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Abstract

Background: The number of breast cancer survivors is increasing, yet evidence to inform dietary 

and lifestyle guidelines is limited.

Methods: This analysis included 3,658 participants from the Pathways Study, a prospective 

cohort of women diagnosed with invasive breast cancer. A healthy plant-based dietary index score 

(hPDI), an American Cancer Society nutrition guidelines score (ACS), a 2015 Healthy Eating 

Index score (HEI), hours per week of moderate to vigorous physical activity (PA) and lifetime 

cumulative pack-years of cigarette smoking (SM) were each measured at diagnosis, 6, 24 and 72 

months. Using g-computation, 5- and 10-year risk ratios (RRs), risk differences (RDs), and 95% 

confidence intervals (CIs) for all-cause mortality under hypothetical interventions on diet quality, 

physical activity, and smoking, compared to the natural course (no intervention) were calculated.

Results: Hypothetical moderate to extreme interventions on hPDI, ACS and HEI, each in 

combination with PA and SM, showed 11 to 56%, 9 to 38%, and 9 to 49% decreases in 5-year 

risks of all-cause mortality compared to no intervention, respectively [(hPDI: RRmoderate=0.89, 

95% CI 0.82-0.94; RRextreme=0.44, 95% CI 0.26-0.67), (ACS: RRmoderate=0.91, 95% CI 

0.85-0.96; RRextreme=0.62, 95% CI 0.43-0.82), (HEI: RRmoderate=0.91, 95% CI 0.84-0.95; 

RRextreme=0.51, 95% CI 0.33-0.72)]. While 10-year relative risks were slightly attenuated, 

absolute risk reductions were more pronounced.
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Conclusions: Interventions to improve diet quality, increase physical activity, or reduce 

smoking at the time of diagnosis may improve survival among breast cancer survivors.

Impact: We estimate that over 10% of deaths could be delayed by even moderate adoption of 

these behaviors.
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INTRODUCTION

Excluding skin-cancers, breast cancer is the most commonly-diagnosed cancer among 

woman globally.1 However, female breast cancer survivors are now living longer than 

ever, and there are currently over 3.8 million survivors in the United States (US).2 These 

women are highly motivated to make lifestyle changes, and desire more evidence-based 

information from health professionals.3-5 Nevertheless, there is limited evidence to inform 

recommendations for this population, therefore they are typically offered guidance based on 

prevention, not survival.6, 7

Associations of diet quality, physical activity, and smoking with all-cause mortality after 

breast cancer have each been independently shown,7-9 yet their effects in combination have 

been less studied.6, 7 Dietary patterns (a composite measure of the quantities, portions, and 

frequencies of one’s dietary intakes)10 concordant with healthy eating have been associated 

with reduced mortality among breast cancer survivors,11-14 as has physical activity both 

before and after diagnosis.15-17 While few studies have examined smoking at or around 

the time of diagnosis, those that have, showed smoking to negatively impact long-term 

survival.8, 18

Though lifestyle recommendations for cancer patients would be best informed by evidence 

from a randomized controlled trial (RCT), there are few such studies.19, 20 Alternatively, 

causal inference methods such as parametric g-computation can be applied to observational 

data to estimate and compare risks under hypothetical interventions on risk factors 

either individually or in combination.21-23 While this approach does not do away with 

confounding from unknown sources (as might randomization in a properly designed 

RCT), when assumptions of no unmeasured confounding, no measurement error, no model 

misspecification, causal consistency, and positivity are met, it does facilitate appropriate 

adjustment for time-varying confounders affected by prior exposures that might otherwise 

lead to bias when using standard statistical methods.21-23

Thus, we applied parametric g-computation to data from the Pathways Study, a prospective 

cohort of women with breast cancer, to estimate the risk of all-cause mortality under 

hypothetical interventions on dietary quality, physical activity, and smoking at the time of 

breast cancer diagnosis. To our knowledge, this study is the first to evaluate the combined 

effect of diet and lifestyle factors on survival among women with breast cancer using a 

rigorous causal inference framework.

Ergas et al. Page 2

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MATERIALS AND METHODS

Study Cohort

A total of 4,505 female breast cancer survivors diagnosed with invasive breast cancer 

between the years 2005 and 2013 at Kaiser Permanente Northern California (KPNC), 

were enrolled in the Pathways Study. Study participants were recruited from a cohort of 

11,174 eligible KPNC members, producing a 40% enrollment rate. Details are provided 

elsewhere,24 but briefly, enrollment occurred an average of 2.3 (range=0.7-17.8) months 

after diagnosis and eligibility criteria included: female sex, 21 years or older, KPNC 

member, English, Spanish, Cantonese or Mandarin speaker, living within a 65-mile radius of 

a field interviewer, diagnosis of incident invasive breast cancer, and no prior history of other 

invasive cancers. Participants underwent an in-person baseline interview, and follow-up 

interviews by mail, phone, internet, or in person.

This study was approved by the Institutional Review Boards of KPNC and University of 

California, Berkeley. Written informed consent was obtained from all participants.

