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Abstract
Background Breast cancer remains the most prevalent malignant tumor among women worldwide,
imposing a heavy public health burden in China. Precision risk stratification is the cornerstone of early
breast cancer prevention. However, most existing risk prediction models are developed based on
Western populations and frequently overlook the interaction between first-degree family history and body
mass index (BMI), limiting their applicability in Chinese women.

Methods This cross-sectional study included 108 women who underwent physical examination and
breast cancer risk assessment at a tertiary hospital in Wuxi, China, from 2021 to 2024. The outcome was
the GAIL model-estimated 5-year breast cancer probability, analyzed as a continuous value and as low-,
intermediate-, or high-risk categories; it was not an observed cancer event. Ordinal logistic regression
evaluated associations of BMI and first-degree family history with higher GAIL-derived risk categories.
Interaction was examined using age-adjusted stratified analyses, the Breslow-Day test, and an ordinal
logistic model containing a BMI × family history term. The three-tier framework was assessed
descriptively in the development sample; no time-to-event analysis was performed.

Results Overweight/obesity showed a modest association with a higher GAIL-derived category (ordinal
OR = 1.20, 95% CI: 0.99–1.45), and positive first-degree family history was associated with a higher
category (ordinal OR = 1.22, 95% CI: 1.01–1.47). The interaction term was positive (OR = 2.87, 95% CI:
1.24–6.64, P = 0.014); among women with a positive family history, the ordinal OR for overweight/obesity
was 3.21 (95% CI: 1.76–5.85). In the same sample used to construct the framework, 70.00% of the
proposed high tier, 42.86% of the intermediate tier, and 0% of the low tier were classified as high risk by
the GAIL model. These proportions describe apparent separation of a model-derived outcome and
should not be interpreted as observed 5-year incidence, relative risk, or a hazard ratio.

Conclusions First-degree family history and BMI may interact in relation to GAIL-estimated risk
classification. The proposed framework is hypothesis-generating rather than a validated clinical
prediction tool. Bootstrap internal validation using participant-level data and prospective external
validation against observed breast cancer outcomes are required before clinical application.

Introduction
Breast cancer (BC) remains the most prevalent malignant tumor among women worldwide, imposing a
substantial socioeconomic and public health burden. According to the 2020 Global Cancer Statistics,
there are approximately 2.3 million BC cases diagnosed globally each year, with China accounting for
420,000 cases, nearly one-fifth of the global incidence1. Beyond its high incidence, BC exhibits
remarkable preventability: emerging evidence indicates that early prevention strategies can reduce BC
incidence by 30%–50%, underscoring the urgency of identifying high-risk populations to enable precise
interventions 2,3. This need is further reinforced by policy imperatives: China’s Healthy China Action—
Cancer Prevention and Control Implementation Plan (2023–2030)4 explicitly designates promoting cancer
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screening and early diagnosis and treatment as a key priority, highlighting the policy-driven demand for
BC risk population stratification tailored to the Chinese context.

Nevertheless, current BC risk assessment and prevention strategies, particularly those for Chinese
populations, suffer from three critical limitations. First, mainstream risk prediction models (e.g., the Gail
model, Tyrer-Cuzick model, and BCSC model) are primarily developed based on Western cohorts, leading
to sub-optimal performance in Chinese women5,6.For instance, the BCSC model significantly
underestimates the invasive breast cancer risk for young women (< 45 years old) and women with non-
dense breasts, which is particularly problematic in China where the age at peak incidence is 5–10 years
earlier than in Western countries and the proportion of young patients is higher5. Furthermore, the actual

risk of Chinese women with non-dense breasts differs from that of Western populations6. Similarly,
despite incorporating comprehensive risk factors, the Tyrer-Cuzick model requires complex inputs such
as third-degree relative family history and genetic test results, which are incompatible with China's
primary healthcare environment; moreover, the model excludes critical risk factors for the Chinese
population, such as environmental exposures, further limiting screening precision7,8.

