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Background: Plant-based diets may lower breast cancer risk, but their impact
on breast cancer-related mortality is unclear. We explored associations of
plant-based dietary patterns (Healthful Plant-Based Diet Index [HPDI/PDI]) and
micronutrient intake with breast cancer incidence and all-cause mortality
in patients.

Methods: Using data of UK Biobank (UKB; 67,045 cancer-free participants;
3,397 breast cancer patients) and Chinese Longitudinal Healthy Longevity Survey
(CLHLS), we analyzed dietary scores and micronutrient intake via multivariate Cox
regression, restricted cubic splines, and predictive models (concordance index,
Random Forest, and time-dependent ROC).

Results: Among 67,045 breast cancer-free participants, the highest HPDI tertile
was associated with 11% lower breast cancer risk (HR = 0.89, 95%Cl: 0.82-
0.98) vs. lowest tertile (4% reduction per SD increase, HR = 0.96, 95%ClI: 0.93—
1.00). Among 3,397 breast cancer patients, the highest HPDI tertile showed 28%
lower mortality (HR = 0.72, 95%Cl: 0.55-0.95) vs. lowest (11% reduction per
SD, HR = 0.89, 95%Cl: 0.79-1.00). Individuals with high PDI scores exhibited
a 39% lower risk of cancer compared to those with low scores in CLHLS (HR
= 0.61, 95%Cl: 0.41-0.92). Higher intakes of vitamins B2 and C, calcium, and
magnesium were inversely associated with risk and mortality, while each SD
increase in sodium raised mortality risk by 15% (HR = 1.15, 95%Cl: 1.01-1.32).
Predictive models showed optimal 5-year performance overall; micronutrients
alone best predicted breast cancer risk across timepoints, while HPDI peaked
for 5-year mortality prediction (AUC = 0.625). The combined model achieved
superior 10-year prognosis.

Conclusions: High adherence to a healthful plant-based diet, together with
sufficient intake of key micronutrients and reduced sodium consumption, may
contribute to breast cancer prevention and improved survival outcomes.

KEYWORDS

breast cancer, CLHLS, machine learning, micronutrients, mortality, plant-based diets, UK
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1 Introduction

Breast cancer remains one of the most common

malignancies globally and a leading cause of cancer-

related death among women. Despite advances in detection
and treatment, its persistent incidence and mortalitypose
health worldwide (1).
Consequently, the exploration and identification of modifiable

a significant challenge to public
lifestyle factors, particularly dietary patterns, are crucial for
both the primary prevention and secondary prognosis of
breast cancer.

In recent years, Plant-Based Dietary Patterns have garnered
increasing attention. These eating styles, such as the Healthful
Plant-Based Diet Index (HPDI) and the Alternate Mediterranean
Diet (AMED), emphasize higher consumption of fruits, vegetables,
whole grains, and legumes, while limiting red and processed
meats. These diets are believed to exert anti-inflammatory and
anti-carcinogenic potential due to their richness in antioxidants
and bioactive compounds. Numerous prospective cohort studies
and meta-analyses have confirmed an inverse association between
higher adherence to healthful plant-based diets and the risk
of developing various cancers, including breast cancer (2, 3).
Notably, a Chinese cohort study has reported a potential protective
role of calcium intake against breast cancer, likely mediated
by calcium’s inherent antiproliferative effects on cancer cells
(4, 5). Huang et al. (20) found that increased magnesium
intake may reduce breast cancer risk through downregulating C-
reactive protein, an established marker of systemic inflammation
linked to cancer progression (6). However, evidence gaps remain.
First, most research has focused on breast cancer incidence,
while studies on the impact of plant-based dietary patterns on
all-cause mortality in patients already diagnosed with breast
cancer are limited and often inconsistent. Second, prior work
largely evaluates the holistic effect of dietary patterns, lacking
a systematic and comprehensive assessment of the independent
contribution of individual key micronutrients (e.g., specific
vitamins and minerals) to breast cancer risk and patient prognosis.
Third, the predictive capacity of dietary factors for long-term
outcomes remains underexplored; conventional regression models
may not capture complex non-linear relationships or variable
interactions that modern machine learning approaches can
address (7).

Using data from two large prospective cohorts of UK
Biobank (UKB) and Chinese Longitudinal Healthy Longevity
Survey (CLHLS), we aimed to: (1) evaluate the associations of
HPDI and AMED with breast cancer incidence and all-cause
mortality in the UK and China; (2) examine the independent
associations of key micronutrient intake (including specific
vitamins and minerals) with these outcomes; (3) compare
the long-term predictive performance of dietary patterns
and key micronutrients, individually and jointly, utilizing
multidimensional statistical approaches including Cox regression,
Restricted Cubic Splines (RCS), and multiple machine learning
models (such as Random Forest and time-dependent ROC
analysis). These findings may inform precision nutrition strategies
for breast cancer prevention and survivorship in the UK
and China.
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2 Methods
2.1 Study population and design

This study utilized data from the UKB, a large-scale biomedical
entire United Kingdom. The
UKB collected genetic data, lifestyle information, biological

resource encompassing the

samples, and health records from 500,000 participants. After
excluding individuals who were male, had incomplete dietary
information, missing outcome indicators, or incomplete covariate
data, the analytical cohort comprised 67,045 participants
without breast cancer and 3,397 patients with breast cancer
(Supplementary Figure S1). All participants provided written
informed consent. CLHLS is a community-based prospective
cohort study conducted among elderly people in China. It collected
various data related to population characteristics, lifestyle, health
outcomes, and more. This study used food frequency information
data measured in the 2008 wave as the baseline and followed up on
disease outcomes in the 2011, 2014, and 2018 waves. Participants
who meet the following criteria were included in the analysis: (1)
complete data of cancer definition and without cancer in 2008,
(2) complete data from simplified FFQ in 2008, (3) completion
of at least one follow-up after the 2008 wave, and (4) complete
data of covariates. Finally, a total of 7,431 eligible participants
were included in the analysis, of which 114 participants developed
cancer during follow-up (Supplementary Figure S2).

