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Abstract

Background. Cervical cancer remains a major but largely preventable gynecological
malignancy. Primary human papillomavirus testing improves screening sensitivity, although its
limited specificity creates a need for effective triage of HPV-positive women. Artificial intelligence
may increase the accuracy, reproducibility, and scalability of cytology and colposcopy
interpretation.

Materials and methods. A structured narrative review was conducted using current World
Health Organization recommendations and recent multicenter studies of deep-learning-assisted
liquid-based cytology, compact digital microscopy, automated visual evaluation, and artificial-
intelligence-supported colposcopy. Evidence was assessed according to diagnostic performance,
external validation, workflow efficiency, interpretability, equity, and clinical implementation.

Results. Recent multicenter systems have demonstrated that deep-learning-assisted cytology
can improve sensitivity compared with conventional interpretation and substantially reduce slide-
reading time. Low-cost compact microscopy combined with transformer-based analysis has shown
clinically relevant performance in resource-limited settings. Artificial-intelligence-supported
colposcopy can identify the transformation zone, localize suspicious epithelium, estimate the
probability of cervical intraepithelial neoplasia grade 2 or worse, and support biopsy selection. The
most promising clinical architecture is not autonomous diagnosis but a multimodal pathway
combining HPV genotype, cytological morphology, colposcopic appearance, age, immune status,
and previous screening history. Principal limitations include dataset shift, staining variability,
inadequate representation of rare lesions, imperfect calibration, reduced performance in
inflammatory or technically poor images, and insufficient prospective evidence that algorithm use
reduces invasive cancer incidence.

Conclusion. Artificial intelligence may strengthen HPV-based cervical cancer prevention
by improving triage, reducing specialist workload, and expanding access to screening. Routine
implementation requires prospective multicenter validation, transparent uncertainty reporting,
human oversight, quality assurance, and integration with reliable follow-up and treatment services.

Keywords: cervical cancer, human papillomavirus, artificial intelligence, cervical cytology,
colposcopy, cervical intraepithelial neoplasia, screening, digital pathology.
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AHHOTaNus

AKTyaslbHOCTBh. Pak 1€KMW MaTKU OCTAaeTCs 3HAYMMOM, HO B 3HAYUTEIBHOW CTENECHH
IIPEIOTBPATUMOM 3JI0KaYECTBEHHOM OITyXOJIbI0 JKEHCKON PENpOLyKTUBHOU cuctemsl. llepsuunoe
TECTUPOBAHUE HA BUPYC MANMIUIOMBI Y€JI0BEKA MOBBIIIAET YyBCTBUTECIBHOCTh CKPUHHUHIA, OJTHAKO
€ro orpaHuyeHHas crneuupuuHocTb TpedyeT pdekTuBHON copTupoBkH BIIYU-monoxuTenbHbIX
HaleHToK. VMCKycCTBEHHBIN MHTEIUIEKT CIOCOOEH MOBBICUTH TOYHOCTb, BOCIIPOM3BOAUMOCTH U
JOCTYIHOCTD LIUTOJIOIMYECKOT0 U KOJBIIOCKOIIMYECKOT0 UCCIIETOBAHUS.

Marepuanbl M MeTOAbl. BBbINONHEH CTPYKTYpUpOBaHHBIH HappaTUBHBIA  0030p
aKTyaJIbHBIX pPEKOMEHJauui BceMupHOW oOpraHu3alnuy 34paBOOXPAHEHHMST M COBPEMEHHBIX
MHOTOLIEHTPOBBIX HCCIIEI0BaHUN I'TyOMHHOTO OOy4YeHHs B *MJKOCTHOM LIUTONOIMHU, LU(POBOM
MUKDOCKOIIMM ¥ aBTOMAaTU3MPOBAHHOM KOJIBIIOCKONHMH. JlOKa3aTenpCTBa OLEHUBAINUCH 110
JIMarHOCTHYeCKOW 3((eKTUBHOCTH, BHEIIHEH BaIMIHOCTH, BIMSHUIO Ha pabouumii mporecc,
MHTEPIPETUPYEMOCTH, PABHOIIPABUIO U BO3MOXKHOCTH BHEAPEHHUS.

