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Abstract

Background The Mediterranean diet and other dietary patterns rich in fruits and vegetables have been linked to lower
risk of frailty in older adults. However, not all plant-based diets are necessarily healthful, and no previous study has
evaluated the role of the quality of plant-based dietary patterns in frailty risk. Our aim was to assess the association
between plant-based diet quality and risk of frailty.
Methods Prospective cohort consisted with 82 234 women aged ≥60 years from the Nurses’ Health Study, who were
followed from 1990 through 2014. The dates of analysis were April 14 to June 23, 2021. Dietary data were collected
every 4 years using a validated semi-quantitative food frequency questionnaire. The plant-based diet quality was
assessed with two indices (range 18–90 points): (a) healthful plant-based diet index (hPDI), where healthy plant foods
(whole grains, fruits, vegetables, nuts, legumes, vegetable oils and tea/coffee) received positive scores, while less
healthy plant foods (fruit juices, sweetened beverages, refined grains, potatoes, and sweets/desserts) and animal foods
received reverse scores; and (b) unhealthful plant-based diet index (uPDI) where positive scores were given to less
healthy plant foods and reverse scores to healthy plant foods and animal foods. Frailty incidence was assessed every
4 years, being defined as having three or more of the following five criteria from the FRAIL scale: fatigue, low strength,
reduced aerobic capacity, having ≥5 illnesses and weight loss ≥5%. Multivariable-adjusted Cox proportional-hazards
models were used to estimate hazard ratios (HRs) and their 95% confidence interval (CI).
Results We identified 12 910 incident cases of frailty over 1 176 401 person-year follow-up. In the multivariable anal-
ysis, the hPDI was inversely associated with the risk of frailty (hazard ratio [HR] for the highest vs. lowest quintile:
0.77, 95% confidence interval: 0.72–0.81; P trend <0.001). In addition, a 10-unit increment in the hPDI was associated
with a relative 15% lower risk of frailty. Conversely, a direct association was found between the uPDI and risk of frailty
(HR highest vs. lowest quintile: 1.24 [1.17, 1.32], P trend <0.001). These associations were consistent for each frailty
criterion, among participants with no frailty criteria at baseline, after excluding participants with diabetes, cancer and
cardiovascular disease at baseline, for alternative versions of the plant-based diet indices (PDIs), in subgroup analysis
by categories of potential confounders, and in latency analysis.
Conclusions A healthful plant-based diet was associated with lower risk of frailty whereas an unhealthful plant-based
diet was associated with higher risk.
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Introduction

Plant-based diets are characterized by high consumption of
plant foods and low or no intake of animal food. They have
recently gained attention due to their increasingly recognized
health effects.1 In addition, the EAT-Lancet report recom-
mends a global shift towards plant-based diets for environ-
mental sustainability2 and the Dietary Guidelines of Ameri-
cans 2020–2025 included a recommendation for consuming
a Healthy Vegetarian Dietary Pattern to prevent chronic
diseases.3 However, vegetarian diets have raised concern
about possible nutrient deficiencies associated with their ha-
bitual consumption, affecting vitamin B12 and other vita-
mins. This is especially important in older adults, because nu-
trition deficiencies have been associated in a bidirectional
way with higher risk of frailty.4,5 Sources of proteins (animal
vs protein) and risk of frailty have also been studied with in-
consistent results. However, a recent study found that
women with a higher intake of plant protein had a lower risk
of frailty.6

Frailty is a frequent geriatric syndrome characterized by re-
duced physiological reserve7 that entails a higher risk of ad-
verse health-related outcomes, including hospitalization,
falls, disability and death.8 Previous studies have reported
an association of several high-quality diets rich in fruits and
vegetables, such as the Mediterranean diet, the DASH diet
or a diet represented by the alternate healthy eating index,
with lower risk of frailty.9–12