Second, a one-size-fits-all screening strategy exacerbates the problem of misallocated resources: high-
risk populations often lack timely surveillance, while low-risk individuals may receive unnecessary
screening, wasting limited healthcare resources. Third, and most notably, existing research and clinical
guidelines, such as the National Comprehensive Cancer Network guidelines, treat family history and
body mass index (BMI) as independent risk factors, overlooking their potential interactions9,10. This
limitation restricts the precision of risk stratification. As a modifiable risk factor, BMI has been
demonstrated to amplify breast cancer risk in individuals with genetic susceptibility by promoting
estrogen synthesis and inhibiting homologous recombination repair (HRR) pathways11. However,
whether this synergistic effect applies to individuals with a first-degree family history of breast cancer
(FHF) remains unexplored in the Chinese population12–14.

To address this gap, we examined whether BMI and first-degree family history were jointly associated
with the GAIL model-estimated 5-year breast cancer risk among Chinese women. The objectives were to:
(1) quantify associations with the GAIL-derived ordinal risk category; (2) test a BMI × family history
interaction after adjustment for age; and (3) develop a parsimonious, exploratory stratification
framework based on routinely available variables. Because the outcome was a predicted probability
rather than an observed cancer event, all effect estimates were interpreted as associations with model-
estimated risk classification, not as etiologic or prognostic effects on breast cancer incidence.

Materials and Methods

Study Design, Participants and Data Collection
This cross-sectional study was conducted at the physical examination center of a tertiary hospital in
Wuxi, Yangtze River Delta region of China, between 2021 and 2024. Convenience sampling was used to
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recruit female participants. Eligible participants were women aged ≥ 18 years who completed
comprehensive physical examinations (including anthropometric measurements and breast-related
examinations) and a structured breast cancer genetic testing questionnaire, and provided written
informed consent. Individuals were excluded if they had a prior history of malignant tumors (e.g., breast,
ovarian cancer), missing key data (BMI, family history, breast cancer risk score), or severe cardiac,
hepatic, renal dysfunction or psychiatric disorders that prevented study participation. A total of 108
eligible participants were included in the final analysis (participant flow diagram in Supplementary
Fig. 1).

Data were obtained from the center's standardized Electronic Health Records (EHRs), physical
examination records, and a structured breast cancer genetic testing questionnaire. The original Chinese-
language questionnaire was developed by the research team specifically for this study and has not
previously been published. A faithful English-language translation is provided as Supplementary File 1.
The questionnaire collected reproductive and hormonal history (including age at menarche and first
childbirth, pregnancy and delivery history, breastfeeding, oral contraceptive use, menopausal status, and
hormone replacement therapy); breast examination and benign breast disease history (breast
ultrasonography, mammography, and history of benign breast surgery or biopsy); detailed family history
of breast cancer and selected related cancers among first-, second-, and third-degree relatives, including
age at diagnosis and genetic testing results in affected relatives; and personal breast cancer history,
treatment, and genetic testing information. The questionnaire was designed for broader breast cancer
genetic risk assessment, and not all questionnaire fields were used in the present analysis. BMI was
calculated from height and weight measured during the physical examination and recorded in the EHRs
rather than from the questionnaire. Uniformly trained researchers extracted objective clinical data from
the EHRs, and all data were linked using anonymized identification numbers.

Variable Definition
The primary outcome was the GAIL model-estimated 5-year probability of breast cancer, expressed
continuously and categorized as low (< 0.8%), intermediate (0.8%–1.19%), or high (≥ 1.2%) risk. The GAIL
estimate is a model-derived surrogate rather than an observed clinical endpoint. It incorporates age, age
at menarche, age at first childbirth, first-degree family history, breast biopsy history, and atypical
hyperplasia history. Accordingly, analyses involving first-degree family history may partly reflect its direct
inclusion in the outcome-generating model and were interpreted cautiously.

