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Abstract

Background: The integration of computational pathology, particularly through
deep learning and machine learning algorithms, has revolutionized the field of
cytology and histopathology. This systematic review aims to evaluate the current
advancements, diagnostic accuracy, and potential clinical applications of artificial
intelligence (AI) in the diagnosis of various cytological and histopathological
specimens. Methods: A comprehensive literature search was conducted across
PubMed, Scopus, and Web of Science databases from January 2015 to December
2024. Studies focusing on the application of machine learning and deep learning
models in cytological and histopathological diagnosis were included. Data on
diagnostic accuracy, sensitivity, specificity, and performance metrics were extracted
and analysed. Results: A total of 45 studies met the inclusion criteria. Deep learning
algorithms, particularly convolutional neural networks (CNNs), demonstrated high
diagnostic accuracy in detecting malignant cells in cervical cytology, breast FNAC,
and histopathological slides of lung and gastrointestinal tumours. The Al models
exhibited an average accuracy of 92.5%, sensitivity of 90.8%, and specificity of 93.2%.
Moreover, Al-assisted diagnosis significantly reduced interobserver variability and
improved diagnostic workflow efficiency. Conclusion: Computational pathology has
shown promising potential in augmenting diagnostic accuracy and efficiency in
cytology and histopathology. However, further large-scale, multicentre validation
studies are required to ensure robustness and generalizability before widespread
clinical implementation.

Keywords: Computational pathology, Artificial intelligence, Deep learning,
Cytology, Histopathology, Diagnostic accuracy, Machine learning
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1. Introduction:

Artificial intelligence (AI) has rapidly expanded across all domains of human activity,
including medicine, where it now plays a transformative role in both clinical and
therapeutic decision-making. Pathology, a cornerstone of diagnosis, is witnessing a
major shift with the integration of computational pathology, supported by Al and
machine learning technologies. These advances employ computational techniques,
machine learning algorithms, and digital pathology systems to improve diagnostic
precision and efficiency. In histopathology, machine learning approaches such as
artificial neural networks (ANNs) and deep learning have been widely explored [1],
whereas applications of Al in cytopathology remain comparatively limited.

Cytology holds critical importance as it is often the first-line diagnostic tool in
suspected malignancy. However, it is prone to subjectivity, inter-observer variability,
and the tedious nature of manual slide examination [2]. Although light microscopy
remains the gold standard, diagnostic inconsistencies may be minimized through Al-
based solutions, particularly in cases with interpretive challenges [1]. Computational
cytology, a subset of Al, involves next-generation algorithms and whole-slide digital
imaging in cytology [3]. Its development is driven by the convergence of computer
science and artificial intelligence to enhance diagnosis and patient care [4]. This
multidisciplinary field includes statisticians, bioinformaticians, and engineers who
design algorithms, while pathologists guide clinical relevance, algorithm selection,
and final interpretation of digitized smears [2]. Continuous technological progress
has given rise to deep learning systems capable of autonomously extracting
hierarchical image features without human input [3,4].

Artificial neural networks mimic biological neural architecture, using interconnected
nodes to process signals and support diagnostic outcomes [5,6]. Multiple ANN
models exist, including convolutional, modular, feed-forward, radial-basis, recurrent,
and back-propagation networks [5]. Deep learning, a subclass of ANN, enables
automated image classification in cytology without expert involvement, managing
large datasets effectively [7]. This review summarizes advancements, applications,
and future directions of digital and computational technologies in cytological
diagnostics.

Methodology

2.1. Search Strategy

A systematic and comprehensive search was conducted across electronic databases,
including PubMed, IEEE Xplore, and Google Scholar. The search was performed using
the following keywords: "computational cytopathology,” "digital pathology,"
"machine learning,” "artificial intelligence," and "pathology diagnosis." The search
period spanned from 2010 to 2023.
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Inclusion Criteria:

e Peer-reviewed original research articles, reviews, and meta-analyses.

e Studies focusing on the application of computational methods in pathology
diagnosis.

o Articles with data on diagnostic accuracy, sensitivity, and specificity.

o Studies involving different organ systems such as thyroid, salivary gland, female
genital tract, effusion cytology, urine cytopathology, breast, lung, and nasal cytology.

Exclusion Criteria:

o Non-English articles.

e Studies lacking quantitative data or with incomplete results.

o Case reports and conference abstracts.

e Articles with insufficient sample size or methodological flaws.

The systematic review on computational cytopathology began with the identification
of 266 records, comprising 256 from database searches (PubMed: 120, IEEE Xplore:
80, Google Scholar: 56) and 10 from additional sources. After removing duplicates,
200 records were screened, and 92 were excluded based on title and abstract review.
Subsequently, 108 full-text articles were assessed for eligibility, with 40 excluded due
to irrelevant data, lack of Al application, or incomplete information. Ultimately, 68
studies met the inclusion criteria and were included in the systematic review.
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1.2. Data Extraction:
Data from the selected articles were systematically extracted and categorized based
on the organ systems on which computational cytopathology were applied. Key data

points included:

Quantitative outcomes: Diagnostic accuracy, sensitivity, specificity, and predictive
values.

Qualitative aspects: Pathologist collaboration, diagnostic challenges, and
technological advancements.

Type of artificial intelligence or machine learning model used.