Pesyabrarbl. CoBpeMEHHBIE aITOPUTMbI CHOCOOHBI IOBBIIIATH YYyBCTBUTEIBHOCTh
LIATOJIOTUYECKOTO HCCIEAOBAaHUSA M 3HAYMTENIBHO COKpallaTh IIPOJOJDKUTEIBHOCTh IIPOCMOTpA
npenaparoB. KOMITakTHbIE HEIOPOrME€ MHKPOCKOIBI C aJTOPUTMUYECKHM aAHAIM30M CO3JAr0T
BO3MOKHOCTH JUIl CKpPMHHMHIA B DPETHMOHAaX C OIPAaHUYEHHBIMU pecypcaMH. McCKyCCTBEHHBIN
WHTEIUIGKT B KOJBIIOCKOIIMM MOXXET ONPEACNsATh 30HY TpaHCPOpPMAIUH, JIOKAIU30BATH
MOJIO3PUTENIbHBIE Y4acTKH, NporHo3upoBarb CIN2+ u momoraTh BbIOMpaTh MeECTO OWOIICHH.
Haumbonee mepcriekTuBHa MyJIbTUMOJNATIbHAS MOJETb, oOOBeAauwHsIOmas reHotun BIIY,
IUTOJIOTHYECKYI0O MOP(HOJIOTHIO, KOJBIOCKOIMYECKYI0 KapTHHY, BO3PAcT, UMMYHHBIA CTaTyC H
aHaAMHE3 CKPUHUHTA.

3akiouenne. VICKycCTBEHHBI MHTEIEKT MOXET YycWiIuTh 3¢dexkruBHocTs BITY-
OPUEHTUPOBAHHOM MNpO(UIAKTUKM paka IIeHKH MAaTKM, OJHAKO €ro BHeIpeHue Tpelyer
IIPOCIIEKTUBHON MHOTOLIEHTPOBOM BaJWJALMU, KOHTPOJS KadyecTBa, YEJIOBEYECKOIO HAA30pa U
JOCTYITHOW CHCTEMBI OCIEAYIOLIEr0 HaOII0JeHUS U JICYEHUSI.

KiroueBble cjioBa: pak MIEHKM MaTKH, BUPYC MalMJUIOMBI YEJIOBEKA, MCKYCCTBEHHBIN
VUHTEJUIEKT, LUTOJOTUS IIEHKH MAaTKH, KOJIBIIOCKONMS, LEPBUKAIbHAS HMHTPAdIUTEINAIbHAS
HEOIUIa3usl, CKpMHUHT, IIU(poBast MaTOIOTUS.
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Annotatsiya

Dolzarblik. Bachadon bo‘yni saratoni ayollar reproduktiv tizimining muhim, biroq ko‘p
hollarda oldini olish mumkin bo‘lgan xavfli o‘smasi bo‘lib qolmoqda. Birlamchi odam papilloma
virusi testi skrining sezgirligini oshiradi, ammo uning spetsifikligi cheklanganligi HPV-musbat
ayollarni samarali triaj qilishni talab etadi. Sun’iy intellekt sitologiya va kolposkopiya natijalarining
aniqligi, takrorlanuvchanligi hamda ommaviy qo‘llanish imkoniyatini yaxshilashi mumkin.

Material va usullar. Jahon sog‘ligni saqlash tashkilotining amaldagi tavsiyalari, suyuqlik
asosidagi sitologiya, ragamli mikroskopiya va avtomatlashtirilgan kolposkopiyaga oid zamonaviy
ko‘p markazli tadqiqotlar asosida strukturaviy narrativ sharh bajarildi. Dalillar diagnostik
samaradorlik, tashqi validatsiya, ish jarayoniga ta’sir, izohlanuvchanlik, tenglik va klinik joriy etish
bo‘yicha baholandi.

Natijalar. Chuqur o‘rganishga asoslangan tizimlar sitologik tekshiruv sezgirligini oshirishi
va preparatlarni ko‘rish vaqtini gisqartirishi mumkin. Arzon ixcham mikroskoplar va transformer
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algoritmlarining birlashtirilishi resurslari cheklangan hududlar uchun yangi imkoniyat yaratmoqda.
Sun’iy intellekt kolposkopiyada transformatsiya zonasini aniqlash, shubhali epiteliy sohalarini
belgilash, CIN2+ xavfini hisoblash va biopsiya joyini tanlashga yordam beradi.