2.2 Definition of plant-based diets and
micronutrients

Diet was assessed using the validated web-based Oxford WebQ,
a 24-h dietary recall tool. A UKB sub-cohort completed this
assessment on >1 of five occasions between April 2009 and June
2012. The Oxford WebQ has been validated against interviewer-
administered 24-h recalls, yielding a mean Spearman correlation
coefficient of 0.62 (range: 0.54-0.69) for macronutrients (8, 9).
CLHLS used a simplified FFQ of 22 food group items to collect
participants’ dietary intake information. In the current study,
a total of 16 food groups were used to evaluate plant-based
dietary patterns.

Food consumption amounts were calculated by multiplying the
reported quantity consumed by its assigned portion size. Nutrient
intakes were derived by multiplying each food’s consumption
quantity by its nutrient content per portion (using McCance and
Widdowson’s The Composition of Foods and Supplements), then
aggregating values across all food groups. For participants with
multiple assessments, usual intake was estimated using average
food and nutrient values.

2.2.1 AMED score

This study assessed adherence to the Mediterranean diet
using the AMED score, which quantifies intake across nine key
components based on sex-specific median cutoffs. Beneficial
components (e.g., vegetables, fruits, whole grains) scored
1 point for intake above the sex-specific median and 0 for
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below. Conversely, potentially harmful components

(e.g.
monounsaturated-to-saturated fatty acid ratio, red/processed
meats, poultry) used reverse scoring (below median = 1; above =
0). Total scores ranged from 0 to 9, with higher values indicating

stronger adherence to Mediterranean diet principles (10).

2.2.2 HPDI

The HPDI score was calculated from 17 food groups (excluding
vegetable oil, unavailable in UKB), with each group scored 1-5
based on intake quintiles. For plant-based foods (whole grains,
fruits, vegetables, nuts, legumes, and tea/coffee), the highest quintile
scored 5 and the lowest 1. Conversely, animal-based foods (animal
fat, dairy, eggs, fish/seafood, meat, and other animal foods)
followed reverse scoring (highest quintile = 1; lowest = 5). Other
groups (refined grains, potatoes, sugary drinks, fruit juices, and
sweets/desserts) scored 1 for the highest quintile. Total scores
ranged from 17 to 85, with higher values indicating a healthier
diet (11). In CLHLS, we used 16 food groups. For fruits and fresh

>«

vegetables, the intake frequency of “almost every day,” “quite often,”
“occasionally,” or “rarely or never” corresponds to 5, 4, 2, and
1 points, respectively. For whole grains, refined grains, vegetable
oils, and animal fats, the answer is recorded as a binary method
(“whether as a staple food” and “whether as the main cooking oil”),
corresponding to 5 or 1 point. Positive scores indicate that the
higher the score, the higher the frequency of consumption. The
plant-based food group of PDI received positive scores, while the
animal based food group received reverse scores. Compared to PDI,
HPDI received reverse scores for the unhealthy plant-based food
group (refined grains, pickled vegetables, and sugar) (12). Total
scores ranged from 16 to 80. In our analysis, we consider these two
indices as categorical variables (measured in minimum 40% and
maximum 60% of the population).

2.3 Definition of breast cancer and
mortality

Cancer diagnoses were captured through linkage to national
cancer and death registries. All outcomes were defined according
to the World Health Organization’s International Statistical
Classification of Diseases (ICD-10), with breast cancer including
C50 and DO05. Person-years of follow-up were calculated from
baseline assessment at recruitment to first registration of cancer,
death, loss, or end of follow-up, whichever came first. Patients with
breast cancer at baseline were either diagnosed with breast cancer
prior to enrollment or self-reported. Person-years of follow-up for
mortality outcome were calculated from baseline assessment at
recruitment to death, loss, or end of follow-up, whichever came first
(13).In CLHLS, this study used self-reported data from participants
to obtain follow-up results for cancer.

2.4 Covariates

The study adjusted for the following covariates in the UKB
cohorts: age (continuous), race (White, Asian/Asian British,
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Black/Black British, Chinese, Mixed, and Other), educational
level (less than high school/high school or above), body mass
index (BMI, continuous), total energy intake (continuous),
Townsend deprivation index (tertiles:T1-T3), and lifestyle factors
(smoking status: yes/no; drinking frequency: unknown/never/<1
time/week/1-7 times/week). For CLHLS, this study adjusted age
(<90, >90), gender (male, female), province (23 provinces and
cities including Beijing, Tianjing, Hebei, and others), occupation
(10 occupational statuses including professional and technical
personnel and others), financial support (10 financial supports
including retirement wages and others), educational level (classified
by years of schooling: <6, 7-8, 9-11, >12), drinking status (yes,
no), physical activity (yes, no), history of CVD (yes, no), and
SBP (continuous).

2.5 Statistical analysis

In the baseline characteristics, continuous variables were
presented as mean =+ standard deviation (SD), while categorical
variables were described using counts (percentages). Group
comparisons were performed using ¢-tests for continuous variables
and x* tests for categorical variables. The study employed
multidimensional statistical models to examine the associations
between dietary factors and outcomes. Cox proportional hazards
models were constructed with the first tertile of each dietary
indicator as the reference. Two adjusted models were implemented:
Model 1 adjusted for age, race and total energy intake; Model
2 additionally adjusted for BMI, Townsend deprivation index,
education level, smoking status, drinking frequency. Results were
reported as hazard ratios (HRs) with 95% confidence intervals
(CIs). This study employed the RCS model to thoroughly
investigate the dose-response relationship between dietary patterns
and breast cancer and all-cause mortality. As a flexible non-
parametric regression method, RCS excel in analyzing non-
linear dose-response relationship between continuous exposure
variables and outcomes, while effectively avoiding overfitting and
multicollinearity (14). In this study, we used three knots at the
10th, 50th, and 90th percentile of the dietary patterns, with median
dietary scores selected as reference values (15). To assess the
statistical significance of non-linear association, likelihood ratio
tests (LRT) were performed to calculate both non-linear P values
and overall P values. RCS analyses were performed using the rms
package in R. We compared the full RCS model (allowing non-
linearity) with a linear nested model via likelihood ratio test (LRT),
and the non-linear P value was derived from the LRT output of
the anova() function in the rms package. A non-linear P value less
than 0.05 was considered indicative of the non-linear relationship
between exposure and outcome.

Based on the results from the Cox proportional hazards model,
we focused on evaluating the predictive value of the HPDI and
micronutrients (including Vitamin C, Calcium, Magnesium, and
Copper for breast cancer; Vitamin B2, Calcium, Magnesium,
Phosphorus, and Sodium for all-cause mortality). We constructed
three distinct models: (1) the dietary model including HPDI; (2)
the micronutrient model including micronutrients above; and (3)
the combined model incorporating both HPDI and micronutrients.
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TABLE 1 Baseline characteristics of participants in the UK Biobank.

