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ABSTRACT 

Background: While previous literature suggests that plant-based diets may be associated with a lower risk of breast cancer, evidence remains inconsistent. In this study, we investigated the association between adherence to plant-based diets and breast cancer risk in the European Prospective Investigation into Cancer and Nutrition (EPIC) study.

Methods: Overall plant-based diet index (PDI), healthful (hPDI), and unhealthful PDI (uPDI) were calculated, and multivariable Cox models were used to estimate hazard ratios (HR) and 95% confidence intervals (CI) of breast cancer for the three indices. Mediation analysis was performed to assess the role of body mass index (BMI) and waist circumference (WC) in the association between hPDI and postmenopausal breast cancer risk.

Results: Over a median follow-up of 14.9 years, 10,805 incident invasive breast cancer cases were identified among 258,343 women. In the multivariable model, not adjusted for BMI, higher adherence to hPDI was inversely associated with breast cancer risk, with HR per 1-SD increase [95% (CI)] of 0.97 (0.94, 0.99). The corresponding HRs (95% CI) per 1-SD increase for overall PDI and uPDI were 0.98 (0.96, 1.00) and 1.01 (0.99, 1.03), respectively. The associations between hPDI and postmenopausal breast cancer were partly explained by BMI and WC, which mediated 30% and 52% of this association, respectively.

[bookmark: _Hlk181387014]Conclusions: Higher adherence to hPDI was associated with a slightly lower total breast cancer risk. For postmenopausal breast cancer, this association was partly explained by lower BMI or WC. These findings suggest that promoting healthful plant-based diets could support breast cancer risk reduction.
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Abbreviations:
BMI, Body mass index
CI, Confidence interval 
EPIC, European Prospective Investigation into Cancer and Nutrition
ER, Estrogen
ER+, ER-positive
ER-, ER-negative
FFQ, Food frequency questionnaire
HR, Hazard ratio
hPDI, Healthful plant-based diet index
HER2, Human epidermal growth factor receptor 2
IARC, International Agency for Research on Cancer
MHT, Menopausal hormone therapy
NDE, Natural Direct Effect
NIE, Natural Indirect Effect
PDI, Plant-based diet index
PR, Progesterone 
[bookmark: _Hlk117676223]PR+, Progesterone-positive
PR-, Progesterone-negative
PDI, Plant-based diet index 
SD, Standard deviation
uPDI, Unhealthful plant-based diet index
WC, Waist circumference 











[bookmark: _Hlk116993516]INTRODUCTION 
Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer-related deaths among women worldwide. In 2022 alone, over 2.3 million new cases were reported, and the global burden is expected to increase in the coming years (1). Therefore, there is considerable interest in examining modifiable lifestyle-related factors that may influence breast cancer risk, such as diet.
[bookmark: _Hlk201002456][bookmark: _Hlk200993466][bookmark: _Hlk200993337]Plant-based diets have grown in popularity worldwide, and in populations with a low prevalence of vegetarians and vegans, plant-based diet indices enable the assessment of plant diet quality by scoring a spectrum of adherence to both plant- and animal-based foods. Previous studies suggest that adhering to plant-based dietary patterns, particularly those with higher intakes of healthy plant-based foods, is associated with lower risks of chronic diseases including cardiometabolic diseases (2) and  colorectal (3), gastric (4), and breast cancer (5-7). Evidence on the association between  healthy plant-based diets and breast cancer risk, however, remains inconsistent, with studies reporting inverse (5-8) and null findings (9-11). In our previous study in E3N, the French component of the European Prospective Investigation into Cancer and Nutrition (EPIC) study (8), we observed that a healthful plant-based diet index (hPDI) was associated with a lower risk of breast cancer, whereas the unhealthful plant-based diet index (uPDI) was positively associated with breast cancer risk. These findings align with a case-control study showing opposite associations for hPDI and uPDI (6), but two cohort studies (9, 10) and one case-control study (11) reported no associations for uPDI. While no difference in risk by tumour subtype was observed in E3N (8), a stronger association for hPDI and estrogen receptor-negative (ER-) tumours was reported in another cohort study (7). However, studies evaluating the potential heterogeneity of the associations between hPDI/uPDI and breast cancer risk by tumour subtype remain limited. 
[bookmark: _Hlk112868750][bookmark: _Hlk116993527][bookmark: _Hlk113908219]Overall, consistent positive associations have been observed between obesity, reflected by increased body mass index (BMI) or waist circumference (WC), and the risk of breast cancer in postmenopausal women (12), but not premenopausal women. While studies have linked plant-based diets to a lower BMI (13, 14), evidence regarding WC remains limited and inconsistent across prospective studies (15-17). Additionally, there is limited evidence on the extent to which adiposity may potentially mediate the association between plant-based diets and breast cancer risk, with one study in a US population reporting a potential mediating role of reduced weight gain in adulthood (7). 
[bookmark: _Hlk200991596]Therefore, we aimed to prospectively assess the associations between plant-based dietary patterns and breast cancer risk, overall and by subtypes, in the EPIC Study. We hypothesised that an overall plant-based diet and especially a healthy plant-based diet would be inversely associated with the incidence of breast cancer (both premenopausal and postmenopausal). We build on our previous work in the EPIC-E3N on plant-based diet indices, while leveraging the strengths of the EPIC cohort, including a larger and diverse population, with good statistical power to detect associations. We further investigated the potential mediating role of BMI and WC in the plant diet-postmenopausal breast cancer associations. 

