the recent worldwide decline in cervical
cancer is largely attributable to the introduction of public health interventions
which, among other things, include vaccination against human papillomavirus
(HPV) [78,98]. Nonetheless, most public health experts agree that the major
responsibility for the control and eventual elimination of cervical cancer will rest
on the effectiveness of prevention and control strategies [1,2].

Cervical cancer is one of the few cancers for which preventive measures are
available [3,4,5]. As such, several national public health programs have been
launched to eliminate cervical cancer [5,6]. Pap tests form the mainstay of cervical
cancer prevention and control programs [62,63]. A Pap test is easy to perform and
inexpensive [64,65]. Compared to other cancer screening tests, compliance with
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Pap tests is acceptable [67,71]. Digital systems used to
process and analyze cervical cytopathology are rapidly
advancing [76,77]. Such systems are user friendly and have
the potential to standardize and improve the quality of Pap
tests and cervical cancer prevention and control programs
[3.4].

This review discusses the recent versions of the Pap stain
[8,15,29]. More recent publications are cited, and older
publications are included to give background [29,61]. It is
shown that cervical cancer screening plays larger roles
compared to replacement of outdated methods of cervical
cancer screening [71,75]. Various roles are discussed
including the introduction of automated systems in
laboratories [85,89].

The focus of this review is to examine what roles
different methods play in facilitating implementation of
secure and equitable cancer screening and preventive
services in different health care systems [96,98]. The role of
new and emerging methods in cancer screening and
prevention, integration of digital and molecular technologies
in laboratory medicine, and automation of laboratory
processes are discussed [8,15].

LITERATURE SEARCH STRATEGY

The basic literary search strategy was to find studies that
discussed new and emerging technologies in cervical cancer
screening and prevention [16,24,29]. These include liquid
based cytology, whole slide digital images, automation and
Artificial Intelligence in cervical cancer screening and
prevention [29,31]. Older and more seminal studies were
included to explain the rationale and background of more
recent studies [41,61].

RECENT HISTORY OF PAPANICOLAOU STAIN-
ING:

Recognition that changes in the cervix associated with
cancer and precancer are reflected in the exfoliated cervix
cells led to the establishment of a screening program for
cervical cancer [7,8]. During the 1940s, several studies
showed that vaginal smears have the potential to detect
cancer of the female genital organs [68,96]. In order to
increase the accuracy of screening for cervical cancer, a
number of factors including the fixedness of the smear, the
type of fixative, and the kind of stain used must be
standardized [7,8]. It has been shown that some stains, by
virtue of their various colors and the order of their addition,
influence the final result [68,96].

Standardizing  population-based
standardize terminologies for

cytology  helped
specimen  adequacy,
diagnoses, and case management [14,15,68]. The Bethesda
System introduced a system to standardize terminologies for
case management and a structure to incorporate the views of
and pathologists [68,72]. The System
acknowledged the presence of uncertainty and subjectivity
in the field of pathology [73,74]. Pathologists cope with
inter-sample variability in numerous ways including
variability in the quality and quantity of the sample, presence
of substances that obstruct the sample, and other factors
beyond their control [75,14].

clinicians

In the fast-paced and ever-evolving field of
cytopathology, Pap test and related procedures play a
dominant role for a considerable period [29,61,85]. More
recently, automation and integration of artificial intelligence
revolutionized cytopathology [85,89]. Cytopathology and
related procedures have benefitted from a host of recently
adopted Standard Operating Procedures [91,92]. As a result,
cytological examinations have been reintegrated into the
primary prevention strategies and related procedures for
cervical cancer [95,29].

Evolution of Cervical Cytology

screening and
standardized

reporting

19405 Diagnostic Population Pap
vaginal/cervical
smears

1990s-2000s
Liquid-based
cytology

20205 WS, Al
and HPV-
integrated

triage

Automated
screening and
imaging systems

The evolution is cumulative: newer platforms recrganize sampling, screening and decision support rather than abolishing cytomarphology.

Figure 1. Historical evolution of cervical cytology and Papanicolaou-based screening. [7,8,14,29,96]

738

http://ijisem.com



International Journal of Innovations In Science Engineering And Management

IJISEM

INTERNATIONAL JOURNAL OF
INNOVATIONS IN SCIENCE
ENGINEERING AND MANAGEMENT

Table 1. Major milestones in the evolution of
Papanicolaou staining and cervical cytology

[7,8,14,16,29,68]
Period Milestone Critical
significance
1940s Diagnostic value of Created the

vaginal/cervical
smears established

morphologic basis for
exfoliative cervical
cancer detection [7].
Converted a
laboratory observation
into organized
prevention;
reproducibility and
terminology became
central.
Linked specimen
adequacy and
cytologic categories to
clinical management
[68,14].
Shifted pre-analytic
variability toward
laboratory-controlled
processing and
enabled residual-
sample testing.
Improved throughput
and process control
while preserving Pap-
based morphology.
Made cervical
cytology shareable
and computable;
introduced new
validation, storage
and governance
requirements [29].

Mid-late 20th
century

Population Pap
screening and protocol
standardization

Bethesda era Standardized reporting

categories

1990s-2000s LBC adoption

2000s-2010s Automated imaging
and rapid/modified

stain protocols

2020s WSI, cloud workflows

and Al

SCIENTIFIC PRINCIPLES AND CHEMISTRY OF
PAPANICOLAOU STAINING:

Papanicolaou (Pap) staining has two parts: nuclear
staining, and cytoplasmic staining [8,9,10]. Fixation, the
first step in the procedure, stops further chemical and
biological activity in a sample by denaturing cellular
proteins [10,11]. For the cytoplasmic staining, the samples
are air dried [12,13]. Afterward, the nuclei are stained using

hematoxylin (an acidic stain) which gives them a purplish-
blue color [96,8]. This staining procedure (like others) can
be done in a semiautomated way, using various stains (i.e.
Orleans’s reagents) and solvents [9,10]. The goal of the
staining process is to have just enough staining so that the
nuclei and cytoplasm retain their structures [11,12]. Staining
that is done too heavily loses its clinical value [13,96].

The assessment of epithelial changes in various parts of
the body, e.g. the lower lip, can be made using the staining
methods described above [8,9,10]. Orange G stains the
keratinized epithelium of the lower lip and provides useful
information in the assessment of various epithelial changes
of the lip [10,11]. Eosin-A (EA) stains the cytoplasm of
epithelial cells and provides useful information in
interpretation of epithelial changes of the skin, e.g. dysplasia
[12,13].

A variety of methods have been developed for obtaining
cervical smears [8,9,10]. Some methods require elaborate
procedures while others are simpler [10,11]. Good cytologic
details can be obtained with simpler methods of cervical
smear preparation if the procedures are properly performed
[12,13]. These methods of preparation of cervical smears for
cytopathologic studies are fast and simple [96,97]. However,
these methods have their own limitations [8,9]. For example,
age and pH of the staining solution and alcohol and the
bluing agent used in the solution affect the final result of the
stained smears [10,11].

While it can be concluded that the staining procedure has
been performed, it cannot be assumed that staining has
contributed to the final outcome of the smear [8§,14].
Detection of atypical nuclear changes and cytoplasmic
changes in cervical smear is of diagnostic importance [96,8].

Conventional Papanicolaou Staining Workflow

Collection
and immediate
wet fixation

Hematoxylin
nuclear
staining

Differentiati
on / bluing

EA mixture
cytoplasmic
counterstain

Orange G
keratin
contrast

Dehydrate,
clear and
mount

Controlled fixation, reagent quality and differentiation are essential for transparent cytoplasm and crisp chromatin.