Core explanatory variables were BMI category and first-degree family history of breast cancer. BMI was
calculated as weight (kg)/height (m²) and classified per the Guidelines for the Prevention and Control of
Overweight and Obesity in Chinese Adults: normal (18.5 ≤ BMI < 24.0, coded 0), overweight (24.0 ≤ BMI < 
28.0, coded 1), and obese (BMI ≥ 28.0, coded 2). A binary classification (normal = 0, overweight/obese = 
1) was used for sensitivity analysis. First-degree family history was categorized as: no cancer history
(coded 0), breast cancer-only history (coded 1), and mixed cancer history (concurrent breast and other
malignant tumors, coded 2), with a binary classification (negative = 0, positive = 1) for sensitivity

Page 4/17



analysis. This three-category static definition aligns with international standards and captures the
gradient of genetic susceptibility associated with different family history profiles, balancing clinical
operability and risk discrimination15. The risk-score and GAIL-based classification approach was
informed by prior Chinese high-risk screening work, regional risk-assessment research, and the NCI
Breast Cancer Risk Assessment Tool16,21,22.

Data Preprocessing and Statistical Analysis
Core analytical variables (age, BMI category, first-degree family history, continuous breast cancer risk,
risk category) were extracted from the raw dataset, with irrelevant fields (e.g., physical examination ID)
excluded. Column names were standardized, and missing values/outliers (BMI category 0–2, risk value
0–5%) were checked; no missing values were found, and outliers were excluded. Numeric codes of
categorical variables were converted to labels for interpretation.

All analyses were conducted in Python 3.10 and R 4.4.0 using two-sided tests with P < 0.05. Continuous
GAIL estimates were summarized by mean, standard deviation, median, and interquartile range, and
compared across categories using the Kruskal-Wallis test. Cohen’s Kappa assessed agreement between
the original and adjusted classifications; it was not interpreted as predictive stability. Fisher’s exact test
and proportional-odds ordinal logistic regression were used to examine associations with higher GAIL-
derived risk categories, with results reported as ordinal odds ratios (ORs) and 95% confidence intervals
(CIs). Interaction was evaluated through cross-tabulation, age-adjusted Mantel-Haenszel analysis, the
Breslow-Day test, and an age-adjusted ordinal logistic model containing BMI, family history, and their
interaction term. The proposed three-tier framework was evaluated descriptively by the proportion
classified as GAIL high risk in each tier. Kaplan-Meier and Cox models were not used because the study
contained neither follow-up time nor observed cancer events.

Results

Baseline Characteristics of Study Participants
A total of 108 female participants were enrolled in this study, with a median age of 40 years (interquartile
range: 35–50 years). The baseline characteristics are presented in Table 1. Regarding BMI categories, 37
participants (34.26%) had normal BMI, 42 (38.89%) were overweight, and 29 (26.85%) were obese, with
71 participants (65.74%) being overweight or obese. For first-degree family history, 26 participants
(24.07%) had no family history of cancer, 45 (41.67%) had breast cancer-only family history, and 37
(34.26%) had mixed cancer family history, with 82 participants (75.93%) having a positive family history.
Based on the GAIL model, 35 participants (32.41%) were classified as low-risk, 28 (25.93%) as
intermediate-risk, and 45 (41.67%) as high-risk.
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Table 1
Baseline characteristics

Characteristics No. of participants (%) OR (95% CI)

High-risk group
(n = 44)

Low-risk group
(n = 64)

Total (N = 
108)

Age, y

<35 4 (9.1) 18 (28.1) 22 (20.4) 1 [Reference]

35–44 27 (61.4) 24 (37.5) 51 (47.2) 5.06 (1.59–
16.13)

45–54 10 (22.7) 12 (18.8) 22 (20.4) 3.75 (1.01–
13.94)

≥ 55 3 (6.8) 10 (15.6) 13 (12.0) 1.35 (0.28–
6.52)

BMI

18.5–23.9 (Normal,
coded 0)

25 (56.8) 45 (70.3) 70 (64.8) 1 [Reference]

24.0-27.9 (Overweight,
coded 1)

11 (25.0) 11 (17.2) 22 (20.4) 1.80 (0.70–
4.63)

≥ 28.0 (Obese, coded 2) 8 (18.2) 8 (12.5) 16 (14.8) 1.80 (0.61–
5.31)