Dietary Assessment

Dietary intake was assessed at baseline and approximately 6, 24 and 72 months after, using 

a modified Block 2005 (NutritionQuest Questionnaires and Screeners, RRID:SCR_024429) 

Food Frequency Questionnaire (FFQ). The 139-item FFQ ascertained consumption of foods 

and beverages in the 6 months preceding each assessment. Three a priori diet quality indices 

(DQI) were calculated to measure concordance with dietary guidelines at each assessment: a 

healthy plant-based dietary index (hPDI),25 an index based on the American Cancer Society 

cancer prevention guidelines (ACS),26 and the 2015 Healthy Eating Index (HEI).27 While 

ACS was selected because of its applicability to cancer outcomes, hPDI and HEI were 

chosen because of their prior demonstrated associations with breast cancer survival.28, 29 For 

each, higher scores indicated a more healthful dietary pattern (Table 1).

hPDI score

The hPDI score ranges from 17 to 85 points and is created from the sum of 17 dietary 

components, each combining foods that are similar in nutrient and culinary characteristics.25 

For 7 of these (vegetable oils, whole fruits, non-starchy vegetables, whole grains, legumes, 

nuts, and teas and coffees) greater consumption increases the hPDI score, while for the other 

10 (dairy, animal fats, fruit juices, starchy vegetables, refined grains, eggs, seafood and fish, 

total meat, sweetened beverages and sweets), greater consumption reduces the score. Each 

component is worth up to 5 points, with assessment-specific quintiles of intake used for each 

dietary component.25

ACS score

The ACS score ranges from 0 to 9 with three components: total fruits and vegetables (partly 

rewarding variety as consumption of 5 or more different fruits and vegetables per month), 

whole grains as a percent of total grains, and total red and processed meats. Each component 

is worth 0 (lowest) to 3 (highest) points and is based on cohort-specific quartiles for that 

component (the red and processed meat score is reversed).26
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2015 HEI Score

The HEI score, derived from the 2015-2020 Dietary Guidelines for Americans, contains 13 

dietary subcomponents.27 Six (total fruits, whole fruits, total vegetables, greens and beans, 

total protein foods and seafood and plant protein foods) are worth up to 5 points each, and 

seven others (whole grains, dairy, unsaturated fats, refined grains, sodium, added sugars and 

saturated fats) are worth up to 10 points each, for a possible total of 100 points. The HEI 

components are scored on a density basis (per 1,000 kcals or percentage of energy), except 

for unsaturated fats which is the ratio of unsaturated to saturated fats.27

Physical Activity

Physical activity (PA) was assessed at baseline and at 6-, 24- and 72-months, using 

the Arizona Activity Questionnaire (AAQ).30 The questionnaire assessed the frequency, 

duration, and intensity of activities across multiple domains, including work, recreation, 

household, and sedentary behaviors. The Compendium of Physical Activities,31 was used 

to assign a standard metabolic equivalent task value (MET) for each activity. A summary 

variable for hours per week of moderate to vigorous physical activity was created by 

multiplying each activity by frequency and duration, added over all activities at each follow-

up with MET values of 3 or more.

Cigarette Smoking

The baseline questionnaire assessed the lifetime smoking history of each participant, and 

the 6-, 24- and 72-month questionnaires reassessed smoking status at each time point. 

Participants were asked if they currently or ever smoked cigarettes, and the average number 

of cigarettes per day smoked. Pack-years of smoking (SM) was calculated from the number 

of cigarettes per day divided by 20 (typical number of cigarettes per pack) and then 

multiplied by the number of years smoked.

Other Covariables

Demographic factors including age, race and ethnicity, and education were collected 

using a baseline questionnaire. Where possible, missing data were supplemented with 

data obtained from the KPNC electronic health records (EHR). Both body mass index 

(BMI) and comorbid conditions were obtained from the EHR. A weighted Elixhauser 

comorbidity index score was calculated from inpatient comorbid conditions dating back 

to the participant’s earliest record.32 Diagnostic and clinical data, including tumor stage, 

estrogen receptor status (ER), progesterone receptor status (PR), human epidermal growth 

factor receptor 2 status (HER2), type of surgery, and receipt of chemotherapy, radiation 

therapy, and hormonal therapy were obtained from the KPNC Cancer Registry and other 

clinical databases.

All-Cause Mortality

While we recognize that all-cause mortality is a composite of multiple causes of death, it 

is in and of itself, an outcome with significant interest to both clinicians and patients. We 

therefore identified deaths from all causes through December 31st, 2019, primarily through 

linkage with KPNC mortality databases, the KPNC Cancer Registry, and linkages with data 
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from the State of California, the Social Security Administration, and the National Death 

Index. Deaths reported by relatives of participants were confirmed by medical chart review 

or KPNC mortality databases.

Final Analytic Sample

Of the 4,505 Pathways participants, 782 (17.4%) who did not complete the baseline FFQ 

were excluded from this analysis. An additional 63 (1.4%) participants were excluded 

due to extreme total energy intake at baseline (<400 or >4,000 kcal/day) and 2 (0.4%) 

more participants were excluded because they did not complete the baseline physical 

activity questionnaire. The final analytic cohort included 3,658 participants, of whom 734 

(20.1%) died through the end of 2019 (Figure 1), of which, 34.7% died of breast cancer 

(Supplemental Table S1).