Characteristics UK Biobank

Breast cancer at baseline No (N = 67,045) Yes (N = 3,397)

Demographics

Age, mean (SD), years 55.4(7.7) 58.5 (6.8) <0.001
White, 1 (%) 64,648 (96.4) 3,322 (97.8) <0.001
Less than high school, n (%) 16,692 (24.9) 844 (24.9) 0.942
Low household income*, n (%) 9,008 (13.4) 546 (16.1) <0.001
Non-smoking, 1 (%) 40,995 (61.2) 1,966 (57.9) <0.001
Non-drinking, 7 (%) 4,495 (6.7) 196 (5.8) 0.015
History of diabetes, n (%) 2,062 (3.1) 89 (2.6) 0.132
BMI, mean (SD), kg/m2 26.3 (4.5) 26.2 (4.6) 0.508
Total energy intake, mean (SD), kcal 1,928.6 (582.1) 1,935.3 (564.6) 0.503

Dietary patterns scores (SD)

AMED 4.3(1.2) 4.4(1.2) <0.001

HPDI 58.1(6.4) 58.7 (6.2) <0.001

Vitamins (SD)

Retinol (Vitamin A), mcg 427.6 (1,009.9) 470.8 (1,121.1) 0.028
Alpha-carotene, mcg 555.2(796.1) 564.8 (772.7) 0.496
Beta-carotene, mcg 2,878.2 (3,026.2) 2,980.1 (2,965.8) 0.055
Thiamin (Vitamin B1), mg 1.8 (0.8) 1.8 (0.8) 0.014
Riboflavin (Vitamin B2), mg 1.8 (0.7) 1.9 (0.7) 0.276
Niacin (Vitamin B3), mg 35.9(12.1) 35.9(11.6) 0.656
Vitamin B6, mg 1.9 (0.7) 1.9 (0.7) 0.137
Folate (Vitamin B9), mcg 302.7 (114.2) 312.7 (117.0) <0.001
Vitamin B12, mcg 6.0 (3.7) 6.1(3.9) 0.007
Vitamin C, mg 134.7 (88.0) 144.3 (89.9) <0.001
Vitamin D, mcg 3.4(3.4) 3.6 (3.5) <0.001
Vitamin E, mg 10.9 (5.1) 11.2 (5.3) <0.001

Minerals (SD)

Calcium, mg 955.3 (365.2) 950.8 (353.9) 0.484
Phosphorus, mg 1,375.8 (402.5) 1,379.8 (391.5) 0.571
Magnesium, mg 322 (98.1) 327.0 (98.2) 0.006
Iron, mg 11.8 (4.0) 12.0 (4.0) 0.002
Zinc, mg 9.3 (3.5) 9.3 (3.4) 0.871
Copper, mg 1.4 (0.6) 1.4 (0.6) <0.001
Sodium, mg 1,815.1 (808.2) 1,810.5 (786.4) 0.750
Selenium, mcg 51.0 (27.6) 51.9 (26.9) 0.073

Descriptive data were shown as mean (SD) while categorical variables were reported as n (%). *In UK Biobank, household income <£18,000 was defined as low household income. p-value <
0.05 were considered significant. -, data not available. SD, standard deviation; N, number; BMI, body mass index; AMED, Alternate Mediterranean Diet; HPDI, Healthful Plant-Based Diet Index.

Similarly, to minimize potential confounding effects, all models  employed the Random Forest to predict the outcomes. Specifically,
were adjusted for age, ethnicity/race, total energy intake, Townsend  the dataset was randomly divided into training (70%) and testing
deprivation index, drinking frequency, and educational level. The  (30%) sets at a 7:3 ratio, with 500 decision trees constructed. The
C-index of the corresponding Cox proportional hazards model  predictive performance of the models was assessed by calculating
were calculated to evaluate model fit (16). Additionally, we  the Area Under the ROC Curve (AUC). Finally, to evaluate the
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FIGURE 1
Association of plant-based diets and minerals with incidence breast cancer and mortality. Model 1: age (continuous), ethnicity/race (White, Asian or
Asian British, Black or Black British, Chinese, Mixed, Other ethnic group), total energy intake (continuous). Model 2: Model 1+ BMI (continuous),
educational level (less than high school, high school and above), Townsend deprivation index (T1, T2, T3), smoking status (Yes or No), drinking
frequency (unknown, never, <1 time/week, 1-7 times/week). P-values less than 0.05 (P < 0.05) were considered significant. UKB, UK Biobank; BMI,
body mass index; AMED, Alternate Mediterranean Diet; HPDI, Healthful Plant-Based Diet Index; HR, hazard ratio; Cl, confidence interval; N, number.
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FIGURE 2

Association of plant-based diets with incidence cancer. Model 1: age (<90, >90), gender (male, female). Model 2: Model 1+ province (23 provinces
and cities including Beijing, Tianjing, Hebei, and others), occupation (10 occupational statuses including professional and technical personnel and
others), financial support (10 financial supports including retirement wages and others), educational level (classified by years of schooling: <6, 7-8,
9-11, >12), drinking status (yes, no), physical activity (yes, no), history of CVD (yes, no) and SBP (continuous). P-values less than 0.05 (P < 0.05) were
considered significant. PDI, Plant-Based Diet Index; HPDI, Healthful Plant-Based Diet Index; HR, hazard ratio; Cl, confidence interval; N, number.
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predictive capacity of the HPDI and micronutrients at different
time points (3, 5, and 10 years) for breast cancer and all-cause
mortality, time-dependent ROC analysis was conducted (17). ROC
curves were plotted to visually compare the predictive efficacy

Frontiersin Nutrition

across different models. Higher C-index and AUC values indicate
superior predictive performance of the models.