Figure 2. Core workflow of conventional Papanicolaou staining. [8-13]
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Table 2. Principal reagents used in Papanicolaou
staining and their functions [8-13]

Component Primary role Diagnostic
consequence of
poor control
Alcohol fixation Preserves wet-cell Air drying can
morphology and enlarge/distort
nuclear structure nuclei and
obscure
chromatin
interpretation.
Hematoxylin Nuclear chromatin Under/over
stain differentiation
alters perceived
hyperchromasia
and membrane
detail.
Orange G Highlights keratinized Imbalance can
cytoplasm reduce
recognition of
keratinization or
overwhelm
counterstain.
Eosin Y in EA Provides pink Affects
cytoplasmic tones maturation
contrast and
color balance.
Light green SF Blue-green staining of | Poor selectivity
yellowish in EA metabolically reduces
active/nonkeratinized cytoplasmic
cytoplasm transparency
and
differentiation.
Phosphotungstic Modulates dye Changes
acid competition/selectivity counterstain
in EA formulations balance and
reproducibility.
Dehydration, Produces optical Residual water,
clearing, clarity and preserves poor clearing or
mounting slide mounting
artifacts can
impair
screening.

CONVENTIONAL PAPANICOLAOU SMEAR CY-

TOLOGY:

Papanicolaou (Pap) tests, developed in the 1920s, are
now over 80 years old [7,8,14]. Although original versions
of the test have been replaced with automated, improved
processes, testing still relies on sampling the transformation
zone [14,16]. One reason for this is cost [17,18]. Many
laboratories in developing nations do not have the means to
process slides or do PCR testing; therefore, these countries
have not adopted more complex and expensive methods to
replace the Pap test [19,20]. A fixed slide is evidence of the
specimen as it was when collected [21,22]. Changes seen on
the slide may include tumor cells, inflammation, blood and

other abnormalities [23,59]. Interpretation of these
abnormalities is described by the Bethesda System [60,96].

Pap testing has several limitations [16,17,18]. Because
the same person performs all the steps in the process
(collection, transport, and fixation of the specimen), the
collector must be highly skilled and trained [18,19]. The
fixation of the specimen on the slide does not guarantee that
all the cells on the slide will be distributed evenly [20,21].
Inflammation and/or blood may be present on the slide and
mask diagnostic [22,23]. Variability among
pathologists increases with low quality specimens [59,60].
If the specimens are borderline, it may not be possible to
make a diagnosis [69,100].

cells

Limitations of conventional cytology in India is a case
study in challenges not directly linked to the program
[5,62,63]. The availability of Pap tests can be useful if the
health worker is able to perform the test correctly and is able
to follow up on the results [63,64]. Coverage and inequity
reduce the impact of the program [65,67]. In these
circumstances, it is irrelevant to the program to discuss the
adequacy of the Pap test [76,77]. The only thing that really
matters is the program’s performance [5,62]. The program
fails if the health workers are unable to reach the women on
whom the test and program is intended to benefit [63,64].
The program fails if there is inadequate follow up and
remedial action for an abnormal test result [65,67]. The
program ultimately fails due to the absence of peer review
[76,77].

IMPROVEMENT IN PAPANICOLAOU STAINING:

The major drawback of the Papanicolaou method is that
it lacks objectivity [9,10,11]. The main way to obtain
objective standardization of the procedure has been to use a
known standard and adjust the staining time accordingly
[11,12]. All types of staining endpoints (i.e. color changes)
are susceptible to variations in the background and the
fixation and processing of the specimens [13,96]. In order to
improve the efficiency of the staining process and to
maintain good objective control over the process, a number
of rapid and ultrafast staining procedures have been
described [9,10].

Automation alters staining to more of an engineering
challenge [24,29,89]. Variability in staining can still occur,
and is often due to inconsistent control over the duration of
exposure to reagents, the speed and uniformity of agitation,
and the time that samples are allowed to dwell in reagents
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[89,93]. Automation will not control
variations [96,97]. Malfunctions in automation can result in
artifacts [24,29]. Consequently, to ensure the validity and
appropriateness of the interpretive data of automation
systems, laboratories establish and communicate to
instrument systems acceptability limits (MAL) for different
types of staining [89,93]. Instrument controls and reagents
are calibrated to these MAL [96,97]. Drifts in control and
process slides indicate process non-conformance, and
require an investigation [24,29]. As the methods of staining
and of Pap testing continue to evolve, greater emphasis is
placed on the role of quality systems [89,93].

pre-analytical

Rapid staining methods improve the turn-around time for
test results [9,10]. As the specific features of concern on the
Pap test become better defined, rapid staining methods may
not be as valuable for use in staining samples for other forms
of the test [11,12].

The difference in sample transport is the main difference
between the two types of cytology [16,17,18]. In
conventional cytology, a sample is transferred to a slide by
a lab tech [18,19]. In liquid-based cytology (LBC), the
sample is transported in a liquid [20,21]. An LBC sample is
then processed to remove substances that can obstruct a
sample [22,23]. LBC, similar to other procedures in science
and technology, employs filtration and other techniques to

achieve a clean sample [59,60]. Residual reagents from
the process are retained for further analysis [69,97].

STANDARDIZATION AND SUBOPTIMALITY:

Standardizing liquid-based techniques for the
preparation of cytologic samples does not ensure that
smears are adequate [16,17,18]. Biological
completeness of a sample is paramount for adequacy
[18,19].

cervical

Cellular components of the sample can be transformed
and deformed and the background can be altered due to
different staining techniques [20,22]. LBC preparations can
be interpreted in numerous ways and so the personnel
interpreting these preparations must be trained in the various
techniques and philosophies of LBC [23,69].

Though a number of studies have recently been
conducted, LBC has been prevalent for many years
[16,17,18]. How LBC compares to other cytologic
techniques is largely dependent on the facility and
commitment of the user lab [18,19]. One of the strengths of
LBC is the potential to consolidate numerous diagnostic
tests from cellular specimens [20,21].

Conventional Smear and Liquid-Based Cytology: Process Contrast

Variable
background
and cell
distribution

Direct smear:
transfer to
glass

Cervical
sample

Filtration /
Rinse into density
OR preservative processing
for LBC and defined
deposition

Both routes culminate in Papanicolaocu-type staining, but LBC relocates much of pre-analytic standardization from the collector to the laboratory processor.

Figure 3. Process contrast between conventional smear preparation and liquid-based cytology. [16-23,59,60]

CONVENTIONAL CYTOLOGY VERSUS LIQUID-
BASED CYTOLOGY:

Typically, discussions regarding liquid-based cytology
(LBC) compare methods on the basis of sensitivity
[16,17,18]. However, both conventional and LBC methods
have particular errors [18,19]. Air drying of samples is a

drawback of conventional methods, along with incomplete
transfer of sample, and/or presence of foreign matter that
obstructs the sample [20,21]. Variations related to the
automated platform are associated with LBC [22,23].
Because the thresholds for various diseases and the
populations being sampled differ from study to study, as do

https://ijisem.com

741



IJISEM

INTERNATIONAL JOURNAL OF
INNOVATIONS IN SCIENCE
ENGINEERING AND MANAGEMENT

International Journal of Innovations In Science Engineering And Management

the types of reviewers and methods of verification, it is not
appropriate to make generalized statements regarding the
measures of sensitivity and specificity for a given study
[59,60].

Liquid-based cytology is becoming the standard
methodology for screening because of its potential for
automation, reflexivity, and integration with molecular
methods [16,17,18]. When coupled with automation and
reflexive molecular methods, LBC aids in the categorization

of HPV, and facilitates the completion of HPV testing
[18,19]. LBC produces cytological specimens that are more
uniform with less background compared to conventional
methods [20,21]. Conventional cytology often results in
unsatisfactory specimens [22,23]. It is unclear if LBC has an
overall greater impact in reducing the rate of unsatisfactory
specimens compared to conventional cytology [70,99]. LBC
is more appropriate for high throughput and automation
[16,17]. Studies support LBC is more sensitive and specific
compared to conventional methods of cytology [16,17,18].