First-degree family history of breast cancer

No (coded 0) 3 (6.8) 33 (51.6) 36 (33.3) 1 [Reference]

Breast cancer-only
(coded 1)

12 (27.3) 16 (25.0) 28 (25.9) 8.25 (2.09–
32.57)

Mixed cancer (coded 2) 29 (65.9) 15 (23.4) 44 (40.7) 21.27 (5.89–
76.71)

Distribution of GAIL-Estimated Risk and Classification
Agreement
The distribution of GAIL-estimated 5-year probabilities across the three predefined categories is shown
in Table 2. Mean estimates were 0.0055 ± 0.0016 in the low category, 0.0103 ± 0.0011 in the intermediate
category, and 0.0152 ± 0.0020 in the high category (Kruskal-Wallis χ² = 87.23, df = 2, P < 0.001). This
separation is expected because the categories were defined directly from the same continuous GAIL
estimate and does not constitute independent validation of the model.
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Table 2
Distribution of GAIL-estimated 5-year breast cancer probabilities across predefined risk categories

GAIL-Derived Risk Category Sample
Size (n, %)

GAIL 5-Year
Probability (Mean ± 
SD)

GAIL 5-Year
Probability (Median,
IQR)

Low-risk 35, 32.41 0.0055 ± 0.0016 0.0051, (0.0042,
0.0068)

Intermediate-risk 28, 25.93 0.0103 ± 0.0011 0.0102,

(0.0095, 0.0110)

High-risk 45, 41.67 0.0152 ± 0.0020 0.0150, (0.0138,
0.0165)

Total 108, 100.00 0.0108 ± 0.0041 0.0100, (0.0065,
0.0152)

Group Comparison (Kruskal-Wallis H
Test)

χ² = 87.23, df = 2, P < 0.001

Agreement Between Original and
Adjusted Classifications (Cohen’s
Kappa)

Kappa = 0.83 (95% CI: 0.74–0.91), P < 0.001

Agreement between the original and adjusted classifications was high (Cohen’s Kappa = 0.83, 95% CI:
0.74–0.91, P < 0.001). Kappa quantifies classification agreement only; it does not establish calibration,
discrimination for observed breast cancer, reproducibility in new samples, or overall model stability.

Association Analysis
Fisher’s exact tests indicated that BMI category and first-degree family history were associated with the
three-level GAIL-derived classification (both reported P < 0.001). In ordinal logistic regression (Table 3),
overweight/obesity showed a modest association with a higher category (OR = 1.20, 95% CI: 0.99–1.45),
whereas positive family history was associated with a higher category (OR = 1.22, 95% CI: 1.01–1.47).
Obesity and mixed family history had the largest subgroup estimates (OR = 1.48, 95% CI: 1.08–2.03; and
OR = 1.56, 95% CI: 1.12–2.17, respectively). These estimates refer to the odds of occupying a higher
GAIL-derived category, not to breast cancer incidence.
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Table 3
Univariable ordinal logistic regression of BMI and first-degree family history with higher GAIL-derived risk

category
Predictor Category/Subgroup Reference

Group
Sample
Size (n)

Ordinal OR
(95% CI)

P-
Value

BMI Classification Normal (18.5–23.9) — 37 1.00
(Reference)

—

Overweight (24.0–27.9) Normal
(18.5–23.9)

42 1.32 (0.98–
1.78)

0.068

Obese (≥ 28.0) Normal
(18.5–23.9)

29 1.48 (1.08–
2.03)

0.015

Overweight/Obese (≥ 
24.0)

Normal
(18.5–23.9)

71 1.20 (0.99–
1.45)

< 
0.001

First-Degree Family
History of Breast
Cancer

Negative (no malignant
tumor history)

— 26 1.00
(Reference)

—

Positive – Breast
cancer-only

Negative 45 1.38 (1.01–
1.89)

0.042

Positive – Mixed
cancer (breast + others)

Negative 37 1.56 (1.12–
2.17)

0.008

Positive (all subtypes) Negative 82 1.22 (1.01–
1.47)

< 
0.001

Figure 1 shows a rightward shift in GAIL-estimated probabilities among participants with
overweight/obesity or positive family history. The proportion classified as GAIL high risk was 56.34% in
the overweight/obese group versus 21.62% in the normal-BMI group, and 52.44% in the family-history-
positive group versus 7.69% in the negative group. These are descriptive differences in a model-derived
classification.