Final Analytic Dataset

The final analytic dataset contained 30 rows of data for each active participant during the 

entire 10-year study period (15 rows for the 5-year assessment). Each row represented a 

four-month time period in order to capture any dietary and lifestyle changes which may 

have occurred after baseline. For those participants who died or were censored during the 

study period, the number of rows for that participant was equal to the amount of time they 

were active, the last row representing their last 4-month time period. Using the baseline 

data as the start time of each covariate history, the study period for each participant began 

at the completion of their 6-month questionnaire with each covariate history lagging one 

follow-up period behind. Time-varying covariates with missing data were populated with 

values carried over from preceding time periods.

Hypothetical Interventions

For each of the DQIs and for physical activity, we specified 4 hypothetical interventions 

of increasing concordance with these measures, starting at baseline. For the dietary quality 

measures, we used the values associated with the 25th, 50th, 75th and 100th percentiles 

from the baseline distributions for each respective measure as the cut points for each of 

the hypothetical interventions. For example, the 25th percentile for the baseline distribution 

of hPDI was a score of 46, which then became the cut point for the first level of the 

hypothetical intervention for that index (Table 2). For physical activity, we used the 

recommendations from the Physical Activity Guidelines for Americans (PAGA)33 as set 

forth by the US Department of Health and Human Services, as the basis for each cut point. 

The PAGA suggests that health benefits begin with as little as 1-hour per week from any 

type of physical activity, and substantial health benefits occur after 2.5 to 5-hours per week 

of moderate physical activity.33 We therefore used 1, 2.5 and 5 as the cut points and added 

a fourth level at 10-hours per week since we included both moderate and vigorous physical 

activities.

For each hypothetical intervention, participants whose risk factor met the level of the 

intervention maintained that value, while those whose risk factor did not meet the 

hypothetical intervention level had their values set to that point. For example, for a 

hypothetical intervention on hPDI at the 46-point level, if a participant scored 46 or above 
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on their hPDI score they kept their observed value, whereas for those with hPDI values 

below 46, their hPDI score was set to 46. For the smoking intervention, smoking after 

baseline was set to the total pack-years of cigarettes smoked at baseline, corresponding 

to current smokers quitting smoking and non-smokers never starting. We additionally 

considered combinations of interventions on diet quality, physical activity, and smoking, 

as well as the standard course (no intervention). We specified all hypothetical interventions 

to be maintained over the entire 5- or 10-year follow-up period (Table 2).

Statistical Analysis

We estimated the 5- and 10-year risks of death under each intervention via parametric g-

computation, a generalization of direct standardization, using a SAS macro developed by the 

Harvard Program on Causal Inference.34 Briefly, g-computation fits a series of parametric 

regression models for the outcome and its predictors, then simulates these variables under 

specified values of exposures (Supplemental Figure S1).21, 23 Exposures and confounders 

are modeled sequentially accounting for the structural and temporal relationships between 

them as implied by a directed acyclic graph (DAG).35 Fixing exposure levels can be 

interpreted similarly to an intervention that achieved that level of the variable. This allows 

estimation of the effects of a range of exposure comparisons on the outcome of interest 

(here, all-cause mortality), while correctly addressing time-varying confounding.21-23 While 

the use of time-varying variables may be commonplace in standard epidemiological 

analyses, these studies are subject to the bias that arises from time-varying covariates, which 

both confound and mediate the exposure-outcome relationship.22

For this analysis, a pooled logistic regression model for the outcome was fit across all time 

periods and regression models were fit to estimate the joint distribution of each covariate 

at each time interval, conditional on the covariate histories (Supplemental Table S2). Using 

Monte Carlo simulations, 3,658 covariate histories (equal to the sample size) consistent with 

the intervention were generated for each iteration. Using the estimated coefficients from 

the regression models, the values of each of the covariates were then calculated, and for 

the covariates that underwent the intervention, their values were then changed according 

to the intervention specification. When calculating the risk under the natural course (no 

intervention), no changes were made to any of the values of the predicted covariates. 

Average risk ratios (RR) and risk differences (RD) were calculated by comparing the 

population-level risk associated with each intervention to that associated with the natural 

course (no intervention). Corresponding 95% confidence intervals for these measures, were 

estimated via non-parametric bootstrapping on 1,000 samples.

To assess model specification, we compared the observed estimates with the model-based 

predicted estimates under no intervention, over the 10-year follow-up period for both the 

cumulative incidence for all-cause mortality (Figure 2) and each time-varying covariate 

(Supplemental Figure S2). Additionally, we conducted sensitivity analyses separately 

excluding BMI and alcohol intake, because even though the most current research supports 

their association with overall mortality among breast cancer survivors,7, 9 they have 

historically been considered equivocal risk factors.6 We further assessed model fit by 

applying quadratic and cubic functions as well as splines and interaction terms on BMI, 
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alcohol and other risk factors. There were no alternative model specifications that appeared 

to optimize model fit.