Table 3. Conventional cytology versus liquid-based cytology [16-23,59,60,69]

Domain Conventional smear

Liquid-based cytology

Interpretive point

Cell transfer Direct onto slide; transfer loss

possible

Collected into preservative
then processed

LBC standardizes preparation
but cannot correct inadequate
cervical sampling.

Distribution Often uneven with thick/thin More defined deposition area Can shorten screening path
areas and facilitate automation.
Background Blood/inflammation may Often cleaner after processing Cleaner is not synonymous
obscure cells with universally higher disease
detection.
Morphology Familiar contextual Platform-specific dispersion Training must address altered

background and grouping cellular presentation.
Unsatisfactory rate Sensitive to smear/fixation Often reduced, but varies by | Meta-analysis shows platform-
quality platform specific differences [69].
HPV/ancillary testing Usually requires separate or Residual vial supports reflex A major systems advantage in
planned specimen testing HPV-based programs.
Cost Low capital; labor-intensive Higher consumable/processor Economic value depends on
screening cost throughput and integrated

testing [70].

AUTOMATION OF PAPANICOLAOU STAINING:

Automation is impacting both phases of the Pap test
[29,39,40]. The automation of staining introduces costs and
variability, but can help improve the consistency of the
process [40,61]. Automation of the screening process can
help direct and prioritize the fields to be reviewed by a
cytotechnologist [79,89]. Further, automation and artificial
intelligence can help screen and analyze cytopathology
slides [91,92].

The ThinPrep Imaging System automates several aspects
of the cytopreservation process and helps prioritize fields to
be reviewed by a cytotechnologist [29,61]. Use of
automation in cytology helps standardize and enhance the
consistency of the test and helps in the overall control and
management of the laboratory [92,94]. Other innovations in
automation are forthcoming and will help streamline high
volume areas of cytopathology [29,61,89].

QUALITY ASSURANCE AND STANDARDIZATION

In cytology, quality assurance consists of performing
checks to ensure reagents are working, adequate staining
times are achieved, and adequate nuclear detail is present
[24,25,26]. Both pre-analytic and analytic controls are
defined and built into the cervical cytology process [26,27].
Errors in the cervical cytology process can be reduced
through post analytic means [28,29]. Unlike surgical
pathology, continuous quality improvement and proficiency
through education and testing is lacking in cytology [30,58].
Incorporation of a cytology and histology correlations would
be of value [89,90]. Recent emphasis in quality assurance in
cytology has been directed at the correlation of clinical and
cytology data as well as the restructuring of quality
programs to improve the processes related to the originally
defined and designed programs [93,24]. Cytology
laboratories need to be proactive to facilitate process
improvements and quality assurance rather than relying on
out-of-date and/or inadequate systems [24,25,28].
Unexpected changes in the public health emphasis on
cervical cancer may facilitate process improvement [28,29].
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The “human factors” that affect the quality of a cytology
screening system include the experience of the personnel,
the criteria and standards used to interpret a specimen, and
the cytology reference standard [58,89].

TRANSFORMING CYTOPATHOLOGY

As with other pathology specialties, cytopathology can
be pursued in a digital context [24,25,26]. Of these,
digitization of cytopathology may prove challenging
[26,27]. Similar to other digitized pathology specialties,
incorporation of digital cytopathology with various artificial
intelligence (Al) algorithms is conceivable [28,29]. Given
the nature of the specimen, most of the cytopathology
specimens are relatively difficult to interpret [30,89]. Three
dimensional  cellular  structures and architectural
components, if present, are difficult to interpret in a two
dimensional digitized cytopathology specimen [90,93].
When interpreted in the context of digitized histopathology,
interpretation of cellular and architectural components may
require digitization using z-stack [94,24]. However,
digitization of cyto- and histopathology specimens using z-
stack is challenging due to the large file sizes and time

consumption [25,26].

In studies dealing with validation of digitized
cytopathology specimens, the concordance rates with
traditional stained specimens have been reasonably good
[24,25,26]. However, in a significant number of cases,

cytopathology specimens were rescanned prior to final
report [26,28]. The major reasons for rescanning of
cytopathology specimens are insufficient (paucity of)
cellularity, suboptimal smear (smeared cellular)
morphology, and/or technical problems with coverslips
[29,30]. Digitization of cytopathology specimens has the
potential to augment cytopathology interpretation; however,
many issues become apparent only during digitization and
do not resolve with digitization [58,89]. The available
literature focuses on the local validation of the hardware and
software used, as well as the case mix [90,93].

There are real-world issues to consider [29,61,85]. The
particular challenges to installing whole-slide imaging
(WSI) in a laboratory will depend on the existing
infrastructure [85,86]. WSI is a technology that has the
potential to augment laboratories, but this will depend on
investments in the existing infrastructure (storage, IT, and
cyber security) [87,88]. The same survey noted that while
laboratories are willing to adopt digital cytology, this field is
at a more immature stage when compared to digital
pathology [89,90]. For this reason, the same study suggested
that the first digitized cytology programs should provide
additional benefits, for example, better training and access
to remote specialists [93,29].

Digital Cytopathology Workflow

Whole-slide
scanning £
z-stacking

Pap/LBC slide
quality check

Image QC and
storage

Remote review Human sign-
out and audit

trail

Algorithmic

telecytology assistance

Digital conversion adds an image-acquisition layer that must be validated for cytology-specific depth, sparse-cell and scan-failure challenges.

Figure 4. Digital cytopathology workflow from slide quality control to human sign-out. [24-30,89,90]
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Table 4. Digital cytopathology technologies and
applications [24-30,61,89,90]

Technology Application Major Principal
benefit limitation
Whole-slide Primary/secondary Remote Sparse cells,
imaging digital review access and thickness,
complete- focal depth
slide and file size
navigation [28].
Z-stacking / Three-dimensional Improves Longer scan
multiplane groups access to time and
scanning different focal | larger files.
planes
Telecytology Remote Extends Network,
consultation and expertise image-
education across sites quality and
governance
dependence.
Digital QA, teaching and Reproducible Storage and
archives retrospective case retrieval retention
review and costs.
annotation
Al overlay / Screening Can focus Requires
prioritization | assistance and QC attention on external
high-risk validation
fields and lifecycle
monitoring.

ARTIFICIAL INTELLIGENCE IN CERVICAL CY-
TOLOGY:

Cervical cytology is a prime candidate for automation
using AI [31,32,33]. Classification and segmentation of cell
and nuclear structures on cervical smears have been
successfully achieved wusing various deep learning
architectures [33,34]. A number of studies have been
directed toward automated identification of abnormalities in
cervical smears, with subsequent comparison to the
Bethesda Classification [35,36]. Further, the classification
of cervical smears using various stains and methods of
preparation has been studied using deep learning [37,38].

More recently, it has been more common to create new
Al applications in this field, rather than optimize existing
applications [31,32,33]. Several  computer-based
applications for pathologists, as part of their regular work,
have been developed [33,34]. Al applications for centralized
review of cytology specimens have also been developed
[35,36]. Applications for automation of routine cervical
screening, as well as for the triage of cervical specimens,
have been developed and tested [37,38]. A number of
applications for interpretation and classification of cervical
cytology specimens have been developed and hosted on the
cloud [39,40].

Although there is some overlap, there are important
differences between performance metrics [31,32,33]. For
instance, class imbalance can increase model accuracy
[33,34]. Just because a model correctly classifies cells,
doesn’t mean it correctly classifies tissue or makes the
correct diagnosis for the patient [35,36]. Additionally,
‘validating’ a model can mean running the model multiple
times [37,38]. Some of the major bottlenecks for advancing
Pathology-related Artificial Intelligence (PATH) have been
the small size and poor quality of training data,
standardization, and insufficient benchmarking [61,66].
Other aspects of the field, like joint modeling and Artificial
Intelligence (e.g. Modality Unitation, Knowledge
distillation, and Privacy Preserving Deep Learning, have
expanded the field [79,85]. When incorporating artificial
intelligence and pathology, the goal should be to synergize
the two [39,40,61]. In the context of pathology, several
studies have shown the potential of Artificial Intelligence
(Al) to complement Pathologists in quality control and
assurance as well as education [61,79]. It is prudent for the
field to move in this direction [85,86].

