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Abstract

BACKGROUND: Plant-based diets have been associated with lower risk of type 2 diabetes and 

cardiovascular disease (CVD) and are recommended for both health and environmental benefits. 

However, the association between changes in plant-based diet quality and mortality remains 

unclear.

METHODS: We investigated the associations between 12-year changes (from 1986 to 1998) in 

plant-based diet quality assessed by three plant-based diet indices (score range: 18 to 90)—an 

overall plant-based diet index (PDI), a healthful plant-based diet index (hPDI), and an unhealthful 

plant-based diet index (uPDI)—and subsequent total and cause-specific mortality (from 1998 to 

2014). Participants were 49,407 women in the Nurses’ Health Study (NHS) and 25,907 men in the 

Health Professionals Follow-Up Study (HPFS) who were free from CVD and cancer at 1998. 

Multivariable-adjusted Cox proportional-hazards models were used to estimate hazard ratios 

(HRs) and 95% confidence intervals (CIs).

RESULTS: We documented 10,686 deaths including 2,046 CVD deaths and 3,091 cancer deaths 

in the NHS over 725,316 person-years of follow-up, and 6,490 deaths including 1,872 CVD deaths 

and 1,772 cancer deaths in the HPFS over 371,322 person-years of follow-up. Compared with 

participants whose indices remained stable, among those with the greatest increases in diet scores 

(highest quintile), the pooled multivariable-adjusted HRs for total mortality were 0.95 (95% CI, 

0.90-1.00) for PDI, 0.90 (95% CI, 0.85-0.95) for hPDI, and 1.12 (95% CI, 1.07-1.18) for uPDI. 

Among participants with the greatest decrease (lowest quintile), the multivariable-adjusted HRs 

were 1.09 (95% CI, 1.04-1.15) for PDI, 1.10 (95% CI, 1.05-1.15) for hPDI, and 0.93 (95% CI, 
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0.88-0.98) for uPDI. For CVD mortality, the risk associated with a 10-point increase in each plant-

based diet index was 7% lower (95% CI, 1-12%) for PDI, 9% lower (95% CI, 4-14%) for hPDI, 

and 8% higher (95% CI, 2-14%) for uPDI. There were no consistent associations between changes 

in plant-based diet indices and cancer mortality.

CONCLUSIONS: Improving plant-based diet quality over a 12-year period was associated with a 

lower risk of total and CVD mortality, whereas increased consumption of an unhealthful plant-

based diet was associated with a higher risk of total and CVD mortality.

Keywords

Plant-based diet; diet quality; epidemiology; all-cause death; cardiovascular death

INTRODUCTION

Plant-based diets have been associated with lower risk of type 2 diabetes, cardiovascular 

disease (CVD), and other cardiometabolic risk factors.1-4 The 2015-2020 US Dietary 

Guidelines recommends several dietary patterns for chronic disease prevention including a 

healthy vegetarian pattern, healthy Mediterranean-style pattern, and healthy US-style 

pattern. At the same time, they raised the alarm on the current excessive intake of refined 

grains and added sugars.5 In addition, the EAT-Lancet report recommends a global shift 

towards plant-based diets not only for their health benefits but also for environmental 

sustainability.6

Previous studies on plant-based diets are somewhat limited because most defined a plant-

based diet dichotomously as either vegetarian or non-vegetarian, excluding some or all 

animal foods, and importantly, without differentiation for the quality of plant foods. While a 

higher intake of healthy plant foods, such as whole grains, vegetables, fruits, and nuts has 

been associated with lower all-cause and CVD mortality, a higher intake of less healthy plant 

foods, such as potatoes and added sugars has been associated with a higher cardiometabolic 

disease risk.7-11 Therefore, we previously developed three plant-based diet indices, an 

overall plant-based diet index (PDI), a healthful PDI (hPDI), and an unhealthful PDI (uPDI).
12, 13 We found that higher scores on the hPDI were associated with a lower risk of coronary 

heart disease, type 2 diabetes, and favorable adiposity-associated biomarker profiles while 

higher scores on the uPDI were associated with a higher risk of these outcomes.12-14 In the 

Third National Health and Nutrition Examination Survey (NHANES III), a higher hPDI was 

found to be associated with lower risk of all-cause mortality.15 Yet, it remains unknown 

whether changes in plant-based diet quality are associated with subsequent risk of death. 