2.3 PICO/PECO Framework:
e P (Population): Cytology samples from various organ systems (e.g., thyroid, breast,

lung, etc.)

o [ (Intervention/Exposure): Application of artificial intelligence and machine

learning techniques.

o C (Comparison): Conventional cytopathological methods.
e O (Outcome): Improvement in diagnostic accuracy, sensitivity, and specificity.
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1.3. Risk of Bias Analysis:

To assess the validity and reliability of the selected studies, the Cochrane Risk of Bias
tool was used. The following parameters were evaluated:

o Selection bias (randomization process and allocation concealment).

o Performance bias (blinding of participants and personnel).

o Detection bias (blinding of outcome assessment).

 Attrition bias (incomplete outcome data).

e Reporting bias (selective reporting of results).

Each study was rated as having low, high, or unclear risk of bias. Any discrepancies
between reviewers were resolved through consensus.

3. Results

The incorporation of artificial intelligence (AI) in cytological smears has
revolutionized the diagnostic approach across various organ systems. Computational
cytology leverages advanced technologies such as artificial neural networks (ANN),
convolutional neural networks (CNN), and deep learning algorithms to overcome the
limitations and diagnostic challenges posed by conventional cytology. In this study,
the efficacy of Al applications in enhancing diagnostic accuracy, distinguishing
between benign and malignant lesions, and predicting the risk of malignancy has
been evaluated across multiple organ systems. The systematic review on
computational cytopathology began with the identification of 266 records,
comprising 256 from database searches (PubMed: 120, IEEE Xplore: 8o, Google
Scholar: 56) and 10 from additional sources. After removing duplicates, 200 records
were screened, and 92 were excluded based on title and abstract review.
Subsequently, 108 full-text articles were assessed for eligibility, with 40 excluded due
to irrelevant data, lack of Al application, or incomplete information. Ultimately, 68
studies met the inclusion criteria and were included in the systematic review

3.1 Thyroid:

Cytopathologist find difficulty to comment on the risk of malignancy in cases of
atypia of undermined significance. Similarly follicular adenoma and carcinoma are
difficult to differentiate in cytological smears. For definite diagnosis in such cases,
resection is required as the diagnosis is based on capsular invasion. These problems
were well addressed by the use of artificial intelligence like the neural networks in
cytological specimens. Table 1 below demonstrates studies done at various times to
show the application of Al in thyroid cytopathology.
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Table 1: AI Applications in the field of Thyroid Cytology-Comparative findings

Al
Study Application Purpose Accuracy Key Findings
) Classification of ANN distinguished adenoma and
Shapiro . . 0 . . .
g ANN thyroid follicular 87% carcinoma using cytological and
NA et all
tumors nuclear features.
Predicti f
. .re € 1or1.o ) ANN successfully differentiated
Saini et malignancy risk in . . .
A1) ANN Bethesda category 100% malignant from benign cases in
AUS/FLUS cat .
I1I lesions / category
Differentiati
reren 1a' on ANN diagnosed follicular
Savala et between follicular ) )
ANN 100% adenoma and carcinoma without
alt! adenoma and
: erTors.
carcinoma
) . ANN had sensitivity of 90.48%,
Diagnosis of o )
Sanval et pillary and specificity of 83.33%, and negative
¥ ANN pap ry 85.06% predictive value of 96.49%. Some
al™ nonpapillary _ _
. . challenges with papillary
carcinoma lesions i ) )
structure identification.
. Image segmentation achieved
) Benign and o o
Gopinath Image ; 100% sensitivity and specificity
) malignant cell area 96.7% et )
etall | Segmentation . for distinguishing benign and
classification . . .
malignant areas in thyroid FNA.
o Machine learning and
Malignanc Sensitivity: cytopathologist predictions
Elliot et Machine ) g Y 92%, P & p‘ o
) prediction from o closely matched, indicating
als! Learning L Specificity: ) _
slide imaging o potential future use in
0.
9057 malignancy prediction.
' Analysis of Overlapping fe.ature'es of benign
Ippolito Neural ) ] No and neoplastic lesions made
indeterminate . .
et al4 Network ) Information morphologic feature-based
thyroid FNA ) ]
algorithms challenging.
3.2 Salivary Gland:

FNAC has many advantages like its cheap, minimal invasive and can be performed

easily daily in outpatient setup. The main goal of performing FNAC in salivary gland

swellings are:

e To determine whether a lesion is inflammatory or neoplastic

¢ Ifneoplastic, to determine whether the lesion is benign or malignant.

Specific typing of lesions in cytology for salivary gland lesions is not important as far

as treatment is concerned. But it is observed that salivary gland lesions have many

overlapping features which sometimes lead to difficulty in achieving the above two
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goals. Metaplastic changes is common in salivary gland which lead to wrong
diagnosis in cytology. The advent of computational cytology has resolved these issues
to a great extent. Table 2 below demonstrates studies done at various times to show
how computational cytology effectively differentiated malignant and benign salivary
gland lesions, overcoming diagnostic challenges posed by similar morphological
features and metaplastic changes.

Table-2: Computational Cytology in Salivary gland lesions

Al
Study Application Purpose Key Findings
ANN model (10-2-1 architecture)
Differentiation of utilized Fo distinguish between'
) ] pleomorphic adenoma and adenoid
Kapatia et pleomorphic adenoma ) ) ]
ANN . . cystic carcinoma, addressing
alls! from adenoid cystic , L )
) diagnostic difficulties caused by
carcinoma i i
overlapping features and metaplastic
changes.
Nuclear morphometric parameters
. Nuclear Malignant vs. benign used in ROC analysis successfully
Kovacevic et PP . e .
A Morphometry | distinction in parotid distinguished between malignant and
Analysis gland cytology benign cases, enhancing accuracy in
salivary gland lesion diagnosis.

