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Purpose: To assess an organized cervical cancer screening-to-diagnosis cascade in Yunnan Province, China, and to examine the
associations of demographic factors, HPV genotyping, and cytology results with the detection of cervical precancer and cancer.
Methods: This retrospective analysis included 82,141 women who participated in a government-supported free screening program
between January 2023 and July 2025. The primary endpoint was the final integrated diagnosis based on cytology, colposcopy, and
histopathology, with histopathology serving as the diagnostic gold standard. Associations between candidate variables and the outcome
were assessed using chi-square tests and multivariable logistic regression, and adjusted odds ratios (aORs) with 95% confidence
intervals (95% Cls) were reported. Uniform Manifold Approximation and Projection (UMAP) was used for multidimensional
visualization of high-risk clustering patterns.

Results: Among the participants, 1678 (2.04%) were classified as positive for cervical cancer or precancerous lesions. In the
descriptive analysis, positivity rates showed significant non-linear variation across age groups, with higher proportions in women
aged < 25 and >65 years, and were also higher among women with lower educational attainment and in some ethnic minority groups,
including Hani and Dai women. In multivariable analysis, age remained significant overall, although only women aged 3544 years
had higher adjusted odds than those aged 45-54 years, while ethnicity was not significant overall except for a higher risk observed
among Dai women. HPV positivity showed the strongest association with the outcome, and risk increased markedly across cytology
categories from NILM to HSIL. UMAP visualization further showed that high-risk cases formed compact clusters enriched for
HPV16/18 positivity and high-grade cytology.

Conclusion: In this organized screening program, HPV status and cytology were strongly associated with the detection of cervical
precancer and cancer. Educational level and some demographic factors were also associated with variation in screening outcomes after
adjustment, although these associations were more modest than those observed in the descriptive analysis. Demographic indicators
such as age and educational level may be useful for identifying underserved groups and informing targeted referral and follow-up
strategies within organized screening programmes.
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Background

Cervical cancer remains one of the most common malignant tumors among women worldwide. In 2022, an estimated
660,000 new cases and 350,000 deaths were reported globally, ranking fourth in both incidence and mortality among
female cancers, with the majority of the burden occurring in low- and middle-income countries.' Human papilloma-
virus (HPV) is a highly prevalent double-stranded DNA virus transmitted primarily through sexual contact and skin-to-
mucosa exposure, and it is recognized as a necessary cause of virtually all cervical cancers.>> Although most HPV
infections (70-90%) are transient and clear spontaneously within 12-24 months, persistent infection with high-risk
HPV (hr-HPV) genotypes can progress to cervical intraepithelial neoplasia (CIN) and, in some cases, invasive cervical
cancer.*”’

Cervical cancer is largely preventable because of its well-defined etiology and the long precancerous phase. Extensive
evidence has demonstrated that organized screening and HPV vaccination substantially reduce cervical cancer incidence
and mortality by enabling the timely detection and treatment of precancerous lesions.®’ Evaluations by the IARC and the
WHO suggest that more than 95% of the global cervical cancer burden is potentially preventable with adequate coverage
of high-quality screening and HPV vaccination, and that effective screening alone can reduce cervical cancer mortality
by approximately 80% or more.'™'" Nevertheless, in settings with suboptimal HPV vaccination uptake and limited
screening coverage, cervical cancer continues to impose a substantial burden among women of reproductive and
midlife age.

In China, the overall prevalence of high-risk HPV (hr-HPV) infection among women has been reported to be
approximately 17.7%. Globally, HPV-16 and HPV-18 account for about 70% of cervical cancers.'>'® In response,
China launched a national free screening program for breast and cervical cancer in rural women in 2009, and, under the
Health China Initiative (2019-2030) and the WHO cervical cancer elimination strategy, has progressively established
a multi-tiered screening—diagnosis—follow-up system centered on HPV testing, cytology, and colposcopy.'*'’
Modeling studies suggest that achieving the WHO “90-70-90” targets—particularly screening 70% of women with
a high-performance test by age 35 and again by age 45—could reduce cervical cancer incidence to below the
elimination threshold of 4 per 100,000 women-years by the end of this century. In China-focused projections, meeting
the 90-70-90 targets could avert approximately 3.5 million cervical cancer cases cumulatively by 2100.'® Recent
national data showed that the cervical cancer screening rate among women aged 35—64 years in China reached 51.5%
in 2023-2024, while the corresponding rate in rural areas was 48.2%. These findings suggest that overall coverage has
approached the 2025 target of 50%, but in some settings it still remains below the 2030 target of 70%.'>'7
Encouraging trends—declining or stabilizing cervical cancer incidence and mortality—have been reported in some
settings following improvements in screening coverage and the implementation of standardized management
pathways.'®!?