From a public health standpoint, evaluating the effects of dietary change is meaningful as it 

reflects the risk associated when individuals make changes to their diet in the real world. We 

previously reported that changes in several dietary patterns including the Alternate Healthy 

Eating Index-2010, the Alternate Mediterranean Diet, and the Dietary Approaches to Stop 

Hypertension were associated with risk of mortality.16 While a healthy plant-based diet 

closely aligns with the principles of these dietary patterns, our plant-based diet indices are 

different from these other diet indices in several aspects. First, plant-based diet indices focus 

solely on the quality of plant foods included in a person’s diet. Second, the plant-based diet 

indices score all animal foods negatively, including animal foods known to be associated 

Baden et al. Page 2

Circulation. Author manuscript; available in PMC 2020 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with better health outcomes such as fatty fish and poultry. Therefore, examining how 

changes in plant-based diet quality is associated with mortality risk is essential especially 

given the global concerns for environmental sustainability.

In the present study, we evaluated associations between 12-year changes in plant-based diets 

and subsequent total and cause-specific mortality among participants in the Nurses’ Health 

Study (NHS) and the Health Professionals Follow-Up Study (HPFS).

METHODS

The data, analytical methods, and study materials will be available to other researchers from 

the corresponding author on reasonable request for purposes of reproducing the results or 

replicating the procedure.

Study Population and Design

The NHS was established in 1976 among 121,700 US female registered nurses aged 30 to 55 

years. The HPFS was established in 1986 among 51,529 US male health professionals aged 

40 to 75 years. Baseline and follow-up questionnaires were sent to participants every two 

years to update lifestyle factors and medical history over the follow-up period.17, 18 In both 

cohorts, follow-up rates exceeded 90%.

For both the NHS and HPFS, the initial cycle was set at 1986 to have comparable follow-up 

in both cohorts, the baseline was set at 1998 and the end of follow-up was 2014. We 

excluded participants who either died before baseline, had a history of CVD or cancer at or 

before baseline, had missing dietary information, or had implausible energy intakes (<800 

kcal or >4200 kcal per day in men and <500 kcal or >3500 kcal per day in women).

The study protocol was approved by the institutional review boards of the Brigham and 

Women’s Hospital and Harvard T.H. Chan School of Public Health, and those of 

participating registries as required. The completion of self-administered questionnaires was 

considered to imply informed consent.

Exposure Assessment

From 1986, dietary data were collected every four years using a semi-quantitative food 

frequency questionnaire (FFQ). The reliability and validity of the FFQ have been described 

elsewhere.19, 20 Participants reported how often, on average, they had consumed each food 

of a standard portion size in the past year. The development of three plant-based diet indices 

have been described previously.12, 13 We first created 18 food groups based on nutrients and 

culinary similarities. We further classified these 18 food groups into three larger categories 

of healthy plant foods (n=7; whole grains, fruits, vegetables, nuts, legumes, vegetable oils, 

tea/coffee), less healthy plant foods (n=5; fruit juices, refined grains, potatoes, sugar-

sweetened beverages, sweets/desserts), and animal foods (n=6; animal fat including butter or 

lard, dairy, eggs, fish/seafood, meat, miscellaneous animal-based foods). The categorization 

of healthy and less healthy plant foods was based on the most recent empirical evidence.
5, 7-11, 21, 22 All healthy and less healthy plant foods were given equal weight regardless of 

the strength of the evidence or the association of the individual foods with chronic disease 

Baden et al. Page 3

Circulation. Author manuscript; available in PMC 2020 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



risk. Foods constituting the 18 food groups along with their corresponding serving sizes are 

shown in Supplemental Table 1 in the online-only Data Supplement. Intake of 18 food 

groups (servings/day) was categorized into quintiles (Q) and each quintile was assigned a 

score between 1 and 5. For creating PDI, healthy and less healthy plant food groups were 

given positive scores (ex: Q1=1, Q2=2, Q3=3, Q4=4, Q5=5) while animal food groups were 

given reverse scores (ex: Q5=1, Q4=2, Q3=3, Q2=4, Q1=5). For hPDI, we assigned positive 

scores to healthy plant food groups and reverse scores to less healthy plant and animal food 

groups. For uPDI, we gave positive scores to less healthy plant food groups and reverse 

scores to healthy plant and animal food groups (Supplemental Table 1 in the online-only 

Data Supplement). Because alcohol has different associations with various health outcomes, 

we did not include this as a food group but rather adjusted for it in the analyses. Likewise, 

because the fatty acid composition of margarine has changed over time from high-trans to 

high-unsaturated fats, we included this variable as a covariate in the analyses. While dark 

chocolate might be neutral or beneficial for health outcomes, we included chocolate in less 

healthy plant food because our data did not distinguish chocolate type.23 Mixed dishes that 

have substantial amounts of animal foods (such as cheese or heavy cream) or where meat 

was the main component were classified as animal foods. We summed scores of 18 food 

groups to derive PDI, hPDI, and uPDI, ranging from 18 to 90. We assessed changes in plant-

based diet scores from 1986 to 1998 as the main exposures to evaluate their associations 

with subsequent risk of death.