METHODS
Study design
EPIC is an ongoing prospective, multicentre European cohort study with over 153,000 men and 368,000 women aged 35–75 years and recruited between 1992 and 2000. Full details of the study design and data collection have been described elsewhere (18). Briefly, participants completed standardised questionnaires on diet, lifestyle, and medical history at the time of recruitment and anthropometric measurements were obtained.  Questionnaires included questions on education and socio-economic status; history of tobacco smoking; history of consumption of alcoholic beverages; physical activity (occupational, walking, cycling, gardening, housework, physical exercise, climbing stairs); menstrual and reproductive history and use of exogenous hormones for contraception and menopausal hormone replacement. Body measurements were obtained using a standard protocol in all centres, except in France and Oxford (UK) where measurements were self-reported and validated (19, 20). All participants provided written informed consent, and the study was approved by the ethical review committees of the International Agency for Research on Cancer (IARC-Lyon, France) and all local centres. 
After excluding participants with prevalent tumours (n = 25,184), no cancer follow-up (n = 4,149), male participants (n = 163,643), those recruited in Greece, Sweden, and Norway (n = 77,209), those who did not respond to baseline lifestyle data (n = 421), those missing baseline dietary data (n = 2,806), and those with extreme energy intake-to-energy requirement (EI/ER) ratios (n = 5,206), a total of 258,343 women were included in the final analyses. 



[bookmark: _Hlk113908541]Diet assessment and plant-based diet indices 
Diet was assessed at recruitment using a validated country- or centre-specific dietary questionnaire. In most centres, the dietary questionnaire was self-administered, except in Ragusa (Italy), Naples (Italy) and Spain, where face-to-face interviews were performed. Extensive quantitative dietary questionnaires were used in northern Italy and Germany, and were structured by meals in Spain, France and Ragusa. Semi-quantitative food-frequency questionnaires (FFQs) were used in Denmark, the Netherlands, Naples, and the United Kingdom. The food items reported in each dietary questionnaire were classified into respective harmonized food groups common across questionnaires. Final calculated intakes in grams per day were provided by the centres (18). In some cases, frequencies and portion sizes were also recorded, depending on the centre's methodology. The EPIC nutrient database (ENDB) was used to estimate nutrient intakes and total daily energy intake (kcal/day) for each participant (21).
For this analysis, we constructed the following indices consistent with previous research (22) (Supplementary Tables 1 and 2): healthful PDI (hPDI); unhealthful PDI (uPDI); and overall PDI. First, 18 food groups [7 healthy plant food groups (non-white grains, fruits, vegetables, nuts, legumes, vegetable oils, and tea/coffee), 5 less healthy plant food groups (fruit juices, sugar-sweetened beverages, refined grains, potatoes, and sweets), and 6 animal food groups (animal fats, dairy, eggs, fish or seafood, meat, and miscellaneous animal-based foods)] were created by summing the amounts of foods consumed in g/d. Next, food groups were adjusted for total energy intake using the residual method. The residuals were ranked into quintiles with positive or reverse scoring. Women in the highest quintile of a food group were assigned a score of 5, decreasing to a score of 1 for those in the lowest quintile. For reverse scoring, the pattern was inverted, with a score of 5 for the lowest quintile. To calculate the overall PDI, healthy and less healthy plant food groups received positive scores, while all animal food groups received reverse scores. For the hPDI, positive scores were assigned to healthy plant food groups, and reverse scores to less healthy plant and animal food groups. The uPDI applied the opposite scoring method. Quintile values of all food groups were summed to obtain the final scores from 18 to 90. 