Fully adjusted models included time-varying data for hPDI, ACS, HEI, physical activity, and 

smoking. Independent models were assessed for each of the five primary exposures, however 

physical activity and smoking were included as covariables in models assessing hPDI, ACS 

and HEI. In models where physical activity and smoking were the primary exposures, HEI 

was included as a dietary covariable because of its intention to characterize a generally 

healthy diet. Models also included time-varying data on alcohol and energy intake, BMI and 

comorbidity scores. Additionally, the following baseline characteristics were included: age 

at diagnosis, race and ethnicity, education level, cancer stage, ER, PR, HER-2, surgery type, 

chemotherapy, radiation therapy, and hormonal therapy (variables categorized as specified 

in Table 3). Potential confounders of the relationship between diet, lifestyle factors and 

all-cause mortality were determined from existing knowledge and were incorporated into a 

DAG (Supplemental Figure S3). Those identified in the DAG as confounders were included 

in our final models.

Data availability

The data generated in this study are available upon request from the corresponding author.

RESULTS

Baseline Characteristics

A total of 3,658 participants were followed for 36,527 person-years. Average age at 

diagnosis was 59.7 years (range=24-94) and included whites (68.0%), Asians/Pacific-

Islanders (13.0%), Hispanics (10.3%), Blacks (6.6%) and American Indians/Alaska Natives 

(2.1%). A complete description of demographic and clinical characteristics can be found in 

Table 3.

Hypothetical Interventions and All-Cause Mortality

There were 297 deaths within the first 5 years after a breast cancer diagnosis, 619 deaths 

within the first 10 years after a breast cancer diagnosis, and the Kaplan-Meier probabilities 

of death were 8.1% (95% CI 7.3-9.1) and 17.8% (95% CI 16.6-19.1), respectively. In 

comparison, the estimated 5- and 10-year risks of all-cause mortality under the natural 

course (no intervention), as calculated by the g-formula, were 7.9% (95% CI 7.1-8.9) and 

17.4% (95% CI 16.0-18.8), respectively. Estimates of 5- and 10-year risks of death under 

each hypothetical intervention and the estimated RR and RD compared to the natural course 

are presented in Table 4. For individual hypothetical interventions on each DQI and physical 

activity, the inverse association with mortality became stronger with greater intensity of 

the intervention. For example, the 5-year RR comparing the hypothetical interventions on 

PA alone as ≥ 1, ≥ 2.5, ≥ 5 and ≥ 10 hours per week, compared to the natural course 

were 1.00 (95% CI 0.97-1.00), 0.96 (95% CI 0.92-0.99), 0.91 (95% CI 0.82-0.97) and 

0.76 (95% CI 0.60-0.91), respectively. The same type of pattern was observed among the 

risk differences. The hypothetical intervention on smoking alone, whereby smokers quit 

smoking and non-smokers never started smoking, suggested a 6% decrease for both the 5- 
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and 10-year risk of all-cause mortality when compared to the natural course, though the 

estimate was not statistically significant in the case of the 5-year risk (5-year RR=0.94, 95% 

CI 0.88-1.00, 10-year RR=0.94, 95% CI 0.89-0.97).

Combining the moderate hypothetical interventions on diet quality and physical activity 

together with the intervention on smoking, suggested lower 5-year risks of mortality 

compared to the natural course (hPDI≥46+PA≥1+SM RR=0.89, 95% CI 0.82-0.94, 

ACS≥3+PA≥1+SM RR=0.91, 95% CI 0.85-0.96, HEI≥66+PA≥1+SM RR=0.91, 95% CI 

0.84-0.95). Combining the most extreme hypothetical interventions, made the 5-year 

RRs stronger (hPDI=77+PA≥10+SM RR=0.44, 95% CI 0.26-0.67, ACS=9+PA≥10+SM 

RR=0.62, 95% CI 0.43-0.82, HEI=98+PA≥10+SM RR=0.51, 95% CI 0.33-0.72). While the 

10-year relative risks were slightly attenuated, the risk differences were more pronounced 

for both moderate and extreme hypothetical interventions (Table 4).

DISCUSSION

This study is the first to use a rigorous causal inference approach to demonstrate that higher 

diet quality, increased physical activity, and decreased smoking each could reduce mortality 

after breast cancer diagnosis. As suggested by the attenuating risk estimates produced from 

the hypothetical interventions on diet quality as compared to the natural course, increased 

intensity of the intervention on each dietary index (hPDI, ACS and HEI) was associated with 

lower risks of dying from all causes. Furthermore, increased intensity of the intervention 

on hPDI suggested the strongest reduction in risk, as compared to ACS and HEI. Like diet 

quality, the attenuating risk estimates associated with increased intensity of the hypothetical 

intervention on moderate to vigorous physical activity as compared to the natural course, 

suggested a reduction in risk of dying from all causes, as did the hypothetical intervention 

of stopping and never starting to smoke at or around the time of breast cancer diagnosis. 

Finally, the estimates associated with all three lifestyle behaviors (diet, physical activity 

and smoking) being jointly intervened upon at the same time, suggested that even modest 

interventions could provide the greatest reduction in risk.