All statistical analyses were conducted using R statistical
software (version 4.5.0). The R packages utilized in the analyses
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FIGURE 3
Restricted cubic spline plots of the association of HPDI with incidence breast cancer and mortality. Model 1: age (continuous), ethnicity/race (White,
Asian or Asian British, Black or Black British, Chinese, Mixed, Other ethnic group), total energy intake (continuous). Model 2: Model 1+ BMI
(continuous), educational level (less than high school, high school and above), Townsend deprivation index (T1, T2, T3), smoking status (Yes or No),
drinking frequency (unknown, never, <1 time/week, 1-7 times/week). P-values less than 0.05 (P < 0.05) were considered significant. UKB, UK
Biobank; BMI, body mass index; HPDI, Healthful Plant-Based Diet Index; HR, hazard ratio; Cl, confidence interval; N, number.

included “plotRCS,”  “randomForest,  “ggplot2,”  “survival”
and “pROC.” A two-sided P value <0.05 was defined as
statistically significant.

3 Results

3.1 Baseline characteristics of participants

Our analysis for UKB included 67,045 participants without
breast cancer and 3,397 patients with breast cancer at baseline
(Table 1). Compared to participants without breast cancer, patients
with breast cancer were older (mean 58.5 vs. 55.4 years),
higher proportion of White individuals (97.8 vs. 96.4%) and
low-income (16.1 vs. 13.4%) and lower proportion of non-
smoking (57.9 vs. 61.2%) and non-drinking (5.8 vs. 6.7%).
Patients with breast cancer had higher HDPI (58.7 vs. 58.1)
and AMED scores (4.4 vs. 4.3). Intake of vitamin A, B1, B9,
B12, C, D, E, magnesium, iron, and copper were signiﬁcantly
different between the two groups (P < 0.05). For CLHLS, lower
index groups were older (mean 83.9 vs. 81.0, 84.0 vs. 80.9;
Supplementary Table S1). And there was significant difference
between participants with higher index and participants with lower
index in terms of province, financial support and years of schooling
(P < 0.01).

Frontiersin Nutrition

3.2 Associations of plant-based dietary
patterns with incidence breast cancer and
mortality

As illustrated HPDI exhibited
associations with incidence breast cancer and all-cause mortality.
Compared to the lowest tertile, the highest tertile of HPDI was
associated with an 11% lower risk of new breast cancer [HR
(95%CI): 0.89 (0.82, 0.98)]. Additionally, each SD increase in
HPDI was associated with a 4% lower risk of new breast cancer

in Figure 1, significant

[0.96 (0.93, 1.00)]. Similarly, among breast cancer patients, each
SD increase in HPDI was associated with an 11% lower risk of
all-cause mortality [0.89 (0.79, 1.00)], and the highest tertile of
HPDI was associated with a 28% lower risk of all-cause mortality
compared to the lowest tertile [0.72 (0.55, 0.95)]. The results of
Model 1 and Model 2 were generally consistent. Higher AMED
scores were associated with a decreased risk of new breast cancer
and all-cause mortality, but were not statistically significant. In
CLHLS, high PDI and HPDI are associated with a lower incidence
rate of cancer (Figure 2). RCS analysis revealed no significant
non-linear relationship between continuous HPDI and breast
cancer or all-cause mortality (P for non-linear = 0.993 and 0.242,
Figure 3). Compared with the low score group, the high score
group of HPDI was associated with a 32% reduction in the risk of
cancer in Model 2 [HR (95%CI): 0.68 (0.45, 1.01)], but the results
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FIGURE 4

Association of vitamins with incidence breast cancer and mortality. Model 1: age (continuous), ethnicity/race (White, Asian or Asian British, Black or
Black British, Chinese, Mixed, Other ethnic group), total energy intake (continuous). Model 2: Model 14+ BMI (continuous), educational level (less than
high school, high school and above), Townsend deprivation index (T1, T2, T3), smoking status (Yes or No), drinking frequency (unknown, never, <1
time/week, 1-7 times/week). P-values less than 0.05 (P < 0.05) were considered significant. UKB, UK Biobank; BMI, body mass index; HR, hazard

ratio; Cl, confidence interval; N, number.
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were not statistically significant (P = 0.056). However, in Model 2
of the PDI index, the high score group was associated with a 39%
reduction in the risk of cancer, and the results were statistically
significant (P = 0.017).

3.3 Associations of micronutrients with
incidence breast cancer and mortality

Figures 1, 4 illustrate the associations of mineral and vitamins
intake with outcome. Compared to the lowest tertile, the highest
tertile of calcium intake was associated with an 12% lower risk of
new breast cancer [HR (95%CI): 0.88 (0.79, 0.98)]. Additionally,
each SD increase in calcium intake was associated with a 5% lower
risk of new breast cancer [0.95 (0.91, 1.00)]. Compared to the
lowest tertile, the highest tertile of magnesium and copper intake
was associated with an 11% [0.89 (0.79, 1.00)] and 12% [0.88
(0.79, 0.99)] lower risk of new breast cancer, respectively. Among
breast cancer patients, each SD increase in calcium and phosphorus
intake was associated with a 15% [0.85 (0.74, 0.98)] and 18%
[0.82 (0.68, 0.98)] lower risk of all-cause mortality, respectively. In
contrast, each SD increase in sodium intake was associated with
a 15% increased risk of mortality [1.15 (1.01, 1.32)]. Furthermore,
magnesium intake in the second tertile was associated with a 26%
lower risk of all-cause mortality compared to the lowest tertile [0.74
(0.55, 0.99)].

Compared to the lowest tertile, the highest tertile of vitamin
C intake was associated with a significant 9% lower risk of new
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breast cancer [0.91 (0.83, 0.99)]. Among breast cancer patients, the
highest tertile of vitamin B2 intake, compared to the lowest tertile,
was associated with a 27% lower risk of all-cause mortality [0.73
(0.53,0.99)].