Xulosa. Sun’iy intellekt HPV asosidagi bachadon bo‘yni saratoni profilaktikasini
kuchaytirishi mumkin. Biroq keng joriy etishdan oldin ko‘p markazli validatsiya, sifat nazorati,
inson nazorati va ishonchli kuzatuv hamda davolash tizimi zarur.

Kalit so‘zlar: bachadon bo‘yni saratoni, odam papilloma virusi, sun’iy intellekt, bachadon
bo‘yni sitologiyasi, kolposkopiya, servikal intraepitelial neoplaziya, skrining, ragamli patologiya.

Introduction. Cervical cancer is a biologically preventable malignancy because its principal
causal pathway-persistent infection with oncogenic human papillomavirus—can be interrupted
through vaccination, screening, treatment of precancerous lesions, and timely management of
invasive disease. Nevertheless, current global estimates indicate that approximately 604,000 new
cases and 280,000 deaths occurred in 2024, with the greatest burden concentrated in low- and
middle-income countries. The World Health Organization continues to promote the 90-70-90
elimination strategy: vaccination of 90% of girls by 15 years of age, high-performance screening of
70% of women by ages 35 and 45, and appropriate treatment of 90% of women with precancer or
invasive cancer [1, 2, 3]. Primary HPV testing is more sensitive for clinically significant cervical
precancer than cytology alone and has become the preferred foundation of many screening
programs. The central limitation is that most HPV infections are transient and do not progress to
high-grade cervical intraepithelial neoplasia. Consequently, HPV-positive women require
additional risk stratification to avoid unnecessary colposcopy, biopsy, anxiety, cost, and
overtreatment. In May 2026, the World Health Organization issued updated guidance on HPV DNA
genotyping in cervical screening. The recommendations emphasize the use of limited or extended
genotyping to improve risk stratification and adapt triage strategies to the resources and follow-up
capacity of each health system [3, 6, 10]. Artificial intelligence is increasingly being evaluated as a
complementary layer within this HPV-primary framework. Its most clinically relevant tasks include
automated quality control, detection of abnormal cells, whole-slide cytology classification,
identification of the cervical transformation zone, lesion segmentation, prediction of CIN2+, biopsy
guidance, and integration of multimodal risk factors.

Materials and Methods. A structured narrative review was performed using official World
Health Organization recommendations and recent primary investigations published through July
2026. Priority was given to multicenter or externally validated studies involving whole-slide
cervical cytology, compact digital microscopy, automated visual evaluation, colposcopy-image
analysis, and multimodal risk prediction. The evidence was organized into five clinical domains:
HPV-primary screening, artificial-intelligence-assisted cytology, automated colposcopy,
multimodal risk stratification, and implementation in resource-limited settings. Diagnostic systems
were assessed according to sensitivity, specificity, area under the receiver-operating-characteristic
curve, calibration, external validation, reading time, model interpretability, subgroup performance,
and influence on clinical decision-making. The proposed reference standard for future studies is
histologically verified CIN2+ or CIN3+, adjudicated independently of the artificial-intelligence
output. Studies using only expert image labels as the ground truth are useful for technical
development but provide weaker evidence of clinical effectiveness.

Results. HPV testing identifies women at increased biological risk before morphological
abnormalities become apparent. However, an HPV-positive result alone cannot determine whether
a woman has transient infection, persistent infection, low-grade disease, or transforming precancer.
Genotyping partially addresses this limitation. HPVV16 and HPV18 carry high oncogenic risk, while
additional genotypes may provide intermediate or lower risk. Yet genotype must be interpreted
together with age, immune status, cytology, previous test results, pregnancy status, smoking, HIV
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infection, and adherence to follow-up. Artificial intelligence can combine these variables into an
individualized probability of CIN2+ or CIN3+. The output can then support one of several actions:
immediate colposcopy, repeat HPV testing, cytological triage, biomarker testing, treatment, or
routine recall. A risk-based model is clinically preferable to a rigid binary classifier. A woman with
persistent HPV16, high-grade cytology, and a suspicious transformation-zone lesion has a
fundamentally different risk from a woman with a newly detected non-16/18 genotype and normal
cytology.