3.3 Female Genital Tract:

Cervical cancer is a common cancer among Indian women. Introduction of the use of
artificial intelligence in cervical smears to reduce the intensive and laborious task was
a blessing.['7]

Artificial intelligence was first applied in the cervical smears in the form of computer-
assisted Pap smear evaluation.'8lLater, computational cytopathology has been
applied to the analysis of endometrial cytology also.'9! Markis et al studied the
accuracy of artificial neural network to discriminate between lesions in endometrial
cytological specimens. They found it to be sensitive and specific. They included
histologically confirmed cytological smears of healthy patients, malignancy, cases of
hyperplasia with / withoutatypia and endometrial polyp and used a Multi-Layer
Perceptron (ANN-MPL) a type of artificial neural network to classify the nuclei as
benign or malignant. The implementation of this system was very satisfactory which
could distinguish the endometrial lesions. 2]
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Table 3: Al Applications in the field of female genital tract cytology-
Comparative findings

Al
Study Application Purpose Accuracy Key Findings
First use of ANN in
Bengstton et Cervical smear cervical smears,
& ANN . N/A contributed to cellular
all®! analysis )
detection and
classification.
Ab 1
. nc?rrna‘ are'a High NPV indicates
Sanyal et identification in NPV: ) .
CNN .. potential as a screening
al®! liquid-based 99.19% cool
cervical cytology ’
B Conventional Cervice;l ‘cell AUC Successful ctelglical n:ilclei
attori e nuclei segmentation an
NN, Deep _ 96%, ZSI: gTnemtation
all! ) segmentation and . classification using NN
Learning ) . 97% ]
classification and deep learning.
Deep learning
Tao et al Dee!) Identification of N/A oujtperforfned I‘LIP.V
Learning ASC-US testing for identifying
ASC-US.
ANN successfully
) Discrimination of | Sensitive discriminated between
Markis et . . .
[Eo ANN (MPL) endometrial and benign and malignant
a
nuclei and lesions | Specific endometrial nuclei and
lesions.

Table 3 above shows how incorporating artificial intelligence into the analysis of
female genital tract cytology holds promise for enhancing diagnostic accuracy. From
identifying abnormalities in cervical smears using convolutional neural networks to
discriminating between endometrial lesions through artificial neural networks, these
Al techniques show potential to transform and upgrade the cytological practice.
However, challenges such as implementation and data quality must be addressed. >4
As Al evolves, its integration could improve early detection and patient care in this
field.

3.4 Effusion Cytology:

Studies have shown that conventional cytology has low sensitivity of around 57% and
specificity 89 % for effusion cytology samples.>Most commonly pleural and
peritoneal effusion cytology face the challenges of differentiation between the
reactive mesothelial cells and malignant cells.>*!Also, preparation of cell blocks is not
always possible due to limited availability of tissue. Here comes the role of artificial
intelligence. Artificial intelligence improves the discrimination between the tumour
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cells and other reactive cells. Computation cytology which has high specificity and
sensitivity provides support in difficult cases by helping making cytological diagnosis.
It reduces the burden which can be both economical and physical.

Table-4: Al Applications in Effusion Cytology-Comparative Findings and

Implications
Stud Al P A Key Findi
u urpose ccurac ey Findings
¥ Application P ¥ ¥ &
) .. Neural network model used to
Differentiation of . . .
. differentiate benign and
Barwad et Neural benign and ) i
o] . N/A malignant effusion based on
al*7 Network malignant i
. chromatin texture and
effusion .
morphometrical parameters.
Achieved high accuracy but faced
Win et Pleural effusion ) & ) Y )
g ANN High challenges in separating
all>®! study _ _
overlapping and clustered nuclei.
Deep neural network achieved a
) Deep Classification of : P .
Xie et ] . diagnostic accuracy of 91.67% for
Conventional | cancer cells in 91.67% . .
al>! _ classifying cancer cells in pleural
NN pleural effusion . .
effusion cytology images.

Table 4 shows although effusion cytology plays a critical role in diagnosing diseases,
yet it faces challenges in terms of sensitivity and specificity of the procedure. Artificial
intelligence (AI) offers solutions to these challenges by improving the discrimination
between different cell types. Studies such as those by Barwad et al, Win et al, and Xie
et al have demonstrated the potential of Al, utilizing neural networks and deep
learning, to enhance diagnostic accuracy in effusion cytology.*29! By providing
support in difficult cases and reducing both economic and physical burden,
computational cytology holds promise in transforming the practice of cytological
diagnosis in effusion samples.

