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Abstract
Not all plant-based and animal foods exert the same health effects due to their various nutrient compositions. We aimed to assess the quality of
plant-based v. animal foods in relation to mortality in a prospective cohort study. Using data collected from a nationally representative sample of
36 825 adults in the National Health and Nutrition Examination Survey 1999–2014, we developed a de novo Comprehensive Diet Quality Index
(cDQI) that assesses the quality of seventeen foods based on the healthfulness and separately scored the quality of eleven plant-based foods in a
plant-based Diet Quality Index (pDQI) and six animal foods in an animal-based Diet Quality Index (aDQI). Mortality from all causes, heart
disease and cancer were obtained from linkage to the National Death Index up to 31 December 2015. Cox proportional hazard models were
used to estimate hazard ratios (HR) and 95 % CI after multivariable adjustments. During a median follow-up of 8·3 years, 4669 all-cause deaths
occurred, including 798 deaths due to heart disease and 1021 due to cancer. Compared with individuals in the lowest quartile, those in the
highest quartile of cDQI had a lower risk of all-cause mortality (HR 0·75, 95 % CI 0·65, 0·86; Ptrend < 0·001), which largely reflected the inverse
relationship between quality of plant-based foods (pDQI) and all-cause mortality (HR 0·66, 95 % CI 0·58, 0·74; Ptrend< 0·001). No independent
association was found for the quality of animal foods (aDQI) and mortality. Our results suggest that consuming healthy plant-based foods is
associated with lower all-cause mortality among US adults.
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A plant-based diet has been recommended for preventing
obesity, diabetes, CVD, cancer and other chronic diseases(1–3).
While a plant-based diet refers to a diet rich in vegetables, fruits
and whole grains and low in red and processed meats in dietary
recommendations(4), it may also be interpreted as the reduction
or elimination of animal foods to various degrees. For example, a
vegan diet refers to the complete elimination of animal foods
from the diet, a lacto-ovo-vegetarian diet refers to the elimination
of all animal foods except for dairy products and/or eggs, a pesco-
vegetarian diet refers to the elimination ofmeat but not fish (e.g. fish
eaters) and a semi-vegetarian diet refers to the reduction of meat
consumption (e.g. occasional or low meat eaters)(5).

Whether eliminating or reducing animal foods from diet con-
fers health benefits remains controversial. The Adventist Health

Study 2, where over half of the participants had no or low con-
sumption of animal foods from their diet (7·6 % vegan, 28·9 %
lacto-ovo-vegetarian, 9·8 % fish eaters and 5·5 % occasional meat
eaters), found a 12 % lower risk of all-cause mortality in those
who had no or low consumption of animal foods from their diet
compared with those who consumed animal foods(6). The
European Prospective Investigation into Cancer and Nutrition-
Oxford Cohort and the Oxford Vegetarian Study, however,
found no difference in all-cause mortality between those who
consumed no meat or fish and those who consumed meat
and/or fish(7). When vegetarian diets were compared by subca-
tegories, Adventists who were fish eaters had 19 % lower all-
cause mortality compared with non-vegetarian Adventists, and
fish eaters in the two UK cohorts also had a 19 % lower risk of

Abbreviations: aDQI, animal-based Diet Quality Index; cDQI, Comprehensive Diet Quality Index; HR, hazard ratio; NHANES, National Health and Nutrition
Examination Survey; pDQI, plant-based Diet Quality Index.
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cancer mortality(6). These findings suggest that the quality of ani-
mal food may play a more important role in health outcomes
than simply reducing or eliminating animal foods from the diet.

Similarly, not all plant-based foods are equal in their nutrient
contents and associations with health. For example, consump-
tion of healthful plant-based foods (e.g. vegetables, fruits, whole
grains, nuts/seeds and legumes) has been associated with a
lower risk of CHD, diabetes and all-cause mortality, whereas
consumption of less healthful plant-based foods (e.g. refined
grains, white potatoes and sugar-sweetened beverages) has
been associated with a higher risk(8–12).

Previous studies that assessed the quality of plant-based
foods did not jointly distinguish the quality of animal foods.
Among a nationally representative sample of US adults, we
evaluatedwhether the quality of plant-based foods, animal foods
or both is associated with mortality by using a Comprehensive
Dietary Quality Index (cDQI) that distinguishes the quality of
both plant-based and animal foods. We further explored
whether associations between the cDQI and mortality differ
by age, sex, income, weight status, levels of physical activity
and co-morbidity conditions at baseline.

Materials and methods

Participants

The present study utilised data from the National Health and
Nutrition Examination Survey (NHANES) from 1999 to 2014 and
included 36 825 individuals aged 20þ years who completed at least
one valid 24-h diet recall. NHANES is conducted biannually by the
National Center for Health Statistics and is designed to assess the
health and nutritional status of adults and children in the USA.
Written informed consent was obtained from all participants at
the time of enrollment in the study to allow for their data to be used
for researchpurposes. Ethical approval forNHANESwas grantedby
theNational Center forHealth Statistics research ethic reviewboard.