Al-Assisted Cervical Cytology Pipeline

Digitized Quality Cell/nucleus
image / cell control and detection and
crops normalization segmentation

Risk or Human review,
Bethesda- correlation
aligned class and final

ification report

Feature
learning CNN
{ transformer

Al should be interpreted as decision support embedded within validated laboratory governance, not as a stand-alone replacement for cytopathology

expertise.

Figure 5. Conceptual Al-assisted cervical cytology pipeline. [31-40,61,79,95]
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INTEGRATION OF HPV TESTING AND CYTOL-
OGY:

The use of cytology for primary screening of cervical
cancer will decrease with the implementation of primary
HPYV testing [3,4,5]. Pap tests identify changes on the cervix
[5,6]. Some changes may be pre-cancerous and potentially
caused by high risk HPV [41,42]. But, it is expected that the
large majority of women will be infected with high risk HPV
at some point in their life and therefore, a positive HPV test
would not lead to further evaluation [43,44]. Consequently,
cytology programs will change from primary to selective or
risk-based [45,46]. It is recommended that clinical risk,
cytology (with dual staining or other methods) and HPV
testing be integrated in a single evaluation, rather than a
universal triage be performed [47,54].

With primary HPV testing, the field of cervical cancer
screening moves beyond cytology and into other realms of
diagnostics [43-47,50-57,84,99]. Some of the existing
evidence supports the use of other molecular methods in
cytology-based triage [43-47,50-57,84,99]. Additionally,
self-collected HPV testing adds another layer of complexity
[48,49,80-83].

Ultimately, with the integration of other molecular
diagnostics and biomarkers, cervical cancer screening will
move beyond cytology and incorporate other platforms
[2,3,4]. However, the largest burden of cervical cancer
occurs in low-to-middle income countries, where resources
are constrained and cervical cancer screening programs are
often nonexistent [4,5]. Cytology has an established and
proven role in diagnosis and prevention of cervical cancer,
and it will not be completely replaced [62,63].

As in other areas, Al and digital innovations are used to
validate and standardize cytology technologies in various
areas, from traditional to advanced screening and diagnosis
[29,31,39].

Different technologies can be assessed for performance
in many ways, and often patient-level outcomes are used for
traditional and LBC cytology studies [16,17,18]. Endpoint
studies for digital cytology can be evaluation of agreement
with traditional diagnoses [18,19]. For Al studies
performance is assessed at the cellular or pixel level [20,21].

Current evidence suggests that LBC outperforms
conventional technologies for some types of cervical cancer
screening, and in some cases improves operational
characteristics of the assay [16,17,18]. However, it should

be noted that LBC can fail to detect other types of cervical
cancers [18,19]. Performance of various cervical cancer
screening methods and technologies, including newer LBC
and ThinPrep cytologies, varies with geography and setting
[20,21]. For digital cervical cancer screening, diagnostic
agreement is influenced by several factors, including the
dataset, the focal plane and the AI/ML technologies [22,23].

The authors resist the trend to create a numeric rank
ordering of generations to describe their clinical value
[24,29,39]. More clinically relevant changes may occur at a
system level, for example, improvements in the service (e.g.
increased availability of the service for remote expert
consultations and/or transport of samples for triage), the
cytopathology laboratory operation (e.g. improved
throughput of the service, reduced turnaround time for
negative samples), and/or changes in the workflow and/or
equipment (e.g. automation of sampling and transport)
[39,61].

EVALUATION OF WORKFLOW AND ECONOM-
ICS:

The assessment of workflow economics includes the ex-
pense of supplies and equipment, personnel and time,
laboratory tests and procedures, and out-of-lab activities
including storage and referral [62,63,64]. Of all the cancer
screening tests, the conventional cytology-based tests are
among the least expensive [64,65]. The largest variable cost,
personnel, is determined by the volume of specimens to be
screened [70,76]. Automation and other innovations can
reduce the expense of personnel time [77,85]. The priority
of a specimen for review can be determined by the results of
specialized laboratory tests or by the use of special stains
[89,90]. Staff can be directed by artificial intelligence to
review specimens of highest risk [62,63]. The use of digital
technologies can reduce the expense of personnel time and
increase access to subspecialty services [64,65]. The costs of
digital pathology can be assessed to determine what costs
have been shifted or eliminated [70,76].

Cytology is innovating their methods of screening and
testing [3,6,29]. As a result, the frequency of Pap tests a
person may need to undergo may decrease, or in some cases,
be eliminated [29,61]. Consequently, it is anticipated the Pap
test specimen volume may decrease [70,71]. Additionally,
as advances in the field of cytology occur, the cytology
laboratory may be required to spend more time and effort to
analyze each slide [76,77]. Laboratory workforce planning
should account for the impact of automation and other
innovative technologies [85,3].
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WORKFORCE CHALLENGES IN LOW- AND MID-
DLE-INCOME COUNTRIES:

In low and middle income countries, a growing burden
of cervical cancer is accelerated by inadequate functional
cervical cancer screening programs, and weak laboratory
systems [2,4,5]. It is of no benefit to introduce improved
methods for the diagnosis of precancerous changes of the
cervix when other components of the cancer control
continuum are missing (e.g. reliability of specimen
transport, maintenance of equipment and consumables, a
trained colposcopist, and systems to ensure follow-up)
[5,62]. It is crucial to provide equitable and improved
(traditional and modern) methods of service delivery to
improve public health outcomes [63,64].

A number of advanced and emerging technologies exist
to modify cytology [29,31,39]. These include digital and
artificial intelligence (AI) based systems and liquid based
cytology [39,40]. All the mentioned technologies have the
potential to transform cytology if implemented
appropriately  [61,62]. However, for meaningful
advancement of cytology, a comprehensive strategy is
warranted [63,64]. This strategy must address improvement
of cytology strengthening  laboratories,
innovation and technologies that are in alignment with the
country’s health strategic plans [65,66].

specimens,

RESEARCH GAPS

Most of the studies presenting the use of artificial
intelligence (AI) in pathology are wusually short
communications [31,32,33]. There are very few comparative
studies and larger multicenter studies [33,34]. In addition,
Al has not been adopted widely in the diagnostic arena
[35,36]. Authors should give a detailed explanation of the
reasons for failure of Al in specific cases including the
nature of the data and reasons for omission of specific data
sets [37,38].

The second limitation is in the field of digital cytology
[24,25,26]. Best practices to digitize cytology specimens
have not been formally described [26,27]. However, the
need to define standards to identify an adequate and an
acceptable digital image in digital cytology has been
acknowledged [28,29]. Trade economy studies should be
performed to define the opportunity cost and benefits
associated with the implementation of Al-Pathology
[30,58]. Such studies should define the economic impact of
digital pathology on a pathology laboratory [61,85]. As
such, studies should define the cost to implement digital
pathology, including labor and operational costs [89,90].

Privacy and security studies should also be performed to
define the cost to implement and use Al in the pathology
laboratory [93,95].