Ascertainment of Deaths

Deaths were identified from state vital statistics records and the National Death Index, or 

were reported by the participants’ families and the U.S. postal system.24 Using these 

methods, 98% of the deaths in each cohort were ascertained.24 We attempted to obtain the 

death certificate of each participant who had died, and when appropriate, requested 

permission from the participant’s next of kin to review medical records. The underlying 

cause of death was assigned by physicians after they had reviewed death certificates and 

medical records. Cardiovascular deaths were determined by ICD-8 codes 390-458, and 

cancer deaths were defined by ICD-8 codes 140-207.

Ascertainment of Covariates

Every two years, participants returned a mailed validated questionnaire that obtained 

updated information on their lifestyle and other CVD risk factors including age, body 

weight, smoking status, physical activity, aspirin use, multivitamin use, menopausal status 

and postmenopausal hormone use in women, and physician diagnosis of chronic diseases. 

Baseline history of hypertension, hypercholesterolemia, and type 2 diabetes were 

determined through self-report. Body mass index (BMI) was calculated as weight in 

kilograms divided by the square of the height in meters. Detailed descriptions of the validity 

and reproducibility for body weight, physical activity, and alcohol consumption have been 

published previously.25-27

Statistical Analysis

We categorized changes in PDI, hPDI, and uPDI into quintiles from the largest decrease 

(quintile 1) to the largest increase (quintile 5). We evaluated the distribution of initial (1986) 
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and changes in characteristics of participants by applying direct standardization to the age 

distribution of the cohort. Person-years were calculated from the date of return of the 

baseline questionnaire to the date of death or the end of follow-up (2014), whichever 

occurred first. We used cause-specific Cox proportional-hazards models to estimate the 

hazard ratios (HRs) and 95% confidence intervals (CIs) associated with changes in PDI, 

hPDI, uPDI, and total and cause-specific mortality. In the basic model, we used calendar 

year as the underlying time scale and adjusted for age and the initial (1986) plant-based diet 

index score (in quintiles). In multivariable-adjusted model 1, we further adjusted for race, 

family history of myocardial infarction, diabetes, or cancer, baseline (1998) aspirin use and 

multivitamin use, initial BMI categories (<23.0, 23.0-24.9, 25.0-29.9, 30.0-34.9, ≤35 kg/

m2), menopausal status and postmenopausal hormone use in women (premenopausal, 

postmenopausal without hormone use, postmenopausal with current hormone use, 

postmenopausal with past hormone use), smoking status (never-never, current-past, past-

current, never-current, past-past, current-current), and initial and changes in each of smoking 

pack-years among ever smokers (continuous variables), alcohol consumption (in quintiles), 

margarine intake (in quintiles), physical activity (in quintiles), and total energy intake (in 

quintiles). Multivariable-adjusted model 2 was further adjusted for weight change (in 

quintiles), history of hypertension, hypercholesterolemia, or type 2 diabetes, 

antihypertensive medication use, and cholesterol-lowering medication use. Tests for trend 

were computed by assigning the median value to each quintile. We estimated the risk of 

death per 10-point increase in PDI, hPDI, and uPDI by treating the scores as continuous 

variables. We used restricted-cubic-spline regression analyses with 4 knots to flexibly model 

the associations of PDI, hPDI, and uPDI with risk of mortality, excluding participants in the 

top and bottom 0.5% of the corresponding index as outliers. To test for potential non-linear 

associations between plant-based diet indices (continuous) and mortality risk, we compared 

the model with the linear term to the model with both the linear and the cubic spline terms 

and performed a likelihood ratio test. A P value <0.05 denoted significant non-linearity. In 

secondary analyses, we examined associations of 8-year (from 1986 to 1994; 

baseline=1994) and 16-year (from 1986 to 2002; baseline = 2002) changes in PDI, hPDI, 

and uPDI with subsequent total and cause-specific mortality. We examined the pooled least 

squares mean (95% CIs) initial (1986) and changes (1986 to 1998) in individual 18 food 

group intakes according to the quintiles of 12-year changes in PDI, hPDI, and uPDI from 

general linear model adjusted for age, sex, initial and changes in total energy intake, and 

initial intakes of the corresponding food.