The average response rate of NHANES survey during the
study period was 70·6 %, ranging from 56·3 % in the 2015–
2016 cycle to 78·3 % in the 2001–2002 cycle(13). Individuals with
at least one valid diet recall were included in the present study.
For this analysis, we excluded pregnant and lactating women
(n 1550), individuals with potentially unreliable dietary intake,
defined as total energy intake exceeding three standard
deviations above and below the mean value of the natural
log-transformed energy intake (n 209), individuals with no
linked mortality data (n 48) and those who died within 12months
of dietary assessment (n 349). These exclusions left 36 825 indi-
viduals aged 20þ years as the final study population. We used
NHANES sampling weights in all analyses, which account for
the complex survey design, oversampling of minorities and sur-
vey nonresponses. The dietary sampling weights additionally
account for the dietary interview-specific nonresponse and day
of the week for dietary intake interviews(14).

Dietary intake

In-person 24-h recalls conducted by trained interviewers at a
Mobile Examination Center are used to determine intake in
NHANES participants. From 1999 to 2002, one dietary recall

was conducted with participants (in-person at the Mobile
Examination Center). From 2003 onwards, a second recall was
included, which was carried out by telephone 3–10 d after the
initial in-person recall. About 68 % of the participants who pro-
vided the first diet recall also provided the second recall during
the study period (1999–2014), with the percentage being 92, 90,
85, 86, 89 and 87 % from 2003 and onwards. Both of these recalls
employed the Automated Multiple Pass Method and used stan-
dard measuring guides to ensure that all food and beverage
consumed on the previous day were recorded. These dietary
records were then coded. The United States Department of
Agriculture Food Patterns Equivalents Database and MyPyramid
Equivalents Database, which disaggregatemixed foods into their
component parts, were harmonised and used to assess intake of
major food groups. Food groups were further disaggregated into
subgroups to evaluate subtype (e.g. vegetables were further dis-
aggregated into dark green vegetables v. white potatoes).
Nutrients were estimated based on cycle-specific versions of
the United States Department of Agriculture Food and
Nutrition Database for Dietary Studies(15). To correct for mea-
surement error associated with the use of 1- or 2-d diet recalls
to estimate usual intake, we used the National Cancer Institute
method to adjust for usual intake estimates. The method also
uses regression calibration to correct for bias due to themeasure-
ment error in evaluating associations between usual intake and
health outcomes(16–18).

Comprehensive Diet Quality Index

To assess the quality of both plant- and animal-based food com-
ponents of the diet, we developed a de novo cDQI score based
on a previously validated plant-based dietary index(11,19). The
plant-based dietary index distinguishes the quality of plant-
based foods in its scoring but scores all animal foods reversely.
The new cDQI additionally assesses the quality of animal foods
by scoring positively for healthful animal foods and reversely
for unhealthful animal foods. The selection and scoring of animal
foods is based on meta-analyses of prospective cohort studies
and randomised intervention trials with strong evidence base,
including the Third Expert Report of the World Cancer
Research Fund/American Institute for Cancer Research(20)

and the evidence review of the Global Burden of Disease
Nutrition and Chronic Disease Expert Group(21). For example,
processed meats and red meats were included as unhealthful
animal foods and scored reversely, whereas fish/seafood, dairy
products and poultry are included as healthful animal foods
and scored positively. Egg was included as an unhealthful ani-
mal food based on the most recent evidence(22).

The cDQI has seventeen components, including eleven
plant-based foods and six animal foods (online Supplementary
Table S1). Dietary intake of each food component was adjusted
for total energy intake using the density method. For healthful
plant-based foods (whole grains, vegetables excluding white
potatoes, whole fruits, nuts/seeds/legumes, vegetable oils and
coffee/tea) or animal foods (fish/seafood, dairy products and
poultry), a score of 0 is assigned for no intake or lowest quintile,
and the scores increase proportionately as intakes increase.
For unhealthful plant-based (refined grains, fruit juices, sugar-
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sweetened beverages and sweets/desserts) or animal foods
(processed meats, unprocessed red meats and eggs), levels
of intakes at the recommended level or lowest quintile are
assigned the maximum score, and the scores decrease propor-
tionally as intakes increase. The scoring standards were adapted
from those used in the Health Eating Index-2015(23), Alternative
Healthy Eating Index(24) and the American Heart Association
score based on the 2020 Strategic Impact Goals for Health(25).
For food components not included in Health Eating Index-
2015, Alternative Healthy Eating Index and American Heart
Association scores, quintiles were used as the scorning stan-
dards, similar to those used to score the plant-based dietary
index(19). Separately, the total score for plant-based Diet
Quality Index (pDQI) is the sum of the eleven plant-based food
components, ranging from 0 to 55, and the total score for ani-
mal-basedDiet Quality Index (aDQI) is the sum of the six animal
components, ranging from 0 to 30. The total cDQI total score,
combining both plant- and animal-based components, ranges
from 0 to 85. A higher pDQI, aDQI and cDQI score indicates
a higher quality of plant-based foods, animal foods and both
foods, respectively (Table 1).

Mortality

The primary outcome was mortality from all causes and the sec-
ondary outcomes were mortality from heart disease and cancer.
Mortality outcomes were identified from linkage to the National
Death Index up to 31 December 2015(26). Death from heart dis-
ease was defined as I00–I09, I11, I13 and I20–I51 being the
underlying cause of death using the International Statistical
Classification of Disease, 10th revision, and death from cancer
was defined as C00–C97 being the underlying cause of deaths.
Other cause-specific mortality was not assessed due to the small
number of deaths due to other specific causes. Follow-up length
was defined as the interval of time from the 24-h recall interview
to the date of death for those individuals who had died or to the
31 December 2015 for those participants who were censored.

