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Most evidence and experience with mammography screening originate from Western countries, and 
the optimal prevention strategy for Taiwanese women remains uncertain. Currently, breast cancer 
susceptibility in Taiwan is primarily stratified by family history, which contrasts with the trend toward 
personalized screening. Additionally, the high false-positive and false-negative rates (and the resulting 
compromised positive predictive value) have hindered the widespread adoption of mammography 
among the general population. Consequently, there is an unmet need to identify breast cancer risk 
factors to develop a more efficient and tailored screening strategy that minimizes potential harm. 
This study aimed to identify breast cancer risk factors by analyzing big data, including National 
Health Insurance claims data, a screening database, a cancer registry from the Health Promotion 
Administration, and a death registry from census data. Between 2007 and 2017, 189,465 entries were 
extracted from the cancer registry, representing 133,546 breast cancer cases. The screening database 
contained 3,806,128 mammography episodes from 2004 to 2014. We identified subjects who had 
attended at least one screening session between January 2007 and September 2014, matching cancer 
cases to the registry. Screening intervals were extended by two years to August 2016. After excluding 
patients with pre-existing breast malignancies, 3,605,758 screening mammography episodes from 
2,191,742 invitees were analyzed, resulting in the identification of 38,815 incident breast cancer cases. 
Multivariate analyses revealed that risk factors for breast cancer diagnosis included a family history of 
any cancer (odds ratio [OR]: 1.462), number of sisters with breast cancer (OR: 1.058), years of hormone 
replacement therapy (OR: 1.006), breast symptoms (OR: 3.843), breast examinations within two 
years (OR: 1.226), prior breast surgery (OR: 1.044), educational level (OR: 1.04), and breast density 
(OR: 1.096). Protective factors included menopausal status (OR: 0.935), breastfeeding (OR: 0.908), 
sonography within two years (OR: 0.899), comparison with prior mammography (OR: 0.775), number 
of mammography screenings (OR: 0.673), and screening via a mobile van (OR: 0.587). The model 
demonstrated an area under the receiver operating characteristic curve (AUC) of 0.6766. Among 50,831 
breast cancer cases, 47.6% had undergone at least one mammography screening before diagnosis, 
which was associated with earlier disease stages. Clinically detected breast cancer was an independent 
risk factor for recurrence-free and overall survival, as well as breast cancer mortality. Big data analysis 
identified several risk factors for breast cancer development in Taiwanese women and confirmed the 
efficacy of mammography screening.
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Breast cancer is the most common malignancy among women in Taiwan, with over 18,000 newly diagnosed cases 
annually, including both in situ and invasive cancers1. Mammography is the primary tool for early diagnosis, and 
the Health Promotion Administration (HPA) of the Taiwanese government currently offers biennial screening to 
women aged 45–69. For women with a family history of breast cancer, screening begins at age 40 and continues 
through age 69. Since 2010, the HPA has utilized tobacco health welfare funds to promote the screening of 
four cancers: cervical, breast, colorectal, and oral. Based on evidence from Western countries, mammography 
screening can reduce breast cancer mortality by 21–34%2–5. In Taiwan, the median age for breast cancer diagnosis 
is 50, and the 5-year survival rate for early-stage breast cancer is as high as 90%6. With early detection and 
multidisciplinary care, the cure rate is extremely high. Therefore, identifying breast cancer through screening to 
enable early diagnosis and treatment is crucial for preventive medicine.