However, the effectiveness of cervical cancer screening in real-world settings is highly dependent on regional
differences in HPV epidemiology, population structure, healthcare access, and follow-up adherence. Yunnan Province,
characterized by complex geography, diverse ethnic populations, and marked socioeconomic disparities between urban
and rural areas, has been reported to exhibit substantial variation in HPV prevalence, genotype distribution, and cervical
cancer risk across different ethnicities and regions.”> ** Screening participation and adherence to follow-up management
also vary considerably across localities. Despite the expansion of national screening programs, there remains a lack of
large-scale, population-based real-world evidence from such heterogencous regions to comprehensively evaluate HPV
infection patterns, the detection of precancerous lesions and cervical cancer, and the practical performance of screening
strategies.

Therefore, this study utilized large-scale real-world data from the 2023-2025 free cervical cancer screening program
in a city in Yunnan Province, China, to systematically analyze HPV infection patterns and the detection rates of cervical
cancer and precancerous lesions among women of screening age. The objectives were to characterize the current
epidemiological profile of HPV infection and cervical cancer—related disease in the region, evaluate the effectiveness
of the existing screening strategy under real-world conditions, and provide evidence to support optimization of resource

allocation and ongoing cervical cancer elimination efforts in Yunnan Province.
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Methods

Participants and Procedures

Data for this study were obtained from maternal and child health institutions across all counties and districts in a city in
Yunnan Province, China. The study population consisted of women who participated in a government-supported free
cervical cancer screening program between January 1, 2023, and July 15, 2025. Inclusion and exclusion criteria are
detailed in Figure 1, which summarizes the participant selection process. Briefly, the initial dataset comprised 99,437
women enrolled in the free cervical cancer screening program in this city. Women were eligible if they were aged 18
years or older, had Yuxi household registration or belonged to the resident population, and had completed at least one
cervical cancer screening procedure. Women were excluded if they were menstruating, pregnant, or lactating; had a prior
history of cervical cancer or related treatment; or had records with missing key variables or logical inconsistencies. In
addition, records without an available final diagnosis, including those classified as not examined, indeterminate, or not
available, were excluded. After deduplication, consistency checks, and application of these criteria, 82,141 participants
remained and were included in the final analysis (Figure 1). The present study involved a secondary analysis of de-
identified data derived from an existing government-supported cervical cancer screening programme database. The dates
from 2023 onward refer to the period of routine data generation within the screening programme rather than the initiation
of the present research analysis. The study protocol was reviewed and approved by the Ethics Committee of Yunnan
Provincial Hospital of Traditional Chinese Medicine (Approval No.: 2024-KY-006-01). Written informed consent had
been obtained from participants during the original screening programme. This study was conducted in accordance with
the Declaration of Helsinki, and all methods were performed in accordance with relevant guidelines and regulations.
Written informed consent was obtained from participants before examination and before the collection of screening-
related data.

Screening Procedures, and Variable Definitions

The original screening data were derived from an organized cervical cancer screening program conducted under
a standardized quality-control framework.”® According to the applicable technical standard, this framework covered
institutional requirements, personnel qualifications and training, information management, specimen collection and
handling, HPV testing procedures, cytology reporting using the Bethesda System, colposcopy referral and examination,
histopathologic assessment, and routine quality-control measures across the screening pathway. For the present analysis,

[ Initial records screened (n = 99,437)

| |

Inclusion criteria Exclusion criteria
(1) Age = 18 years (1) Menstrual perioq,
(2) Yuxi household pregnancy, or lactation

registration or resident (2) Prior history of cervical
population cancer or related treatment

(3) Completion of > 1 cervical (3) Key variables missing or
cancer screening procedure with logical errors

Final diagnosis unavailable
(not examined / indeterminate / NA)
(n =17,296) — excluded

Included in analysis (final diagnosis:
positive/negative; n = 82,141)

Figure | Flowchart of participant selection.
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core variables, including demographic characteristics, gynecologic clinical findings, HPV testing results, cytology (TBS),
colposcopy, and histopathology, were further reviewed for completeness and logical consistency, and duplicate or
ineligible records were excluded. The primary analytic outcome was the final diagnosis, determined through an integrated
assessment of cytology, colposcopy, and histopathology, with histopathology serving as the diagnostic gold standard.

Among 82,141 participants, records with missing, indeterminate, or “not examined” final diagnoses were excluded.
Ultimately, 1678 women (2.04%) were classified as having cervical cancer or precancerous lesions (positive group), and
80,466 were classified as negative (Figure 1). All participants completed HPV testing (100%). The completion rate for
cytology was 87.61% (71,997/82,141), 7554 women (9.19%) underwent colposcopy, and 2908 (3.54%) received
histopathological examination.