Demographic, lifestyle and co-morbidity conditions

Demographic and lifestyle factors including age, sex, race/
ethnicity, education and income were collected during house-
hold interview. Alcohol intake, smoking, physical activity, body
weight and height were obtained among participants who
received physical examinations in a Mobile Examination Center.
Race and ethnicity were categorised as non-Hispanic whites,
non-Hispanic blacks, Hispanic and other racial/ethnic groups.
Family income was classified as poverty-to-family income ratio
and was categorised as low income (poverty-to-family income
ratio < 1·85) and higher income (poverty-to-family income
ratio≥ 1·85). Smokers were defined as individuals who reported
smoking at least 100 cigarettes during their lifetime, with former
smokers defined as not currently smoking and current smokers
defined as currently smoking. Participants who drank a mini-
mum of twelve drinks in any given year were classed as drinkers
with moderate drinkers defined as those who consumed
<1 drink/d for women and <2 drinks/d for men and heavy
drinkers being defined as those who consumed ≥1 drink/d
for women and ≥2 drinks/d for men. Metabolic equivalent

(MET)-hours of moderate-to-vigorous leisure-time physical
activity was calculated by summarising minutes of reported
activity per week with the metabolic equivalent of physical
activities with different intensities. BMI was calculated using
the formula: weight (kg)/height (m)2. Co-morbidity conditions
(cancer, congestive heart failure, CHD, myocardial infarction,
stroke, high cholesterol, hypertension and diabetes) were
defined if participants reported that they have ever been told
by a healthcare professional that they had such conditions
and/or to take prescribed medications because of these condi-
tions, or they are currently taking medication for such a
condition.

Statistical analysis

We first categorised the quality of plant-based, animal and both
foods based on the sex-specific quartiles of the total score of
cDQI, pDQI and aDQI and compared the distribution of demo-
graphic, lifestyle factors and co-morbidity conditions across
quartiles of pDQI, aDQI and cDQI, using ANOVA for continuous
variables and χ2 test for categorical variables.

To examine the association between the quality of plant-
based, animal and both foods and mortality, we first evaluated
pDQI, aDQI and cDQI individually in association with mortal-
ity using Cox proportional hazard models with multivariable
adjustments. The proportional hazard assumption was evalu-
ated by comparing the log–log survival curves by quartiles of
cDQI, pDQI and aDQI. The parallel survival curves suggested
that the proportional hazard assumption was met. To evaluate
the relative importance of the quality of plant-based v. animal
foods, we included pDQI and aDQI simultaneously in the same
model. We also evaluated each component of cDQI in associ-
ation with mortality outcomes. All analyses were adjusted for
age, sex, race/ethnicity, total energy intake, education, physical
activity, cigarette smoking, alcohol drinking, BMI and co-mor-
bidity conditions. We further investigated whether the associa-
tions between diet quality and mortality differed by age, sex,
income, weight status, levels of physical activity and presence
of co-morbidity conditions at baseline. Sensitivity analyses
were conducted by restricting the analyses to participants
who participated in the first (1999–2006) v. the last four cycles
(2007–2014) and by scoring eggs positively.

Sampling weights were incorporated in all analyses to
account for unequal probabilities of sample selection due to
complex sample design and oversampling of certain subgroups.
All analyses were conducted using SAS version 9.4 (SAS
Institute). P< 0·05 was considered statistically significant.

Results

The mean total score of the cDQI among US adults was 43·8
(out of maximum score 85), among which the mean score for
plant-based components was 27·6 (out of maximum score 55)
and the mean score for animal-based components was 16·2
(out of maximum score 30) (Table 1). Among the seventeen food
components, three plant-based food components had mean
score below 50 % of the maximum score: whole grains
(25·4 %), sugar-sweetened beverages (26·8 %) and vegetables
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Table 1. Components, mean intake, scoring standards and mean score for the comprehensive, plant-based and animal-based Diet Quality Index among US adults aged 20þ years, National Health and
Nutrition Examination Survey (NHANES) 1999–2014
(Mean values and standard deviations; 95% confidence intervals)

Components Mean intake* SD Maximum score Standard for maximum score Standard for minimum score of 0 Mean score 95% CI

Plant-based components
Healthful
Whole grains† 0·77 0·55 5 ≥1·5 oz. equiv./1000 kcal No whole grains 1·27 1·25, 1·28
Vegetables excluding white potatoes‡ 1·16 0·43 5 ≥1·25 cup equiv./1000 kcal No vegetables excluding white potatoes 2·30 2·29, 2·32
Whole fruits† 0·71 0·55 5 ≥0·4 cup equiv./1000 kcal No whole fruit 3·20 3·16, 3·23
Nuts/seeds/legumes‡ 0·68 0·43 5 ≥0·5 oz. equiv./1000 kcal No nuts, seeds or legumes 3·00 2·97, 3·02
Vegetable oils§ 17·9 4·94 5 Highest quintile Lowest quintile 2·59 2·56, 2·63
Coffee/tea§ 2·01 1·74 5 Highest quintile Lowest quintile 2·58 2·53, 2·62