Mammography screening plays a crucial role in detecting early, asymptomatic breast cancer. Many early-stage 
cancers detected through screening are still in situ (stage 0), and most invasive cancers detected are under 2 cm 
in size and without regional lymph node involvement. Despite its efficacy, most mammography screening results 
fall within Breast Imaging Reporting and Data System (BI-RADS) categories 1–3, which are considered relatively 
low risk7. For cases in BI-RADS category 3, a follow-up imaging test is typically recommended six months later. 
Those classified as screening-positive (BI-RADS categories 0, 4, and 5) require further confirmatory imaging 
or tissue biopsy. However, except for BI-RADS category 5, which carries a high likelihood of malignancy, the 
other categories require further confirmation, and not all lead to a cancer diagnosis. The high sensitivity of 
mammography contributes to this issue, but its accuracy is less consistent, resulting in a positive predictive 
value (PPV) of approximately 10%. This means that for every confirmed breast cancer case, approximately nine 
healthy women are incorrectly identified as suspicious, leading to false-positive results. The American College 
of Radiology (ACR) provides benchmarks for various performance metrics in mammography, including PPV1 
(Positive Predictive Value of Recall). This is the percentage of women recalled for additional imaging (due to an 
abnormal screening mammogram) who are ultimately diagnosed with breast cancer. The ACR suggests a PPV1 
benchmark range of 3–8%8. Additionally, there is a risk of false negatives, where cancer cases go undetected and 
present as interval cancers between screening rounds.

Mammography screening uptake in Taiwan remains low, with less than 50% of the targeted population 
participating (approximately 40%)9. The development of a more effective screening method and the reduction of 
potential harm are urgently needed. Most current evidence on mammography screening comes from Western 
countries, and the optimal prevention strategy for Taiwanese women remains largely unknown. Family history 
is currently the sole stratification factor for breast cancer risk, which is insufficient for personalized screening 
approaches. Thus, there is a critical need to identify risk factors for breast cancer to enable more efficient and 
individualized screening strategies.

Materials and methods
Overview
This study employed big data analysis to identify risk factors for breast cancer by integrating data from screening 
databases, cancer registries, and health insurance claims. By linking the cancer registry with the screening 
database, we determined whether invitees had undergone mammography during the asymptomatic period before 
their breast cancer diagnosis. A predictive model for breast cancer risk was then constructed. Furthermore, 
clinical characteristics and treatment outcomes between breast cancer cases with and without prior screening 
were compared to assess the efficacy of mammography screening in Taiwan.

Data sources
In 1997, the Ministry of Health and Welfare of Taiwan launched the National Health Informatics Project (NHIP) 
to enhance health information sharing while ensuring data privacy and reducing resource duplication. The 
Health and Welfare Data Science Center (HWDC) was established to generate data for improving decision-
making, academic research, and public health in Taiwan.

For this study, data were sourced from the HWDC, which comprised the Breast Cancer Health Database. 
This database included newly diagnosed breast cancer cases between 2007 and 2017, linked to health insurance 
data (ambulatory care expenditures and orders, including HEALTH-83: BC_OPDTO and HEALTH-83: 
BC_OPDTE), the cancer registration long format (H_BHP_CRFLF), and cause-of-death statistics (H_OST_
DEATH). Breast cancer cases were identified based on the following criteria: female sex, ICD-9 or ICD-10 codes 
starting with “174” or “C50” for primary cancer site, and exclusion of histology codes between 9590 and 9993 
(hematological malignancies). All data were anonymized by removing personal identifiers and were reviewed 
and approved by the relevant authorities.

The coding manuals used included the “Taiwan Cancer Registry Coding Manual Long Form Revision 
2018 v.3,” the “Cancer Site Specific Factor Coding Manual (Revised December 109),” and the “Breast Cancer 
Screening Database User Manual”10. Data from the female breast cancer-specific theme databases were collected 
for the study period. The cancer registration files (2007–2017) and screening mammography data (July 2004–
September 2014: H_BHP_BCS) were incorporated, as outlined in Fig. 1.

Breast Cancer index cases
From 2007 to 2017, the cancer registry contained 189,465 entries, which were reduced to 133,546 individual 
breast cancer cases using the following algorithm: First, entries with only one cancer registry record were 
retained. For invitees with more than one record, records were separated by laterality, and the record with the 
latest follow-up was retained. If an invitee had bilateral breast cancers, the record with the latest follow-up for 
each side was retained. Duplicates were identified and removed using sorting keys, including encrypted ID, 
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cancer site (ICD-O-3), and histology (ICD-O-3). The screening database included 3,806,128 mammography 
episodes between 2004 and 2014. Using unique IDs, we identified patients who had undergone at least one 
mammography screening between January 2007 and September 2014. The cancer registry was cross-referenced, 
with a two-year screening interval extension to August 2016 to align with Taiwan’s biennial screening standards. 
Figure 1 illustrates the data merging process.