However, not all diets rich in plant-based foods are neces-
sarily healthful. Indeed, the quality of their food components
is notoriously important, because refined carbohydrates,
added sugars or ultra-processed foods are negatively associ-
ated with chronic diseases,1,13 whereas whole grains, fruits,
vegetables and plant-based proteins from legumes, nuts
and tofu show a beneficial effect.1,14 With the aim to reflect
the quality of plant-based diets, two separate plant-based
diet indices has been developed: a healthful plant- based diet
(hPDI), characterized by healthy plant foods (whole grains,
fruits, vegetables, nuts, legumes, vegetable oils and tea and
coffee); and an unhealthful PDI (uPDI) characterized by less
healthy plant foods (fruit juices, refined grains, potatoes,
sugar-sweetened beverages, sweets and desserts).15,16 This
approach, unlike others that consider only yes/no items to
describe vegetarians versus non-vegetarians dietary patterns,
is able to better capture the quality of the plant-based diets.
In previous studies, these two PDIs have been associated with
the risk of cardiovascular disease, diabetes, other chronic dis-
eases and mortality.17–20

In the Nurses’ Health Study, we previously found that
higher consumption of fruits and vegetables was related to
lower risk of frailty,21 and by contrast, higher consumption
of sugar-sweetened beverages was associated with higher
frailty risk.22 However, no previous research has evaluated
the role of the quality of plant-based dietary patterns in

frailty risk. Therefore, our aim is to assess the association be-
tween plant-based diet quality and risk of frailty among
women in the Nurses’ Health Study.

Methods

Study population

The Nurses’ Health Study (NHS) is an ongoing study of
121 700 female nurses aged 30–55 years in 1976, when this
study began.23 Every 2 years, participants provided informa-
tion about medical history and health-related factors.
Follow-up rates exceed 90%. For this analysis, the baseline
was set at 1992, when frailty was first calculated, and the
follow-up went through 2014. Also, for this analysis, we in-
cluded women aged ≥60 years in 1992 and those who turned
60 years thereafter, with valid dietary information
(>500 kcal/day and <3500 kcal/day) during the follow-up.
We excluded women who had prevalent frailty at baseline,
leaving 82 234 women for the analysis (Figure S1).

The NHS 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 study participants pro-
vided written informed consent.

Assessment of plant-based diet indices

Dietary intake was assessed every 4 years using a validated
food frequency questionnaire (FFQ)24 (1990, 1994, 1998,
2002, 2006 and 2010). Participants were asked how often
on average during the previous year they had consumed each
food of a standard portion size. Reliability and validity of the
FFQ have been reported elsewhere.25

The two types of plant-based diet indices, the hPDI and
uPDI, has been described elsewhere.15,16 Briefly, 18 food
groups based on nutrients and culinary similarities were cre-
ated within the larger categories of (1) healthy plant foods
(whole grains, fruits, vegetables, nuts, legumes, vegetable oils
and tea/coffee); (2) less healthy plant foods (fruit juices, re-
fined grains, potatoes, sugar-sweetened beverages and
sweets/desserts); and (3) animal foods (animal fat, dairy,
eggs, fish/seafood, meat and miscellaneous animal-based
foods). The 18 food groups were ranked into quintiles, and
each quintile was given a positive or reverse score, with a
range from 1 to 5 (Table S1). For the hPDI, the healthy plant
food groups were given positive scores whereas the less
healthy plant food and animal food groups were given a re-
verse score. As regards the uPDI, positive scores were given
to less healthy plant food groups, and reverse scores to
healthy plant food groups and animal food groups. The score
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range of both hPDI and uPDI was 18 to 90 (highest
adherence).