Unhealthful
Fruit juices|| 0·29 0·26 5 No fruit juices ≥0·35 cup equiv./1000 kcal 3·18 3·15, 3·20
Refined grains† 5·63 1·12 5 ≤1·8 oz. equiv./1000 kcal ≥4·3 oz. equiv./1000 kcal 3·06 3·04, 3·08
White potatoes|| 0·34 0·11 5 No white potatoes ≥0·35 cup equiv./1000 kcal 2·57 2·56, 2·59
SSB‡ 1·43 1·25 5 No SSB ≥1 cup equiv./d 1·34 1·30, 1·37
Sweets and desserts§ 1·77 9·75 5 Highest quintile Lowest quintile 2·49 2·45, 2·52

pDQI 55 Range: 0–55 27·6 27·4, 27·7
Animal-based components
Healthful
Fish/seafood‡ 0·64 0·32 5 ≥0·5 oz./1000 kcal No fish or shellfish 2·94 2·92, 2·97
Dairy† 1·41 0·51 5 ≥1·3 cup equiv./1000 kcal No dairy 2·76 2·74, 2·78
Poultry§ 1·48 0·45 5 Highest quintile Lowest quintile 2·48 2·44, 2·53

Unhealthy
Processed meats|| 0·85 0·35 5 No processed meats ≥1 oz. equiv./1000 kcal 2·87 2·85, 2·89
Red meats|| 1·66 0·48 5 No red meats ≥1·6 oz. equiv./1000 kcal 2·46 2·44, 2·47
Egg§ 0·60 0·28 5 Lowest quintile Highest quintile 2·72 2·69, 2·75

aDQI 30 Range: 0–30 16·2 16·2, 16·3
cDQI 85 Range: 0–85 43·8 43·6, 44·0

SSB, sugar-sweetened beverages; pDQI, plant-based Diet Quality Index; aDQI, animal-based Diet Quality Index; cDQI, Comprehensive Diet Quality Index.
* Units are oz. equiv. for mean intake of whole grains, nuts/seeds/legumes, refined grains, fish/seafoods, poultry, processed meats, red meats and eggs; cup equiv. for mean intake of whole fruits, fruit juices, vegetables excluding white
potatoes, white potatoes and dairy products; 8-fluid oz. cup formean intake of coffee/tea and SSB; and serving formean intake of sweets and desserts; gram for vegetable oils. The conversion factors for conventional unit tometric unit vary by
foods and food groups(27). The approximate conversion factors are one cup of equivalent fruits or vegetables is 100 g; one cup of equivalent legumes is 175 g; 1 oz. of equivalent whole or refine grains is 30 g; 1 oz. of equivalent fish/seafood,
poultry, processed meat, unprocessed red meat or nuts/seeds is 28·35 g; one cup of 8-fluid oz. sugar-sweetened beverages, coffee or tea is 226·8 g and one serving of sweets and desserts is 30 g.

† Scoring is based on scoring standards used in the Healthy Eating Index (HEI)-2015(23).
‡ Scoring is based on scoring standards using in the Alternative Healthy Eating Index (AHEI) adjusted to per 1000 kcal(24).
§ Scoring is based on the scoring standards used in the plant-based diet index (PDI) by Satija et al.(19). The quintiles wereQ1= 13·0, Q2= 15·5, Q3= 17·6, Q4= 19·8 andQ5= 22·6 for vegetable oils (g/2000 kcal (to convert energy values from
kcal to kJ, multiply it by 4·184)); Q1= 0·38, Q2= 0·93, Q3= 1·68, Q4= 2·38 and Q5= 3·43 for tea/coffee (cup equiv. per 2000 kcal); Q1 = 6·8, Q2= 2·5, Q3= 2·0, Q4= 1·65 and Q5 = 1·34 for sweets/desserts (serving per 2000 kcal);
Q1= 1·05, Q2= 1·22, Q3= 1·40, Q4= 1·61 and Q5= 1·90 for poultry (oz. equiv. per 2000 kcal); and Q1= 2·63, Q2= 0·85, Q3= 0·65, Q4= 0·53 and Q5= 0·43 for eggs (oz. equiv. per 2000 kcal).

|| Scoring is based on the scoring standards used in the American Heart Association (AHA) diet score based on the AHA 2020 Strategic Goals for Diet(25), corresponding to 80th percentile of intake among US adults in NHANES 1999–2014.
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excluding white potatoes (46·0 %), suggesting that US adults had
particularly poor adherence to the recommended intake of
these foods.

Compared with individuals in the lowest quartile of cDQI,
those in the highest quartile were older and more likely to be
non-Hispanic white, college graduates with a higher income,
physically active and moderate drinkers; report co-morbidity
conditions at baseline and were less likely to be heavy smokers
or obese (Table 2). Individuals with a higher pDQI score were
older and more likely to be non-Hispanic whites, overweight
and report co-morbidity conditions compared to those with a
lower pDQI score, whereas individuals with a higher score of
aDQI were younger and more likely to be non-Hispanic blacks
and have a healthy weight and less likely to report co-morbidity
conditions compared to those with a lower aDQI score.