To our knowledge, there have been no RCTs to jointly intervene on diet quality, physical 

activity, and smoking in order to assess their impact on all-cause mortality among breast 

cancer survivors. The existing evidence base consists primarily of observational studies 

that measure lifestyle factors at a single timepoint without accounting for factors that vary 

following a breast cancer diagnosis.7 To fill this gap, we estimated the dietary and lifestyle 

effects of hypothetical interventions with long-term follow-up on breast cancer survival, 

through the application of parametric g-computation. However, estimates obtained from 

previous studies should be compared to estimates from this analysis with caution, since 

such analyses target distinctly different estimands.21, 22 More specifically, estimates from 

this study represent the cumulative risk, or the probability of experiencing the event under 

a given hypothetical intervention, where estimates from prior observational studies using 

standard Cox regression models have produced conditional hazards under different covariate 

patterns.21, 22 Though our estimates may correspond more closely to the target measure 

under a clinical trial, we can still make qualitative comparisons.
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Qualitatively speaking, our findings are consistent with other research on diet quality 

measured at or around the time of diagnosis and breast cancer survival. Four observational 

studies using a priori dietary quality indices (e.g. HEI, ACS),28, 36-38 and one observational 

study using data driven dietary patterns (e.g. unhealthy western diet vs healthy prudent 

diet),39, 40 each reported that increased concordance with healthful dietary patterns was 

associated with lower risk of all-cause mortality. To our knowledge, only two RCTs have 

examined a healthy dietary pattern among breast cancer survivors, the Women’s Intervention 

Nutrition Sudy19 and the Women’s Healthy Eating and Living Study,20 in which the former 

focused on reduction of dietary fat and the latter on increased fruit and vegetable intake. 

While the results from both studies showed only modest effects on reducing all-cause 

mortality,19, 20 several recent systematic reviews and meta-analyses have reported on both 

pre- and post-diagnosis dietary patterns and all cause-mortality, each of which support 

a healthy dietary pattern to reduce the risk of all-cause mortality among breast cancer 

survival.11-14

Our results suggest that increasing physical activity is inversely related with death after 

breast cancer, independent of diet quality or smoking. This is qualitatively supported by 

a recent prospective study showing patients meeting the highest level of Physical Activity 

Guidelines for Americans both before and 1 year after diagnosis had a 49% reduced risk of 

death, compared to those who met them the least.41 A sub-analysis, which also considered 

physical activity measured during treatment and 2 years post-diagnosis, revealed that the 

most active patients experienced a 69% reduced risk of death when compared to the least 

active.41 The overall relationship between pre- and postdiagnosis physical activity and 

reduced risk of all-cause mortality among breast cancer survivors is further supported by a 

recent meta-analysis that showed an 18% and 42% lower risk of all-cause mortality when 

comparing the highest versus lowest pre- and postdiagnosis physical activity categories, 

respectively.15

Our hypothetical intervention where smokers stopped and non-smokers did not start, showed 

a 6% reduction in risk of all-cause mortality compared to their natural course, for both 

5 and 10-year follow-up periods (the 5-year RR was not statistically significant). This is 

qualitatively consistent with a meta-analysis from 2014, which included 9 studies, that 

reported a 33% increased risk of death when comparing those who smoked at the time of 

diagnosis to never smokers.42 Two studies prospectively examined post-diagnosis changes 

in smoking status and its impact on breast cancer survival, both of which supported an 

increased risk of death with continued smoking.18, 43

Our study has several strengths, including a large sample drawn from a population of women 

newly diagnosed with invasive breast cancer, prospective longitudinal data collection with 

a long follow-up period, and repeated measures on dietary and lifestyle exposures and 

covariables. Using a causal framework allowed for evaluating several hypothetical individual 

and joint interventions that would otherwise be difficult to implement, and appropriately 

adjusted for known time-varying confounders that could lead to biased estimates in more 

traditional analytic approaches.
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When there is no unmeasured confounding, no measurement error, no model 

misspecification, causal consistency, and all individuals have a nonzero probability of 

receiving all values of the treatment variable (positivity), g-computation can consistently 

estimate causal effects.21, 23 The g-formula relies heavily on a model that accurately 

represents the relationship between the exposure, the outcome, and any confounding 

variables. For this reason, we compared the observed estimates with the predicted model-

based estimates under no intervention for our outcome and for all time-varying covariates to 

assess model fit. Most notable of these comparisons, were the near identical curves for both 

the observed and predicted cumulative incidence estimates for all-cause mortality (Figure 

2). This, along with the absence of any egregious differences between the observed and 

predicted means among the time-varying covariates (Supplemental Figure S2) increased 

confidence in our model specification. Finally, as a sensitivity exercise, we reversed the 

order in which the g-formula modelled the time-varying covariates and found differences in 

the estimates to be negligible.

Despite the strengths of our study, some limitations should be acknowledged. Although 

g-computation can properly account for known confounders, it does not resolve bias due to 

unknown or unmeasured sources of confounding. We adjusted for a number of important 

covariates, informed by a causal diagram based on expert knowledge and literature review. 