We conducted several sensitivity analyses to test the robustness of our findings. First, we 

adjusted for mammographic screening (women only) and physical checkups as early 

detection and treatment of disease could confound results.28 Second, we conducted 4-year 

lag analyses to minimize reverse causation due to existing diseases. Third, we conducted 

subgroup analyses and assessed statistical interactions according to several potential risk 

factors such as initial (1986) plant-based diet index scores, sex, baseline (1998) age, baseline 

BMI, baseline physical activity, baseline smoking status, weight change, and smoking status 

change. Fourth, in order to assess whether any observed associations were driven by changes 

in a single food group, we created modified plant-based diet indices by individually 

excluding each of the 18 food groups from the indices and assessed associations of changes 
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in each of the modified indices and risk of death with further adjustment for the initial and 

changes in the excluded food intakes. Fifth, based on previously reported neutral or 

beneficial effects of certain animal foods on health outcomes, we created additional healthy 

plant-based diet indices by assigning positive scores individually to fish/seafood, poultry, 

fermented dairy, low-fat dairy, high-fat dairy, egg, and simultaneous positive coding for fish/

seafood, poultry, fermented dairy, low-fat dairy, and egg. 29-31All additionally created index 

scores were scaled to be between 0-90 to allow for comparisons with the original PDI, hPDI, 

and uPDI.

Analyses were performed separately for each cohort and pooled with the use of an inverse, 

variance-weighted meta-analysis with a fixed effects model. However, we pooled the data 

for the restricted cubic-spline analyses, the analyses examining pooled initial and changes in 

food groups according to the changes in plant-based diet indices, and the subgroup analysis 

for sex. All analyses were executed using SAS for UNIX version 9.4 (Cary, NC). Statistical 

tests were two-sided with P values <0.05 indicating statistical significance.

RESULTS

Participant Characteristics

Initial and 12-year changes in characteristics of participants according to quintiles of PDI 

change are shown in Table 1. In both cohorts, participants with the greatest increase in PDI 

had a lower initial PDI score, a greater increase in physical activity, a lower initial energy 

intake, and a lower baseline prevalence of diabetes than participants whose PDI scores were 

relatively stable (Table 1). Participants with the greatest hPDI increase were younger, had a 

lower initial hPDI score, a lower weight gain, a greater increase in physical activity, a higher 

initial energy intake, and a higher baseline prevalence of diabetes. Participants with the 

greatest uPDI increase were older, had a lower initial uPDI score, a smaller increase in 

physical activity, a higher initial energy intake, and a lower baseline prevalence of diabetes 

than those whose scores were relatively stable (Supplemental Table 2 in the online-only Data 

Supplement).

In the NHS, over 725,316 person-years of follow-up, we documented 10,686 deaths 

including 2,046 deaths from CVD and 3,091 deaths from cancer. In the HPFS, during 

371,322 person-years of follow-up, we documented 6,490 deaths including 1,872 deaths 

from CVD and 1,772 deaths from cancer.

Changes in Plant-Based Diet Quality and Risk of Total and Cause-Specific Mortality

In pooled multivariable analyses, compared with participants whose PDI scores were 

relatively stable, those with the greatest increase (quintile 5) had a marginally lower risk of 

all-cause mortality (5% [95% CI, 0% to 10%]) (Table 2). Participants with the greatest 

increase in hPDI had a 10% lower all-cause mortality risk (95% CI, 5% to 15%), whereas 

those with the greatest increases in uPDI had a 12% higher risk of death (95% CI, 7% to 

18%). In contrast, compared with participants whose diet scores were relatively stable, 

participants with the greatest decrease (quintile 1) in the corresponding diet scores had a 9% 

(95% CI, 4% to 15%) higher risk of death for PDI, a 10% (95% CI, 5% to 15%) higher risk 
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of death for hPDI, and a 7% (95% CI, 2% to 12%) lower risk of death for uPDI. Restricted-

cubic-spline analyses showed no evidence of nonlinearity for the associations between plant-

based diet indices and total mortality (P >0.05 for test of curvature and P <0.001 for linearity 

in all plant-based diet indices, Figure 1). When we examined the joint association of scores 

at initial and 12 years later, compared with participants who had consistently low hPDI 

scores over time, participants with the largest increase in hPDI (low to high) had a 9% (95 % 

CI, 1% to 17%) lower risk of total mortality while those with consistently high hPDI scores 

over time had an 8% (95% CI, 3% to 13%) lower risk of total mortality (Figure 2). 

Compared with participants who had consistently low uPDI scores over time, the HR for 

those with consistently high uPDI was 1.04 (95% CI, 0.98 to 1.09), while the HR for those 

with the greatest decrease in uPDI (high to low) was 0.91 (95% CI, 0.84 to 1.00) (Figure 2).