Screening Procedure

Screening followed standard clinical guidelines. Participants first underwent routine gynecologic examination and HPV
DNA testing. Liquid-based cytology was then performed and classified according to the Bethesda System (TBS).
Individuals with abnormal cytology or suspicious clinical findings underwent colposcopy, and biopsy was performed
when high-grade lesions were suspected. Histopathology was considered the definitive diagnostic reference and the
primary study endpoint.*’

Outcome Definition

Participants were categorized into positive and negative groups based on the final integrated diagnosis rather than
cytology classification alone. The positive group included LSIL, HSIL/CIN2-3, AIS, microinvasive cervical cancer, and
invasive cervical cancer. ASC-US and ASC-H were recorded as abnormal or equivocal cytological findings under the
Bethesda System, but they were not treated as positive endpoints unless subsequent integrated diagnostic assessment
confirmed cervical precancer or cervical cancer. The negative group included NILM, ASC-US, ASC-H, benign
inflammatory conditions, benign structural lesions, and non-cervical malignancies when no cervical precancer or cervical
cancer was confirmed.”®*°

Demographic Variables

Baseline demographic variables included age, ethnicity, and educational level for descriptive and stratified analyses. Age
was grouped as <25, 25-34, 3544, 45-54, 55-64, and >65 yeaurs.3 ! Ethnicity was categorized as Han, Yi, Hani, Dai, Hui,
Mongol, Bai, Lahu, and other minorities. Educational level was categorized as illiterate or primary school, junior high
school, senior high school / vocational school and college degree or above.*>

Screening and Diagnostic Variables

Gynecologic clinical findings were classified as normal, infectious or inflammatory, structural or neoplastic, other
abnormal, not examined, or missing.”’ HPV genotypes were grouped by oncogenic risk as HPV16/18 positive, positive
for other high-risk types without HPV16/18, low-risk or unclassified HPV positive, and HPV negative or not tested
(reference).”®** Cytological results were classified according to TBS as NILM, low-grade abnormalities (ASC-US or
LSIL), high-grade abnormalities (ASC-H, HSIL, or SCC), glandular epithelial abnormalities or glandular-origin neopla-
sia (AGC, AGC-FN, AIS, or cervical adenocarcinoma), and cytology not performed or missing.>*>® Colposcopic
findings were categorized as normal, low-grade lesions, high-grade lesions, suspected malignancy, other abnormal
findings, and colposcopy not performed, missing, or uninterpretable. Histopathological diagnosis was categorized by
the most severe finding as unavailable or non-diagnostic histopathology, negative or benign changes, LSIL/CIN1, HSIL/
CIN2-3, AIS, and microinvasive or invasive cervical cancer, including squamous cell carcinoma and

adenocarcinoma.>’°

Statistical Analysis

All statistical analyses were performed using R software (version 4.5.1; R Foundation for Statistical Computing, Vienna,
Austria). After excluding records that did not meet the inclusion criteria or lacked a final diagnosis, a total of 82,141
participants were included in the final analytic sample. Descriptive statistics were first used to summarize demographic
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characteristics and screening-related variables, with results presented as frequencies and percentages (n, %). Differences
in the distribution of categorical variables between the positive and negative groups were assessed using Chi-square tests
(¢’-tests), treating missing or unperformed examinations as separate analytical categories. All statistical tests were two-
sided, and a significance level of P < 0.05 was applied.

Univariable associations for all categorical candidate variables were first described using crude odds ratios (ORs) with
95% confidence intervals (95% Cls), and these results are presented in Supplementary Figure S1. Multivariable logistic

regression was then performed to assess adjusted associations with the final diagnosis. Age, ethnicity, educational level,
gynecologic clinical findings, and HPV diagnosis were included in the model to account for potential confounding
factors. For each categorical variable, the clinically relevant or most common category was designated as the reference
group. Adjusted odds ratios (aORs) with 95% confidence intervals (95% Cls) were estimated for all non-reference levels,
and likelihood ratio tests were used to evaluate the overall significance of multi-category variables. Forest plots were
used to visualize the adjusted associations.

In addition, to explore the latent structure of multidimensional clinical features within the overall sample and to
characterize the distribution patterns of different stratification variables in the feature space, we applied Uniform
Manifold Approximation and Projection (UMAP) for nonlinear dimensionality reduction and visualization. Six vari-
ables—age, ethnicity, educational level, gynecologic clinical diagnosis, HPV diagnosis, and TBS diagnosis—were used
to construct the feature matrix. All categorical variables were transformed into numeric form through one-hot encoding.
The UMAP algorithm was implemented in R using the “uwot” package with the following parameter settings:
n_neighbors = 30, min dist = 0.10, and metric = “euclidean”. A two-dimensional embedding (UMAP 1 and
UMAP_2) was generated, and UMAP scatterplots were created by coloring the embedded points according to different
stratification variables. These visualizations were used to qualitatively assess the overall sample structure and the
distributional patterns of different categories within the embedded feature space.