However, we acknowledge that there may be important factors that we were unable to 

account for, which would result in a violation of the exchangeability assumption required for 

causal interpretation.

A key requirement for causal interpretation of our estimates is that the exposures reflect 

the same experience for every individual, often referred to as “causal consistency.” The 

extent that a violation of this assumption hinders meaningful inference has been the 

source of controversy44-47 but the general implication is that some “versions” of the 

exposure may yield different outcomes than others (e.g., achieving a specific HEI score 

by increasing vegetable intake may influence mortality differently than limiting processed 

meat consumption). We acknowledge that the consistency assumption is likely to be violated 

to some degree for lifestyle factors such as diet and physical activity, yet there are strong 

arguments that even with such violations, these estimates represent more relevant parameters 

for clinical and public health investigations.44, 47

G-computation is also subject to the ‘g-null paradox’, a phenomenon in which it is not 

possible to correctly specify the analytic model, and as a result, the null hypothesis is 

rejected, even if true.21 As described in Taubman et al (2009)21, to mitigate this issue, we 

only considered primary exposures that we a priori believed were related to the outcome, 

so that any observed associations would unlikely be explained by the ‘g-null paradox’. 

Although we specified the models involved in the g-computation to the best of our ability, 

it is possible that model misspecification could have influenced our results. In addition, 

immortal person-time, or the length of time between diagnosis and study enrollment, may 

be a source of bias, but methods to account for it in this setting are not well developed. 

However, with over 96% of participants having completed the baseline questionnaire within 

120 days of diagnosis, we do not believe that bias due to immortal person-time to be 

significant. To further confirm, we performed a sensitivity analysis comparing the risk 
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associated with the natural course after excluding all participants recruited more than 120 

days after their breast cancer diagnosis with the risk associated with the natural course when 

including everyone, and the differences were negligible.

G-computation also does not directly address limitations arising from measurement error 

of lifestyle factors, especially dietary intakes.48 This could result in biased estimates 

and/or misclassification, perhaps under or over estimating the effects of the hypothetical 

interventions. However, by using research instruments such as the FFQ and AAQ, which 

have been repeatedly validated in different settings and shown to be effective measurement 

tools,30 we do not believe misclassification of diet and physical activity to be significant. 

Epidemiologic research has also shown that adult retrospective self-reports of average daily 

cigarette use to be a relatively accurate means of estimating average number of cigarettes 

smoked.49 In addition, all hypothetical interventions are assumed to be maintained over 

the entire 5- or 10-year follow-up period, which does not account for potential fluctuations 

in adherence. Furthermore, we recognize that dietary index scores, in general, are limited 

by the subjectivity of their specified food groups, the dependence on their underlying 

guidelines, and the potential for classifying individuals into broad categories that may not 

reveal the nuances of a healthy diet.50 It is also difficult to interpret the results from dietary 

index scores beyond the study population in which they were examined, since there are no 

specific recommendations that accompany the scores. However, testing the scores at varying 

levels of the index, as we have done in this study, provides insight into the underlying 

effect. We also recognize that in a real-world setting, it may be difficult to identify a cohort 

of breast cancer survivors who could adhere to a diet quality and lifestyle intervention 

at the highest levels over long follow-up periods (as illustrated in some of our analyses 

here), however we felt that it was important to describe the estimates from our models 

along a range, from modest to most extreme, to help support more informed decision 

making. What may seem like an unachievable intervention in practice, may be achievable for 

certain subsets of the population since the hypothetical interventions were based on observed 

values.

Finally, it is also possible that women with breast cancer who enrolled in this study might 

be systematically different from those who did not. However, other data shows that the 

Pathways Study cohort reflects the eligible population, with minor shifts toward slightly 

younger ages, higher proportion of whites and earlier stages at diagnosis (Supplemental 

Table S3). Moreover, one study showed that the 1996 through 2009 KPNC population of 

women diagnosed with breast cancer represented one-third of the breast cancer population 

in Northern California, as compared to non-KPNC cancer centers which represented only 

7%, and all other non-KPNC hospitals which represented 61%.51 Additionally, breast cancer 

patients from KPNC were more demographically and clinically similar to breast cancer 

patients from the non-KPNC hospitals then they were to breast cancer patients from non-

KPNC cancer centers, suggesting that KPNC is more likely to be representative of the 

general underlying population of breast cancer survivors than those from the academic 

medical centers where much of clinical research is currently conducted.51

In summary, interventions that increase diet quality, increase physical activity, or eliminate/

prevent smoking, could reduce deaths among breast cancer survivors. Additionally, even 
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modest interventions on all three risk factors simultaneously could provide the greatest 

benefit, at both 5 and 10 years out from diagnosis. Future research may include the use 

of similar methodological approaches to examining the impact of diet and lifestyle factors 

on other breast cancer survival endpoints, such as recurrence and second primary cancers. 