3.4 Random forest and time-dependent
ROC curves and C-index of HPDI and
micronutrients for predicting incidence
breast cancer and all-cause mortality

Based on the results of the previous COX regression modeling,
we selected micronutrients that were significantly associated
with outcomes separately. In multivariate models adjusted for
other clinically relevant variables, the C-index for new breast
cancer was 0.5408 for HPDI and 0.5405 for micronutrients,
respectively; however, the C-index increased to 0.5416 when HPDI
and micronutrients were included jointly. For all-cause mortality
among breast cancer patients, the C-index was 0.6041 for HPDI and
0.6104 for micronutrients, respectively, increasing to 0.6123 upon
their combined inclusion (Supplementary Table S1).
the HPDI,
micronutrients, and their combination in predicting new

Figure 5  demonstrates performance  of
breast cancer and all-cause mortality among breast cancer patients
using the Random Forest model. For predicting new breast cancer,
the AUC values were 0.514 for HPDI, 0.512 for micronutrients,

and 0.507 for their combination. Among breast cancer patients, the
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Category N (events) Model 1 HR(95%Cl) P value Model 2 HR(95%Cl) _ Pvalue Category N (events) Model 1 HR(95%Cl) P value Model 2 HR(95%CI)  Pvalue
Dietary patterns Dietary patterns
HPDI HPDI
T 22,524 (973) 1 Reference 1 Reference T 1005 (106) 1 Reference 1 Reference
T2 20,389 (892) — 0.95(0.86,1.04) 0.239 — 0.95(0.87.1.04) 0.289 T2 1072 (95) —_— 0.80 (0.60.1.06) 0.115 _ 0.80(0.61,1.06) 0.121
T3 24,132 (1006)  ——or 0.89(0.81,0.97) 0.009 _ 0.89(0.82,0.98) 0.015 &) 1320 (105) e 0.72 (0.55,0.94) 0.018 —_— 0.72(0.55,0.95) 0.018
__Per+sD — 0.96(0.92,0.99). 0025 - 0.96 (0.93,1.00)_ 0.040 Per+SD — 0.89 (0.80.1.00)_0.049 —_ 0.89(0.79,1.00) 0.046
AMED AMED
™ 15,824 (692) 1 Reference 1 Reference ™ 707 (70) 1 Reference 1 Reference
T2 19,836 (818) 0.92(0.83,1.02) 0.103 —_— 0.92(0.83,1.02) 0.123 T2 983 (88) _— 0.87(0.63,1.19) 0.380 _— 0.87(0.64,1.20) 0.400
T3 31,385 (1361) 0.97(0.89,1.07) 0577 _— 0.98(0.89,1.08) 0.679 L) 1707 (148)  ———e—rt 0.82 (0.61,1.09) 0.165 —_— 0.81(0.61,1.09) 0.162
Per+SD 0.99 (0.96.1.03) 0.680 1.00(0.96,1.03) 0.793 Per+SD - 0.95 (0.85,1.07) 0.398 —r 0.95(0.85,1.06) 0352
Minerals Minerals
Calcium Calcium
Ll 22,348 (949) 1 Reference 1 Reference el 1132 (104) 1 Reference 1 Reference
T2 22,347 (999) ——r——  099(0.90,1.08) 0.802 —=——  089(0.91,1.09) 0866 T2 1132(103) _— 089 (0.67,1.18) 0.401 —_— 0.89(0.67,1.18) 0.405
T3 22,350 (923) 0.88(0.79,0.98) 0.016 0.88(0.79,0.98) 0.018 T3 1133(99) ———— 0.75(0.55.1.04) 0.080 —_— 0.74 (0.54,1.02) 0.068
Per+SD — 0.95(0.91,1.00)__0.041 — 0.95 (0.91,1.00)_0.044 Per+SD 0.87(0.75,1.00)__0.048 —_ 0.85(0.740.98) 0029
Copper Copper
T 22,348 (951) 1 Reference 1 Reference ™ 1132 (103) 1 Reference 1 Reference
T2 22,347 (963)  ——— 0.93(0.84,1.02) 0.128 _ 0.94 (0.85,1.03) 0.168 T 1132(86) ———rf 0.74(0.55,1.00) 0.053 —_— 0.74(055,1.00) 0.052
] 22,350 (957) 0.88(0.79,0.99) 0.028 0.89(0.79.1.00) 0.040 T3 1133 (117) —_ 0.83 (0.66,1.30) 0.665 _— 0.91(065,1.28) 059
Per+SD — 1.00 (0.95,1.04) 0.885 —_ 1.00(0.95,1.05)_0.964 Per+SD —t 1.00(0.87,1.15)_0.979 - 0.99(0.86,1.14) 0903
Iron Iron
™ 22,348 (922) 1 Reference 1 Reference ™ 1132 (98) 1 Reference 1 Reference
T2 22,347 (974) ————  1.00(0.91,1.10) 0.964 ————  101(091,111) 0.900 T2 132(85) ———t 0.80(0.59,1.09) 0.154 _— 0.82(0.60,1.11) 0.201
] 22,350 (975) —————  098(0.87,1.10) 0.701 —————  1.18(0.84,1.66) 0824 i) 1133 (128) ————— 1.15(082,1.62) 0.421 ————— 1.18(0.84,1.66) 0.346
Per+sD —_— 1.01(0.95,1.06)__0.869 — 1.01(0.96,1.07) 0748 Per+SD - 1.09(0.92,1.28) 0.325 - 1.09(0.93,1.28) 0.307
Magnesium Magnesium
22,348 (931) 1 Reference 1 Reference 1132 (107) 1 Reference 1 Reference
T2 22,347 (988) ——  098(0.89,1.08) 0.633 0.98 (0.89.1.08) 0.723 T2 132(92)  ——e—rif 073 (0.54.0.99) 0.040 —_— 0.74(0.55,0.99) 0.045
T3 22,350 (952) 0.89(0.79,1.00) 0.049 0.90 (0.80,1.01) 0.070 T3 1133 (107) - 0.74 (0.62,1.05) 0.094 ~ 0.74(0.52,1.05) 0.095
Per+SD 0.97(0.92,1.03) 0359 0.98(0.93,1.04) 0451 Per+SD —r 0.89 (0.75,1.06)_0.206 — 0.89 (0.75,1.05)_0.172
Phosphorus Phospharus
™ 22,348 (927) 1 Reference 1 Reference T 1132 (100) 1 Reference 1 Reference
T2 22,347 (953) —_— 0.97(0.88,1.07) 0.578 ——=—  098(0.80.1.08) 0654 2 1132 (102) —_— 089 (0.67.1.19) 0.437 _— 0.89(0.67,1.20) 0.442
T3 22,350 (991) — 0.98 (0.87,1.10) 0.895 — 0.98 (0.87,1.11) 0.763 T3 1133 (104) =————a—y— 0.79(0.55,1.13) 0.196 e 0.78 (0.54,1.17) 0.171
Per+SD e o 0.96(0.91,1.02) 0.188 - 0.96(0.91,1.02) 0217 Per+SD — 0.83(0.70,1.00)_0.049 — 0.82 (0.68,0.98) 0.032
Selenium Selenium
T 22,348 (917) 1 Reference 1 Reference T 1132 (98) 1 Reference 1 Reference
T2 22,347 (937) ——t——  1.00(0.91,1.10) 0986 ————  1.00(0.91.1.10) 0954 T2 1132 (91) —_— 088 (0.66.1.18) 0.388 _— 0.90(0.67,1.20) 0.465
T 22,350 (1017) T 1.06(0.97,1.17) 0.222 ———— 1.06 (0.97.1.17) 0.210 L] 133 (117) ————  1.11(084,148) 0463 ————  1.13(0.84,1.50) 0423
Per+SD — 1.02(0.98,1.06) 0.369 —— 1.02(0.98,1.06) 0355 Per+SD — 1.02(0.90,1.15) 0.790 —_ 1.02(0.90,1.15) 0774
Sodium Sodium
T 22,347 (919) 1 Reference 1 Reference T 1132 (88) 1 Reference 1 Reference
T2 22,348 (974) —_—rT 0.99(0.90,1.09) 0.814 T  0.99(0.90,1.09) 0.830 T2 1132 (101) ————  1.12(0.83.1.51) 0.445 ————  1.12(0.83,1.51) 0444
) 22,350 (978) _ 0.96 (0.86,1.07) 0.424 _ 0.95(0.85,1.06) 0.375 i) 133 (117) e 128(0.92,1.78) 0.142 e 1.26 (0.91,1.76) 0.166
Per+SD —_ 0.99(0.95,1.04) 0.782 — 0.99 (0.94,1.03) 0.671 Per+SD — 1.18.(1,02,1.33) 0,027 el 1:1501.01.1.32) 0038
Zinc Zine
T 22,348 (914) 1 Reference 1 Reference ™ 1132 (92) 1 Reference 1 Reference
T2 22,347 (977) — 1,02 (0.93.1.12) 0.676 — 1.03 (0.93.1.13) 0.601 T2 1132 (101) 1.03(0.76.1.38) 0.873 1.03(0.76,1.39) 0.841
T3 22,350 (980) 0.99 (0.89,1.10) 0.826 0.99(0.89,1.11) 0.885 ) 1133 (113) 1.10(0.79,1.53) 0.569 1.11(0.80,1.54) 0.543
Per+SD 0.97 (0.92,1.02) 0.188 0.97(0.92.1.02) 0.208 Per+SD 1.07 (0.93,1.24) 0.319 1.08 (0.94,1.24) 0.200
T — T
0.70.8 12 15 0.70.8 12 15
FIGURE 5