Breast cancer ascertainment
All participants were followed over time for the occurrence of cancer and death Cancer incidence was determined through record linkage with population-based cancer registries (Denmark, all centres in Italy except Naples, Netherlands, Spain, and the United Kingdom) or via a combination of methods including the use of health insurance records, cancer and pathology registries, and active contact with study subjects or next-of-kin (France, Germany, Naples). The International Classification of Diseases (ICD 10) was used to define the first primary invasive breast cancer . Breast tumour receptor status was standardized across EPIC centers using the following criteria for a positive expression: ≥10% cells stained, any ‘plus-system’ description, ≥20 fmol/mg, an Allred score of ≥3, an IRS ≥2, or an H-score ≥10 (23). For this study, the last updates of complete endpoint data including vital status and cancer ascertainment, occurred between June 2008 and December 2012, depending on the centre.

[bookmark: _Hlk116993143]Statistical analyses 
[bookmark: _Hlk116993151]Baseline and nutritional characteristics of study participants overall and according to overall PDI, hPDI, and uPDI quintiles were described using means and standard deviations (SD) for continuous variables and frequencies (percentages) for categorical variables. Hazard ratios (HRs) and 95% confidence intervals (CIs) of breast cancer were estimated using multivariable-adjusted Cox proportional hazards models with age as the time scale (entry time defined as the age at recruitment). The proportional hazards assumption was tested graphically using Schoenfeld residuals, and no major violations were observed. Participants were followed up from study entry until breast cancer diagnosis, other cancer diagnoses (except for non-melanoma skin cancer), death, emigration or until the end of the follow-up period, whichever occurred first.
Diet indices were analyzed using three approaches. First, we tested the linearity of the association and provided a graphical representation using restricted cubic splines, fitted with the fully adjusted model and five knots placed at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles (24). Second, we estimated the HR and 95% CI of breast cancer risk for a 1-SD increase in the diet score. Finally, all diet scores were categorized into quintiles, with the first quintile as the reference category. P-values for linear trends were calculated using the median score of each quintile.
[bookmark: _Hlk200994431]The covariates included in each model were selected a priori based on previous evidence for their potential association with the exposure and/or the outcome. Three sets of multivariable Cox models were built: Model 1 was stratified by centre and age at recruitment (1-y intervals). Model 2 was additionally adjusted for height (continuous), education (none/primary, technical/secondary, longer education, unknown), physical activity using the Cambridge index (inactive, moderately inactive, moderately active, active), smoking status (never, former, current), alcohol intake (continuous), family history of breast cancer (yes, no, unknown), ever use of menopausal hormone therapy (MHT) (yes, no), ever use of the contraceptive pill (yes, no), age at menopause (y) (<55,  ≥55, premenopause/perimenopause, missing), menopausal status at recruitment (premenopause, postmenopause, perimenopause) (23), ever