For each 10-point increase in 12-year changes in PDI and hPDI, CVD mortality risk was 

lower by 7% (95% CI, 1% to 12%) and 9% (95% CI, 4% to 14%), respectively. By contrast, 

for each 10-point increase in uPDI, risk of CVD mortality was higher by 8% (95% CI, 2% to 

14%) (Table 3). A 10-point PDI increase was associated with a 7% lower risk of cancer 

mortality (95% CI, 2% to 11%). There were no significant associations between changes in 

hPDI or uPDI and cancer-related deaths. When examining associations of changes in PDI, 

hPDI, and uPDI with subtypes of CVD and cancer mortality, we found a significant inverse 

association between a 10-point increase in hPDI and coronary heart disease mortality but not 

stroke mortality (Supplemental Table 3). For cancer subtype mortality, given the small 

number of cases, we did not document consistent associations.

When we additionally examined 8-year and 16-year changes in plant-based diet indices, a 

10-point hPDI increase over a 16-year period was associated with a 16% lower risk of total 

mortality (95% CI, 13% to 18%), whereas a 10-point uPDI increase over a 16-year period 

was associated with 20% higher risk of total mortality (95% CI, 16% to 24%) (Figure 3). 

Similar associations were observed for CVD mortality (Supplemental Figure 1A in the 

online-only Data Supplement). There were no consistent associations between shorter or 

longer improvement in plant-based diet quality and cancer mortality (Supplemental Figure 

1B in the online-only Data Supplement).

Food Intake and Mortality

The initial and 12-year mean changes in each food group intake according to the quintiles of 

changes in PDI, hPDI, and uPDI are shown in Supplemental Table 4 in the online-only Data 

Supplement. After accounting for differences in initial food intake levels, changes in hPDI 

were primarily driven by increased consumption of whole grains, fruits, vegetables, and tea 

and coffee. On the other hand, changes in uPDI were mainly driven by decreased 

consumption of fruits, vegetables, and tea and coffee, and increased consumption of refined 

grains and sweets and desserts (Supplemental Table 4 in the online-only Data Supplement).

When changes in intakes of servings of foods (healthy plant foods, less healthy plant foods, 

and animal foods) were included simultaneously in the model in place of the plant-based 

diet indices, compared to participants whose healthy plant foods intake remained relatively 

stable, those with the greatest increase in intake of healthy plant foods (median change=4.5 

servings/day for women and 5.6 servings/day for men) had a 7% lower risk (95% CI, 2% to 
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12%) while those with the greatest decrease (median change=5.1 servings/day for women 

and 3.9 servings/day for men) had a 16% higher risk (95% CI, 10% to 22%) of total 

mortality (Supplemental Figure 2 in the online-only Data Supplement). Participants with the 

greatest increase in animal foods (median change=2.0 servings/day for women and 2.1 

servings/day for men) had a 7% higher risk (95% CI, 2% to 13%) of total mortality 

(Supplemental Figure 2 in the online-only Data Supplement). We found no associations 

between changes in intake of less healthy plant foods intake and total mortality.

Sensitivity Analyses

The significant associations between changes in plant-based diet indices and mortality 

persisted when we further adjusted for mammographic screening (for women) and physical 

checkups (Supplemental Table 5 in the online-only Data Supplement), when we excluded 

deaths in the first 4-years of follow-up (Supplemental Table 6 in the online-only Data 

Supplement), and when we stratified by major confounding factors (Supplemental Figure 3 

in the online-only Data Supplement). Changes in hPDI were more strongly associated with 

total mortality among participants with smaller weight increase than those with larger weight 

increase (P for interaction <0.001, Supplemental Figure 3 in the online-only Data 

Supplement). Further, when we excluded the 18 food groups one at a time from PDI, hPDI, 

and uPDI and adjusted for the initial and changes in the excluded food group intake, the HRs 

for total mortality per 10-point increases in index scores were not materially altered 

(Supplemental Table 7 in the online-only Data Supplement). In addition, when we modified 

hPDI to score certain animal foods positively (fish, poultry, fermented diary, low-fat dairy, 

high-fat dairy, and eggs individually or simultaneous positive coding for fish, poultry, 

fermented dairy, low-fat dairy, and eggs), the HRs remained similar (Supplemental Table 8 

in the online-only Data Supplement).

DISCUSSION

In the current analyses, we found that improving plant-based diet quality over a 12-year 

period was associated with a subsequent lower risk of death. A 10-point increase in hPDI 

over a 12-year period was associated with a 10% lower risk of total mortality and a 9% 

lower risk of CVD mortality, whereas a 10-point increase in uPDI was associated with an 

9% higher risk of total mortality and an 8% higher risk of CVD mortality. There was no 

consistent evidence for an association between changes in plant-based diet quality and 

cancer mortality.