Results

Socio-Demographic Characteristics of the Respondents

Demographic characteristics are shown in Table 1. A total of 82,141 women were included in this study. Overall, the
majority of participants were within the 35-54-year age range, with 35-44 years accounting for 30.9% (25,341 cases)
and 45-54 years accounting for 41.6% (34,136 cases), which aligns with the primary target age for cervical cancer
screening in China. Women aged <25 years and >65 years represented 0.6% and 0.4% of the population, respectively.

Regarding ethnic distribution, Han ethnicity constituted the largest group (64.5%, 53,010 cases), followed by Yi
(20.8%, 17,068 cases), Hani (5.7%, 4696 cases), and Dai (4.6%, 3737 cases). Other minority groups—including Hui,
Mongol, Bai, and Lahu—collectively accounted for 4.4% (3214 cases), reflecting the multi-ethnic composition of
Yunnan Province.

In terms of educational attainment, illiterate or primary school level accounted for 30.3% (24,832 cases); junior high
school was the most common level, representing 41.4% (33,978 cases); senior high school or vocational school
accounted for 12.1% (9950 cases); and college degree or above accounted for 9.3% (7628 cases). Additionally, 7.0%
(5753 cases) did not report their educational level.

Bivariate Associations with the Final Diagnosis

As shown in Table 1, bivariate chi-square analyses indicated significant associations between several demographic
characteristics and the final diagnosis of cervical cancer or precancerous lesions. The proportion of positive diagnoses
differed significantly across age groups, with relatively higher positivity observed among women aged <25 years and
those >65 years, whereas the 45-54-year group exhibited the lowest positivity rate. Ethnic disparities were also evident,
with Hani and Dai women showing notably higher positivity rates compared with Han women, while some minority
groups demonstrated comparatively lower rates. Educational attainment likewise showed a clear association with the final
diagnosis, displaying a gradient pattern in which the positivity rate decreased progressively with increasing education
level.
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Table | Distribution of Demographic and Clinical Characteristics Between Positive and Negative Groups (3 Tests)

Characteristic Total Positive Negative Ve P-value
N=82141 | N=1678 (2.04%) | N=80463 (97.96%)

Age 21.307 P <0.001

<25 487 22 (4.52%) 465 (95.48%)

25-34 4701 112 (2.38%) 4589 (97.62%)

3544 25,341 534 (2.11%) 24,807 (97.89%)

45-54 34,136 656 (1.92%) 33,480 (98.08%)

55-64 17,134 345 (2.01%) 16,789 (97.99%)

265 342 9 (2.63%) 333 (97.37%)

Ethnicity 62.864 P <0.001

Han 53010 999 (1.88%) 52,011 (98.12%)

Yi 17068 346 (2.03%) 16,722 (97.97%)

Hani 4696 151 (3.22%) 4545 (96.78%)

Dai 3737 116 (3.10%) 3621 (96.90%)

Hui 985 16 (1.62%) 969 (98.38%)

Mongol 428 Il (2.57%) 417 (97.43%)

Bai 386 8 (2.07%) 378 (97.93%)

Lahu 313 4 (1.28%) 309 (98.72%)

Other 1518 27 (1.78%) 1491 (98.22%)

Educational level

llliterate or primary school 24832 596 (2.40%) 24,236 (97.60%) 49.817 P <0.001

Junior high school 33978 726 (2.14%) 33,252 (97.86%)

Senior high school/vocational school 9950 157 (1.58%) 9793 (98.42%)

College degree or above 7628 105 (1.38%) 7523 (98.62%)

Unknown 5753 94 (1.63%) 5659 (98.37%)

Gynecologic clinical findings 37.254 P <0.001

Normal 61549 1181 (1.92%) 60,368 (98.08%)

Infectious/inflammatory 7739 218 (2.82%) 7521 (97.18%)

Structural/neoplastic 2548 55 (2.16%) 2493 (97.84%)

Other abnormal 9126 203 (2.22%) 8923 (97.78%)

Not examined 1062 15 (1.41%) 1047 (98.59%)

Missing 117 6 (5.13%) 111 (94.87%)

TBS diagnosis 16,913.368 | P < 0.001

NILM 67777 373 (0.55%) 67,404 (99.45%)