Artificial-intelligence-assisted cytology. Conventional cervical cytology is effective but
labor intensive. A single slide can contain tens of thousands of normal cells and only a small number
of abnormal cells. Interpretation is influenced by staining quality, inflammation, blood, mucus, cell
overlap, preparation artifacts, cytotechnologist fatigue, and observer experience. A large multicenter
study published in 2025 developed a deep-learning model using whole-slide liquid-based cytology
specimens from 17,397 women and evaluated it in 10,826 additional cases. Across nine hospitals,
the system demonstrated robust generalization. In a multi-reader comparison, artificial-intelligence
assistance increased sensitivity by approximately nine percentage points and reduced median
interpretation time from 218 seconds to 30 seconds [5, 11, 16]. The clinically important feature of
this approach is not autonomous replacement of the cytopathologist. The algorithm performs high-
throughput prescreening, ranks suspicious regions, flags potentially abnormal cells, and allows the
specialist to focus on diagnostically relevant areas. Artificial intelligence may also reduce false-
negative results caused by rare abnormal cells. However, a system that maximizes sensitivity
without calibrated specificity may refer too many women for colposcopy. Performance thresholds
must therefore be selected according to the intended role: primary screening, HPV-positive triage,
quality assurance, or diagnostic support [4, 7, 14].

Table 1. Potential roles of artificial intelligence in cervical screening

Screening stage  Artificial-intelligence  Expected clinical Principal risk

function benefit
Specimen Adequacy and quality Earlier identification of Rejection of technically
collection assessment insufficient samples acceptable specimens
Cytology Detection and ranking Reduced workload and Excessive false-positive
prescreening of abnormal cells false-negative alerts

examinations
Whole-slide Prediction of NILM, Standardized Reduced performance
classification LSIL, HSIL, or cancer interpretation after staining or scanner
changes

HPV-positive Integration of genotype Fewer unnecessary Miscalibrated risk
triage and morphology colposcopies estimates
Colposcopy Transformation-zone Improved biopsy Dependence on image

and lesion segmentation localization quality

Follow-up Prediction of Individualized Inappropriate
persistence or surveillance intervals reassurance from
progression uncertain predictions

Compact microscopy and access in resource-limited settings. High-performance slide
scanners are expensive and require stable electricity, maintenance, data storage, and specialist
technical support. These requirements limit digital cytology in many regions where cervical cancer
mortality is greatest. A 2025 Nature Communications study combined a compact microscope
costing approximately several hundred US dollars with an attention-transformer system. The model
was trained and validated using 3,510 low-resolution slides from four hospitals and was
subsequently evaluated on independent datasets. For detecting squamous intraepithelial lesions,
reported external AUC values ranged from approximately 0.85 to 0.89, including an AUC of 0.85
in an HPV-positive subgroup [8, 9, 25]. This architecture is particularly relevant to decentralized
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screening. Slides could be prepared and scanned in district facilities, while algorithmic triage
identifies high-risk cases for referral to specialized centers. The model’s weaker performance for
subtle atypical squamous cells illustrates an important limitation. Low-cost imaging may be
sufficient to identify overt high-grade abnormalities but may lose nuclear and chromatin detail
required for borderline cytological interpretation [10, 13, 23].

Automated colposcopy. Colposcopy remains an essential diagnostic procedure for women
with abnormal screening results. Its performance depends on complete visualization of the
sguamocolumnar junction, accurate recognition of acetowhitening, vascular patterns, lesion borders,
iodine non-uptake, and selection of the most informative biopsy site. Interobserver variability is
substantial, particularly for low-grade or small lesions. Artificial-intelligence systems can segment
the cervix, identify the transformation zone, localize suspicious regions, and assign a probability of
CIN2+. A multicenter retrospective validation of CerviCARE Al reported high sensitivity and
specificity for identifying high-risk cervical lesions from digital cervicography images. Although
promising, retrospective image classification does not prove that the system improves biopsy yield,
reduces missed CIN3+, or changes cancer incidence [7, 8, 9]. The most useful interface would
display a lesion heat map, transformation-zone boundary, confidence score, image-quality warning,
and suggested biopsy areas. The colposcopist should retain final responsibility because
inflammation, atrophy, pregnancy-related changes, previous treatment, scarring, and immature
metaplasia can mimic precancer.

Multimodal risk assessment. No single test captures the complete biological pathway from
HPV infection to invasive cancer. A multimodal model can integrate:

HPV genotype and viral persistence;

cytological class and cell-level morphology;

colposcopic lesion characteristics;

patient age and menopausal status;

HIV infection or other immune suppression;

previous CIN treatment;

screening history;

molecular biomarkers such as p16/Ki-67 or methylation markers.