Study cohorts
Two cohorts were established for the study:

Screening cohort: This cohort included all individuals from the screening database. Breast cancer cases 
identified in the cancer registry following screening were used as events (case = 1) in a logistic regression risk 
predictive model.

Cancer cohort: This cohort comprised all breast cancer index cases, categorized as either screening-detected 
or clinically detected, depending on whether screening data could be matched before the cancer diagnosis. 
The latest screening episode before diagnosis was retained. If the interval between screening and breast cancer 
diagnosis was ≤ 6 months, the case was considered screening-detected.

Risk factors for breast Cancer development
Explanatory variables derived from the screening database included age, family history of any cancer, family 
history of breast cancer (number of affected relatives, including mothers, sisters, daughters, grandmothers, and 
maternal aunts), menopausal status, number of births, age at first childbirth, breastfeeding history, history of oral 
contraceptive use and hormone replacement therapy, breast lumps, breast palpation and results, mammography 
within two years, ultrasound within two years, prior breast surgery, educational level, body mass index, type of 
mammography unit (fixed or mobile), mammographic density, and BI-RADS classifications11. Breast density 
on mammography was primarily determined through qualitative assessment (BI-RADS), where a radiologist 
visually assessed the mammogram and categorized breast density into one of four categories (fatty, scattered 
fibroglandular, heterogeneously dense, and extremely dense) based on the proportion of dense (fibroglandular) 
tissue to fatty tissue12,13. The screening interval was defined as the period between mammography and either 
breast cancer diagnosis or the censored date (August 2016).

Outcome variables
For the screening cohort, the outcome variable was breast cancer diagnosis following mammography screening. 
For the cancer cohort, outcomes were derived from the cancer registry and included age at diagnosis, interval 
from screening to diagnosis (screening interval), Taiwan Cancer Registry (TCR) case classification, histology, 
tumor size, regional lymph node status, tumor stage, last contact date, relapse date, vital status, and cause of 
death14. Site-specific factors included estrogen receptor (ER), progesterone receptor (PR), and human epidermal 
growth factor receptor 2 (HER2) status.

Statistical methods
Univariate logistic regression was conducted using breast cancer status (whether breast cancer was diagnosed 
after screening) as the dependent variable, regressed against all potential explanatory variables from the 
screening cohort. Significant variables were then included in a multivariate logistic regression model. Odds 

Fig. 1.  Study flowchart with merged health and welfare databases.
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ratios (ORs), 95% confidence intervals (CIs), and the area under the receiver operating characteristic (ROC) 
curve were reported.

A Cox proportional hazards model was used to analyze the cancer cohort, with survival time (calculated in 
months) defined as the period from birth to the date of diagnosis or the censored date (August 2016), whichever 
occurred first. Survival outcomes were compared between screening-detected and clinically detected breast 
cancers, with hazard ratios (HRs) for recurrence-free and overall survival calculated using competing risk 
models. All statistical tests were two-sided with a significance level of α = 0.05, and analyses were conducted 
using SAS/STAT software (version 15.1; SAS Institute Inc., Cary, NC).

Results
Screening cohort
By merging the screening database with the cancer registry, we identified 3,605,758 screening mammography 
episodes from 2,191,742 invitees, resulting in the identification of 38,815 breast cancer cases. Among the invitees, 
the age distribution (in years) was as follows: median 53.3, mean 54.3, and standard deviation 6.8. Figure 2 
shows a roughly bimodal distribution, consistent with the eligibility criteria for screening (ages 45–69) and the 
extension to age 40 for those with a family history of breast cancer.

For each invitee, their most recent screening mammography and associated explanatory variables from the 
screening database were used. Of the invitees, 38.9% (n = 853,543) were screened using a mobile mammography 
unit, and 61.1% (n = 1,338,199) were screened using a fixed mammography unit. Regarding image acquisition 
methods, 1.5% (n = 30,974) of mammograms were obtained via film, 26% (n = 565,833) via computed radiography, 
and 72.5% (n = 2,057,775) via digital radiography.