These findings could also be further validated by implementing intervention trials among 

targeted subgroups who are motivated to modify their dietary and lifestyle behavior. The 

results from this study highlight the lifesaving potential of diet and lifestyle interventions on 

breast cancer survivors at the time of their diagnosis and add new rigor to the evidence base 

for lifestyle guidelines for women with breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AAQ Arizona Activity Questionnaire

ACS American Cancer Society

CI Confidence Interval

DAG Directed Acyclic Graph

DQI Diet Quality Index

EHR Electronic Health Record

ER Estrogen Receptor

FFQ Food Frequency Questionnaire

HEI Healthy Eating Index

HER2 Human Epidermal Growth Factor Receptor 2

hPDI healthy Plant-Based Dietary Index

KPNC Kaiser Permanente Northern California

MET Metabolic Equivalent Task
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PAGA Physical Activity Guidelines for Americans

PR Progesterone Receptor

RCT Randomized Controlled Trial

RD Risk Difference

RR Risk Ratio

SM Smoking
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Figure 1. 
Analytic exclusions and deaths among participants from the Pathways Study. This flowchart 

depicts the order and type of exclusions made leading up to the final analytic cohort, and 

therewithin, the total number of deaths.

Abbreviations: BL (baseline), FFQ (food frequency questionnaire), Kcals (kilocalories), 

PAQ (physical activity questionnaire).
aEnrolled at or around the time of their first invasive breast cancer diagnosis, 2005-2013.
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Figure 2. 
Cumulative incidence for all-cause mortality, comparing the observed (solid line) vs natural 

course (dotted line) estimates by follow-up in 4-month time intervals. This figure compares 

the observed estimates with the model-based predicted estimates under no intervention using 

the g-formula.
aEach interval represents a 4-month time period.
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Table 1.

Scoring methods and optimal quantities for each component of hPDI, ACS and HEI

Food group
hPDI

(max = 85 points)
ACS

(max = 9 points)
HEIa

(max = 100 points)

Dairy = Lowest quintile ≥ 1.3 cups/1,000 kcal

Fats

 Animal fats = Lowest quintile

 Saturated fats ≤ 8% of energy

 Unsaturated fats PUFAs + MUFAs:SFAs ≥ 2.5

 Vegetable oils = Highest quintile

Fruits and vegetables

 Fruits

  Fruit juices = Lowest quintile

  Whole fruits = Highest quintile ≥ 0.4 cups/1,000 kcal

  Total fruit ≥ 0.8 cups/1,000 kcal

 Vegetables

  Greens and beans ≥ 0.2 cups/1,000 kcal

  Non-Starchy vegetables = Highest quintileb

  Starchy vegetables = Lowest quintilec

  Total vegetables ≥ 1.1 cups/1,000 kcal

 Total fruits and vegetables = Highest quartiled

Grains

 Refined grains = Lowest quintile ≤ 1.8 ounces/1,000 kcal

 Whole grains = Highest quintile = Highest quartilee > 1.5 ounces/1,000 kcal

Proteins

 Eggs = Lowest quintile

 Legumes = Highest quintilef

 Nuts = Highest quintile

 Red and processed meats = Lowest quartile

 Seafood and fish = Lowest quintile

 Seafood and plant proteins ≥ 0.8 ounces/1,000 kcal

 Total Meat = Lowest quintileg

 Total protein ≥ 2.5 ounces/1,000 kcal

Sodium ≤ 1.1 grams/1,000 kcal

Sugar

 Added sugar ≤ 6.5% of energy

 Sweetened beverages = Lowest quintile

 Sweets = Lowest quintile

Teas and coffees = Highest quintile

Abbreviations: hPDI (healthy plant-based diet score), ACS (American Cancer Society nutrition guidelines score), HEI (2015 Healthy Eating Index 
score), PUFA (polyunsaturated fat), MUFA (monounsaturated fat), SFA (saturated fat).
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a
All quantities are average amounts per day.

b
Does not include potatoes and legumes.

c
Does not include sweet potatoes which are included in non-starchy vegetables.

d
Excludes fruit juices and potatoes. Includes partial variety score for consumption of ≥5 different fruits or vegetables per month.

e
Whole grains calculated as a percent of total grains.

f
Legumes include beans, peas, soybeans and soy products such as tofu.

g
Includes red and processed meats, poultry and organ meat.
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Table 2.

Descriptions of hypothetical interventions at baseline for Pathways Study participantsa

Intervention Description

(1) Natural course Observed data: no intervention on treatment at any time.

Diet qualityb

(2) hPDI ≥ 46 Any hPDI score < 46 is set to 46 and any hPDI score ≥ 46 is left unchanged.

(3) hPDI ≥ 51 Any hPDI score < 51 is set to 51 and any hPDI score ≥ 51 is left unchanged.

(4) hPDI ≥ 57 Any hPDI score < 57 is set to 57 and any hPDI score ≥ 57 is left unchanged.

(5) hPDI = 77 Any hPDI score < 77 is set to 77 and any hPDI score ≥ 77 is left unchanged.

(6) ACS ≥ 3 Any ACS score < 3 is set to 3 and any ACS ≥ 3 is left unchanged.

(7) ACS ≥ 4 Any ACS score < 4 is set to 4 and any ACS ≥ 4 is left unchanged.

(8) ACS ≥ 6 Any ACS score < 6 is set to 6 and any ACS ≥ 6 is left unchanged.