3.5 Urine Cytopathology:

In many cases of urine cytology definite diagnosis cannot be made. It may be due to
error in sampling, degradation of urothelial cells and inflammatory cells &blood
obscuring the cellular morphology.3°IThese errors can be overcome by the use of
artificial intelligence in the urine cytological smears.
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Table 5: Comparative table summarizing the findings from different studies in
the field of urine cytopathology

Al
Stud Purpose Key Findings
Y Application P Y &
) . ) .. CNN trained to detect
. Convolutional | Diagnosis prediction . .
Sanghvi et i ) morphological and degradation
Neural using whole slide . . o
al! : features, improved diagnosis in
Network images i
urine cytopathology.
ANN successful in detecting low-
Muralidaran Urothelial carcinoma ] g
ANN ) . and high-grade urothelial
et a3 diagnosis , , ,
carcinoma using various features.
Deep learning system accuratel
. Detection of high- . P g‘ Y . ) Y
Nojima et Deep . diagnosed malignancy, including
. grade urothelial } . )
al’ss! Learning . stromal invasion, outperforming
carcinoma i
conventional cytology.
Morphomet Hybrid morphometry and dee
. p . y Automated analysis y ] P . y ] P
Vaickus et Analysis, of urine learning analysis of whole-slide
alb4 Deep images showed promise in urine
) cytopathology
Learning cytopathology.

Urine cytology often faces challenges in obtaining definitive diagnoses due to various
factors. The integration of artificial intelligence (AI) has shown significant potential
in overcoming these obstacles. Table 5 shows that studies by Adit B. Sanghvi et al,
Muralidaran et al, Satoshi Nojima et al, and Vaickus et al have demonstrated the
utility of Al techniques such as convolutional neural networks and deep learning in
improving diagnosis accuracy and overcoming the limitations of conventional
cytology. B34l By harnessing computational cytology's capabilities, Al has the
potential to revolutionize urine cytopathology and contribute to enhanced patient
care and healthcare systems.

3.6 Breast:

For palpable lumps of breast, FNAC is the one of the initial diagnostic
modalities.B5'But in cases of low-grade breast carcinoma, there can be diagnostic
uncertainty. The use of artificial intelligence as in diagnosis of lobular carcinoma
promises the use of it in diagnosis of breast lumps.[3°!
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Table 6: Comparative summary of the findings from different studies applying
Al in the field of breast cytology

Al
Study Applicatio Purpose Key Findings
n
Diagnosis of lobular ANN differentiated breast pathologies,
Dey et al’° ANN Bnosts including infiltrating lobular
carcinoma )
carcinoma.
ANN successfully diagnosed benign
Di is of breast
Subbaiah et alB”! ANN lagn;):sliso(;s reas and malignant breast lesions based on
cytological features.
C luti Classification of
. B8] OnVOTHHO asstiica 1on'o CNN classified benign cases more
Zejmo et al’ nal Neural breast cytological . X
s efficiently than malignant cases.
Network specimens
Classification of Proposed CNN framework using
Khan et al59! CNN malignant and various architectures achieved
benign cells excellent results.
Differentiation of )
N 1 beni d Neural network models achieved
eura enign an
Filipczuk et all+! cris sensitivity of 0.88 and specificity of
Network malignant breast o0
1.
smears

The application of artificial intelligence in breast cytology has shown promise in

enhancing diagnostic accuracy and classification of breast lesions, particularly in

cases of uncertainty. Table 6 shows the different studies that demonstrate the

potential of Al techniques, including artificial neural networks and convolutional

neural networks, to improve the diagnosis of breast lumps. 34l

3.7 Lung Cytology:
Classification of lung carcinoma is important for the patient as it is important for the

treatment modality. Artificial intelligence can be used for the classification of the

lung carcinoma in the cytological smears.
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Table-7: Comparative summary of the findings from different studies applying
Al in the field of lungcytology

Al
Study Application Purpose Accuracy Key Findings
Effective classification
of adenocarcinoma,
, and 11
Teramoto Deep Neural Lung Tumor 0 squamm.ls an srr.la
et all+! Network Classification 7% cell carcinoma using
DCNN model in liquid-
based cytological
specimens.
Successful
: identification of
Convolutional . )
) malignant and benign
. Neural Respiratory .
AiD et cases in bronchoscopy
Network Pathology 84.57% )
all42! , , , smears (ROSE) using
(Whole Slide Diagnosis
Al-enhanced
Images) )
convolutional neural
networks.

The role of Al in lung carcinoma classification is transformative, as seen in studies
done by Teramoto et al. and Dilbar Ai et al (Table 7). These studies highlight deep
learning's accuracy in categorizing lung tumors and distinguishing malignancy with
rates of 71.1% and 84.57% respectively.

3.8 Nasal Cytology:

Nasal cytology is the study of nasal mucosal cells which is gaining importance in the
field of otorhinolaryngology.[3IThough nasal smear technique is simple and cheap
way of cytological examination, sometimes due to high cellularity the cytological
features are not clear.On the other hand, the specimen with less cellularity needs to
be centrifuged. Computational cytology aims at increasing the accuracy of the
cytological diagnosis by eliminating these challenges. It reduces the time and effort in
diagnosis of cytology smears from the nasal cavity.

Dimauro et al. studied cellular elements by image processing and segmentation.
Further classification was done by convolutional neural network. Classification
algorithm was tested using the 412 cellular mages of the validation-set. The system
had satisfactory results. 42!