Assessment of frailty

We used the FRAIL scale,26 which has previously been em-
ployed in the NHS.10 The FRAIL scale comprises five
self-reported frailty criteria: fatigue, low strength, reduced
aerobic capacity, having several illnesses and a significant
weight loss. In 1992, 1996, 2000, 2004, 2008 and 2012 the
NHS participants completed the Medical Outcomes Study
Short-Form (SF-36), a 36-item-questionnaire with eight
health dimensions, including physical and mental
components.27 From the SF-36, we assessed the first three
frailty criteria with the following questions: (1) for fatigue:
‘Did you have a lot of energy?,’ with replies ‘some of the
time’ or ‘none of the time’ (in years 1992, 1996 and 2000),
and the statement ‘I could not get going’ in an updated ver-
sion of the SF-36 (in 2004, 2008 and 2012), with responses
‘moderate amount’ or ‘all of the time’; (2) for low strength:
‘In a normal day, is your health a limitation to walk up 1 flight
of stairs?,’ with responses ‘yes’ or ‘a lot’; and (3) for reduced
aerobic capacity: ‘In a normal day, is your health a limitation
to walk several blocks or several miles?,’ with responses ‘yes’
or ‘a lot.’ In addition, the illnesses criterion was assessed from
the question, ‘In the last 2 years, have you had any of these
physician-diagnosed illnesses?’ We considered that this
criterion was met when participants reported ≥5 of the
following diseases: cancer, hypertension, type 2 diabetes,
angina, myocardial infarction, stroke, congestive heart
failure, asthma, chronic obstructive lung disease, arthritis,
Parkinson’s disease, kidney disease, and depression. Finally,
the weight loss criterion was defined as a ≥5% decrease
in weight reported over a 2-year period. At the end of
each follow-up cycle, incident frailty was defined as having
≥3 criteria on the FRAIL scale. Missing data in three or
more components was assumed as missing on frailty status
and excluded. The FRAIL scale has been shown to
be correlated (r = 0.62, P < 0.001) with the Fried scale,28

the most widely used scale for frailty assessment,
which includes both self-reported and performance-based
measures.

Ascertainment of mortality

Deaths were identified from the state vital statistics records
and the National Death Index or reported by families and
the postal system. Follow-up for mortality was more than
98% complete. For all deaths, we obtained copies of death
certificates and, when appropriate, requested permission
from the next of kin to review medical records to determine

the causes of death, classified according to the International
Classification of Diseases, Ninth Revision.

Assessment of covariates

Biannually, we collected updated information on age, indica-
tors of socio-economic status (education level, census track
income and husband’s education), weight, smoking status,
physical activity and medication use. Physical activity was
assessed with a validated questionnaire.29 Body mass index
(BMI), calculated as weight/height,2 was also assessed on
each biennial questionnaire.

Statistical analysis

Person-years for each woman aged ≥60 years were calculated
from the date of return of the questionnaire at baseline until
the occurrence of frailty, death or the end of the study period
(1 June 2014), whichever came first. Cumulative average of
the indices was calculated over the follow-up every 4 years
since 1984 to better capture long-term diet and reduce mea-
surement error. Statistical tests were based on the a priori hy-
pothesis that the quality of plant-based diet is associated in
opposite ways with the risk of frailty; thus, multiple testing
was not necessary. However, we calculated the false discov-
ery rate of 5% for two main comparisons using the
Benjamini–Hoschberg procedure,30 and the associations re-
mained the same. We evaluated the association between
the hPDI and uPDI in quintiles and the risk of frailty using
multivariable-adjusted time-varying Cox proportional hazards
regression models, stratified by age in months and calendar
time of each questionnaire cycle, to estimate hazard ratios
(HRs) and 95% confidence intervals (CIs). Multivariable
models included Model 1 adjusted for BMI (<25.0, 25.0–
29.9, ≥30.0 kg/m2) at baseline (it was not updated because
weight loss is part of the frailty outcome), socio-economic
status (that included education level, educational attainment
of the participant’s husband, marital status, employment sta-
tus, census tract median income and census tract median
home value) race, smoking status (never, past, and current
1–14, 15–24, and ≥25 cigarettes/day), alcohol intake (0,
1.0–4.9, 5.0–14.9, or ≥15.0 g/d), energy intake (quintiles of
kcal/day), margarine intake (quintiles; because the fatty acid
composition of margarine has changed over time from
high-trans fats to high-unsaturated fats), and medication
use (aspirin, postmenopausal hormone therapy, diuretics,
β-blockers, calcium channel blockers, ACE inhibitors, other
blood pressure medication, statins and other cholesterol low-
ering drugs, insulin, and oral hypoglycaemic medication); and
Model 2 further adjusted for physical activity because physi-
cal activity is related to the outcome. In secondary analyses
we tested for linear trends by evaluating the quintile median
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values as a continuous variable and estimated the risk of
frailty per 10-unit increase in the hPDI and uPDI. We also
assessed the association between plant-based diets and each
criterion of the FRAIL scale.