breastfeeding (yes, no, unknown), age at menarche (y) (≤11, 12-13, 14-15, >15, missing), age at first birth (y) (≤22, 23-24,  25-27, >27, missing), and parity (nulliparity, 1, 2, 3, ≥4, missing). Model 3 was also adjusted for the potential diet-breast cancer association mediator BMI (continuous). As data were missing at random, missing observations for covariates with < 5% were imputed to the median (for continuous variables) or mode (for categorical variables). Otherwise, a ‘missing’ category was created for education, age at menarche, parity, age at first full-term pregnancy, ever breastfed, and family history of breast cancer to maintain the same number of participants in the analyses.
To evaluate whether associations differed by tumour subtypes, we used the Lunn-McNeil approach and likelihood-ratio tests for heterogeneity (25, 26). We tested for effect modification and interaction of the overall associations by menopausal status at diagnosis, BMI, WC, physical activity, and MHT use among postmenopausal women. Data on menopausal status at diagnosis was not available, therefore age at diagnosis was used as a proxy whereby premenopausal breast cancer was defined as breast cancer diagnosed at age < 55 years and postmenopausal breast cancer were postmenopausal at recruitment or diagnosed at age ≥ 55 years. 
Additionally, we performed some sensitivity analyses. First, all participants censored in the first 2 years of follow-up were excluded to address potential reverse causation bias. Second, the associations of breast cancer with the main food types—healthy plant, unhealthy plant, and animal foods—were examined, mutually adjusting for each other. 
We performed a 4-way mediation decomposition analysis as proposed by VanderWeele (27) to evaluate whether BMI and/or WC mediated the association between hPDI and the risk of postmenopausal breast cancer. Mediation analyses were restricted to postmenopausal women since lower BMI is associated with lower breast cancer risk in postmenopausal women but not premenopausal women. Additionally, the analysis was limited to hPDI. The counterfactual framework allows for the quantification of the natural indirect effect (NIE) (i.e., the association between diet and breast cancer that is mediated by BMI/WC), the natural direct effect (NDE) (i.e., the association of diet with breast cancer that is not mediated by BMI/WC), the total effect (the direct and indirect effect), and the percentage mediation (reflecting the proportion of the total effect mediated by the indirect effect) (28). The mediator level was defined by a clinically relevant cut-off, 24.9 kg/m2 for BMI and 80 cm for WC, and hPDI score was standardised per 1-SD, with no exposure-mediator interaction. The models were fully adjusted for covariates (model 2). Linear regression models were fitted for the mediators (BMI or WC as the dependent variable and hPDI as the independent variable), while Cox proportional hazards models were used for associations with breast cancer risk. Point estimates were obtained by direct counterfactual imputation estimation and 1,000 bootstrap repetitions. 
	All tests of statistical significance were two-sided, with statistical significance set at p < 0.05. Analyses were conducted using SAS statistical software (version 9.4 SAS Institute, Cary, NC) and R version 4.4.2 (for mediation analyses) using the “CMAverse” R package (BS1125 / CMAverse) (29).