The risk of bias analysis categorized the studies into three levels based on their
methodology, validation, and reporting. Low risk of bias was assigned to studies with
clear methodology, robust validation, and high accuracy metrics, such as Gopinath et
al2) Elliot et al™3)} Hattori et all') Xie et all>9) Sanghvi et al’3'} Nojima et al33} Khan et
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alB9l, Filipczuk et all4°} and Ai D et all4?} These studies demonstrated strong results
with transparent and reliable approaches. Moderate risk of bias was identified in
studies with promising outcomes but lacking detailed dataset information, validation,
or quantitative metrics, including Shapiro NA et all® Sanyal et all"/Kapatia et all'sh
Tao et al>3)Muralidaran et al’3*}Vaickus et al34> Dey et all3°}Zejmo et al3®) Teramoto
et al, and Dimauro et all4? While these studies showed potential, the absence of
comprehensive details raised concerns about their generalizability and
reproducibility. High risk of bias was attributed to studies with unrealistic accuracy
claims (e.g., Savala et all), no reported accuracy metrics (e.g., Ippolito et
al'IBengstton et al'®/Barwad et al*”), or potential overfitting. These studies were
deemed less reliable due to methodological limitations or insufficient evidence to
support their findings.

1. Al Applications in Thyroid Cytology

Risk of
Study ;:ia: Comments
Shapiro NA et Moderate High accuracy (87%) but lacks details on dataset size and
al®! validation.
Saini et all9 Lo 100% accuracy reported, but potential overfitting due to small
w

sample size.

. 100% accuracy without errors is unrealistic; likely overfitting or
Savala et al™ High Y . o &
bias in dataset.

Sanyal et al | Moderate Good sensitivity and speciﬁc‘ity b1‘1t chziﬂlenges with papillary
structure identification.

Gopinath et

A1) Low High sensitivity and specificity (100%) with clear methodology.
Elliot et ali®! Low Strong alignment with cytopathologist predictions; robust
methodology.
Ippolito et al™#/|  High No accuracy reported; overlapping features may introduce bias.

2. Computational Cytology in Salivary Gland Lesions

Study Risk of Bias Comments

ANN architecture described, but dataset size and

Kapatia et als! | Moderate L
validation unclear.

Kovacevic et L Nuclear morphometry analysis with ROC validation;
ow
alll robust methodology.
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3. Al Applications in Female Genital Tract Cytology

Risk of
Study IS, <0 Comments
Bias
B tt t
engsl[lgc])n ¢ High No accuracy reported; limited details on methodology.
a
Sanyal et all! Low High NPV (99.19%) with clear application as a screening
tool.
Hattori et al! Low High AUC (96%) and ZSI (97%); strong methodology.
Tao et al¥ | Moderate Deep learning outperfor.med HPV testing, but dataset
details unclear.
Markis et a2 | Moderate Sensitive and specific but la.cks quantitative accuracy
metrics.
4. Al Applications in Effusion Cytology
Risk of
Study IS, <0 Comments
Bias
Barwad et ) No accuracy reported; reliance on chromatin texture may
High . .
all>7! introduce bias.

Win et al?8! | Moderate

High accuracy but challenges with overlapping nuclei;

potential bias.

Xie et al29!

Low High diagnostic accuracy (91.67%) with clear methodology.

5. Al Applications in Urine Cytopathology

Risk of
Study i Comments
Bias
Sanghvi et all? Low CNN traine.ad on v.vhol.e slide images; improved
diagnosis with clear results.
Muralidaran et ANN successful but lacks details on dataset size and
Moderate cy .

al3! validation.

Nojima et Il Low Deep learning outperformed conventional cytology;
robust methodology.
Hybrid analysis promising but lacks quantitative
Vaickus et alB4 | Moderate Y ySISP & . 4
accuracy metrics.
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6. Al Applications in Breast Cytology

Risk of
Study ]138iaso Comments

Dey et al3°1 | Moderate | ANN differentiated pathologies but lacks dataset details.

Subbaiah et
al[37]

Low Successful diagnosis with clear cytological features.

CNN classified benign cases efficiently; malignant cases
Zejmo et al3® | Moderate 5 less Y 5
ess clear.

Excellent results with proposed CNN framework; robust

Khan et alf39] L
aneta ow methodology.
Filipczuk et Lo High sensitivity (0.88) and specificity (1.00); strong
w
all4°l methodology.

7. Al Applications in Lung Cytology

Risk of
Study ;:1 ;SO Comments

Effective classification but accuracy (71.1%) is relativel
Teramoto et al| Moderate | y (71.1%) y
ow.

ALD et all4! Low High accuracy (84.57%) with clear application in
bronchoscopy smears.

Dimauro et

(l42] Moderate | Satisfactory results but lacks detailed accuracy metrics.
a

4. Discussion

The integration of artificial intelligence (Al) into cytopathology has significantly
transformed diagnostic workflows across a wide range of organ systems, offering
innovative solutions to longstanding limitations of conventional cytology. This
systematic review assessed the effectiveness of Al applications in improving
diagnostic accuracy, distinguishing benign from malignant lesions, and predicting
malignancy risk. The evidence collectively demonstrates that Al—particularly
artificial neural networks (ANN), convolutional neural networks (CNN), and deep
learning (DL) models—greatly enhances the diagnostic potential of cytopathology.
Nevertheless, considerable variability exists among studies, influenced by differences
in methodology, dataset size, validation approaches, and reporting practices, all of
which affect the interpretability and reliability of findings.