During a median 8·3 years of follow-up, 4669 total deaths
occurred, including 798 deaths due to heart disease and 1021
deaths due to cancer. Compared with individuals in the lowest
quartile, those in the highest quartile of cDQI had 25 % lower
all-cause mortality (Q4 v. Q1: hazard ratio (HR) 0·75, 95 % CI
0·65, 0·86; Ptrend< 0·001) (Table 3 and Fig. 1). After controlling
for aDQI, individuals in the highest quartile of pDQI had 34 %
lower all-cause mortality (Q4 v. Q1: HR 0·66, 95 % CI 0·58,
0·74; Ptrend< 0·001) compared with those in the lowest quartile.
The aDQIwas not associatedwith any of themortality outcomes
after controlling for pDQI. When each component of cDQI was
evaluated individually, lower all-cause mortality was associated
with higher intake of vegetables (excluding white potatoes) (HR
0·75, 95 % CI 0·64, 0·88), whole fruits (HR 0·72, 95 % CI 0·57,
0·91), nuts/seeds/legumes (HR 0·77, 95 % CI 0·67, 0·89), vegeta-
ble oils (HR 0·82, 95 % CI 0·71, 0·94) and coffee/tea (HR 0·81,
95 % CI 0·70, 0·94). No associations were found for other
plant-based food components or any animal food components
(online Supplementary Table S2). Scoring eggs positively did
not change the results. No associations were found between
cDQI, pDQI and aDQI and heart disease- or cancer-specificmor-
tality. Similar associations were found among individuals who
participated in the earlier (1999–2006) v. later NHANES (2007–
2014) cycles, although the associations were slightly stronger
among those who participated in the later cycles (online
Supplementary Table S3).

Subgroup analyses revealed that among individuals with
co-morbidity conditions at baseline, those in the highest quartile
of cDQI (HR 0·72, 95 % CI 0·64, 0·82; Ptrend< 0·001) or pDQI (HR
0·66, 95 % CI 0·58, 0·75; Ptrend< 0·001) had a lower risk of all-
cause mortality compared with those in the lowest quartile. In
contrast, no associations were found among individuals without
co-morbidity conditions at baseline. The inverse association
between pDQI and all-cause mortality was slightly stronger
among individuals who were overweight (Q4 v. Q1: HR 0·59,
95 % CI 0·48, 0·73; Ptrend< 0·001) compared to those with a
healthy weight (HR 0·69, 95 % CI 0·52, 0·91; Ptrend= 0·007) or
obese individuals (HR 0·68, 95 % CI 0·51, 0·89; Ptrend= 0·02).
The inverse association between cDQI and all-cause mortality
was slightly stronger among individuals who were physically
active (HR 0·62, 95 %CI 0·42, 0·93; Ptrend= 0·008) comparedwith
those physically inactive (HR 0·80, 95 % CI 0·68, 0·94;
Ptrend= 0·003). Although no association was found for aDQI

and all-cause mortality among older individuals, younger indi-
viduals (20–44 years old) in the highest quartile of aDQI had a
lower risk of all-cause mortality compared with those in the low-
est quartile (Q4 v. Q1: HR 0·65, 95 % CI 0·43, 0·97; Ptrend= 0·09).
In contrary, the association between pDQI and all-cause mortal-
ity was only found among older individuals (45–59 years old: HR
0·67, 95 % CI 0·47, 0·96; Ptrend= 0·05; 60þ years old: HR 0·73,
95 % CI 0·61, 0·88; Ptrend< 0·001) but not younger ones.
Similar associations between cDQI, pDQI, aDQI and mortality
were observed between men and women and by income.

Discussion

In a nationally representative sample of US adults, we found that
eating a diet with both high-quality plant-based and animal foods
(i.e. scoring high in both the pDQI and the aDQI) was associated
with a lower risk of all-cause mortality. This association largely
reflects the inverse relationship between quality of plant-based
foods and all-causemortality. No independent associations were
found for the quality of animal foods with mortality.

The public health and environmental impact of a plant-based
diet has gained increased attention in recent years(28). It remains
debatable whether Americans will eat more plant-based foods
and less animal foods, and if so, whether eating a plant-based
diet is affordable(29,30). Earlier studies reporting potential health
benefits of eating plant-based foodswere largely conducted among
specific populations such as the Seventh Day Adventists(6,7,31,32)

who have demonstrated a wide range of healthy behaviours such
as higher levels of physical activity and lower BMI than the gen-
eral population regardless of dietary choices(33,34). More recently,
studies among the healthcare professionals (e.g. nurses from the
Nurses’ Health Study and physicians from the Health Professionals
Follow-up Study) reported that high intakes of healthy plant-based
foods (e.g. whole grains, fruits/vegetables, nuts/legumes, oils and
tea/coffee)were associatedwith a lower risk of CHD,whereas con-
sumption of unhealthy plant-based foods (e.g. juices/sweetened
beverages, refined grains, potatoes/fries and sweets) was associ-
ated with a higher CHD risk. Similar findings were observed for
all-cause and CVD mortality(35,36).

Among the general US population, we found that consuming
high-quality plant-based foods (pDQI) was associated with a
lower risk of all-cause mortality. Although the associations with
cancer and heart diseases-specific mortality were not statistically
significant, the HR were below one, suggesting a non-significant
inverse association. The bioactive components in healthy plant-
based foods such as fibre and phytochemicals have been shown
to decrease oxidative stress, reduce inflammation and inhibit cell
proliferation(37), which can confer a protective effect on chronic
diseases(38,39). Our findings support the dietary recommendations(4)

that promote the consumption of high-quality plant-based foods for
improving health. In particular, the inverse association between
high-quality plant-based foods and all-cause mortality was
observed among individuals with co-morbidity conditions at
baseline but not among those without co-morbidity conditions.
It is reasonable to suspect that individualswith co-morbidity con-
ditions might change their diet due to diet therapy and conse-
quently their prognosis could be improved, contributing to reduced
mortality.
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Table 2. Characteristics of US adults aged ≥20 years by plant- and animal-based diet quality scores, National Health and Nutrition Examination Survey (NHANES) 1999–2014
(Mean values and standard deviations; numbers and percentages)