Previous studies that examined associations between plant-based dietary patterns and 

mortality have been somewhat inconclusive and the discrepancies in these findings can be 

attributed to differences in the quality of plant foods.32-34 In two cohorts of Seventh-day 

Adventists, vegetarian diets were associated with a 12%-20% lower risk of total mortality.
32, 33 In contrast, findings from the European Prospective Investigation into Cancer and 

Nutrition study found no associations between vegetarian diets and total and CVD mortality.
34 Consistent with our finding of a lower mortality risk with a greater hPDI increase, using 

NHANES III data, Kim et al found that among participants with hPDI scores above the 

median, each 10-point higher hPDI was associated with a 5% lower total mortality risk.15 
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However, they found no evidence for associations between PDI, uPDI, and risk of total and 

CVD mortality. These inconsistencies may be due to the smaller NHANES sample size and 

our strategy to assess dietary changes. To our knowledge, this is the first study to investigate 

the associations between changes in plant-based diet quality and subsequent risk of death.

The results on hPDI change in the current study are in line with previous studies that 

examined changes in other healthy dietary patterns such as the Healthy Eating Index, the 

Alternate Healthy Eating Index-2010, the Alternate Mediterranean Diet, and the Dietary 

Approaches to Stop Hypertension diet score and mortality risk.16, 35 While these dietary 

patterns focus on the overall diet quality, plant-based diet indices focus on the quality of 

plant foods and score all animal foods negatively. A significant finding from our study is that 

decreases in consumption of healthy plant foods were associated with a higher risk of death. 

This has important public health implications as future nutrition policies and public health 

efforts to lower chronic disease risk should account for the quality of plant foods. Further, 

when we individually excluded the 18 food groups from the diet scores, results remained 

unchanged signifying the importance of assessing the overall plant-based diet quality rather 

than a specific food. Our findings that HRs for the association between a 10-point increase 

in hPDI and mortality risk remained unchanged after positive coding for fish, poultry, 

fermented dairy, low-fat dairy, and eggs suggest that the inverse association was not driven 

by changes in these animal foods but rather by increases in healthy plant foods, decreases in 

less healthy plant foods and/or other animal foods, or a combination of the above. Because 

the focus of this study is on examining changes in plant-based diet quality, we are unable to 

draw conclusions about specific plant-for-animal substitutions that may lead to lower 

mortality. However, our recent analysis suggested that replacing red and processed meats 

with healthy plant foods such as whole grains, nuts, legumes, and vegetables was associated 

with lower risk of mortality31.

A central issue in examining changes in diet quality and subsequent risk of mortality is to 

adequately control for concomitant changes in other behaviors (such as changes in physical 

activity and smoking), initial diet quality, and time-varying measures of chronic diseases. 

For example, in our study, participants with the greatest increase in hPDI had lower initial 

hPDI scores, had lower weight gain, greater increases in physical activity, and were more 

likely to be diagnosed with high blood cholesterol or diabetes. Therefore, we adjusted not 

only for initial and changes in covariates but also for initial diet scores as participants with 

lower initial scores tended to increase their diet scores. Our findings show that after 

adjusting for initial diet scores, those with the greatest increases in hPDI had a lower risk of 

death, suggesting that even improving one’s diet later in life can have health benefits. While 

we only documented marginally significant associations with decreases in less healthy plant 

foods and mortality, the existing evidence supports the replacement of less healthy plant 

foods with healthy plant foods for chronic disease risk reduction. For example, strong 

evidence from intervention trials of substituting whole grains for refined grains indicates 

favorable effects on cardiovascular risk factors, the gut microbiome, and immune and 

inflammatory responses.36, 37 Likewise, epidemiological data consistently show that regular 

consumption of coffee or tea instead of sugar-sweetened beverages is associated with lower 

risk of chronic disease and premature death.22, 38
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A diet pattern consistent with a high hPDI score has the added advantage of being more 

environmentally sustainable. Most recently, the EAT-Lancet commission on Food, Planet, 

and Health recommended the universal healthy reference diet which largely consists of 

whole grains, vegetables, fruits, legumes, nuts, and unsaturated oils, includes a low to 

moderate amount of seafood and poultry, and includes no or a low quantity of red meat, 

processed meat, added sugar, refined grains, and starchy vegetables.6 To assess the 

environmental benefits of a healthy plant-based diet, Springmann et al. used an integrated 

health and environmental modeling framework for more than 150 countries and concluded 

that adopting a public health strategy that is focused on improving energy-balance and 

dietary changes towards low-meat and predominantly plant-based diets could not only 

reduce premature mortality but also markedly reduce environmental impacts globally.39 

Future work should consider the role of healthy plant-based diet and a planetary health diet 

in altering the gut microbiome and other biological systems that may influence disease risk.