Interaction Analysis Between BMI and First-Degree Family History
Table 4 summarizes the distribution of GAIL-derived categories across the four BMI × family history
groups (Pearson χ² = 67.76, df = 6, P < 0.001). All participants with normal BMI and negative family
history were in the low category, whereas 70.00% of those with overweight/obesity and positive family
history were in the high category. The pattern was compatible with effect modification, although it
cannot be interpreted as a difference in observed cancer incidence.
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Table 4
Distribution of GAIL-derived risk categories across BMI × first-degree family history subgroups

BMI Category × First-Degree Family
History

GAIL-Derived Risk Category Total

(n, %)Low-risk
(n, %)

Intermediate-risk
(n, %)

High-risk
(n, %)

Normal BMI (18.5–23.9) + Family
history negative

8, 100.00 0, 0.00 0, 0.00 8, 7.41

Normal BMI (18.5–23.9) + Family
history positive

13, 44.83 8, 27.59 8, 27.59 29, 26.85

Overweight/Obese (≥ 24.0) + Family
history negative

0, 0.00 16, 76.19 5, 23.81 21, 19.44

Overweight/Obese (≥ 24.0) + Family
history positive

12, 24.00 3, 6.00 35, 70.00 50, 46.30

Total 33, 30.56 27, 25.00 48, 44.44 108,
100.00

After age adjustment, overweight/obesity was associated with higher GAIL-derived categories among
participants with positive family history (OR = 3.21, 95% CI: 1.76–5.85, P < 0.001), but not among those
with negative family history (OR = 1.12, 95% CI: 0.87–1.44, P = 0.38). The Breslow-Day test indicated
heterogeneity between strata (χ² = 10.25, df = 1, P = 0.001).

In the age-adjusted ordinal logistic model, the BMI × family history term was positive (OR = 2.87, 95% CI:
1.24–6.64, P = 0.014; Table 5). This result indicates statistical interaction on the ordinal-odds scale for
the GAIL-derived outcome. It does not by itself demonstrate biological synergy or multiplicative effects
on future breast cancer incidence.
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Table 5
Age-adjusted ordinal logistic model of the BMI × first-degree family history interaction for higher GAIL-

derived risk category
Component Variable (Coding) Coefficient

(β)
Standard
Error (SE)

Odds Ratio
(OR, 95%
CI)

P-
Value

1. Main Regression Model

  Intercept -1.87 0.32 — < 
0.001

  BMI (0 = Normal [18.5–23.9];
1 = Overweight/Obese [≥ 24.0])

0.11 0.05 1.12
(0.87–
1.44)

0.380

  First-degree family history (0 
= Negative; 1 = Positive)

0.20 0.06 1.22
(1.01–
1.47)

0.042

  BMI × First-degree family
history (interaction term)

0.96 0.39 2.87
(1.24–
6.64)

0.014

  Age (reference: <35 years)        

  – 35–44 years 1.62 0.51 5.06
(1.59–
16.13)

0.006

  – 45–50 years 1.32 0.53 3.75
(1.01–
13.94)

0.048

  – ≥55 years 0.30 0.61 1.35
(0.28–
6.52)

0.701

2. Stratified Interaction Assessment

  Mantel-Haenszel stratified
analysis (age-adjusted)

       

  – Family history negative: BMI
(Overweight/Obese vs.
Normal)

— — 1.12
(0.87–
1.44)

0.380

  – Family history positive: BMI
(Overweight/Obese vs.
Normal)

— — 3.21
(1.76–
5.85)

< 
0.001

  Breslow-Day test for
interaction homogeneity

— — χ² = 10.25,
df = 1

0.001

Figure 2 provides a descriptive visualization of this pattern. The obesity plus mixed-family-history
subgroup had the highest proportion classified as GAIL high risk (82.35%), and the overweight/obese
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plus positive-family-history group had the highest median GAIL estimate. Because family history is a
component of the GAIL calculation, these contrasts should be interpreted as exploratory.