After excluding cases with pre-existing breast malignancies or those who underwent screening mammography 
after a breast cancer diagnosis (i.e., negative screening intervals), 2,182,957 invitees remained for further analysis.

Significant explanatory variables from the univariate analysis were selected for the multivariate breast 
cancer risk prediction model. The multivariate model included 2,182,953 invitees (four were excluded due to 
incomplete data). Of these, 38,533 breast cancer cases were identified in the cancer registry following screening 
mammography, resulting in a cancer detection rate of 1.77%. The mean age of those diagnosed with breast 
cancer was 56.7 years (standard deviation 7.2), which was significantly younger than the healthy invitees at their 
last screening (mean 59.6 years, standard deviation 7.4; p < 0.0001, two-sample t-test with unequal variances).

Multivariate analyses revealed the following risk factors for breast cancer diagnosis: family history of 
cancer (particularly the number of affected sisters), years of hormone replacement therapy, breast symptoms, 
breast examinations within two years, previous breast surgery, educational level, breast density, and age 
at mammography. Protective factors included menopausal status, number of pregnancies, breastfeeding, 
sonography within two years, prior mammography, the number of mammography screenings, and screening 
via a mobile mammography unit. The model’s area under the ROC curve (AUC) was 0.6766. Table 1 provides 
detailed predictive model information.

Other significant predictors from univariate analysis that did not remain significant in the multivariate 
model included benign breast disease (OR 1.521), personal history of breast cancer (OR 1.846), mother with 
breast cancer (OR 1.541), number of affected daughters (OR 1.117), number of affected aunts (OR 1.487), and 
body mass index (OR 1.015). Notably, grandmother with breast cancer (OR 1.195) and maternal grandmother 
with breast cancer (OR 1.065), which were risk factors in the univariate analysis, became protective factors when 
adjusted for other variables (Table 1).

Hazard ratios for the same set of risk factors were reported from the Cox proportional hazards model, with 
survival time in years defined from birth to a diagnosis of breast cancer or the predefined censored date (August 
2016). Supplementary Table 1 details risk parameters, and these hazard ratios were concordant with the odds 
ratios from the logistic regression model.

Fig. 2.  Age distribution of first screening mammography among 2,191,742 Taiwanese women (x-axis: age 
distribution, y-axis: count of screening invitees).
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Breast cancer cohort
To further explore the impact of screening on breast cancer outcomes, we compared survival between breast 
cancer patients with and without prior mammography screening. Of the 50,831 breast cancer cases (with 3,176 
relapse events after excluding duplicated records, de novo stage IV disease, and missing values in follow-up) 
identified in the cancer registry, 47.6% (n = 24,207) had undergone at least one mammography screening before 
their cancer diagnosis. Among these, 62.4% (n = 15,103) had one screening session before diagnosis, 26.7% 
(n = 6,469) had two screenings, 8.6% (n = 2,076) had three screenings, 1.5% (n = 374) had four screenings, and 
five breast cancer cases had five mammography screenings before diagnosis. The median time from the last 
screening to cancer diagnosis was 0.25 years.

Supplementary Table 2 shows the distribution of pathological stages, ER, PR, HER2 status, and grade between 
screening-detected and clinically detected breast cancer cases. Screening-detected cases were more likely to be 
diagnosed at earlier stages (stages 0/I), with a higher frequency of ER and PR negativity, HER2 positivity, and 
grade I/II disease. Clinically detected breast cancer patients were significantly younger than screening-detected 
cases (mean age 52.1 vs. 56.2; p < 0.0001). Figure 3 illustrates the overall survival across the entire breast cancer 
cohort and subgroups based on detection mode (screening-detected vs. clinically detected). Supplementary 
Table 3 provides hazard ratios for overall and relapse-free survival.