Table 5. Current limitations, research gaps and future
priorities [24-40,61,66,89,95,97]

Problem Why it matters Priority action
Dataset shift Stain, scanner and Prospective
population multicenter
differences can external
degrade Al validation and
performance domain
monitoring.
Cytology-specific Focal depth and Define z-stack,
WSI limitations sparse cells can rescan and
cause scan misses completeness
standards.
Inter-platform Adequacy and Platform-specific
LBC differences | morphology are not | competency and
interchangeable local QA
benchmarks.
Economic Capital price alone Full pathway
uncertainty misses downstream | cost-effectiveness
workflow effects and budget-
impact studies.
Data HPV, cytology, Interoperable
fragmentation histology and structured data
outcome data may and registries.
be disconnected
Algorithm Model updates can Version control,
governance silently change change
behavior management,
audit trails and
revalidation.
Resource inequity Technology may Tiered
widen access gaps deployment,
telecytology
networks and
locally validated
solutions.

FUTURE DIRECTIONS

There are several barriers for full automation in a
cytology lab in the short term [29,31,32]. In the near future,
the best approach will be to include automated systems to
augment currently manual systems and processes in a
cytology lab [32,33]. Automated systems have the potential
to analyze cytology specimens to identify high risk patients
[39,40]. Additionally, the technologies have the potential to
integrate and interpret the risk assessment derived from
alternative diagnostic tests [61,66]. Currently, pap tests are
evaluated in a wet lab, therefore, the processes are not
automated [79,85]. Alternatively, pap tests can be performed
using digital or other systems and artificial intelligence
[86,88]. Other ongoing research studies evaluate the
integration of digital and computational systems to
traditional cytology and HPV testing [89,91].
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The use of digitized images of cytology slides and
related systems, allows for remote expert consultation,
training, and quality assurance [24,25,28]. As with other
subspecialties of pathology, it is expected that artificial
intelligence and other computational systems will enhance
the performance of laboratories and professionals, and
enable the pathologists to perform quality assurance and
control functions [28,29]. Computers can perform certain
routine functions to support pathologists, thus freeing
pathologists time to perform additional, more complex
functions [39,40].

We should focus on innovations in workflows rather than
components [29,31,33]. Diversification in workflows is less
restrictive and reliant on supply [33,39]. Many systems can
account for uncertainty [40,61]. If there is insufficient

confidence in a case, the system should prompt a case review
[66,79]. The system should be designed to adjust to shifts in
case review [85,89]. The system must facilitate case review
should an improvement to the case review framework occur
[91,95].

Advances in cervical screening have been stifled by the
same systems and implementation challenges [2,4,5]. For
example, the lack of efficient use of available resources has
been well documented [5,62]. These challenges include the
prioritization and allocation of personnel and other resources
[63,64]. Similar challenges occur at all levels of the
screening process, ¢.g. inadequate follow-up, case review
and management [65,67]. These challenges are particularly
pronounced in low and middle income countries [76,77].

Future Integrated Cervical Screening Model

Primary HPV Risk triage: 4 e Registry
testing / genotype, ; tg(')g't‘ﬁh T g%pgsizﬁgr{ feedback, QC and
validated entry cytology, y rior?t}i‘zation in%izlated longitudinal
strategy biomarkers p learning

The future role of Pap morphology is increasingly targeted: triage, adjudication, quality assurance and multimodal risk stratification.

Figure 6. Future integrated cervical screening model combining HPV testing, cytology, digital imaging and Al
[3,29,61,71,79,84,95,98]

CONCLUSION:

Papanicolaou (Pap) staining has reduced variability in
diagnostic testing [8,16,21]. Many types of cervical smears
allow for the identification of cervical cancer, and, in
addition to the experience and skill of the health care worker,
depend on the condition of the specimen at the time of
collection and the effectiveness of the cytopathologic
laboratory [21,23]. With the modification of staining
techniques and automation of staining processes, the
elements of the staining process and the Pap staining

procedure, in general, can be changed to support digital
imaging [29,31]. Other recent advances in cytopathology
have been in the areas of automation, digitalization and the
integration of molecular techniques [33,39]. These recent
developments improved the quality and type of control in
cytopathology [40,61]. Artificial Intelligence (AI) further
enhanced and accelerated the processes undertaken in these
recent developments [71,79]. It is expected that digital and
automated systems will integrate other new and upcoming
omics and related technologies to improve specimen and
staining processes in cytopathology [84,89].

https://ijisem.com

747



IISEM
International Journal of Innovations In Science Engineering And Management
REFERENCES: [11] MarutaJ, et al. Quick aspiration cytology for thyroid
[1] BrayF, Laversanne M, Sung H, Ferlay J, Siegel RL, nodules by modified Ultrafast Papanicolaou
Soerjomataram I, Jemal A. Global cancer statistics staining. Diagnostic Cytopathology. 2003;28(1):45-
2022: GLOBOCAN estimates of incidence and 48. doi:10.1002/dc.19999
mortality worldwide for 36 cancers in 185 countries. [12] Kamal MM, et al. Ultrafast Papanicolaou stain
CA: A Cancer Journal for Clinicians. modified for developing countries: Efficacy and
2024;74(3):229-263. doi:10.3322/caac.21834 pitfalls. Acta Cytologica. 2011;55(2):205-212.
[2]  Singh D, Vignat J, Lorenzoni V, Eslahi M, Ginsburg doi:10.1159/000320909
O, Lauby-Secretan B, Arbyn M, Basu P, Bray F, [13] Sinkar P, Arakeri SU. Utility of modified ultrafast
Vaccarella S. Global estimates of incidence and Papanicolaou stain in cytological diagnosis. Journal
mortality of cervical cancer in 2020: A baseline of  Clinical and  Diagnostic ~ Research.
analysis of the WHO Global Cervical Cancer 2017;11(3):EC28-EC31.
Elimination Initiative. The Lancet Global Health. doi:10.7860/JCDR/2017/20882.9532
2023;11(2):¢197-e206. doi:10.1016/S2214- [14] Pangarkar MA. The Bethesda System for reporting
109X(22)00501-0 cervical cytology. CytoJournal. 2022;19:28.
[3] Bhatla N, Singhal S. Primary HPV screening for doi:10.25259/CMAS 03 07 2021
cervical cancer. Best Practice & Research Clinical [15] Wang T, et al. Updates in cervical cancer screening
Obstetrics &  Gynaecology. 2020;65:98-108. guidelines, The Bethesda System for Reporting
doi:10.1016/j.bpobgyn.2020.02.008 Cervical Cytology, and clinical management
[4] Bhatla N, et al. Screening and management of recommendations. Journal of Clinical and
preinvasive lesions of the cervix: Good clinical Translational Pathology. 2023;3(2):75-83.
practice recommendations from FOGSI. Journal of doi:10.14218/JCTP.2023.00004
Obstetrics and Gynaecology Research. [16] Koyanagi T, et al. Cervical cancer screening
2020;46(2):201-214. doi:10.1111/jog. 14168 efficacy using SurePath, ThinPrep and conventional
[5] Rajaram S, Gupta B. Screening for cervical cancer: cytology: A large data set analysis from the Japan
Choices and dilemmas. Indian Journal of Medical Cancer Society. Cytopathology. 2024;35(6):770-
Research. 2021;154(2):210-220. 775. doi:10.1111/cyt.13431
doi:10.4103/ijmr.IJMR_857 20 [17] Ucak R, et al. Analysis of the differences between
[6] Saraiya M, et al. Computable guidelines and clinical Bethesda groups according to conventional smear
decision support for cervical cancer screening and and  liquid-based  cytology  methods in
management to improve outcomes and health cervicovaginal cytology: A single-center experience
equity. Journal of  Women’s Health. with 165,915  cases.  Acta  Cytologica.
2022;31(4):462-468. doi:10.1089/jwh.2022.0100 2024;68(1):54-59. doi:10.1159/000536663
[71 Papanicolaou GN, Traut HF. The diagnostic valueof =~ [18] Andola SK, et al. Should liquid-based cytology be
vaginal smears in carcinoma of the uterus. American preferred than conventional Pap smear: A
Journal of  Obstetrics and  Gynecology. comparative analysis. Journal of Obstetrics and
1941;42(2):193-206. doi:10.1016/S0002- Gynaecology of India. 2024;74(4):311-318.
9378(16)40621-6 doi:10.1007/s13224-023-01828-x
[8] Chantziantoniou N, et al. Inception and development [19] Maheshwari Y, et al. Comparative analysis of
of the Papanicolaou stain method. Acta Cytologica. conventional cytology and liquid-based cytology in
2017;61(4-5):266-280. doi:10.1159/000457827 the detection of carcinoma cervix and its precursor
[9] Thakur M, Guttikonda VR. Modified ultrafast lesions. Journal of Cytology. 2023;40(3):114-118.
Papanicolaou staining technique: A comparative doi:10.4103/joc.joc_29 23
study. Journal of Cytology. 2017;34(3):149-153. [20] Patel N, et al. A comparison of conventional Pap
doi:10.4103/J0C.JOC 23 16 smear and liquid-based cytology for cervical cancer
[10] Shinde PB, Pandit AA. Application of modified screening. Gynecology and Minimally Invasive
ultrafast Papanicolaou stain in cytology of various Therapy. 2023;12(2):77-82.
organs. Diagnostic Cytopathology. 2006;34(2):135- doi:10.4103/gmit.gmit 118 22
139. d0i:10.1002/dc.20360 [21] Liang LA, et al. Cervical cancer screening:
Comparison of conventional Pap smear test, liquid-
748 http://ijisem.com