Exploratory Three-Tier Stratification Framework
An exploratory three-tier framework was constructed from family history, BMI, and age, with
management considerations aligned to existing screening principles (Table 6). The rule was derived and
assessed in the same sample; therefore, the reported proportions represent apparent performance and
are susceptible to overfitting.
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Table 6
Three-tier risk stratification criteria and differentiated prevention recommendations for breast cancer risk

populations
Risk Tier Stratification Criteria

(Centered on "Family
History × BMI"
Interaction, Adjusted
for Age)

Target
High-Risk
Proportion

Actual
High-Risk
Proportion
(n/N, %)

Precision Prevention
Recommendations

Low-Risk 1. Family history:
Negative (no first-
degree relatives with
malignant tumors); 2.
BMI: Normal (18.5–
23.9 kg/m²); 3. Age:
No restriction (< 35,
35–44, 45–50, ≥ 55
years)

< 5% 0 (0/36) 1. Screening: Breast
ultrasound once every 2–3
years; no routine
mammography before age
45; 2. Lifestyle: Maintain
BMI < 24, 150 min/week
moderate-intensity exercise,
limit high-sugar/fat diet; 3.
Health Education: Monthly
breast self-examination,
annual general physical
examination.

Intermediate-
Risk

Subgroup 1: Family
history negative + BMI
overweight/obese (≥ 
24.0 kg/m²); Subgroup
2: Family history
positive (breast
cancer-only) + BMI
normal (18.5–23.9
kg/m²); Subgroup 3:
Age < 45 years + family
history positive + BMI
overweight/obese

35%–50% 42.86
(18/42)

1. Screening: Breast
ultrasound once a year;
mammography once every 2
years starting at age 40; 2.
Lifestyle: 3–6 month BMI
reduction plan (target: 5%–
10% weight loss for
overweight/obese); limit
alcohol intake (< 15 g/day);
3. Clinical Monitoring:
Annual evaluation of
reproductive hormone levels
(e.g., estradiol) for
premenopausal women.

High-Risk Subgroup 1: Family
history positive (mixed
cancer: breast + other
malignancies) + BMI
overweight/obese (≥ 
24.0 kg/m²); Subgroup
2: Age ≥ 45 years + 
family history positive 
+ BMI
overweight/obese;
Subgroup 3: Family
history positive + BMI
obese (≥ 28.0 kg/m²)

≥ 65% 70.00
(35/50)

1. Screening: Breast
ultrasound + mammography
every 6 months; annual
breast MRI for those with
mixed family history; 2.
Genetic Testing: BRCA1/2
gene detection within 1
year; 3. Lifestyle: Strict BMI
control (< 24 kg/m²) via
dietitian-guided meal plans 
+ 200 min/week exercise;
complete smoking/alcohol
cessation; 4. Medical
Intervention: Annual
consultation with breast
oncology specialists;
preventive medication (e.g.,
tamoxifen) evaluated for
eligible individuals (per
Chinese Anti-Cancer
Association guidelines).
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The proportion classified as GAIL high risk was 70.00% in the proposed high tier, 42.86% in the
intermediate tier, and 0% in the low tier. These descriptive proportions suggest separation within the
development sample but do not estimate incident breast cancer risk. Because there were no observed
events or follow-up times, neither a Cox model nor an HR was appropriate. Internal validation should
repeat the entire model-development procedure in bootstrap samples before any claim of stability or
predictive performance.

The cumulative high-risk proportion curve across the three proposed risk tiers and the corresponding
clinical intervention recommendations are presented in Fig. 3.