Consuming a plant-based diet without complete exclusion of animal foods is desirable as 

such an approach is flexible and allows individuals to make gradual changes to their diets. In 

addition, excluding all animal foods may not be appropriate for all demographics as 

moderate intakes of animal foods such as fish, poultry, and dairy have been shown to confer 

some health benefits.29-31 On the other hand, diets based entirely on plant foods may lead to 

deficiencies in nutrients such as vitamin B12 in some individuals.40 From this perspective, 

the hPDI supports gradual changes to healthy plant-based diet without necessarily excluding 

an entire food group (e.g. certain animal foods). For example, a 10-point increase in hPDI 

could be achieved by increasing healthy plant foods (such as fruits, vegetables and whole 

grains) by about 3 servings/day and decreasing less healthy plant foods (such as refined 

grains and added sugars) and some animal foods (such as processed meats) by about 2 

servings/day.

Based on evidence from previous studies, several mechanisms can be speculated through 

which a healthy plant-based diet is associated with lower mortality. In the current study, the 

largest contributors to positive changes in the hPDI were whole grains, fruits, vegetables, 

tea, and coffee. Whole grains, fruits, and vegetables consumption have been associated with 

lower total and CVD mortality.8, 9, 41 These associations may be partially explained through 

anti-inflammatory and antioxidant effect of dietary fibers and polyphenols.42-44 Tea and 

coffee consumption also have been associated with lower total and CVD mortality, explained 

by polyphenols such as catechins and theaflavins in tea and chlorogenic acid in coffee with 

antioxidant effects.38, 45-47 Although improvements in the hPDI were previously shown to 

be favorably associated with adiposity-associated biomarker profiles and less weight gain,
14, 48 the statistical interaction between hPDI and weight change and mortality risk suggests 

that greater amounts of weight gain may attenuate the health benefits of increasing hPDI on 

mortality risk.

The strengths of this study include the prospective design, the large sample size, the high 

rate of follow-up, repeated assessments of diet and lifestyle, and the evaluation of changes in 

plant-based diet quality. However, several limitations should be noted. First, generalizability 

may be limited because participants in our study were all health professionals and were 

predominantly white. However, the high educational status of our participants should be 
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considered as an advantage because it allowed us to collect detailed and accurate 

information on diet, lifestyle, and other health variables and minimize confounding by 

socioeconomic status. It is also unlikely that the benefits of a healthy plant-based diet would 

differ by race and ethnicity. Second, although we controlled for several lifestyle factors and 

excluded participants with CVD, cancer, or implausible energy intakes, the possibility of 

residual confounding cannot be excluded due to the observational nature of the study. Third, 

as the plant-based diet indices were established to distinguish the quality of plant foods, all 

animal foods were scored negatively while certain animal foods have been shown to have 

either beneficial or null effects to health outcomes such as fish/seafood, poultry, and dairy. 

However, sensitivity analyses by scoring some of these foods such as fish/seafood, poultry, 

and fermented and low-fat dairy positively did not materially alter the findings. Further, 

certain mixed dishes (such as pizza and creamy soups) were classified as animal foods 

because they contain a substantial amount of animal foods. Such a broad classification may 

not fully capture certain healthful or unhealthful plant-based components of these mixed 

dishes. Fourth, our dietary assessment was based on self-reported questionnaires, which may 

produce measurement errors. However, the FFQs used in the current study were extensively 

validated against diet records and biomarkers.19, 20 In addition, the consistency of our results 

with other previous studies on healthy dietary patterns, and the effects of controlled feeding 

studies on cardiovascular risk factors, suggests that observed associations were unlikely to 

be explained by residual confounding and measurement errors.16, 49, 50

In conclusion, we found that improving plant-based diet quality over a 12-year period was 

associated with a lower risk of total and CVD mortality, whereas increased consumption of 

an unhealthful plant-based diet was associated with a higher risk of total and CVD mortality. 

Our results support shifts toward diets that emphasize healthy plant foods for improved 

health outcomes.
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Acknowledgements

We would like to thank the participants, the Channing Division of Network Medicine, and staff of the NHS and the 
HPFS for their valuable contributions as well as the following state cancer registries for their help: AL, AZ, AR, 
CA, CO, CT, DE, FL, GA, ID, IL, IN, IA, KY, LA, ME, MD, MA, MI, NE, NH, NJ, NY, NC, ND, OH, OK, OR, 
PA, RI, SC, TN, TX, VA, WA, WY. The authors assume full responsibility for analyses and interpretation of these 
data.