International Journal of Innovations In Science Engineering And Management

IJISEM

INTERNATIONAL JOURNAL OF
INNOVATIONS IN SCIENCE
ENGINEERING AND MANAGEMENT

based cytology, and human papillomavirus testing
as stand-alone or cotesting strategies. Cancer

systematic review. Diagnostics. 2022;12(11):2771.
doi:10.3390/diagnostics12112771

Epidemiology,  Biomarkers &  Prevention. [32] Sambyal D, Sarwar A. Recent developments in
2021;30(3):474-484. doi:10.1158/1055-9965.EPI- cervical cancer diagnosis using deep learning on
20-1003 whole slide images: An overview of models,
[22] Dasgupta S. The efficiency of cervical Pap and techniques, challenges and future directions.
comparison of conventional Pap smear and liquid- Micron. 2023;173:103520.
based cytology: A review. Cureus. doi:10.1016/j.micron.2023.103520
2023;15(11):e48343. doi:10.7759/cureus.48343 [33] LiulL, etal. Performance of artificial intelligence for
[23] Tambvekar SE, Balsarkar G. Modernizing cervical diagnosing cervical intraepithelial neoplasia and
cytology screening with liquid-based methods at cervical cancer: A systematic review and meta-
community-level hospitals: A  much-needed analysis.  eClinicalMedicine.  2025;80:102992.
breakthrough for India. Journal of Obstetrics and doi:10.1016/j.eclinm.2024.102992
Gynaecology of India. 2024;74(4):371-377. [34] Guo P, et al. Ensemble deep learning for cervix
doi:10.1007/s13224-024-02051-y image selection toward improving reliability in
[24] Miguel R, Gregorio B, Santos C, Andriotti C, Valle automated cervical precancer screening.
L, Saieg M. Validation of cytopathology specimens Diagnostics. 2020;10(7):451.
for digital pathology. Cytopathology. doi:10.3390/diagnostics10070451
2023;34(4):302-307. doi:10.1111/cyt.13234 [35] Gao W, et al. Cervical cell image classification-
[25] Antonini P, et al. Relevance of the College of based knowledge distillation. = Biomimetics.
American Pathologists guideline for validating 2022;7(4):195. doi:10.3390/biomimetics 7040195
whole slide imaging for diagnostic purposes to [36] Fu L, et al. Deep learning based cervical screening
cytopathology. Cytopathology. 2023;34(1):5-14. by cross-modal integration of colposcopy, cytology,
doi:10.1111/cyt.13178 and HPV test. International Journal of Medical
[26] Marletta S, et al. Delphi expert consensus for whole Informatics. 2022;159:104675.
slide imaging in thyroid cytopathology. doi:10.1016/.ijjmedinf.2021.104675
Cytopathology. 2023;34(6):581-589. [37] Mathivanan SK, et al. Enhancing cervical cancer
doi:10.1111/cyt.13279 detection and robust classification through a fusion
[27] JainE, et al. Whole slide imaging technology and its of deep learning models. Scientific Reports.
applications: Current and emerging perspectives. 2024;14(1):10812. doi:10.1038/s41598-024-61063-
International Journal of Surgical Pathology. W
2024;32(3):433-448. [38] Alsubai S, Alqahtani A, Sha M, Almadhor A, Abbas
doi:10.1177/10668969231185089 S, Mughal H, Gregus M. Privacy preserved cervical
[28] Eccher A, Girolami I. Current state of whole slide cancer detection using convolutional neural
imaging use in cytopathology: Pros and pitfalls. networks applied to Pap smear images.
Cytopathology. 2020;31(5):372-378. Computational and Mathematical Methods in
doi:10.1111/cyt.12806 Medicine. 2023;2023:9676206.
[29] Kim D, et al. Digital cytology part 1: Digital doi:10.1155/2023/9676206
cytology implementation for practice: A concept [39] Rivera Rolon MDM, et al. Implementing 100%
paper with review and recommendations from the quality control in a cervical cytology workflow
American Society of Cytopathology Digital using whole slide images and artificial intelligence
Cytology Task Force. Journal of the American provided by the Techcyte SureView System. Cancer
Society of Cytopathology. 2024;13(2):86-96. Cytopathology. 2025;133(6):70019.
doi:10.1016/j.jasc.2023.11.006 doi:10.1002/cncy.70019
[30] Eloy C, et al. How many more slides to go until we [40] Yang Y, et al. Integration of Al-assisted in digital
fully adopt digital cytology?. Cytopathology. cervical cytology training: A comparative study.
2024;35(4):442-443. doi:10.1111/cyt.13388 Cytopathology. 2025;36(2):156-164.
[31] Allahqoli L, et al. Diagnosis of cervical cancer and doi:10.1111/cyt.13461
pre-cancerous lesions by artificial intelligence: A [41] Kyrgiou M, et al. Cervical screening: ESGO-EFC
position paper. British Journal of Cancer.
https://ijisem.com 749



IJISEM

INTERNATIONAL JOURNAL OF
INNOVATIONS IN SCIENCE
ENGINEERING AND MANAGEMENT

International Journal of Innovations In Science Engineering And Management

2020;123(4):510-517.
0920-9

doi:10.1038/s41416-020-

cervical liquid-based cytology samples. Cancers.
2022;14(3):652. doi:10.3390/cancers 14030652

[42] Gilham C, Sargent A, Peto J. Triaging women with [51] Yu L, et al. Significance of triple detection of
human papillomavirus infection and normal pl6/Ki-67 dual-staining, liquid-based cytology and
cytology or low-grade dyskaryosis: Evidence from HR HPV testing in screening of cervical cancer: A
10-year follow up of the ARTISTIC trial cohort. retrospective  study. Frontiers in Oncology.
BJOG. 2020;127(1):58-68.  doi:10.1111/1471- 2022;12:915418. doi:10.3389/fonc.2022.915418
0528.15957 [52] Zhao F, et al. The application of liquid-based

[43] Cuzick J, et al. Combined use of cytology, pl6 cytological detection for pl16, cytologic evaluation
immunostaining and genotyping for triage of women and high-risk human papillomavirus testing in
positive for high-risk human papillomavirus at cervical cancer screening: A clinical evaluation.
primary screening. International Journal of Cancer. International ~ Journal of Women’s Health.
2020;147(7):1864-1873. doi:10.1002/ijc.32973 2022;14:965-973. doi:10.2147/IIWH.S365236