Discussion
This study investigated the potential for implementing a personalized breast cancer screening strategy for 
Taiwanese women by identifying risk factors for breast cancer development through big data analysis. By 
integrating the screening database, cancer registry, and health insurance claims data, we assessed the real-world 
efficacy of mammography screening in Taiwan and evaluated the ability of repeated mammography to detect 
breast cancer earlier. For personalized screening to be realized, breast cancer risk factors must be identified and 
quantified in an unbiased manner.

Breast cancer remains the most common malignancy among women in Taiwan1. Thanks to advances in 
early detection and systemic therapy, outcomes have improved dramatically6. Although the age-standardized 
incidence of breast cancer in Taiwan is about half that of Western countries, it has been rising annually, with 
peak incidence occurring at a younger age (45–55 years) compared to Western women15,16. Younger women 
often present with more aggressive disease biology, leading to poorer prognoses and posing challenges for early 
diagnosis and treatment. The observation that breast cancer incidence might be leveling off in Taiwan compared 
to Western countries can be partially attributed to demographic differences and variations in screening 
practices. Taiwan has a smaller proportion of women over 70 compared to Western countries17. Since breast 
cancer risk increases with age, this demographic difference could contribute to a lower overall incidence in 

Risk factor OR Lower bound of 95%CI Upper bound of 95% CI Standard error P-value

FAM_CANCER 1.462 1.401 1.525 0.0216 < 0.0001

FAM_SIS 1.058 1.024 1.093 0.0165 0.0007

FAM_GMA1 0.746 0.613 0.907 0.0999 0.0033

FAM_GMA2 0.773 0.643 0.929 0.0936 0.006

MC_END 0.935 0.908 0.963 0.0151 < 0.0001

FER_TIME 0.92 0.911 0.929 0.00491 < 0.0001

FER_FEEDING 0.908 0.888 0.929 0.0116 < 0.0001

MED_HYEAR 1.006 1.003 1.01 0.00191 0.0009

SYM 3.843 3.747 3.943 0.013 < 0.0001

ULTRA 0.899 0.839 0.962 0.0349 0.0022

O_TWO 1.226 1.151 1.306 0.0322 < 0.0001

O_SUR 1.044 1.002 1.088 0.021 0.0401

EDU 1.04 1.029 1.051 0.00529 < 0.0001

COMPARE 0.775 0.751 0.799 0.0157 < 0.0001

PDATA 1.096 1.08 1.112 0.00741 < 0.0001

AGE_M 1.031 1.029 1.033 0.00106 < 0.0001

M_TIMES 0.673 0.661 0.684 0.00883 < 0.0001

CAR 0.587 0.573 0.602 0.0127 < 0.0001

Table 1.  Breast cancer risk predictive model with odds ratios and 95% confidence intervals. (OR: odds ratio, 
CI: confidence interval, FAM_CANCER: family history of cancer, FAM_SIS: number of affected sisters, 
FAM_GMA1: grandmother breast cancer, FAM_GMA2: maternal grandmother breast cancer, MC_END: 
menopausal status, FER_TIMES: fertility times, FER_FEEDING: breast feeding, MED_HYEAR: years 
of hormone replacement, SYM: breast symptom, ULTRA: sonography within two years, O_TWO: breast 
examinations within two years, O_SUR: previous breast surgery, EDU: educational level, COMPARE: 
compared with previous mammography, PDATA: breast density, AGE_M: age of mammography, M_TIMES: 
screening mammography times, CAR: served with a mobile mammography unit)
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Fig. 3.  Overall survival by pathological stages for the (a) screening-detected breast cancers, (b) clinically 
detected breast cancers, and (c) full breast cancer cohort (x-axis: overall survival in years, y-axis: survival 
probability).
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Taiwan. Higher screening coverage in Western countries, especially among older women, is likely to detect more 
cancers, including some that might be slow-growing or even non-lethal (overdiagnosis)18,19. Taiwan’s breast 
cancer screening program primarily targets women aged 45–69, potentially missing some cancers in older 
women18. Therefore, the combination of a younger population and less intensive screening in older age groups 
could explain, at least in part, the observed trends in breast cancer incidence in Taiwan compared to Western 
countries. However, other factors such as lifestyle, genetics, and environmental exposures may also play a role.