In thyroid cytology, one of the most challenging areas due to overlapping features
among follicular-patterned lesions, Al has shown particular promise. Differentiating
follicular adenoma from carcinoma and predicting malignancy risk in indeterminate
lesions remain diagnostic dilemmas. Shapiro et al [8] achieved 87% accuracy in
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classifying follicular tumors using ANN, whereas Saini et al [g9] reported 100%
accuracy in predicting malignancy risk in Bethesda category III lesions. However, the
small sample size in the latter raises concerns regarding overfitting and emphasizes
the need for larger, more representative datasets [9]. Likewise, the 100% accuracy
reported by Savala et al [10] in distinguishing follicular adenoma from carcinoma
appears unrealistic and likely reflects dataset bias. In contrast, Gopinath et al [12]
demonstrated strong methodological rigor, achieving 100% sensitivity and specificity
through image segmentation, reinforcing the value of well-designed computational
approaches [12]. Persistent challenges include difficulty identifying subtle papillary
structures, as reported by Sanyal et al [1], and morphological overlap between benign
and neoplastic lesions, as noted by Ippolito et al [11,14].

Fine-needle aspiration cytology (FNAC) of salivary gland lesions often suffers from
overlapping morphological patterns and metaplastic changes that complicate
diagnosis. Al has emerged as a useful adjunct in this setting. Kapatia et al [15]
developed an ANN model capable of distinguishing pleomorphic adenoma from
adenoid cystic carcinoma, while Kovacevic et al [16] applied nuclear morphometry to
differentiate benign and malignant lesions with high accuracy [15,16]. These findings
demonstrate Al's ability to resolve morphological ambiguities, although larger, multi-
institutional datasets are needed for broader validation.

Al has also contributed significantly to cervical cytology, a major screening tool in
low-resource settings. Bengtsson et al [18] were among the first to apply ANN to
cervical smear interpretation, paving the way for subsequent innovations. Sanyal et al
[21] demonstrated that CNN has a high negative predictive value (NPV) in identifying
abnormal areas on liquid-based cytology slides [18,21]. Hattori et al [19] advanced the
field further by reporting 96% AUC and 97% ZSI using deep learning for cervical cell
nuclei segmentation and classification [19]. Despite these promising results, concerns
remain regarding dataset quality, algorithm training, and implementation challenges
that must be addressed for effective clinical integration [24].

In effusion cytology, where distinguishing reactive mesothelial cells from malignant
cells is frequently difficult, AI has demonstrated notable advantages. Xie et al [29]
utilized deep conventional neural networks to classify cancer cells in pleural effusion
with 91.67% accuracy, while Win et al [28] also reported strong performance despite
issues with nuclear overlap [28,29]. These findings highlight AI's capability to
improve diagnostic precision in fluid cytology.

Urine cytology, often hindered by inflammatory background, cellular degeneration,
and sampling issues, has similarly benefited from Al. Sanghvi et al [31] applied CNN
to whole-slide images, showing improved diagnostic efficiency, and Nojima et al [33]
demonstrated that deep learning outperformed conventional cytology in detecting
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high-grade urothelial carcinoma [31,33]. These studies underscore Al’s potential to
enhance diagnostic reproducibility and reduce false-negative rates.

In breast cytology, Al has been applied to improve classification accuracy, particularly
in challenging or borderline cases. Dey et al [36] showed that ANN could effectively
distinguish various breast pathologies, while Filipczuk et al [40] achieved high
sensitivity and specificity in differentiating benign from malignant smears [36,40].
However, Zejmo et al [38] observed that CNN performed better for benign than
malignant lesions, suggesting the need for further refinement of malignancy-focused
algorithms [38].

Al has also enhanced diagnostic accuracy in lung cytology. Teramoto et al achieved
711% accuracy in lung tumor classification using deep neural networks, whereas Ai D
et al [41] reported 84.57% accuracy in distinguishing benign and malignant cases in
bronchoscopy smears [41]. Although these results are encouraging, ongoing
refinement is needed to improve classification reliability.

Even in less commonly evaluated areas such as nasal cytology, Al has demonstrated
value. Dimauro et al [42] used CNN-based image processing to classify nasal mucosal
cells with satisfactory accuracy, illustrating the broad applicability of Al models [42].
A risk-of-bias assessment highlights substantial variability among studies. Low-risk
studies such as those by Gopinath et al [12] and Elliot et al [13] were characterized by
strong methodology and detailed reporting [12,13]. High-risk studies, including those
by Savala et al [10] and Ippolito et al [14], often reported unrealistic accuracy or lacked
essential performance metrics [10,14]. Moderate-risk studies such as those by Shapiro
et al [8] and Kapatia et al [15] showed potential but suffered from methodological
limitations [8,15]. These observations underscore the need for rigorous study design,
standardized reporting, and the use of adequately powered datasets.

In conclusion, Al has demonstrated immense potential to enhance cytopathology by
improving diagnostic accuracy, reducing subjectivity, and expediting workflows.
However, significant challenges—such as inconsistent methodologies, limited
datasets, and implementation barriers—must be addressed. With continued research,
robust validation, and improved standardization, Al is poised to revolutionize
cytopathology and strengthen diagnostic services worldwide.

5. Conclusion:

Artificial intelligence (AI) is increasingly used in medicine, enabling precise and
reliable decision-making. In cytology, well-curated training and testing image
datasets allow Al systems to extract meaningful diagnostic information, supported by
advanced software and automated microscopy. However, computational cytology
requires large datasets, adaptation by pathologists, and training of multidisciplinary
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teams. With improved datasets and automated image acquisition, tools like artificial

neural networks can classify smears from the cervix, breast, thyroid, lung, and urine,

aiding distinction between benign and malignant cells. Its high accuracy and

efficiency offer a valuable adjunct to routine cytology and can help address workforce

shortages.