Multimodal systems may outperform models based only on an isolated image because they
combine viral, morphological, clinical, and longitudinal risk. However, more variables do not
automatically produce better clinical decisions. Missing data, inconsistent coding, demographic
bias, and overfitting can create an apparently accurate but poorly generalizable system [2, 3, 18].
Table 2. Proposed prospective study of Al-supported HPV triage

Component Proposed specification

Women with a positive high-risk HPV screening result
Prospective multicenter paired diagnostic-impact study

Index strategy Al integrating HPV genotype, cytology, colposcopy, age, and screening
history

Guideline-based conventional triage

SEEEhESEReEIe N Histologically confirmed CIN2+, CIN3+, or invasive cancer
Sensitivity for CIN3+ with reduction in unnecessary colposcopy

Secondary CIN2+ detection, biopsy number, time to diagnosis, anxiety, cost, loss to
endpoints follow-up

Missed CIN3+ or invasive cancer within 24 months

Reliability curves and observed risk within predicted-risk groups
Performance by age, ethnicity, HIV status, menopause, and clinical center
Locked algorithm tested in countries not represented in model training




o |1l g sl LAY Direct linkage of algorithmic triage with cancer prevention and healthcare
utilization

Discussion. The strongest contemporary evidence supports artificial intelligence as a clinical
support tool rather than an independent diagnostic authority. In cytology, it can reduce the search
burden, prioritize abnormal regions, and standardize classification. In colposcopy, it can identify
the transformation zone and guide biopsy. In HPV-primary screening, it can combine several risk
factors into a more individualized management recommendation. The greatest potential benefit may
occur in healthcare systems with insufficient numbers of cytotechnologists, pathologists, and
experienced colposcopists [15, 17, 27]. A low-cost scanner with a robust triage algorithm could
extend screening coverage and prioritize referral of women at highest risk. Nevertheless,
technological availability does not guarantee cancer prevention. A successful program also requires
population invitation, sample collection, laboratory quality control, communication of results,
colposcopy access, biopsy, treatment of precancer, cancer referral, and longitudinal follow-up. An
accurate algorithm has little value when HPV-positive women are lost before treatment. External
validation is the principal methodological requirement. Models trained in one country may perform
differently in another because of variations in HPV prevalence, vaccination coverage, HIV
prevalence, age distribution, cytology preparation, staining, camera equipment, and disease
spectrum [6, 13, 28].

The very high accuracy reported in small public-image datasets should be interpreted
cautiously. Randomly dividing images rather than patients can produce data leakage when images
from the same woman appear in both training and testing sets. Prospective studies must separate
datasets at the patient and institutional levels. The algorithm should be locked before evaluation,
and histology should be assessed without knowledge of the Al result. Calibration is as important as
discrimination. An algorithm may rank high-risk women correctly but still overestimate or
underestimate their absolute risk [7, 14, 19]. Clinical decisions require probabilities that correspond
to real-world outcomes. Atrtificial intelligence should also be allowed to abstain. When image
quality is poor, the transformation zone is not visible, or the case lies outside the training
distribution, the system should request repeat imaging or expert assessment rather than produce a
falsely confident diagnosis. WHO’s 2026 genotyping guidance provides an important framework
for developing clinically coherent artificial-intelligence systems. Algorithms should complement
validated HPV-based pathways rather than create isolated screening protocols disconnected from
international recommendations [11, 12, 20].

Conclusion. Artificial intelligence is becoming an important component of modern cervical
cancer prevention. Deep-learning-assisted cytology can improve abnormal-cell detection and reduce
interpretation time. Compact digital microscopy may extend screening to resource-limited regions.
Automated colposcopy can support transformation-zone assessment, lesion localization, and biopsy
selection. The most promising strategy is a multimodal risk-based pathway combining HPV
genotype, cytological morphology, colposcopic findings, patient characteristics, and screening
history. Artificial intelligence should not replace HPV testing, histological confirmation, or clinical
judgment. Its appropriate role is to improve triage, quality assurance, efficiency, and access.
Before routine implementation, systems require prospective multicenter validation, accurate
calibration, transparent uncertainty reporting, robust quality control, human oversight,
cybersecurity, and continuous post-deployment monitoring. The final measure of success is not
algorithmic accuracy. It is the safe detection and treatment of clinically significant precancer before
invasive cervical cancer develops.
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