Random forest curves and random forest AUC values of HPDI and micronutrients for predicting incidence breast cancer and all-cause mortality.
Micronutrients in breast cancer including vitamin C, calcium, copper and magnesium; Combined in breast cancer including HPDI, vitamin C, calcium,
copper and magnesium; Micronutrients in all-cause mortality including vitamin B2, calcium, phosphorus, Sodium and magnesium; Combined in
all-cause mortality including HPDI, vitamin B2, calcium, phosphorus, Sodium and magnesium; Model: age (continuous), ethnicity/race (UKB: White,
Asian or Asian British, Black or Black British, Chinese, Mixed, Other ethnic group), total energy intake (continuous), educational level (less than high
school, high school and above), Townsend deprivation index (T1, T2, T3), smoking status (Yes or No), drinking frequency (unknown, never, <1
time/week, 1-7 times/week), BMI (continuous). BMI, body mass index; HPDI, Healthful Plant-Based Diet Index; ROC, receiver operating

AUC values for predicting all-cause mortality were 0.562 for HPDI,
0.552 for micronutrients, and 0.581 for the combined model.

We developed time-dependent ROC modeling to evaluate
the performance of HPDI, micronutrients individually, and their
combination in predicting new breast cancer and mortality
at 3, 5, and 10 years. The results indicated that predictive
performance for both outcomes was generally optimal at the 5-
year mark for all predictors (HPDI alone, micronutrients alone,
and their combination). Specifically, micronutrient intake alone
demonstrated the highest AUC for predicting new breast cancer
across all three time points (3, 5, and 10 years). In contrast, HPDI
alone achieved its best performance for predicting mortality among
breast cancer patients at 5 years, with an AUC of 0.625 (Figure 6).
Notably, the combination of HPDI and micronutrients yielded the
highest AUC for predicting both new breast cancer and mortality
at the 10-year time point.

4 Discussion

In this large prospective cohort of UKB participants, greater
adherence to a HPDI was significantly associated with reduced
breast cancer incident and improved overall survival among breast
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cancer patients. Specifically, women in the highest HPDI tertile
experienced an 11% lower risk of developing breast cancer and
a 28% lower risk of all-cause mortality after diagnosis, while
selected micronutrients (including calcium, magnesium, copper,
phosphorus, vitamin C, and vitamin B;) showed independent
inverse associations with these outcomes, whereas sodium intake
was positively associated with mortality. Although the predictive
performance of HPDI, micronutrients, and their combination was
modest, the incremental improvement observed when combining
dietary pattern and nutrient data suggests that comprehensive
dietary profiling may offer additional, albeit limited, predictive
value for long-term breast cancer outcomes.

Our findings are consistent with prior cohort studies reporting
plant-forward diets or dietary quality indices (e.g., HPDI, PDI)
to reduced breast cancer risk. Alignment with limited evidence
linking post-diagnosis dietary quality to survival benefits. Meta-
analyses have shown 10%—15% reductions in incidence among
women adhering to healthful plant-forward diets or vegetable-
fruit-soybean patterns (18). Our observed 11% lower risk in
the highest HPDI tertile aligns closely with these estimates.
Similarly, our finding of a 28% lower mortality risk aligns with
prior evidence suggesting improved survival among patients with
higher dietary quality after diagnosis (19). We observed that
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Vitamin N (events) Model 1 HR(95%Cl)  Pvalue Model 2 HR(95%Cl)  Pvalue Vitamin N (events) Model 1 HR (95%Cl) P value Model 2 HR (95%Cl) P value
Vitamin Vitamin
Retinol (Vitamin A) Retinol {Vitamin A)

m 22,347 (929) 1 Reference 1 Reference il 1132 (93) 1 Reference 1 Reference

T2 22,348 {944) 0.94(0.86,1.04) 0.215 0.94 {0.86,1.04) 0.219 T2 1132 (90) —_— 0.90 (0.67,1.21) 0477 — 0.89 (0.66,1.19) 0.418