We conducted several sensitivity analyses to assess the ro-
bustness of results. First, we examined the association
among those with none of the frailty criteria at baseline
(namely robust individuals), or without cancer, cardiovascular
disease (CVD), or diabetes. Second, based on our previous
study where we found an inverse association between or-
ange juices (which represented 65% of total juices) and risk
of frailty, we calculated the scores without the juice item
and adjusted for juice intake in the multivariable model. In
addition, we created alternative healthy PDIs by assigning
positive scores individually to fish and seafood and
fermented dairy due to the evidence of the health benefits
from the consumption of these food groups.31,32 Also we
assessed the individual contributions of healthy and less
healthy plant foods and animal foods to the risk of frailty.
And third, taking advantage of the repeated measures of diet
over time, we evaluated the latency between the
plant-based diets and risk of frailty. We used diets scores re-
ported at different latencies (i.e., 4–8 years, 8–12 years and
12–16 years) before the frailty occurrence. For example, in
the 4–8 years analysis we used the diet scores in 1990 to
evaluate the association with frailty risk in 1994–1998. This
approach may help to account for the potential bias caused
by changes in diet resulting from early signs of frailty. In
addition, we used the most recent diet score assessment
before the identification of frailty or simple update analysis
(i.e., 0–4 year latency analysis) to assess the shorter term
effect of PDI on frailty.

Analyses were performed using SAS software for UNIX,
version 9.4 (SAS Institute Inc.).

Results

Age-adjusted baseline characteristics of participants accord-
ing to quintiles of hPDI and uPDI are presented in Table 1.
Compared with participants with the lowest score in the
hPDI, those with a higher score were leaner, more active, less
likely to smoke, had higher intake of healthy plant foods and
lower intake of less healthy plant foods, and had a smaller
number of frailty criteria at baseline. Conversely, those with
higher uPDI were also leaner but less active, more likely to
smoke, and had higher intake of less healthy plant foods
and lower of healthy plant foods and had a greater number
of frailty criteria at baseline. Both indices showed lower en-
ergy intake across increasing quintiles.

During 1 176 401 person-years of follow-up, we docu-
mented 12 910 cases of frailty. Table 2 shows the HRs (95%
CI) for incident frailty according to quintiles of hPDI and uPDI.

In multivariable-adjusted analysis (Model 1), the hPDI was in-
versely associated with the risk of frailty: HR for the highest
versus lowest quintile: 0.70 (0.66; 0.74), P trend <0.001. A
10-unit increment in the hPDI was associated with a relative
19% lower risk of frailty. Conversely, a positive association
was found between the uPDI and the risk of frailty: HR
highest versus lowest quintile: 1.39 (1.31, 1.47), P trend
<0.001. Further adjustment for physical activity at baseline
attenuated the association, but it was still significant (Model
2): hPDI HR highest versus lowest quintile 0.77 (0.72, 0.81), P
trend <0.001; uPDI HR highest versus lowest quintile: 1.24
(1.17, 1.32), P trend <0.001. Further adjustment for protein
level did not change the result and no significant interaction
was found for protein level (data no shown).