Low-grade squamous 3731 851 (22.81%) 2880 (77.19%)

High-grade squamous 417 266 (63.79%) 151 (36.21%)

Glandular/neoplastic 72 17 (23.61%) 55 (76.39%)

Not performed 10144 171 (1.69%) 9973 (98.31%)

Colposcopy

Normal 418l 77 (1.84%) 4104 (98.16%) 3.851 P=0.571

Low-grade lesion 2255 47 (2.08%) 2208 (97.92%)

High-grade lesion 287 8 (2.79%) 279 (97.21%)

Suspicious for malignancy 39 1 (2.56%) 38 (97.44%)

Other lesion 792 22 (2.78%) 770 (97.22%)

Not performed 74587 1523 (2.04%) 73,064 (97.96%)

Histopathologic diagnosis 59,212.113 | P <0.001

Other 79233 336 (0.42%) 78,897 (99.58%)

Negative 1553 60 (3.86%) 1493 (96.14%)

LSIL (CINT) 932 887 (95.17%) 45 (4.83%)

HSIL (CIN2/3) 354 341 (96.33%) 13 (3.67%)

AlIS 22 20 (90.91%) 2 (9.09%)

Invasive Ca (incl. microinvasion) 47 34 (72.34%) 13 (27.66%)
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In terms of routine gynecologic clinical findings, significant differences were observed across clinical diagnostic
categories, with women presenting with infectious or inflammatory changes showing a slightly higher positivity rate than
those with normal findings. However, colposcopic categories did not differ significantly between the positive and
negative groups (°=3.851, P=0.571), indicating limited discriminatory value of colposcopy in this screening population.

Key indicators related to cervical cancer screening demonstrated strong associations with the final diagnosis. Women
who tested positive for HPV showed substantially higher positivity rates compared with HPV-negative individuals, and
a clear risk gradient was observed across HPV genotype categories: the HPV16/18 group had the highest positivity rate,
followed by other high-risk types, whereas the lowest rate was found among HPV-negative or untested participants.
Cytological findings under the TBS system showed the strongest association with the final diagnosis; positivity increased
sharply from NILM to LSIL, HSIL, and glandular abnormalities, reflecting a pronounced cytology-grade gradient.
Histopathological diagnoses exhibited a similarly consistent pattern, with higher-grade categories showing markedly
higher positivity rates (Table 2).

Integration of Statistical Risk Profiling and Multidimensional Structural Mapping of

Cervical Lesion Indicators
Associations between screening indicators and the final diagnosis were examined using multivariable logistic regression

and UMAP visualization (Table 3, Figures 2 and 3). Univariable crude odds ratios are presented in Supplementary
Figure S1.

Table 2 Distribution of HPV Diagnosis and Genotype Categories and Their Associations with the
Final Diagnosis

Characteristic Total Positive Negative Ve P-value
N=82141 | N = 1678 (2.04%) | N=80463 (97.96%)

HPV diagnosis 12,884.013 | P <0.001
Positive 6819 1409 (20.66%) 5410 (79.34%)

Negative 75322 269 (0.36%) 75,053 (99.64%)

HPV genotype group 16,115.820 | P <0.001
HPV16/18 1100 454 (41.27%) 646 (58.73%)

Other high-risk 4288 722 (16.84%) 3566 (83.16%)

Other typed 870 92 (10.57%) 778 (89.43%)

Untyped 463 131 (28.29%) 332 (71.71%)

Missing 75420 279 (0.37%) 75,141 (99.63%)

Table 3 Multivariable Logistic Regression Analysis of Factors Associated with a Positive
Final Diagnosis

Characteristic aOR 95% CI P-value | Overall P-value
Age P <0.001
45-54 Ref - -
<25 1.257 0.759-1.998 0.352
25-34 0.964 0.765-1.207 0.753
3544 1.224 1.074-1.396 0.002
55-64 0.882 0.763-1.019 0.089
265 0.671 0.307-1.306 0.275
Ethnicity P =0.272
Han Ref - -
Yi 1.012 0.879-1.164 0.864
(Continued)
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Table 3 (Continued).