Total adult
population
(n 36 825)

cDQI pDQI aDQI

Q1 (male <37·0;
female <40·8)

(n 9205)

Q4 (male ≥45·1;
female >49·5

(n 9206)

P *

Q1 (male <22·4;
female <24·3)

(n 9205)

Q4 (male ≥29·7;
female ≥32·2)

(n 9206)

P *

Q1 (male <13·1;
female <15·0)

(n 9205)

Q4 (male ≥17·1;
female ≥18·9)

(n 9206)

P *n % n % n % n % n % n % n %

Age (years)
Mean 47·1 40·6 53·5 <0·001 36·9 56·3 <0·001 52·3 43·0 <0·001
SD 0·2 0·2 0·3 0·2 0·3 0·3 0·3

Sex
Male 18 443 49·1 4610 50·1 4611 48·3 0·4 4610 50·7 4611 47·7 0·03 4610 48·3 4611 49·5 0·09
Female 18 382 50·9 4595 49·9 4595 51·7 4595 49·3 4595 52·3 4595 51·7 4595 50·5

Race/ethnicity
Non-Hispanic white 17 494 70·2 3368 59·3 5385 79·3 <0·001 3309 58·0 5569 81·7 <0·001 4360 71·4 4238 68·1 <0·001
Non-Hispanic black 7614 11·1 2409 16·7 1357 6·0 2757 18·9 1163 5·0 1434 8·7 2299 12·9
Hispanic 9278 12·9 3123 20·3 1408 6·5 2695 18·0 1624 6·8 3165 17·3 1592 9·2
Other 2439 5·8 305 3·7 1056 8·1 444 5·1 850 6·5 246 2·7 1077 9·7

Education
Grades 0–12 10 362 18·4 3188 24·9 1706 11·1 <0·001 2885 22·5 1896 11·9 <0·001 3160 22·7 1976 14·3 <0·001
Some college 8613 24·2 2448 28·8 1827 19·0 2398 28·2 1879 20·5 2314 27·5 1991 21·3
College graduate and above 17 803 57·5 3553 46·3 5663 69·9 3909 49·3 5423 67·6 3712 49·7 5233 64·3

PIR†
<1·85 14 729 30·2 4549 41·0 2597 19·0 <0·001 4535 41·8 2636 19·0 <0·001 3918 31·5 3413 28·3 0·01
≥1·85 19 175 63·3 3952 52·4 5876 74·6 3993 52·1 5825 74·4 4554 61·9 5089 65·5
Missing 2921 6·5 704 6·6 733 6·4 677 6·1 745 6·6 733 6·6 704 6·3

Smoking‡
Non-smokers 19 440 52·2 4871 51·9 4977 53·4 <0·001 5107 54·4 4702 50·7 <0·001 4359 47·3 5450 57·7 <0·001
Former smokers 9315 24·9 1690 17·1 3028 33·1 1405 14·5 3320 36·1 2710 28·7 1909 21·3
Current smokers
<15 cigarettes/d 4701 12·0 1615 16·8 686 7·3 1705 17·6 656 6·8 1188 11·6 1167 12·2
15–24·9 cigarettes/d 2401 7·6 754 10·1 365 4·0 726 9·7 362 4·2 663 8·6 513 6·5
≥25 cigarettes /d 879 3·2 253 4·0 135 2·1 238 3·7 147 2·1 261 3·7 147 2·1

Alcohol§ (drink/week)
Non-drinkers 13 957 34·0 3373 35·2 3478 32·0 0·02 3249 33·9 3562 32·6 0·05 3650 36·1 3301 32·3 <0·001
Moderate drinker 18 130 57·0 4551 56·1 4688 59·6 4652 57·7 4611 58·4 4366 54·4 4765 60·1
Heavy drinker 2515 8·9 683 8·7 528 8·4 667 8·5 579 9·0 693 9·4 532 7·6

Physical activity||
MET (h/week)
Mean 17·2 16·4 18·4 <0·001 17·7 17·6 0·006 14·2 19·0 <0·001
SD 0·4 0·6 0·5 0·7 0·5 0·6 0·5

BMI (kg/m2)
Mean 28·5 28·8 28·2 <0·001 28·6 28·4 0·12 29·2 28·1 <0·001
SD 0·1 0·1 0·1 0·1 0·1 0·1 0·1

Weight status¶
BMI< 18·5 kg/m2 571 1·7 178 2·2 112 1·3 <0·001 206 2·5 100 1·1 <0·001 112 1·2 176 2·2 <0·001
BMI= 18·5–25 kg/m2 10 377 30·6 2575 31·3 2706 31·2 2742 32·8 2551 29·7 2312 27·2 2843 33·2
BMI= 25–29·9 kg/m2 12 422 33·7 2889 30·0 3298 36·4 2843 29·8 3326 36·3 3089 32·8 3052 33·5
BMI≥ 30 kg/m2 12 869 34·0 3438 36·6 2947 31·2 3302 35·0 3085 32·9 3544 38·8 3008 31·1

Co-morbidities
Cancer 3408 9·3 537 5·9 1224 13·2 <0·001 414 4·3 1384 15·1 <0·001 1024 11·9 683 7·2 <0·001
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We extended the diet quality index used in the previous stud-
ies by scoring the quality of animal foods based on the health-
fulness of animal foods. However, we did not find that high-
quality animal foods were associated with all-cause mortality
after controlling for the quality of plant-based foods. Americans
are experiencing improving trends in animal-based components
of their diet. For example, there was a decreasing trend in red
meat consumption among US adults in the past 10–15 years(40).
Meanwhile, Americans fall significantly short for several healthy
plant-based foods such as whole grains, fruits and vegetables
and have excess intake of unhealthy plant-based foods such
as those high in added sugars(25). These trends may have made
it more difficult to detect associations with animal-based compo-
nents compared with plant-based ones.