We also evaluated the association between the PDI scores
and each frailty criterion separately (Table 3). Comparing the
highest with the lowest quintile, the hPDI was inversely asso-
ciated with each frailty criterion, being the strongest associa-
tion for reduced aerobic capacity (HR 0.76 [0.72, 0.79])
followed by fatigue (HR 0.79 [0.77, 0.82]); and the weakest
association was observed for having ≥5 illnesses (HR 0.90
[0.82, 0.99]). Contrarily, the uPDI was positively associated
with each criterion except having ≥5 illnesses (Table 3). The
associations remained the same when using a false discovery
rate of 5%.

In sensitivity analyses, the associations remained similar
among women without frailty criteria at baseline, and after
excluding those with cancer, CVD and diabetes at baseline
(Table S2). Likewise, the association remained unchanged
with several modifications of the PDI (excluding fruit juices
and scoring fish and dairy positively in the hPDI) (Table S3).
Additionally, when we assessed the association between
healthy plant foods, less healthy plant foods and animal
foods intake in place of the PDI scores, the associations were
significant and in the expected direction; the HR highest ver-
sus lowest quintile (95% CI) was: 0.63 (0.59, 0.67) for healthy
plant foods; 1.13 (1.05, 1.21) for less healthy plant foods; and
1.27 (1.17, 1.36) for animal foods (Table S3). We further
assessed different latencies between the exposure and the
outcome, and the associations tended to decrease with lon-
ger latency periods (Table S5).

Finally, the associations between 10-unit increase in the
PDI scores and risk of frailty persisted when we stratified by
potential effect modifiers (age, smoking status, alcohol
intake, physical activity, BMI, aspirin use and comorbidities
(hypertension, hypercholesterolemia and diabetes) (P for in-
teraction >0.05 in all cases) (Table S6).

Discussion

In this large cohort of older women, a higher adherence to a
healthy plant-based diet was associated with lower risk of
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frailty, whereas an unhealthy plant-based diet was associated
with an increased risk. The association remained strong
among those with no frailty criteria at baseline, after exclud-
ing those with prevalent diseases, using alternative versions
of the PDI scores, using the consumption of healthy and un-
healthy plant foods instead of the PDI scores, across different
subgroups of participants, and in different latency analyses
between the exposure and the outcome.

Comparison with other studies

To our knowledge, no prior studies have specifically evalu-
ated the association between the quality of plant-based diets
and risk of frailty. The EPIC-Oxford cohort examined the asso-
ciation between non-meat eaters (vegan and vegetarians)
and risk of fractures and found that vegan and vegetarians
had higher risk of fractures than meat eaters.33 However,

Table 1 Age-adjusted baseline characteristics according to quintiles of the plant-based indices among women aged ≥60 years in the Nurses’ Health
Study