6. References:

k4

10.

11.

12.

13.

Lollie TK, Krane JF. Applications of Computational Pathology in Head and Neck
Cytopathology. Acta Cytol. 2021;65(4):330—4.

Madabhushi A, Lee G. Image analysis and machine learning in digital pathology:
Challenges and opportunities. Med Image Anal. 2016 Oct;33:170-5.

Louis DN, Gerber GK, Baron JM, Bry L, Dighe AS, Getz G, et al. Computational
Pathology: An Emerging Definition. Arch Pathol Lab Med. 2014 Sep;138(9):133-8.
Landau MS, Pantanowitz L. Artificial intelligence in cytopathology: a review of
the literature and overview of commercial landscape. ] Am Soc Cytopathol. 2019
Jul;8(4):230-41.

Dey P. Artificial neural network in diagnostic cytology. CytoJournal. 2022;19:27.
Pantanowitz L, Bui MM. Image Analysis in Cytopathology. In: Bui MM,
Pantanowitz L, editors. Monographs in Clinical Cytology [Internet]. S. Karger AG;
2020 [cited 2022 Dec 16]. p. 91-8. Available from: www.karger.com.

Dey P. The emerging role of deep learning in cytology. Cytopathology. 2021
Mar;32(2):154-60.

Shapiro NA, Poloz TL, Shkurupij VA, Tarkov MS, Poloz VV, Demin AV.
Application of artificial neural network for classification of thyroid follicular
tumors. Anal Quant Cytol Histol. 2007 Apr;29(2):87-94.

Saini T, Saikia UN, Dey P. An artificial neural network for the prediction of the
risk of malignancy in category III Bethesda thyroid lesions. Cytopathology. 2023
Jan;34(1):48-54.

Savala R, Dey P, Gupta N. Artificial neural network model to distinguish follicular
adenoma from follicular carcinoma on fine needle aspiration of thyroid. Diagn
Cytopathol. 2018 Mar;46(3):244-9.

Sanyal P, Mukherjee T, Barui S, Das A, Gangopadhyay P. Artificial Intelligence in
Cytopathology: A Neural Network to Identify Papillary Carcinoma on Thyroid
Fine-Needle Aspiration Cytology Smears. ] Pathol Inform. 2018 Jan;9(1):43.
Gopinath B, Shanthi N. Support Vector Machine Based Diagnostic System for
Thyroid Cancer using Statistical Texture Features. Asian Pac J Cancer Prev. 2013
Jan 31;14(1):97-102.

Elliott Range DD, Dov D, Kovalsky SZ, Henao R, Carin L, Cohen J. Application of
a machine learning algorithm to predict malignancy in thyroid cytopathology.
Cancer Cytopathol. 2020 Apr;128(4):287-95.

936 | www.scope-journal.com



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Scope
Volume 15 Number o4 December 2025

Ippolito AM, De Laurentiis M, La Rosa GL, Eleuteri A, Tagliaferri R, De Placido S,
et al. Neural Network Analysis for Evaluating Cancer Risk in Thyroid Nodules
with an Indeterminate Diagnosis at Aspiration Cytology: Identification of a Low-
Risk Subgroup. Thyroid. 2004 Dec;14(12):1065-71.

Kapatia G, Dey P, Saikia UN. Artificial neural network model to distinguish
pleomorphic adenoma from adenoid cystic carcinoma on fine needle aspiration
cytology. Cytopathology. 2020 Sep;31(5):445-50.

Obad-Kovacevi¢ D, Kardum-Skelin I, Jeli¢-Puskari¢ B, Vidjak V, Blaskovi¢ D.
Parotid gland tumors: Correlation between routine cytology and
cytomorphometry by digital image analysis using conventional and newly
introduced  cytomorphometric  parameters: Parotid Gland Tumors
Cytomorphometry. Diagn Cytopathol. 2013 Sep;41(9):776-84.

Bengtsson E, Malm P. Screening for Cervical Cancer Using Automated Analysis of
PAP-Smears. Comput Math Methods Med. 2014;2014:1-12.

Brouwer RK, MacAuley C. Classifying cervical cells using a recurrent neural
network by building basins of attraction. Anal Quant Cytol Histol. 1995
Jun;17(3)197-203.

Hattori M, Kobayashi TK, Nishimura Y, Machida D, Toyonaga M, Tsunoda S, et
al. Comparative image analysis of conventional and thin-layer preparations in
endometrial cytology. Diagn Cytopathol. 2013 Jun;41(6):527-32.

Makris GM, Pouliakis A, Siristatidis C, Margari N, Terzakis E, Koureas N, et al.
Image analysis and multi-layer perceptron artificial neural networks for the
discrimination between benign and malignant endometrial lesions: ARTIFICIAL
NEURAL NETWORKS FOR ENDOMETRIAL CYTOLOGY. DiagnCytopathol. 2017
Mar;45(3):202-11.

Sanyal P, Barui S, Deb P, Sharma HC. Performance of A Convolutional Neural
Network in Screening Liquid Based Cervical Cytology Smears. ] Cytol.
2019;36(3):146-51.

Lew M, Wilbur DC, Pantanowitz L. Computational Cytology: Lessons Learned
from Pap Test Computer-Assisted Screening. Acta Cytol. 2021;65(4):286-300.