These results may suggest that the relationship between the
quality of animal foods and all-cause mortality is not as strong as
that for plant-based components. Indeed, when each plant-
based and animal food component was evaluated individually,
several plant components (non-starchy vegetables, whole fruits
and nuts/seeds/legumes) were associated with lower all-cause
mortality, but none of the animal components had a significant
association with all-cause mortality. Thus, the public health
efforts to improve population health may be more effective to
focus on increasing the consumption of healthful plant-based
foods such as fruits, vegetables, whole grains, nuts/seeds and
legumes. Our findings also support the recommendations made
by the EAT-Lancet initiative to eat a diet rich in healthful plant-
based foods with fewer animal foods for achieving both health
and environment benefits(28). Importantly, future dietary recom-
mendations shall address not only the health aspects of a diet but
also the sustainability of the diet through its environmental, eco-
nomic and social influences.

Interestingly, eating high-quality animal foodswas associated
with lower all-cause mortality among younger individuals and
yet such an association was not found among older individuals.
In contrast, eating high-quality plant-based foods was associated
with lower all-cause mortality among older individuals but not
younger individuals. This may reflect the different trends of eat-
ing high-quality animal v. plant-based foods by age: younger
individuals consumed a higher quality of animal foods than older
individuals, whereas older individuals had a better quality of
plant-based foods than younger individuals. The heterogeneous
results among young v. old individualsmay also reflect the differ-
ence in mortality risk and relative contribution of causes of death
by age. Further investigations are needed to understand the
potentially different roles of animal v. plant-based foods in
chronic disease prevention by age and other lifestyle factors.

Our study has several strengths. First, assessing diet quality as
a whole is a more powerful approach to evaluate the impact of
humans’ diet on health than studying individual foods/nutrients
because humans do not consume foods/nutrients in isolation(41).
Dietary guidelines are also moving away from a single food/
nutrient approach to focusing on the overall diet quality and eat-
ing patterns(4). We assessed the quality of several key plant- and
animal-based components in the context of dietary recommen-
dations, which allows for more relevant and translatable find-
ings. Second, we constructed a cDQI that scores the quality
of animal foods along with plant-based foods. Different fromT
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previous diet quality indices that are also constructed to take
healthy and unhealthy types of foods into account, the cDQI
facilitates the evaluation of the relative importance of plant v. ani-
mal foods in association with health outcomes. Indeed, our
results suggested that while eating a diet with both high-quality
plant-based and animal foods contributes to a lower risk of all-
cause mortality, this association is largely driven by consuming
high-quality plant-based foods not animal foods. Animal foods
constitute a large proportion of our daily food intake. It is impor-
tant to understand the different roles that animal v. plant-based
foods may play in health. Third, our study included the use of a
large-scale nationally representative sample of US adults and the
results can be more readily applied to the general population in
the USA. The longitudinal design minimises selection bias and
recall bias. We also used dietary data collected using validated
measures (i.e. 24-h diet recalls)(42,43).

There are some limitations that need to be considered. First,
distribution of diet was estimated based on self-reported dietary
intake subject to measurement error. The NHANES used 1 or 2 d
of 24-h diet recalls as the primary source to measure dietary
intake, which does not well capture usual intake due to large
day-to-day variations in food intake. To improve the estimation
of usual intake, we applied the National Cancer Institute method
to reduce the measurement errors associated with usual
intake estimation. Adjusting for energy intake also reduces

measurement error(42). However, measurement error cannot
be ruled out and is likely to be non-differential by mortality,
which attenuates the associations. Second, a few food compo-
nents included in cDQI were scored based on quintiles of
consumption. Thus, the cut-offs may differ between studies
where study participants have different consumption levels,
which affects the comparability of study findings across
studies. Third, diet quality is correlated with participants’
socio-economic status and lifestyle factors such as education,
cigarette smoking, BMI, alcohol drinking and physical activity.
Having chronic health conditions such as cancer, CVD or dia-
betes may also change one’s dietary intake patterns. We
excluded individuals who died within 12 months of dietary
assessment to minimise the chance of reverse causation. To
reduce the chance of residual confounding, we carefully
adjusted for all these factors in the multivariable models. In
addition, we stratified the association by presence or absence
of co-morbidity conditions. However, dietary intake patterns
may be associated with factors that we have not identified
or adjusted for, and residual confounding may still be pre-
sent. Fourth, mortality was determined through probabilistic
matching with the National Death Index. Although probabilis-
tic matching is subject to misclassification, a prior validation
study has shown that the accuracy of the method was high, with
96·1 % of the decedents and 99·4 % of the living participants

Table 3. Plant- and animal-based diet quality and all-cause, heart disease, cancer and other mortality among US adults, National Health and Nutrition
Examination Survey (NHANES) 1999–2014
(Hazard ratios (HR) and 95 % confidence intervals)