RESULTS
	During a median follow-up of 14.9 years, 10,805 women were diagnosed with first incident invasive breast cancer. The average age of participants at baseline was 50.9 years (SD 10.0). Compared to participants in the lowest quintile of overall PDI, those in the highest quintile were younger, more likely to have a university education, and more physically active. They were also less likely to be current smokers or living with overweight/obesity. Additionally, those in the highest quintile reported lower alcohol and total energy intake and were more likely to report nulliparity, and to use oral contraceptive pills, while being less likely to have breastfed, have a family history of breast cancer, be postmenopausal or to have ever used MHT (Table 1). 
Baseline characteristics across quintiles of hPDI and uPDI are shown in Supplementary Tables 3 and 4. Overall, the characteristics of participants in the highest quintiles of hPDI and uPDI were similar to those of overall PDI. However, at higher hPDI, there was a greater proportion of participants at both the lowest and highest ends of the physical activity spectrum. Furthermore, they were more likely to have higher alcohol and total energy intakes, and less likely to report the use of oral contraceptive pills, while those with higher uPDI were less physically active, more likely to be current smokers, have higher energy intake, and more frequently reported oral contraceptive pills use. The consumption in grams/day of energy-adjusted food groups according to quintiles of overall PDI, hPDI and uPDI is presented in Supplementary Tables 5-7.  
The Pearson correlation coefficients were -0.21 between hPDI and uPDI, 0.53 between overall PDI and hPDI, and 0.26 between overall PDI and uPDI. Comparing overall PDI, hPDI, and uPDI scores across countries revealed modest variations in the median scores (Supplementary Table 8). For hPDI, the highest median was observed for Italy, followed by the UK and Spain, and was lowest in Denmark. For uPDI, Germany had the highest median followed by Italy and the lowest was observed in France and Spain. 
We found no evidence of a departure from a linear association between the three indices and breast cancer risk (Supplementary Figure 1). In the multivariable model, not adjusted for BMI (Table 2 and Figure 1), higher adherence to the hPDI was inversely associated with breast cancer risk, with an HR for a 1-SD increase of  0.97 (95% CI 0.94, 0.99), and an HR for the highest versus the lowest quintile (Q5 vs Q1) of 0.88 (95% CI 0.82, 0.95), Ptrend < 0.01. The HRs for a 1-SD increase in overall PDI and uPDI were 0.98 (95% CI 0.96, 1.00) and 1.01 (95% CI 0.99, 1.03), respectively. For the highest versus lowest quintiles of overall PDI and uPDI, the HRs were 0.94 (95% CI 0.87, 1.01), p-trend = 0.07 and 1.01 (95% CI 0.94, 1.08), p-trend = 0.56, respectively. BMI or WC adjustment did not strongly alter estimates (Table 2 and Supplementary Table 9). We did not observe heterogeneity by breast cancer subtypes (p-heterogeneity > 0.05 for all; Figure 1 and Supplementary Table 10). For example, for hPDI, the HRs per 1-SD increase were 0.96 (95% CI: 0.93, 0.98) for ER+ and 0.97 (95% CI: 0.92, 1.03) for ER- breast cancer. 
There was no evidence of interaction by menopausal status at diagnosis, MHT use or physical activity for the three indices (Supplementary Figure 2). However, for overall PDI and hPDI, findings suggested effect modification by BMI, with stronger associations for individuals with BMI < 25 kg/m² (Supplementary Figure 2). Furthermore, there was no interaction with WC when it was included in models instead of BMI (N= 210,751).
The results for breast cancer risk were almost identical when excluding the first 2 years of follow-up for all participants (Supplementary Table 11). When including the three food types—healthy plant, unhealthy plant, and animal—in a fully adjusted model, the findings were suggestive of an inverse association between quintiles of healthy plant-based foods and breast cancer risk, with HR of 0.93 (95% CI: 0.87, 1.00) for Q4 and 0.94 (95% CI: 0.88, 1.01) for Q5 compared to Q1 (Supplementary Figure 3). In contrast, there was a suggestive positive association between quintiles of unhealthy plant-based foods and animal-based foods with breast cancer risk when comparing Q4 or Q5 to Q1 [HRQ5 vs Q1 (95% CI): 1.03 (0.97, 1.10) p-trend= 0.26 and 1.06 (0.98, 1.14) p-trend= 0.23, for unhealthy plant and animal food groups, respectively]. 
Results for the association between plant-based diet indices and postmenopausal breast cancer are shown in Supplementary Table 12, while the results of the mediation analysis are presented in Figure 2. hPDI was associated with postmenopausal breast cancer through BMI and WC. For BMI, for an increase in hPDI score from low (25th percentile) to high (75th percentile), the HR (95% CI) for NIE was 0.993 (0.991, 0.994) and the proportion of the effect explained by this indirect effect was 30%. The corresponding HR (95% CI) for NDE was 0.982 (0.952, 1.015). For WC, the HR (95% CI) for NIE was 0.991 (0.989, 0.994), with 52% of the effect explained by this indirect effect, and the HR (95% CI) for NDE was 0.992 (0.957, 1.026).