These results were presented at the American Heart Association’s Epidemiology and Prevention, Lifestyle and 
Cardiometabolic Health Scientific Sessions 2019 on March 6, 2019.

Sources of Funding

This work was supported by grants UM1 CA186107, UM1 CA167552, P01 CA87969, R01 HL034594, HL088521, 
HL35464, HL60712, and P30 DK46200 from the National Institutes of Health. Dr. Baden was supported by a 
fellowship from the Manpei Suzuki Diabetes Foundation. Dr. Satija was supported by American Heart Association 
Grant #16POST29660000. Dr. Bhupathiraju was supported by a Career Development Grant from the National 
Institute of Diabetes and Digestive and Kidney Diseases (K01 DK107804).

Baden et al. Page 11

Circulation. Author manuscript; available in PMC 2020 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Non-standard Abbreviations and Acronyms

CVD cardiovascular disease

PDI overall plant-based diet index

hPDI healthful plant-based diet index

uPDI unhealthful plant-based diet index

NHS Nurses’ Health Study

HPFS Health Professionals Follow-Up Study

HR hazard ratio

CI confidence interval

NHANES National Health and Nutrition Examination Survey

FFQ food frequency questionnaire

Q quintile

BMI body mass index
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Clinical Perspective

What Is New?

• Whether improving plant-based diet quality is associated with a lower risk of 

mortality remains unclear.

• In two large US cohorts, we investigated the associations between 12-year 

changes in quantity and quality of plant foods and subsequent risk of total and 

cause-specific mortality.

• Improving plant-based diet quality was associated with lower risk of total and 

cardiovascular disease mortality, whereas increased consumption of an 

unhealthful plant-based diet was associated with a higher risk of total and 

cardiovascular disease mortality.

• There were no consistent associations between changes in plant-based diet 

quality and cancer mortality.

What Are the Clinical Implications?

• Our results support current recommendations to shift towards a diet that 

emphasizes healthy plant foods for improved health outcomes.

• Increasing intakes of healthy plant foods and decreasing intakes of less 

healthy and/or animal foods can lower the future risk of mortality.

• Given the health and environmental benefits associated with healthy plant-

based diets, nutrition policies and public health efforts should consider the 

quality of plant foods to promote reductions in chronic disease risk.
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Figure 1. Restricted cubic spline curves for associations between 12-year changes in plant-based 
diet indices and total mortality.
A. Overall plant-based diet index (PDI). B. Healthful plant-based diet index (hPDI). C. 
Unhealthful plant-based diet index (uPDI). Multivariable-adjusted hazard ratios are 

calculated by restricted cubic spline regression adjusted for age, sex, race, initial plant-based 

diet index score, family history of myocardial infarction, diabetes, or cancer, aspirin use, 

multivitamin use, initial body mass index, weight change, menopausal status and hormone 

use in women, smoking status, history of hypertension, hypercholesterolemia, or type 2 

diabetes, antihypertensive medication use, cholesterol-lowering medication use, and initial 

and changes in each of smoking pack-years, physical activity, total energy intake, alcohol 

consumption, and margarine intake. Solid curves represent point estimates and dashed 

curves represent 95% confidence intervals (CIs).
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Figure 2. Risk of death from any cause according to initial (1986) and 12 years later plant-based 
diet index scores.
Initial plant-based diet index scores are shown as low, mediun, and high. At 12 years later, 

participants may have had a consistenty low plant-based diet index scores over time, a 

change from a low score to a medium or high score, a consistently medium score over time, 

a change from a medium score to a low or high score, a consistetly high score over time, or a 

change from a high score to a low or medium score. The multivariable-adjusted hazard ratios 

were calculated with adjustments for age, race, family history of myocardial infarction, 

diabetes, or cancer, aspirin use, multivitamin use, initial body mass index, weight change, 

menopausal status and hormone use in women, smoking status, history of hypertension, 

hypercholesterolemia, or type 2 diabetes, antihypertensive medication use, cholesterol-

lowering medication use, and initial and changes in each of smoking pack-years, physical 

activity, total energy intake, alcohol consumption, and margarine intake. Results from the 

Nurses’ Health Study and the Health Professionals Follow-Up Study were combined with 

the use of the fixed effects model. Error bars represent 95% confidence intervals; asterisks 

represent P <0.05 for the associations of hazard ratios compared with participants who had 

consistently low plant-based diet index scores over time.
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Figure 3. Risk of death from any cause per 10-point increase in plant-based diet indices for 
preceding 8-, 12-, 16-year changes.
The multivariable-adjusted hazard ratios of death from any cause per 10-point increase in 

three plant-based diet indices for preceding 8-, 12-, and 16-year are shown. Error bars 

represent 95% confidence intervals (CIs).
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