Characteristic aOR 95% CI P-value | Overall P-value
Hani 1.107 0.905-1.348 0.315

Dai 1.308 1.045-1.627 0.017

Hui | 0.562—1.667 0.999

Mongol 1.579 0.761-3.006 0.189

Bai 0.978 0.421-1.995 0.955

Lahu 0.554 0.164-1.406 0.269

Other 0.853 0.543-1.293 0.470

Educational level P <0.001
llliterate or primary school Ref - -

Junior high school 0.878 0.77-1.002 0.053

Senior high school/vocational school | 0.618 0.503-0.755 <0.001

College degree or above 0.589 0.463-0.743 <0.001

Unknown 0.625 0.484-0.801 <0.001

Gynecologic clinical findings P = 0.004
Normal Ref - -
Infectious/inflammatory 1.2 1.016-1.412 0.030
Structural/neoplastic 1.3 0.95-1.748 0.091

Other abnormal 1.253 1.059-1.477 0.008

Not examined 0.578 0.321-0.968 0.050

Missing 1.261 0.462-2.929 0.617

HPV diagnosis P <0.001
Negative Ref - -

Positive 73474 | 64.368-84.177 | <0.001

In the multivariable model, age remained significant overall. With women aged 45-54 years as the reference group,
those aged 35-44 years had higher odds of a positive final diagnosis, whereas no significant differences were observed
for the other age groups. Educational level also remained significant overall. Compared with women with illiterate or
primary school education, those with senior high school/vocational school education and those with a college degree or
above had lower odds of positivity. Ethnicity was not significant as an overall variable, although Dai women had higher
adjusted odds than Han women. Among gynecologic clinical findings, infectious/inflammatory findings and other
abnormal findings were associated with higher odds of a positive final diagnosis, whereas structural/neoplastic findings
were not significant after adjustment. HPV diagnosis showed the strongest adjusted association.

The UMAP projection showed partial separation of several clinical features. Women aged 25-54 years were mainly
distributed in central regions of the embedding space, whereas younger and older women were more diffusely distributed.
Educational level showed a graded pattern, with lower educational categories distributed more broadly and higher
educational categories located more centrally. Ethnic categories overlapped substantially, although Dai cases appeared
relatively enriched in some regions. Gynecologic clinical findings also showed considerable overlap, with infectious/
inflammatory and other abnormal findings displaying modest regional enrichment, whereas colposcopy categories
showed little obvious separation.

Among all variables displayed in the UMAP space, TBS diagnosis, histopathologic diagnosis, HPV diagnosis, and
HPV genotype group showed the clearest structural differences. NILM and negative histopathology were widely
distributed, whereas high-grade cytologic abnormalities and CIN2+ or invasive lesions were concentrated in more
localized regions. HPV-negative cases showed a broad central distribution, while HPV-positive cases were more
localized.
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Forest plot of adjusted odds ratios: Age Forest plot of adjusted odds ratios: Educational level
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Figure 2 Forest plots of aORs for factors associated with a positive final diagnosis.
Notes: Adjusted odds ratios (aORs) and 95% confidence intervals (95% Cls) were estimated using multivariable logistic regression. The model included age, ethnicity,
educational attainment, gynecologic clinical findings, and HPV diagnosis.

Discussion

The present study used data from 82,141 women participating in an organized cervical cancer screening programme in
a prefecture-level city in Yunnan Province, China, to examine how demographic characteristics and routine screening
indicators were associated with the final diagnosis of cervical precancer and cervical cancer. In descriptive analyses,
positive and negative groups differed by age, ethnicity, educational level, gynecologic clinical findings, cytology,
histopathology, HPV diagnosis, and HPV genotype group, whereas colposcopy categories showed no significant
difference. After adjustment, HPV diagnosis showed the strongest association with the final diagnosis, while age,
educational level, and gynecologic clinical findings also remained associated with the outcome; ethnicity was not
significant as an overall variable. UMAP visualization further supported the clustering of higher-risk cases around HPV-
related and high-grade cytological features. Taken together, these findings indicate that established screening indicators,
particularly HPV testing and cytology, remain central to the screening-to-diagnosis pathway, while demographic factors
may help identify population groups requiring closer follow-up support in a multi-ethnic regional screening setting.

Age showed a non-linear distribution in the descriptive analysis, with the highest positivity observed in women aged
<25 years, relatively lower positivity in women aged 2554 years, and a modest increase again in older age groups. This
general pattern is broadly consistent with previous population-based studies reporting non-linear or U-shaped age
distributions for HPV-related abnormalities.**** Prior evidence suggests that the early peak may reflect recent HPV
acquisition after sexual debut and increased susceptibility of the cervical transformation zone in younger women.**
Because many newly acquired infections clear spontaneously within 1-2 years, and only a minority persist and progress
to high-grade lesions or cancer higher positivity in younger women is more likely to reflect the detection of early
abnormalities than a higher burden of invasive cervical cancer.*®*

The decline in positivity among women aged 25-54 years is likely multifactorial. First, HPV infection is typically
self-limited, with most newly acquired infections becoming undetectable within approximately 1-2 years (apparent
clearance).’™>' Second, new HPV acquisition is closely related to sexual exposure (eg, number of partners and partner
change). As individuals enter midlife, incident exposure commonly decreases as partnership patterns become more
stable, which further contributes to a reduced prevalent infection burden in the 25-54-year population.’>** A rebound in
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Figure 3 UMAP projection of multidimensional clinical features by final diagnostic outcome.