DISCUSSION
	In this large prospective cohort study, higher adherence to a plant-based diet, particularly a healthful plant-based dietary pattern, was associated with a lower risk of invasive breast cancer. Conversely, uPDI did not appear to play a role in breast cancer development. There was no heterogeneity in risks across menopausal status or tumour subtypes. Lower adiposity explained 30-52% of the inverse association between hPDI and postmenopausal breast cancer risk.
To our knowledge, four prospective studies (7-10) have investigated the association between plant-based diets and breast cancer risk with inconsistent findings. Our results align with some, but not all, previous literature on breast cancer. For example, in the French component of EPIC, the E3N cohort, hPDI was associated with lower breast cancer risk when comparing those with the highest versus lowest adherence (8), consistent with findings in the current study. While higher adherence to the uPDI was associated with higher breast cancer risk in E3N, this was not observed in the current study. The discrepancies could be explained by the use of two dietary assessment measures in E3N that mitigate inter-individual variability, whereas in EPIC, the diet was assessed at baseline only which may have limited the ability to capture long-term dietary patterns.  
Similar to our findings, results from the Nurses’ Health Study (NHS) showed an inverse association between hPDI and breast cancer risk, but no association with uPDI (7). In contrast,  a Mediterranean cohort study (10) and the UK Biobank (9) did not show evidence for associations between either the hPDI or uPDI and breast cancer risk. This lack of associations could be explained by relatively low numbers of cases (101 and 1,083, respectively) and differences in the score construction, such as the exclusion of certain plant food groups, or the quality of the dietary assessment. 
We did not find heterogeneity by tumour subtypes, which is consistent with findings from the E3N, but in the NHS there was a stronger inverse association for hPDI and ER negative tumours (7). We observed that both BMI and WC mediated the association between hPDI and postmenopausal breast cancer with proportions ranging from 30 to 52%. Though there are no comparable studies on these results, in the NHS 7.3-11% of the indirect effect of plant-based diets on breast cancer risk was mediated by less weight gain from age 18 (7). 
Several other mechanisms apart from those working through BMI/WC support the protective role of healthful plant foods in reducing breast cancer risk. First, high fibre intake enhances satiety, which may help in weight management, and dietary fibre binds to estrogen in the gut and lowers circulating estrogen levels which are linked to breast cancer development (30-32). Additionally, fibre influences the gut microbiota composition, promoting beneficial short-chain fatty acids with anti-inflammatory properties (33). Second, healthful plant foods are abundant in bioactive compounds and essential vitamins which possess antioxidant, anti-inflammatory and antiproliferative properties (34-36). In addition, polyphenols and carotenoids in these foods have been shown to modulate signalling pathways involved in cell proliferation, apoptosis, and angiogenesis (37, 38). Third, plant-derived phytoestrogens exert direct and indirect anticarcinogenic effects. These include inhibiting the estrogen receptor signalling pathway and competing with endogenous estrogens for receptor binding, which may lower the risk of breast cancer (particularly hormone receptor-positive subtypes) (39). 
This study has several strengths. First, its prospective design with a large multi-country sample provided sufficient statistical power for analyses of breast cancer subtypes. Second, dietary intake was assessed using validated measures prior to breast cancer diagnosis, reducing the risk of recall bias. Third, sensitivity analyses excluding the first two years of follow-up yielded consistent results to the main analysis, suggesting that reverse causation is unlikely to explain our findings.
The present study also has some limitations. First, although we adjusted for many known breast cancer risk factors, we cannot entirely rule out the influence of unmeasured/unknown confounders or residual confounding. Second, dietary intake data were based on self-reported information which may result in non-differential misclassification of exposure. However, this misclassification generally biases associations toward the null. Additionally, dietary habits may evolve over time, so a single baseline measurement might not fully capture long-term dietary behaviours. However, previous research suggests that dietary patterns tend to be relatively stable in adults mitigating this limitation to some extent (40). Third, while our study population is diverse with respect to diet (41), it may not fully represent dietary patterns in non-European populations, limiting the generalisability of our findings. Fourth, menopausal status was defined using an age-based cut-off which may have resulted in non-differential misclassification, potentially attenuating associations in subgroup analysis. Last, mediation analyses under the counterfactual framework for causal inference were based on several assumptions that are difficult to verify, such as no unmeasured or residual confounding that could affect both exposures, the mediator and the outcomes associations, or model misspecifications.
In conclusion, our findings emphasize the potential role of plant-based diets, especially healthful plant-based diets, in breast cancer prevention. The findings have implications for all breast cancer subtypes and highlight the importance of both the quality of plant-based foods and the maintenance of healthy body weight. A proportion of the association between healthy plant-based diets and postmenopausal breast cancer may be mediated by lower adiposity, as measured by BMI and WC. However, further studies are required to validate these findings in other populations.
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