T 22,350 {998) 0.98(0.88,1.09) 0.693 0.98(0.88,1.08) 0.676 T3 1133 (123) ———— 1.19(0.88,1.61) 0.268 —t————  1.16{0.86,1.57) 0.342

Per+SD 1.01(0.98,1.05) 0.518 - 1.01(0.98,1.05) 0.501 Per+SD — 1.040.95,1.14) 0413 — 1,04 (0.94,1.14) 0446
Alpha-carotene ‘Alpha-carotene

™ 22,346 (958) 1 Reference 1 Referonce T 1132 (90) 1 Reference 1 Reference

T2 22,349 (952)  ————ril 0.92(0.84,1.00) 0.057 —_— 092(0.84.1.01) 0.074 2 132 (111) ————  1.19(0.90,1.57) 0.233 ———— 1.18(0.89,157) 0237

3 22,350 (961) ————— 0.95(0.86,1.03) 0.217 —_— 0.95 (0.67,1.04) 0.259 L) 1133 (105) ———  1.10(0.821.46) 0528 —fe——  1.10{0.83,146) 0515

Per+SD —_ 0.98(0.95,1.02) 0.389 —_r 098 (0.95,1.02) 0411 Per+SD - 1.07(0.96,1.19) 0.231 — 1,07 (0.96,1.19) 0239
Bola-caroteno Beta-carotene

22,347 (926) 1 Reference 1 Reforonco T 1132 (85) q Reference 1 Reference

2 22,348 (975) ———F——  098(0.90,1.08) 0688 ——=——  099(090,1.08) 0.779 T2 1132 (115) e 1.27(0.96,1.69) 0.094 S 1.27(0.95.1.68) 0.105

L] 22,350 (970) ———et——  0.88{0.90,1.08) 0.700 ———=——  099(090.1.08) 0.796 i) 1133 (106) ————  1.15(0.86,154) 0332 ————  1.15(0.86,154) 0347

Per+SD _— 1.01(0.97,1.04)_0.106 — 1.01(0.97,1.05) 0692 Per+SD 1,09 (0.98,1.22) 0.108 —— 1.09(0.98,1.22) 0.113
Thiamin (Vitamin B1) Thiamin (Vitamin 1)

m 22,348 (945) 1 Reforonce 1 Reference 1132 (103) 1 Reference 1 Reference

T2 22,347 (955)  ——e—t— 0.95{(0.87,1.04) 0.285 —————  096(087,105) 0.329 2 132(104)  ——— 0.89 (0.67,1.19) 0.435 —_— 0.88(0.67,1.17) 0.389

A 22,350 {971) — 0.94(0.85,1.04) 0.257 _— 0.95(0.86,1.05) 0.302 T3 1133(99) ————t 0.77 (0.56,1.06) 0.110 —_— 0.76 (0.55,1.04) 0.082

Per+SD —_ 0.96(0.92,1.01)_0.110 — 097(0.92,101)_0.122 Per+SD - 1,04 (0.92,1.18) 0523 - 1,03 (0.91,1.17). 0677
Riboflavin (Vtamin B2) Ribafiavin (Vitamin B2)

™ 22,348 (941) 1 Reforonce 1 Reference T 1132 (107) 1 Reforence 1 Reference

T2 22,347 (986) —— 1.01{0.82,1.11) 0.800 e 1.02(0.93,1.12) 0.723 T2 1132(100) ——=—1 0.83 (0.62,1.09) 0.179 —_— 0.82 (0.62,1.09) 0.173

&) 22,350 (944)  ————e——t— 094(0.84,1.04) 0.178 —_— 094 (0.85.1.04) 0.228 ) 1133 (99) ———— 0.73(0.54,1.00) 0.052 0.73(0.530.99) 0.045

Per+SD . — 0.97 (0.93,1.01)_0.146 —_ 097 (0.93,1.01)_0.169 Per+SD - — 0.91(0.60,1.05) 0.195 — 0.90{0.78,1.03) 0.135
Niacin (Vitamin B3) Niacin (Vitamin B3)

m 22,348 (953) 1 Reference d Reference 1132 (93) 1 Reference 1 Reforonce

2 22,347 (936) — 0.94 (0.85,1.03) 0.180 —_— 0.94(0.86,1.04) 0218 2 1132 (92) _— 0.93(0.69,1.25) 0.615 —_— 095{0.70,1.28) 0.721

L] 22,350 (982) ——  0.97(0.84,1.08) 0.569 —_ 098 (0.88,1.09) 0.674 15 1133 (121) e 1.23(0.82,1.69) 0.208 S 1.26(0.92.1.74) 0.157

Per+SD —f— ___1.01{0.96,1.06) 0.784 —— _1.01(096,1.06) 0.724 Per+SD —_ 1,08 (0.94,1.24) 0289 - 1,09 (0.94,1.25) 0244
Vitamin 86 Vitamin 86

T 22,348 (942) 1 Reference 1 Reference T 1132 (99) 1 Reference 1 Reference

T2 22,347 {960) ——— 0.96 (0.87,1.05) 0.332 —— 0.96(0.88,1.06) 0.404 T2 1132 (90) —_— 0.82(0.61,1.10) 0.189 —_— 0.83(0.62,1.12) 0.228

T3 22,350 (969) ——  096(0.86,1.06) 0.375 ——  096(0.87,1.07) 0.451 15 133 (117) ————  1.02(0.76,139) 0.879 ————  1.04(076,1417) 0824

Per+SD - 1.00{0.96,1.05) 0.994 - 1.00{0.96,1.05) 0887 Per+SD oy 1.00 (0.87,1.15) 0.991 — 1.00 (0.87,1.15) 0.994
Folate (Vitamin B9) Folate (Vitamin B9)

T 22,348 (922) 1 Reference 1 Reference 1132 (99) 1 Reforonce 1 Reference

T2 22,347 (991) —— = 1.02(0.93.1.12) 0.633 ——————1.03(0.94,1.13) 0.556 T2 132 (111) ———  101(077,1.39) 0822 —t——  1.02(077.1.34) 0912

T3 22,350 (958) = 089(0.89,1.09) 0.771 0.99(0.90,1.10) 0.889 T3 1133 (96) ———— 0.78(0.57,1.07) 0.125 —— 0.77 {0.56,1.06) 0.103