Discussion

Core Findings
This study yielded three exploratory findings. First, BMI and first-degree family history were associated
with the ordinal category generated by the GAIL model. Second, the BMI × family history term was
positive on the ordinal-odds scale. Third, the proposed three-tier rule produced different proportions of
GAIL high-risk classifications in the development sample. These results concern a model-derived
surrogate, not observed breast cancer. Moreover, because first-degree family history is included in the
GAIL calculation, its association and interaction may partly reflect mathematical coupling rather than an
independent etiologic effect.

Biological evidence provides plausible mechanisms through which adiposity could modify inherited
susceptibility, including estrogen exposure, inflammation, oxidative stress, insulin resistance, and
impaired DNA repair11. However, the present cross-sectional analysis did not measure these pathways
or incident breast cancer; mechanistic interpretations therefore remain hypotheses rather than
conclusions.

Potential Risk-Management Implications
The framework should be viewed as a preliminary aid for organizing risk assessment, not as an
autonomous clinical decision rule. Screening, genetic evaluation, and preventive treatment should
remain based on validated guidelines, age, complete family history, breast density, reproductive factors,
and shared decision-making17,20.

For participants in the proposed high tier, the appropriate next step is specialist risk assessment.
Guideline-concordant intensified imaging may be considered when established eligibility criteria are met,
and genetic counseling or BRCA1/2 testing18,19 should be offered according to personal and family-
history indications rather than repeated annually. Weight management, physical activity, and alcohol
reduction remain reasonable modifiable-risk interventions.

For the intermediate tier, management should emphasize age- and guideline-appropriate screening,
periodic reassessment of family history and weight, and structured support for weight reduction when
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indicated. The proposed tier alone should not determine imaging frequency.

For the low tier, standard population screening and maintenance of healthy weight and physical activity
are appropriate. A low GAIL-derived category does not exclude future risk and should not delay
evaluation of breast symptoms.

Strengths and Exploratory Contribution
The study used routinely available variables and assessed interaction through complementary stratified
and regression approaches. Its main contribution is hypothesis generation regarding whether BMI
modifies the association between family history and GAIL-estimated risk classification in Chinese
women.

The interaction estimate (OR = 2.87, 95% CI: 1.24–6.64) provides a quantitative signal for further
investigation. However, it should not be described as validation of biological synergy or as evidence that
the interaction improves prediction of observed breast cancer.

The proposed framework is parsimonious and operationally simple. In the development sample, the
proportions classified as GAIL high risk were 0%, 42.86%, and 70.00% across the low, intermediate, and
high tiers. This apparent separation is preliminary because the rule was derived and evaluated in the
same small sample and has not undergone bootstrap or external validation.

The framework may inform the design of future prospective studies and implementation research.
Clinical translation requires prespecified thresholds, complete predictor measurement, comparison with
established models, and evaluation against observed outcomes.

Limitations
Several limitations constrain interpretation. First, the single-center convenience sample was small (n = 
108), and the interaction model may be unstable. Data splitting would be inefficient at this sample size;
therefore, the entire model-development process should be repeated in at least 1,000 nonparametric
bootstrap samples to estimate coefficient stability and optimism-corrected performance. Second, the
outcome was the GAIL model-estimated 5-year probability rather than incident breast cancer, and first-
degree family history is itself a GAIL input, creating mathematical incorporation that can inflate
associations involving family history. Third, the cross-sectional design provided no follow-up time or
cancer events; HRs, survival curves, causal effects, calibration, and clinical benefit could not be
estimated. Fourth, the rule was developed and assessed in the same sample, so apparent separation is
vulnerable to overfitting. Finally, unmeasured factors such as breast density, hormone use, and
reproductive history, together with recruitment from a single physical-examination center, limit
generalizability. Prospective multicenter studies with observed outcomes, bootstrap internal validation,
and independent external validation are required.

Conclusion
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First-degree family history and BMI were associated with higher GAIL-derived risk categories, and their
interaction term was positive on the ordinal-odds scale. These findings do not establish effects on actual
breast cancer incidence because the outcome was model-estimated and family history was embedded
in that model. The proposed three-tier framework is exploratory; it should not guide clinical decisions
until bootstrap internal validation and prospective external validation against observed breast cancer
outcomes have been completed.
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