[44] Hu Y, et al. Evaluation of pl6/Ki-67 dual-stained [53] Fu, et al. Head-to-head comparison of DH3 HPV
cytology in triaging HPV-positive women during test and HC2 assay for detection of high-risk HPV
cervical cancer screening. Cancer Epidemiology, infection in  residual cytology  samples.
Biomarkers & Prevention. 2020;29(6):1246-1252. Microbiology  Spectrum. 2022;10(1):e0157021.
doi:10.1158/1055-9965.EPI-19-1180 doi:10.1128/spectrum.01570-21

[45] Han Q, et al. p16/Ki-67 dual-stained cytology used [54] Ramirez-Palacios P, et al. Benefit of double-reading
for triage in cervical cancer opportunistic screening. cytology smears as a triage strategy among high-risk
Chinese  Journal of  Cancer  Research. human papillomavirus-positive women in Mexico.
2020;32(2):208-217. doi:10.21147/j.issn.1000- Cancer Cytopathology. 2020;128(10):715-724.
9604.2020.02.08 doi:10.1002/cncy.22303

[46] Stanczuk G, et al. Clinical performance of triage [55] Pimple SA, Mishra GA, Deodhar KK. Evidence
strategies for Hr-HPV-positive women: A based appropriate triage strategies for implementing
longitudinal evaluation of cytology, p16/Ki-67 dual high risk HPV as primary technology in cervical
stain cytology, and HPV16/18 genotyping. Cancer cancer  screening.  Minerva  Ginecologica.
Epidemiology,  Biomarkers &  Prevention. 2020;72(2):96-105. doi:10.23736/S0026-
2022;31(7):1492-1498. doi:10.1158/1055- 4784.20.04511-6
9965.EPI-21-1425 [56] Vassilakos P, et al. A cross-sectional study

[47] Goulart RA, et al. Extended HPV genotyping and exploring triage strategies for HPV-positive women
dual stain for the triage of primary HPV screen- in  Cameroon. International  Journal  of
positive cases: Practical guidance for the Gynecological Cancer. 2021;31(6):808-816.
cytopathology laboratory. Cancer Cytopathology. doi:10.1136/ijgc-2020-002302
2025;133(4):¢70006. doi:10.1002/cncy.70006 [57]1 Confortini M. Is the use of the atypical squamous

[48] Song F, et al. The effectiveness of HPV16 and cells of undetermined significance category still
HPV18 genotyping and cytology with different necessary in cytological triage?. Cytopathology.
thresholds for the triage of human papillomavirus- 2021;32(2):281-282. doi:10.1111/cyt. 12927
based screening on self-collected samples. PLOS [58] Chong Y, et al. Diagnostic proficiency test using
ONE. 2020;15(6):¢0234518. digital cytopathology and comparative assessment
doi:10.1371/journal.pone.0234518 of whole slide images of cytologic samples for

[49] Chatzistamatiou K, et al. Comparison of different quality assurance program in Korea. Journal of
strategies for the triage to colposcopy of women Pathology and Translational Medicine.
tested high-risk HPV positive on self-collected 2023;57(5):251-264. doi:10.4132/jptm.2023.07.17
cervicovaginal samples. Gynecologic Oncology. [59] Siebers AG, et al. Comparison of liquid-based
2021;162(3):560-568. cytology with conventional cytology for detection of
doi:10.1016/j.ygyno.2021.06.020 cervical cancer precursors: A randomized controlled

[50] Andersen K, et al. Targeted next generation trial. JAMA. 2009;302(16):1757-1764.
sequencing for human papillomavirus genotyping in doi:10.1001/jama.2009.1569

750 http://ijisem.com



International Journal of Innovations In Science Engineering And Management

IJISEM

INTERNATIONAL JOURNAL OF
INNOVATIONS IN SCIENCE
ENGINEERING AND MANAGEMENT

[60]

[61]

[62]

[63]

[64]

[67]

[68]

[69]

Abulafia O, et al. Performance of ThinPrep liquid-
based cervical cytology in comparison with
conventionally prepared Papanicolaou smears: A
quantitative  survey. Gynecologic  Oncology.
2003;90(1):137-144. doi:10.1016/S0090-
8258(03)00176-8

Kim D, et al. Digital cytology part 2: Artificial
intelligence in cytology: A concept paper with
review and recommendations from the American
Society of Cytopathology Digital Cytology Task
Force. Journal of the American Society of
Cytopathology. 2024;13(2):97-110.
doi:10.1016/j.jasc.2023.11.005

Vikraman SM, et al. Cervical cancer elimination in
Indian context: Moving from barriers to facilitators.
Cancer. 2022;128(23):4041-4046.
doi:10.1002/cncr.34486

Oommen AM, et al. Strategies and implementation
outcomes of HPV-based cervical screening studies
to prevent cervical cancer in India: A systematic
review. Journal of Cancer Policy. 2024;42:100513.
doi:10.1016/j.jcpo.2024.100513

Borkotoky K, et al. Learning from the Indian
National Family Health Survey to assess population
based oral, cervix and breast cancer screening in
low-and-middle income countries. The Lancet
Regional Health - Southeast Asia. 2024;30:100483.
doi:10.1016/j.1ansea.2024.100483

Gupta S, et al. Challenges and opportunities to
making Indian women cervical cancer free. Indian
Journal of Medical Research. 2023;158(5-6):470-
475. doi:10.4103/ijmr.ijmr_1052 23

Khan A, et al. CervixFormer: A multi-scale Swin
transformer-based  cervical Pap-smear WSI
classification framework. Computer Methods and
Programs in Biomedicine. 2023;240:107718.
doi:10.1016/j.cmpb.2023.107718

Shastri SS, et al. Secondary prevention of cervical
cancer: ASCO resource-stratified guideline update.
JCO Global Oncology. 2022;8:¢2200217.
doi:10.1200/G0O.22.00217

Nayar R, Wilbur DC. The Bethesda System for
Reporting  Cervical Cytology: A  historical
perspective. Acta Cytologica. 2017;61(4-5):359-
372. doi:10.1159/000477556

Fontaine D, et al. Unsatisfactory rates vary between
cervical cytology samples prepared using ThinPrep
and SurePath platforms: A review and meta-
analysis. BMJ  Open.  2012;2(2):e000847.
doi:10.1136/bmjopen-2012-000847

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Tantitamit T, et al. Cost-effectiveness of primary
HPV screening strategies and triage with cytology or
dual stain for cervical cancer. Cancer Control.
2020;27(1):1073274820922540.
doi:10.1177/1073274820922540

Fontham ETH, Wolf AMD, Church TR, et al.
Cervical cancer screening for individuals at average
risk: 2020 guideline update from the American
Cancer Society. CA Cancer J Clin. 2020;70(5):321-
346. doi:10.3322/caac.21628

Perkins RB, Guido RS, Castle PE, et al. 2019
ASCCP Risk-Based Management Consensus
Guidelines for Abnormal Cervical Cancer Screening
Tests and Cancer Precursors. J Low Genit Tract Dis.
2020;24(2):102-131.
doi:10.1097/LGT.0000000000000525

Cheung LC, Egemen D, Chen X, et al. 2019 ASCCP
Risk-Based Management Consensus Guidelines:
Methods for Risk Estimation, Recommended
Management, and Validation. J Low Genit Tract
Dis. 2020;24(2):90-101.
doi:10.1097/LGT.0000000000000528

Egemen D, Cheung LC, Chen X, et al. Risk
Estimates Supporting the 2019 ASCCP Risk-Based
Management Consensus Guidelines. J Low Genit
Tract Dis. 2020;24(2):132-143.
doi:10.1097/LGT.0000000000000529

Nayar R, Chhieng DC, Crothers B, et al. Moving
forward: The 2019 ASCCP Risk-Based
Management Consensus Guidelines for Abnormal
Cervical Cancer Screening Tests and Cancer
Precursors and implications for laboratories. J Am
Soc Cytopathol. 2020;9(4):291-303.
doi:10.1016/j.jasc.2020.05.002

Brisson M, Kim JJ, Canfell K, et al. Impact of HPV
vaccination and cervical screening on cervical
cancer elimination: a comparative modelling
analysis in 78 low-income and lower-middle-
income countries. Lancet. 2020;395(10224):575-
590. doi:10.1016/S0140-6736(20)30068-4

Canfell K, Kim JJ, Brisson M, et al. Mortality impact
of achieving WHO cervical cancer elimination
targets: a comparative modelling analysis in 78 low-
income and lower-middle-income countries. Lancet.
2020;395(10224):591-603. doi:10.1016/S0140-
6736(20)30157-4

Sung H, Ferlay J, Siegel RL, et al. Global Cancer
Statistics 2020: GLOBOCAN Estimates of
Incidence and Mortality Worldwide for 36 Cancers

https://ijisem.com

751



IJISEM

INTERNATIONAL JOURNAL OF
INNOVATIONS IN SCIENCE
ENGINEERING AND MANAGEMENT

International Journal of Innovations In Science Engineering And Management

in 185 Countries. CA Cancer J Clin.