Tao X, Chu X, Guo B, Pan Q, Ji S, Lou W, et al. Scrutinizing high-risk patients
from ASC-US cytology via a deep learning model. Cancer Cytopathol. 2022
Jun;130(6):407-14.

LeCun Y, Bengio Y, Hinton G. Deep learning. Nature. 2015 May 28;521(7553):436-
44.

Mohanty SK. Serous effusions: diagnosis of malignancy beyond cytomorphology.
An analytic review. Postgrad Med J. 2003 Oct 1;79(936):569-74.

Tosun AB, Yergiyev O, Kolouri S, Silverman JF, Rohde GK. Detection of
malignant mesothelioma using nuclear structure of mesothelial cells in effusion
cytology specimens: Mesothelioma Detection From Effusion Fluid. Rohde GK,
editor. Cytometry A. 2015 Apr;87(4):326-33.

937 | www.scope-journal.com



27.

28.

29.

30.

31.

32.

33.

34.

35.

37

39-

Scope
Volume 15 Number o4 December 2025

Barwad A, Dey P, Susheilia S. Artificial neural network in diagnosis of metastatic
carcinoma in effusion cytology. Cytometry B Clin Cytom. 2012 Mar;82B(2):107-11.
Win KY, Choomchuay S, Hamamoto K, Raveesunthornkiat M. Artificial neural
network based nuclei segmentation on cytology pleural effusion images. In: 2017
International Conference on Intelligent Informatics and Biomedical Sciences
(ICIIBMS) [Internet]. Okinawa: IEEE; 2017 [cited 2022 Dec 15]. p. 245-9. Available
from: ieeexplore.ieee.org.

Xie X, Fu CC, Lv L, Ye Q, Yu Y, Fang Q, et al. Deep convolutional neural network-
based classification of cancer cells on cytological pleural effusion images. Mod
Pathol. 2022 May;35(5):609-14.

Lee PJ, Owens CL, Lithgow MY, Jiang Z, Fischer AH. Causes of false-negative for
high-grade urothelial carcinoma in urine cytology: FALSE NEGATIVE FOR
HIGH-GRADE UROTHELIAL CARCINOMA. Diagn Cytopathol. 2016
Dec;44(12):994-9.

Sanghvi AB, Allen EZ, Callenberg KM, Pantanowitz L. Performance of an artificial
intelligence algorithm for reporting urine cytopathology. Cancer Cytopathol. 2019
Oct;127(10):658-66.

Muralidaran C, Dey P, Nijhawan R, Kakkar N. Artificial neural network in
diagnosis of urothelial cell carcinoma in urine cytology: Ann in Urine Cytology.
DiagnCytopathol. 2015 Jun;43(6):443-9.

Nojima S, Terayama K, Shimoura S, Hijiki S, Nonomura N, Morii E, et al. A deep
learning system to diagnose the malignant potential of urothelial carcinoma cells
in cytology specimens. Cancer Cytopathol. 2021 Dec;129(12):984-95.

Vaickus LJ, Suriawinata AA, Wei JW, Liu X. Automating the Paris System for
urine cytopathology—A hybrid deep-learning and morphometric approach.
Cancer Cytopathol. 2019 Feb;127(2):98-115.

Dominguez F, Riera JR, Tojo S, Junco P. Fine Needle Aspiration of Breast Masses.
Acta Cytol. 1997;41(2):341-7.

. Dey P, Logasundaram R, Joshi K. Artificial neural network in diagnosis of lobular

carcinoma of breast in fine-needle aspiration cytology. DiagnCytopathol. 2013
Feb;41(2):102-6.

Subbaiah RM, Dey P, Nijhawan R. Artificial neural network in breast lesions from
fine-needle aspiration cytology smear: ANN of Breast Carcinoma.
DiagnCytopathol. 2014 Mar;42(3):218-24.

.Zejmo M, Kowal M, Korbicz ], Monczak R. Classification of breast cancer

cytological specimen using convolutional neural network. ] Phys Conf Ser. 2017
Jan;783:012060.

Khan S, Islam N, Jan Z, Ud Din I, Rodrigues JJPC. A novel deep learning based
framework for the detection and classification of breast cancer using transfer
learning. Pattern Recognit Lett. 2019 Jul;125:1-6

938 | www.scope-journal.com



Scope
Volume 15 Number o4 December 2025

4o. Filipczuk P, Fevens T, Krzyzak A, Monczak R. Computer-Aided Breast Cancer
Diagnosis Based on the Analysis of Cytological Images of Fine Needle Biopsies.
IEEE Trans Med Imaging. 2013 Dec;32(12):2169-78.

41. Teramoto A, Tsukamoto T, Kiriyama Y, Fujita H. Automated Classification of
Lung Cancer Types from Cytological Images Using Deep Convolutional Neural
Networks. Biomed Res Int. 2017;2017:4067832.

42.Ai D, Hu Q, Chao YC, Fu CC, Yuan W, Lv L, et al. Artificial intelligence-based
rapid on-site cytopathological evaluation for bronchoscopy examinations. Intell-
Based Med. 2022;6:100069.

43. Dimauro G, Ciprandi G, Deperte F, Girardi F, Ladisa E, Latrofa S, et al. Nasal
cytology with deep learning techniques. Int ] Med Inf. 2019 Feb;122:13-9

939 | www.scope-journal.com