(9) ACS = 9 Any ACS score < 9 is set to 9 and any ACS ≥ 9 is left unchanged.

(10) HEI ≥ 66 Any HEI score < 66 is set to 66 and any HEI score ≥ 66 is left unchanged.

(11) HEI ≥ 73 Any HEI score < 73 is set to 73 and any HEI score ≥ 73 is left unchanged.

(12) HEI ≥ 79 Any HEI score < 79 is set to 79 and any HEI score ≥ 79 is left unchanged.

(13) HEI = 98 Any HEI score < 98 is set to 98 and any HEI score ≥ 98 is left unchanged.

Physical activityc

(14) PA ≥ 1 Any PA score < 1 is set to 1 and any PA score ≥ 1 is left unchanged.

(15) PA ≥ 2.5 Any PA score < 2.5 is set to 2.5 and any PA score ≥ 2.5 is left unchanged.

(16) PA ≥ 5 Any PA score < 5 is set to 5 and any PA score ≥ 5 is left unchanged.

(17) PA ≥ 10 Any PA score < 10 is set to 10 and any PA score ≥ 10 is left unchanged.

Smoking

(18) Quit/Never start Smokers quit at baseline and non-smokers never start.

Combined

(20) 2 + 14 + 18 Joint intervention of hPDI ≥ 48 and PA ≥ 1 and No Smoking.

(21) 5 + 17 + 18 Joint intervention of hPDI = 81 and PA ≥ 10 and No Smoking.

(22) 6 + 14 + 18 Joint intervention of ACS ≥ 3 and PA ≥ 1 and No Smoking.

(23) 9 + 17 + 18 Joint intervention of ACS = 9 and PA ≥ 10 and No Smoking.

(24) 10 + 14 + 18 Joint intervention of HEI ≥ 66 and PA ≥ 1 and No Smoking.

(25) 13 + 17 + 18 Joint intervention of HEI = 98 and PA ≥ 10 and No Smoking.

Abbreviations: hPDI (healthy plant-based dietary index score), ACS (American Cancer Society nutrition guidelines score), HEI (Healthy Eating 
Index score), PA (moderate to vigorous physical activity in hr/week)

a
All hypothetical interventions are assumed to be maintained over the entire 5- or 10-year follow-up period.

b
Diet quality intervention cut points determined from the 25th, 50th, 75th and 100th percentiles of the baseline distributions for each dietary index.

c
All Physical activity intervention cut points determined from Physical Activity Guidelines for Americans as set forth by the United States 

Department of Health and Human Services (see text).
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Table 3.

Baseline characteristics of the Pathways Study participants (n=3,658)

Demographic and behavioral characteristics No. (%) Mean (SD)

 Age at diagnosis (years) 59.7 (11.9)

 Race/ethnicity

  White 2,489 (68.0)

  Black 240 (6.6)

  Asian/Pacific Islander 475 (13.0)

  Hispanic 378 (10.3)

  American Indian/Alaska Native 76 (2.1)

 Education

  High school or less 547 (15.0)

  Some college 1,245 (34.0)

  College graduate 1,024 (28.0)

  Postgraduate 842 (23.0)

 BMI (kg/m2) 28.4 (6.7)

 Physical activity (hours per week)a 5.9 (5.5)

 Smoking (total pack-years)b 7.4 (15.6)

 Alcohol intake (grams/d) 7.1 (12.8)

 Energy intake (kcal/d) 1,466.1 (568.5)

 Elixhauser comorbidity score 0.2 (2.7)

 hPDI score 51.2 (7.6)

 ACS score 4.4 (2.1)

 HEI score 72.0 (9.5)

Clinical characteristics

 Cancer stage

  I 2,006 (54.8)

  II 1,250 (34.2)

  III 346 (9.5)

  IV 56 (1.5)

 ER status

  Positive 3,070 (83.9)

  Negative 586 (16.0)

  Unknown 2 (0.1)

 PR status

  Positive 2,346 (64.1)

  Negative 1,307 (35.7)

  Unknown 5 (0.1)

 HER2 status

  Positive 471 (12.9)

  Negative 3,044 (83.2)

  Unknown 143 (3.9)

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2024 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ergas et al. Page 22

 Surgery type

  Lumpectomy 2,175 (59.5)

  Mastectomy 1,364 (37.3)

  None 117 (3.2)

  Unknown 2 (0.1)

 Chemotherapy

  No 1,939 (53.0)

  Yes 1,708 (46.7)

  Unknown 11 (0.3)

 Radiation therapy

  No 2,038 (55.7)

  Yes 1,620 (44.3)

 Hormonal therapy

  No 902 (24.7)

  Yes 2,731 (74.7)

  Unknown 25 (0.7)

Abbreviations: SD (standard deviation), BMI (body mass index), hPDI (healthy plant-based dietary index), ACS (American Cancer Society 
nutrition guidelines), HEI (Healthy Eating Index), ER (estrogen receptor), PR (progesterone receptor), HER2 (human epidermal growth factor 
receptor 2).

a
Includes moderate to vigorous physical activities. There were 3 participants with unknown values.

b
There were 21 participants with unknown values.
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