2021;71(3):209-249. doi:10.3322/caac.21660

oncology. Biochim Biophys Acta Rev Cancer.
2021;1875(2):188520.

[79]1 Bao H, Bi H, Zhang X, et al. Artificial intelligence- doi:10.1016/j.bbcan.2021.188520
assisted cytology for detection of cervical [88] Forsch S, Klauschen F, Hufnagl P, Roth W.
intraepithelial neoplasia or invasive cancer: A Artificial Intelligence in Pathology. Dtsch Arztebl
multicenter, clinical-based, observational study. Int. 2021;118(12):194-204.
Gynecol Oncol. 2020;159(1):171-178. doi:10.3238/arztebl.m2021.0011
doi:10.1016/5.ygyno.2020.07.099 [89] Evans AJ, Brown RW, Bui MM, et al. Validating
[80] Tesfahunei HA, Ghebreyesus MS, Assefa DG, et al. Whole Slide Imaging Systems for Diagnostic
Human papillomavirus self-sampling  versus Purposes in Pathology. Arch Pathol Lab Med.
standard clinician-sampling for cervical cancer 2022;146(4):440-450. doi:10.5858/arpa.2020-0723-
screening in sub-Saharan Africa: a systematic Cp
review and meta-analysis of randomized controlled [90] Girolami I, Pantanowitz L, Marletta S, et al.
trials. Infect Agents Cancer. 2021;16:43. Diagnostic concordance between whole slide
doi:10.1186/5s13027-021-00380-5 imaging and conventional light microscopy in
[81] Di Gennaro G, Licata F, Trovato A, Bianco A. Does cytopathology: A systematic review. Cancer
self-sampling for human papilloma virus testing Cytopathol. 2020;128(1):17-28.
have the potential to increase cervical cancer doi:10.1002/cncy.22195
screening? An  updated  meta-analysis  of [91] Matias AV, Amorim JGA, Macarini LAB, et al.
observational studies and randomized clinical trials. What is the state of the art of computer vision-
Front Public Health. 2022:10:1003461. assisted cytology? A systematic literature review.
doi:10.3389/fpubh.2022.1003461 Comput Med Imaging Graph. 2021;91:101934.
[82] Nishimura H, Yeh PT, Oguntade H, Kennedy CE, doi:10.1016/j.compmedimag.2021.101934
Narasimhan M. HPV self-sampling for cervical [92] Chantziantoniou N. BestCyte primary screening of
cancer screening: a systematic review of values and 500 ThinPrep Pap Test thin-layers: interobserver
preferences. BMJ Glob Health. 2021;6(5):¢003743. diagnostic - concordance ~and  digital = cytology
doi:10.1136/bmjgh-2020-003743 assessment. J Pathol Inform. 2023;14:100182.
[83] Camara H, Zhang Y, Lafferty L, et al. Self- doi:10'.1'016/j.jpi.2022.100182
collection for HPV-based cervical screening: a [93] Hosseini MS’ Brawley-Haye‘s JAZ, Zhang Y, Ch.an
qualitative evidence meta-synthesis. BMC Public L, Plataniotis KN, 'Damasklnos 8. Focus Qual’lty
Health, 2021:21:1503. doi:10.1186/512889-021- Assessment of High-Throughput Whole  Slide
11554-6 Imaging in Digital Pathology. IEEE Trans Med
[84] Clarke MA, Wentzensen N, Perkins RB, et al. Im.agmg. 2020;39(1):62-74.
Recommendations for Use of p16/Ki67 Dual Stain doi:10.1 IOQ/TMI'2019'2919722,
for Management of Individuals Testing Positive for [94] Iken.berg H, Llede.r S, Ahr A, Wllh.elm M,. Sch(.)n.C,
Human Papillomavirus. J Low Genit Tract Dis. Xhaja A..Comparlson ot.‘the HOIOgl? Genius D1g¥ta1
2024:28(2):124-130. Diagnostics System le[h the ThinPrep Imaging
doi:10.1097/LGT.0000000000000802 System: a retrospective assessment. Cancer
[85] Grosserueschkamp F, Jutte H, Gerwert K, Tannapfel g(it(;%a:}(l)(())lz Jency 22695 2023;131(7):424-432.
A. Afivances in Digital Pathologyi From 'Artlﬁmal [05] Vargas-Cardona HD, Rodriguez-Lopez M,
Intelligence to Label-Free Imaging. Visc Med. . e 1 .
. Arrivillaga M, et al. Artificial intelligence for
2021;37(6):482-490. doi:10.1159/000518494 . . . .
. o cervical cancer screening: Scoping review, 2009-
[86] Klein C, Zeng Q, Arbaretaz F, et al. Artificial 2022. Int J Gynaccol Obstet. 2024;165(2):566-578.
intelligence for solid tumour diagnosis in digital doi:10.1002/ijgo.15179
pathology. Br J Pharmacol. 2021;178(21):4291- [96] Chatterjee PB, Hingway SR, Hiwale KM. Evolution
4315. doi:10.1111/bph.15633 . . i
of Pathological Techniques for the Screening of
[87] Sobhani F, Robinson R, Hamidinekoo A, et al. Cervical Cancer: A Comprehensive Review.
Artificial intelligence and digital pathology: Cureus. 2024:16(5):¢60769.
Opportunities and implications for immuno- doi:10.7759/cureus.60769
752 http://ijisem.com



International Journal of Innovations In Science Engineering And Management

IJISEM

INTERNATIONAL JOURNAL OF
INNOVATIONS IN SCIENCE
ENGINEERING AND MANAGEMENT

[97]

[99]

Maruyama S, Sakabe N, Ito C, Shimoyama Y, Sato
S, lkeda K. Effect of Specimen Processing
Technique on Cell Detection and Classification by
Artificial Intelligence. Am J Clin Pathol.
2023;159(5):448-454. doi:10.1093/ajcp/aqac178
Xu M, Cao C, Wu P, et al. Advances in cervical
cancer: current insights and future directions.
Cancer Commun (Lond). 2025;45(2):77-1009.
doi:10.1002/cac2.12629

Bonde JH, Sandri MT, Gary DS, Andrews JC.
Clinical Utility of Human Papillomavirus

[100]

Genotyping in Cervical Cancer Screening: A
Systematic Review. J Low Genit Tract Dis.
2020;24(1):1-13.
doi:10.1097/LGT.0000000000000494

Damkjaer M, Laursen JB, Petersen LK, et al.
Endocervical sampling in women with suspected
cervical neoplasia: a systematic review and meta-
analysis of diagnostic test accuracy studies. Am J
Obstet Gynecol. 2022;227(6):839-848.¢4.
doi:10.1016/j.2j0g.2022.07.036

https://ijisem.com

753