Notes: UMAP embeddings were constructed using age, ethnicity, educational attainment, gynecologic clinical findings, cervical cytology (TBS classification), HPV diagnosis,
HPV genotype group, and histopathologic diagnosis. Each panel shows the distribution of samples colored according to different variable categories, illustrating the
multidimensional organization of clinical features in the study population. Higher-risk categories, including HPV16/18 positivity, high-grade cytologic abnormalities, and
CIN2+ histopathologic lesions, tended to cluster in more localized regions, whereas lower-risk categories, such as HPV-negative status, NILM cytology, and negative
histopathology, were distributed more centrally or diffusely across the embedding space.

positivity in women aged >65 years may reflect inadequate prior screening or prolonged under-screening after program
exit, allowing persistent infection and/or precancerous lesions to remain undetected and accumulate at older ages.
Therefore, screening discontinuation should not be determined by age alone but should consider an adequate negative
screening history and risk stratification.**> Among women aged >55 years, evidence suggests that a negative HPV test
provides more durable long-term reassurance than negative cytology alone, supporting HPV-based risk stratification
when considering screening exit.>®>’

In the multivariable model, age remained significant as an overall variable; however, only women aged 35-44 years
had higher odds of a positive final diagnosis than those aged 45-54 years after adjustment, whereas the other age groups
did not differ significantly. This suggests that the age-related variation observed in the descriptive analysis may partly
reflect differences in HPV status and other screening indicators across age groups, rather than a simple independent effect
of age.”® This interpretation is consistent with current risk-based approaches to cervical screening, which rely more
directly on current HPV and cytology results and prior screening history than on age alone for risk estimation.>”

Ethnicity-stratified analyses showed significant between-group differences in the composition of positive outcomes,
with some minority groups, particularly Hani and Dai women, showing relatively higher positivity in the descriptive
analysis. However, after adjustment in the multivariable model, ethnicity was not significant as an overall variable,
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although Dai women still had higher odds of a positive final diagnosis than Han women. This suggests that the ethnic
differences observed in the descriptive analysis should not be interpreted simply as evidence of inherent biological
susceptibility. Rather, they may reflect imbalances along the real-world screening cascade, including differences in
screening entry, completion of triage referral, and follow-up adherence.

Real-world evidence from rural Yunnan suggests that screening coverage remains suboptimal, and that the accept-
ability of screening approaches is lower among minority populations, individuals with lower educational attainment, and
those with limited screening-related knowledge, indicating that attrition may occur early at the screening entry stage and
continue through follow-up completion.®®~®* In addition, multiple studies and systematic reviews have shown that limited
health literacy, shame and fear related to screening, cultural and language barriers, differences in trust in health services,
and economic and geographic accessibility (costs, distance, and time opportunity costs) can reduce screening participa-
tion and increase loss to follow-up after abnormal results. This, in turn, contributes to under-screening or delays and
a greater burden of positivity at the stage of diagnostic confirmation.®*®” Therefore, in multi-ethnic settings such as
Yunnan, incorporating ethnicity into routine monitoring may be more useful as a service performance and accessibility
indicator to identify underserved groups, pinpoint critical points of attrition, and guide resource prioritization and
culturally adapted interventions. Furthermore, prior case—control evidence from Yunnan suggests that ethnicity-related
differences often co-exist with socioeconomic factors such as medical payment/insurance patterns, supporting an
interpretation based on “accessibility and adherence” considerations.®®

In terms of educational attainment, the composition of positive outcomes declined progressively with increasing
education, with the lowest positivity observed among individuals with college-level education or above. In the multi-
variable model, educational level remained significantly associated with a positive final diagnosis overall. Compared with
individuals who were illiterate or had only primary school education, those with senior high school/vocational education
and those with college-level education or above had significantly lower odds of a positive final diagnosis, whereas the
association for junior high school was attenuated and did not reach conventional statistical significance. These results
suggest that education-related attributes, including health literacy, risk awareness, and the capacity to navigate and utilize
health services, may act as upstream determinants within the screening cascade by shaping proactive and regular
participation in screening.’®’® Prior evidence indicates that higher educational attainment is associated with greater
uptake of cervical cancer screening and HPV vaccination, whereas lower education is linked to under-screening or
prolonged screening intervals, which may increase the likelihood that lesions are detected at subsequent screening
visits.”" Population-based surveys further show that knowledge related to HPV, vaccination, and screening increases
markedly with education level, implying that individuals with lower educational attainment are more likely to disengage
at key points across the “screening, follow-up, and treatment” continuum.®”-’%"2