Currently, mammography is the cornerstone of breast cancer screening. However, screening strategies tailored 
to the unique characteristics of breast cancer in Taiwanese women have not yet been developed. Much of the 
evidence supporting mammography screening comes from studies conducted in Western populations, which 
may not be fully applicable to Taiwanese women. Additionally, using family history as the sole determinant 
for screening start age contrasts with the trend toward personalized healthcare20. The high false-positive rate 
of mammography further deters participation, contributing to the limited uptake of this screening method 
in Taiwan21. Therefore, it is critical to develop more effective screening methods while reducing the harms 
associated with false-positive and false-negative results22.

For breast cancer screening to be truly personalized, risk factors must be identified and their magnitude 
understood. Breast cancer is a complex disease influenced by various risk factors, and the presence of a single 
factor does not guarantee disease development. Understanding the interplay of these factors can help individuals 
and healthcare professionals identify those at higher risk23–26. Well-established risk factors for breast cancer 
include female sex, increasing age, family history, genetics, personal history of breast conditions or prior cancers, 
hormone exposure, reproductive history, dense breast tissue, and lifestyle factors. In this study, the breast cancer 
screening database provided comprehensive details on these risk factors, allowing us to link the cancer registry 
with the screening database to construct a breast cancer risk predictive model with an AUC of 0.6766. This 
moderate concordance statistic aligns with other models, such as the Gail, Tyrer-Cuzick (IBIS), and Breast 
Cancer Surveillance Consortium (BCSC) models, which have AUCs between 0.58 and 0.7027–29.

Breast symptoms were identified as the most significant predictor of breast cancer development (adjusted 
OR 3.843, HR 4.223). Mammography screening targets asymptomatic women, and those with breast symptoms 
should seek medical advice rather than rely solely on screening. However, the presence of breast symptoms 
during screening significantly increases the risk of subsequent breast cancer diagnosis. This finding highlights 
the importance of ensuring that symptomatic women receive appropriate diagnostic evaluation rather than 
using screening services intended for asymptomatic populations30.

Family history of any cancer (excluding pre-existing breast malignancies, which represented 6.2% of the 
study population) was the second most important predictor of breast cancer development (OR 1.462, HR 1.539). 
Most risk models incorporate family history of breast cancer, and in our study, both family history and the 
number of affected sisters (OR 1.058, HR 1.036) remained significant predictors in the multivariate analysis. 
However, the protective effects observed for grandmothers (both maternal and paternal) with breast cancer (OR 
0.746 and 0.773, respectively) suggest potential interactions among family members specific to the Taiwanese 
population. Both maternal and paternal grandmothers were risk factors in the univariate analysis but became 
protective in the multivariate model. There might be some unmeasured confounders, such as underreporting 
of family history regarding grandmothers. Body mass index (BMI), another commonly studied risk factor, did 
not remain significant in our multivariate analysis despite its established link to postmenopausal breast cancer 
development31–34.

Other hormonal risk factors, including menopausal status, number of pregnancies, and breastfeeding, were 
protective against breast cancer development, while years of hormone replacement therapy (OR 1.006, HR 
1.003) posed a small but significant risk. Although these factors were less impactful individually, they contribute 
to breast cancer risk. Educational level, a proxy for socioeconomic status and healthcare access, was positively 
associated with breast cancer risk, consistent with findings from recent meta-analyses35. Breast density, a 
radiological marker of cancer risk, was also identified as a significant predictor. Breast density refers to the 
proportion of dense tissue (composed of glandular and fibrous tissue) compared to fatty tissue in the breast as 
seen on mammograms26,36,37. Dense breast tissue can obscure tumors on mammograms and is associated with 
increased cell proliferation and hormonal activity, both of which elevate cancer risk26,36,37.