Person-years

All-cause mortality Heart disease mortality Cancer mortality

n HR* 95% CI n HR* 95% CI n HR* 95% CI

cDQI†
Q1 (male <37·0; female <40·8) 78 959 906 Ref 134 Ref 206 Ref
Q2 (male 37·0–40·7; female

40·8–44·9)
77 336 1200 0·91 0·81, 1·03 198 1·05 0·74, 1·50 273 1·05 0·87, 1·27

Q3 (male 40·8–45·0; female
45·0–49·4)

72 943 1351 0·83 0·74, 0·95 237 1·03 0·73, 1·45 289 0·92 0·70, 1·23

Q4 (male ≥45·1; female ≥49·5). 65 075 1212 0·75 0·65, 0·86 229 1·05 0·72, 1·53 253 0·88 0·66, 1·18
Ptrend< 0·001 Ptrend= 0·82 Ptrend= 0·29

pDQI†
Q1 (male <22·4; female <24·3) 80 595 690 Ref 94 Ref 155 Ref
Q2 (male 22·4–25·7; female

24·3–28·0)
76 709 1049 0·78 0·69, 0·89 165 0·85 0·59, 1·22 245 0·97 0·71, 1·33

Q3 (male 25·8–29·6; female
28·1–32·1)

72 215 1502 0·82 0·73, 0·94 279 1·11 0·78, 1·60 325 0·99 0·74, 1·33

Q4 (male ≥29·7; female ≥32·2) 64 795 1428 0·66 0·58, 0·74 260 0·95 0·67, 1·35 296 0·80 0·59, 1·10
Ptrend< 0·001 Ptrend= 0·80 Ptrend= 0·12

aDQI†
Q1 (male <13·1; female <15·0) 72 069 1513 Ref 275 Ref 319 Ref
Q2 (male 13·1–14·9; female

15·0–16·9)
74 897 1321 1·01 0·92, 1·12 219 1·01 0·74, 1·39 310 1·04 0·83, 1·29

Q3 (male 15·0–17·0; female
17·0–18·8)

75 050 1085 1·04 0·92, 1·18 182 1·02 0·78, 1·32 234 1·02 0·77, 1·35

Q4 (male ≥17·1; female ≥18·9). 72 298 750 0·99 0·87, 1·13 122 0·93 0·65, 1·31 158 1·02 0·78, 1·33
Ptrend= 0·81 Ptrend= 0·78 Ptrend= 0·90

cDQI, Comprehensive Diet Quality Index; Ref, reference; pDQI, plant-based Diet Quality Index; aDQI, animal-based Diet Quality Index.
* Cox proportional hazard models were used to evaluate the associations between diet quality indices and mortality. HR and 95% CI were adjusted for age, sex, race/ethnicity,
education, total energy intake, physical activity, cigarette smoking, alcohol consumption, BMI, co-morbidities and accounted for NHANES survey weights. pDQI and aDQI were
simultaneously adjusted in the same model.

† The median scores in each quartile of cDQI were 33·8, 38·8, 43·0 and 48·9 among males and 37·4, 43·0, 47·6 and 53·5 among females; the median scores in each quartile of pDQI
were 20·3, 24·1, 27·6 and 32·7 among males and 21·8, 26·2, 30·0 and 35·2 among females and the median scores in each quartile of aDQI were 11·4, 14·0, 16·0 and 18·4 among
males and 13·6, 16·1, 18·0 and 20·5 among females.
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classified correctly(26). Fifth, our sample size is limited to evaluate
cause-specificmortality such as deaths due to cancer or heart dis-
ease. Thus, we treated cause-specific mortality analyses as sec-
ondary and the results should be interpreted with caution. Sixth,
repeated assessment on dietary intake for the same individual
was not available in NHANES. We were unable to evaluate
how potential changes in dietary intake are associated with mor-
tality outcomes.

Despite these limitations, our study is among the first to evalu-
ate the relative importance of the quality of plant-based v. animal
foods in association with mortality outcomes among a nationally
representative sample of US adults. Our results suggest that eat-
ing better-quality plant-based foods is associated with a lower
risk of all-causemortality amongUS adults. Conversely, the qual-
ity of animal foods does not independently contribute to

mortality. Findings support the current dietary recommendations
that promote high-quality plant-based diet for chronic disease
prevention.
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Fig. 1. Cumulative incidence of all-causemortality by quartiles (Q) of Comprehensive Diet Quality Index (cDQI), plant-based Diet Quality Index (pDQI) and animal-
based Diet Quality Index (aDQI) among US adults, National Health and Nutrition Examination Survey 1999–2014. (a) , Q1 (male<37·0; female<40·8); , Q2
(male 37·0–40·7; female 40·8–44·9); , Q3 (male 40·8–45·0; female 45·0–49·4); , Q4 (male 45·1þ; female 49·5þ). (b) , Q1 (male <22·4; female <24·3);

, Q2 (male 22·4–25·7; female 24·3–28·0); , Q3 (male 25·8–29·6; female 28·1–32·1); , Q4 (male 29·7þ; female 32·2þ). (c) , Q1 (male <13·1; female
<15·0); , Q2 (male 13·1–14·9; female 15·0–16·9); , Q3 (male 15·0–17·0; female 17·0–18·8); , Q4 (male 17·1þ; female 18·9þ).
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