Per+SD . _.._1.01(0.95,1.05) 0.764 - 1.01(0.97,1.05) 0649 Per+SD — 0.91(0.80,1.04) 0.170 — 0.90{0.78,1.03)_0.119
Vitamin B12 Vitamin 812

e 22,348 (962) 1 Reference 1 Referonce b 1132 (96) 1 Reference 1 Reference

T2 22,347 (928) a1 0.93(0.85,1.02) 0.104 —_— 093(0.85.1.02) 0.116 2 1132 (107) ~———  107(081.141) 0651 ———  1.07(081,141) 0642

L] 22,350 (981)  —————t— 0.95(0.86,1.04) 0.271 ————  095(087,1.05) 0.312 ) 1133 (103) 0.98(0.74,1.31) 0.904 0.99(0.74,1.32) 0.934

Per+SD P 0.98(0.95,1.02) 0424 —_r 0.99(0.95,1.03) 0473 Per+SD 1,00 (0.90,1.12)._0.962 1,00 (0.90,1.12) 0954
Vitamin G Vitamin C

m 22,348 (979) 1 Reference 1 Reference ™ 1132 (93) 1 Reference 1 Reference

T2 22,347 (942) ———— 0.91(0.84,1.00) 0.050 —_— 0.92{0.84,1.01) 0.073 T2 1132 (103) —_— 1.03(0.78,1.36) 0.846 —— 1.02(0.77,1.36) 0.875

T3 22,350 {950) ———=—— 0.80(0.82,0.98) 0.019 — 0.91(0.83,0.99) 0.035 T3 1133 (110) —_— 1.08 (0.81,1.43) 0.609 ——— 1.08(0.81,1.44) 0.592

Per+SD. k. 0.97 (0.94,1.01) 0.166 T 0.98(0.94,102) 0.233 Per+SD g 0.99(0.88,1.11)_ 0.865 e e 0.99(0.88,1.11)_ 0.801
Vitamin D Vitamin D
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FIGURE 6

Time-dependent ROC curves and time-dependent AUC values of HPDI and micronutrients for predicting incidence breast cancer and all-cause
mortality. Micronutrients in breast cancer including vitamin C, calcium, copper and magnesium; Combined in breast cancer including HPDI, vitamin
C, calcium, copper and magnesium; Micronutrients in all-cause mortality including vitamin B2, calcium, phosphorus, Sodium and magnesium;
Combined in all-cause mortality including HPDI, vitamin B2, calcium, phosphorus, Sodium and magnesium; Model: age (continuous), ethnicity/race
(UKB: White, Asian or Asian British, Black or Black British, Chinese, Mixed, Other ethnic group), total energy intake (continuous), educational level (less
than high school, high school and above), Townsend deprivation index (T1, T2, T3), smoking status (Yes or No), drinking frequency (unknown, never,
<1 time/week, 1-7 times/week), BMI (continuous). BMI, body mass index; HPDI, Healthful Plant-Based Diet Index; ROC, receiver operating

the non-linear association between the HPDI and breast cancer
incidence as well as all-cause mortality was not statistically
significant, with a tendency toward a negative correlation. The
non-significant trend observed for AMED may reflect the index’s
lower sensitivity in distinguishing plant- vs. animal-derived food
quality within the UK dietary context. As prior work noted, dietary
variables alone provide modest discriminatory power compared
with molecular or genetic models (e.g., Molecular Classification
of Breast Cancer), our predictive performance metrics (C-index
and AUC) remained limited even when combining HPDI and
micronutrients, reinforcing the need to integrate diet with other
established risk factors for meaningful clinical prediction. In the
analysis of individual nutrient effects, we found that vitamin
C intake in the highest tertile was associated with a 9%
lower risk of incident breast cancer compared with the lowest
tertile, a relationship plausibly attributable to vitamin C’s robust
antioxidant properties. Meanwhile, vitamin B2 was shown to exert
a significant protective effect on mortality risk among breast cancer
patients, thereby providing a theoretical rationale for nutritional
intervention strategies targeting this population.

Frontiersin Nutrition

A plant-based dietary pattern demonstrates favorable
preventive effects and improved prognosis in female breast cancer.
Consistent with this trend, our CLHLS study similarly found
that higher PDI and HPDI levels were associated with a 39 and
32% reduction in overall cancer risk, respectively. Although data
limitations prevented separate analysis of breast cancer cases, the
findings still indicate that HPDI and PDI are linked to reduced
overall cancer risk, providing supplementary evidence for the
cancer-preventive potential of plant-based diets.

Our study benefits from the exceptionally large sample
size and rich phenotypic data of the UKB, enabling robust
estimates and simultaneous evaluation of overall dietary patterns
and individual micronutrients. The prospective design, use of
multivariable Cox models, restricted cubic splines, and machine
learning approaches further strengthen the validity of our
observations. However, the observational nature of the analysis
precludes causal inference and residual confounding cannot be
fully excluded. Due to inherent limitations in the availability of
UK Biobank data, the database lacks systematic questionnaire
data on Hormone replacement therapy, family history of breast
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cancer, and parity. Menopausal status could only be inferred
from estradiol levels, which were available for only a subset of
participants. Consequently, these breast cancer risk factors were
not included in the model. Dietary intake was assessed only
once at baseline, potentially underestimating temporal changes.
Predictive performance remained modest despite combining HPDI
and micronutrients; and the predominance of White participants
limits generalizability to more diverse populations. Additionally,
the constraints of self-reported data in the CLHLS preclude the
specific identification of breast cancer, limiting our capacity to
evaluate the distinct impacts of HPDI and PDI on breast cancer-
related outcomes in the Chinese cohort.

In summary, greater adherence to a healthful plant-based diet
and optimal intake of selected micronutrients were associated with
lower breast cancer incidence and improved survival, although
predictive performance was limited. These findings underscore
the potential public health importance of promoting plant-
forward dietary patterns and adequate micronutrient intake as
part of comprehensive breast cancer prevention and survivorship
strategies. Future prospective and interventional studies across
diverse populations are warranted to clarify causality and refine
dietary risk prediction models.

5 Conclusions

High adherence to healthful plant-based diets (e.g., HPDI/PDI)
combined with adequate intake of key micronutrients like calcium
and magnesium improves breast health, reduces breast cancer
incidence, and enhances long-term survival in patients.
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