From the performance of individual indicators across the screening process, our findings were broadly consistent with
previous studies and further suggested that different steps contributed unequally to the identification of positive
outcomes.”” Routine gynecological clinical findings may show some association with positivity; however, precancerous
lesions and early cervical cancer are often clinically silent, and a “normal” clinical examination does not exclude the risk
of CIN2+ or AIS.”* Therefore, clinical findings are more appropriately regarded as supportive information for result
interpretation rather than as a core screening modality.'® By contrast, cytological results classified according to the
Bethesda System demonstrated a clearer graded relationship with positive outcomes, consistent with their established role
in risk stratification and triage management.>*>° High-grade cytological abnormalities are more strongly suggestive of
CIN2+/AIS, whereas low-grade abnormalities more often reflect early infection-related changes.”

No significant differences in the rate of positive final diagnoses were observed across colposcopic categories. This
finding is not unexpected. Colposcopic interpretation is inherently influenced by examiner experience, lesion visibility,
transformation zone type, as well as the number and location of biopsies obtained, and its sensitivity may decline further
in postmenopausal women.”®’® At the same time, although colposcopic findings were included as analytical variables in
the present study, more detailed information on standardized examination procedures, operator training and interobserver
consistency assessment, and quality control measures was not available. Previous studies have shown that colposcopy is
not a fully objective or uniformly reproducible examination; its interpretation is subject to interobserver variability, and
differences among operators in biopsy number, biopsy site selection, and the use of additional endocervical sampling
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may further affect the detection of high-grade lesions.”” ®** In particular, in older women, CIN2+ may be underestimated
if assessment relies solely on colposcopy-directed biopsy results.* Accordingly, colposcopy is better regarded as a tool
for lesion localization and standardized biopsy guidance rather than as an independent predictor of risk. At the stage of
diagnostic confirmation, histopathology remains the reference standard for the diagnosis of cervical precancerous lesions
and cervical cancer, and in the present study it showed the greatest discriminatory capacity. This is also consistent with
the natural history of cervical disease: CIN1 has a relatively high likelihood of spontaneous regression, whereas CIN2/3
and AIS carry a greater risk of persistence or progression.* Future studies should include operator-level data and
standardized colposcopy quality-control indicators to better assess and control for diagnostic variability.

Meanwhile, the strong association between HPV positivity, particularly HPV16/18, and positive outcomes further
indicates the important role of HPV testing and genotyping in long-term risk assessment and subsequent triage.**® This
is also consistent with the current evidence supporting HPV-based primary screening over cytology alone.®® Taken
together, our findings suggest that, in cervical cancer screening, HPV testing, especially HPV16/18 genotyping, together
with cytology, should serve as the main basis for risk assessment and decisions regarding subsequent evaluation.”’#7-58
By contrast, demographic characteristics such as age, ethnicity, and educational attainment may be more useful for
identifying differences in screening participation, follow-up adherence, and access to health services, and may therefore
help inform subsequent intervention strategies.®

Although this study was based on real-world screening data and therefore captures population heterogeneity and
screening practice under routine programme conditions, the findings should be interpreted with appropriate caution.
First, all participants were drawn from a single region in Yunnan Province, China, where population structure,
healthcare accessibility, and the organization of screening are region-specific; extrapolation to other settings or health
systems may therefore be limited. Although multivariable logistic regression was performed to adjust for available
covariates, prior screening history, health behaviour, socioeconomic status, and access to follow-up care could not be
fully accounted for in the analysis. Second, we used a composite endpoint combining LSIL, HSIL/CIN2-3, AIS and
invasive cervical cancer, which facilitates an overall description of abnormal burden but may be influenced by
fluctuations in the detection of low-grade lesions. Future work should consider separating outcomes such as CIN2+,
CIN3+ or AIS+ that are more closely aligned with intervention thresholds, in order to strengthen the interpretability
of findings in terms of progression risk. Third, typical sources of bias in real-world research also apply here:
individuals with abnormal results may not complete colposcopy/biopsy or guideline-concordant follow-up, and
differences in access to referral, adherence, and sampling quality may lead to underestimation or overestimation of
risk.

In conclusion, our results highlight two priorities for screening optimization. First, refined risk stratification based on
age-specific HPV genotyping is necessary to balance the risk of over-referral in younger women against the need for
rigorous assessment in older populations. Second, program improvements must focus on closing gaps in the diagnostic
pathway by standardizing referral systems and providing navigation support for vulnerable groups (minority and low-
education populations). These measures will enhance lesion detection, reduce missed diagnoses, and promote health
equity across diverse subgroups.
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