Some screening-related variables also influenced breast cancer risk. Women who had undergone breast 
examinations within two years had a 20% higher risk of breast cancer (OR 1.226, HR 1.107), likely reflecting 
heightened vigilance among individuals with ongoing breast concerns. Sonography within two years, however, 
was associated with a reduced risk of breast cancer in our study. Although not typically used for screening, 
sonography supplements mammography in cases of abnormal findings. Its widespread accessibility through 
Taiwan’s National Health Insurance makes it a valuable tool in breast cancer surveillance38.

Repeated mammography screenings and screening via mobile mammography units were also associated 
with reduced cancer risk. The latter finding suggests that mobile screening units, while convenient, may differ 
in terms of image quality and patient follow-up protocols compared to fixed facilities. Another plausible 
explanation is that women at increased risk or with symptoms are more likely to attend fixed mammography 
facilities. Further research is needed to evaluate the performance of mobile versus fixed mammography units to 
optimize screening outcomes39,40.

In the second part of the study, we compared breast cancer outcomes between patients with and without prior 
mammography screening. Screening-detected breast cancers were more likely to be diagnosed at earlier stages 
(0/I) and lower histological grades (I/II). Although screening detected more ER-/PR-negative and HER2-positive 
breast cancers, the immunohistochemistry (IHC) subtype discrepancy was minimal, and the significance might 
result from the large sample size. Clinically detected breast cancers occurred in younger patients (mean age 
52.1 vs. 56.2; p < 0.0001) and were associated with poorer relapse-free and overall survival outcomes. Figure 3 
illustrates the deterioration of survival outcomes as pathological stage advances across the entire cohort and 
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within the screening-detected and clinically detected subgroups. Although Supplementary Table 3 confirmed 
worse survival for clinically detected cases, lead-time bias cannot be entirely excluded, as the main differences 
are observed primarily within the first two years (Fig. 3).

While traditional prognostic factors such as IHC subtype, nuclear grade, and stage played significant roles, 
the impact of mammography screening on breast cancer outcomes was substantial. Clinically detected cancers 
(without prior screening) were associated with a nearly twofold increased hazard of breast cancer-specific mortality 
(HR 1.968, 95% CI 1.746–2.219; p < 0.0001). Screening participants may have benefited from preventive health 
behaviors, resulting in heightened breast awareness and better general health, which may have contributed to 
improved outcomes41,42. Despite this, overdiagnosis is a real concern, even though screening mammography has 
demonstrated its effectiveness in reducing breast cancer mortality. While mammography remains an essential 
tool for early detection, it is important for women to be aware of the potential for overdiagnosis and discuss the 
benefits and risks with their healthcare providers to make informed decisions about screening.

Limitations
This study had several limitations. First, because the datasets were secondary, we lacked detailed clinical 
information beyond the cancer registry and screening database items, such as prescribed medications or 
laboratory/imaging results. Second, some women may have received diagnostic breast imaging services through 
the National Health Insurance (NHI) rather than the screening program, preventing a full assessment of the 
interplay between screening and diagnostic mammography. Third, follow-up diagnostic procedures for women 
with positive screening results are crucial for successful screening. Further studies are needed to evaluate the 
diagnostic performance of mammography screening in terms of sensitivity, specificity, and positive predictive 
value, as well as all relevant American College of Radiology (ACR) medical audit criteria43. Fourth, the predictive 
performance of breast cancer risk models may be limited without the inclusion of genetic information. Future 
research incorporating genetic markers, such as single nucleotide polymorphisms (SNPs), could enhance 
personalized screening strategies44,45. Finally, the “Health-56: H_BHP_BCS” breast cancer screening file only 
included maternal, but not paternal, aunt family history.

Conclusion
This study successfully employed big data analysis to identify breast cancer risk factors among Taiwanese women 
and evaluated the efficacy of mammography screening. Future studies incorporating genetic data will likely 
further refine breast cancer risk prediction and enable more personalized screening strategies.

Data availability
Data for this study were obtained from the Health and Welfare Data Science Center, Ministry of Health and Wel-
fare, Taiwan (URL:// https://dep.mohw.gov.tw/DOS/cp-5119-59201-113.html). All data generated or analyzed 
during this study are included in this published article and its supplementary information files.
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