a

Healthful plant-based diet index,
quintile

Unhealthful plant-based diet index,
quintile

1 3 5 1 3 5

Participants, n 17 225 16 211 16 115 18 447 16 277 14 702
Dietary score 46.8 (3.1) 55.9 (1.3) 65.0 (2.9) 44.8 (3.1) 54.4 (1.1) 63.7 (3.1)
Age, year 63.9 (2.7) 64.2 (2.6) 64.4 (2.7) 64.1 (2.7) 64.2 (2.7) 64.2 (2.7)
BMI, kg/mb 26.2 (5.1) 25.6 (4.5) 25.0 (4.2) 26.2 (4.7) 25.5 (4.5) 25.3 (4.6)
Physical activity, MET-h/week 15.9 (21) 18.3 (20.5) 23.1 (26.2) 23.5 (26.4) 19.4 (23.7) 14.6 (18.5)
Current smoker, % 13.4 10.5 7.2 8.1 11.0 13.7
Census tract median income (per 1000 USD) 58.6 (24.8) 58.9 (16.2) 59.2 (27.3) 62.0 (28.2) 59.0 (25.9) 55.4 (23.8)
Census tract median home value (per 10 000 USD) 16.3 (11.9) 16.9 (13.1) 18.3 (14.8) 19.1 (15.1) 17.0 (13.1) 14.9 (11.3)
Alcohol intake, g/day 5.8 (10.8) 5.5 (10.2) 4.6 (9.0) 5.7 (9.5) 5.5 (10.4) 4.4 (9.9)
Energy intake, kcal 2009 (464) 1695 (434) 1505 (392) 1989 (451) 1825 (441) 1495 (417)
Saturated fat (% of energy) 11.7 (2.5) 10.2 (2.3) 8.8 (2.2) 10.2 (2.4) 10.1 (2.5) 10.4 (2.7)
Monounsaturated fat (% of energy) 12.7 (2.3) 11.7 (2.5) 10.7 (2.9) 11.8 (2.5) 11.6 (2.7) 11.7 (2.7)
Polyunsaturated fat (% of energy) 5.8 (1.5) 5.9 (1.6) 5.9 (1.8) 6.2 (1.6) 5.9 (1.6) 5.5 (1.6)
Protein intake (% of energy) 17.7 (3.1) 18.9 (3.4) 19.5 (3.7) 20.2 (3.2) 18.9 (3.4) 17.2 (3.4)
Carbohydrate intake (% of energy) 49.3 (7.3) 51.2 (8.1) 53.9 (8.7) 49.9 (7.4) 51.3 (8.5) 53.0 (8.6)
Margarine intake, (s/day) 1.1 (1.0) 1.0 (0.9) 0.8 (0.8) 1.0 (0.9) 1.0 (0.9) 1.0 (0.9)
Vitamin B12, mcg 8.7 (5.8) 7.2 (5) 5.7 (4.3) 8.1 (5.0) 7.0 (5.1) 6.3 (5.3)
Calcium, mg 560.6 (333) 491.4 (322.1) 436.5 (314.4) 624.4 (338) 485 (320) 386.6 (285.7)
Healthy plant foods (s/day) 8.5 (3.2) 10.4 (3.7) 12.8 (4.1) 14.3 (3.9) 10.3 (2.9) 6.9 (2.5)
Whole grains 1.2 (1.1) 1.7 (1.3) 2.1 (1.5) 2.3 (1.5) 1.6 (1.3) 1.0 (1.0)
Fruits 1.5 (1.0) 1.8 (1.2) 2.3 (1.4) 2.5 (1.3) 1.9 (1.2) 1.3 (1.1)
Vegetables 2.6 (1.4) 3.1 (1.6) 3.7 (1.9) 4.3 (1.9) 3.1 (1.5) 2.0 (1.1)
Nuts 0.2 (0.3) 0.2 (0.3) 0.2 (0.4) 0.3 (0.4) 0.2 (0.3) 0.1 (0.2)
Legumes 0.4 (0.3) 0.4 (0.3) 0.5 (0.4) 0.6 (0.4) 0.4 (0.3) 0.3 (0.2)

Less healthy plant foods (s/day) 6.2 (2.6) 4.0 (2.0) 2.6 (1.6) 3.6 (2.1) 4.2 (2.4) 4.9 (2.6)
Refined grains 2.2 (1.6) 1.5 (1.2) 1.1 (1.0) 1.4 (1.2) 1.5 (1.3) 1.7 (1.5)
Potatoes 0.6 (0.4) 0.2 (0.4) 0.1 (0.2) 0.4 (0.3) 0.4 (0.3) 0.5 (0.4)
Sugar-sweetened beverages 0.4 (0.6) 0.2 (0.4) 0.1 (0.2) 0.1 (0.3) 0.2 (0.4) 0.3 (0.6)
Sweets and desserts 1.9 (1.5) 1.2 (1.1) 0.8 (1.0) 1.1 (1.1) 1.3 (1.2) 1.5 (1.4)
Fruit juices 0.9 (0.8) 0.7 (0.7) 0.5 (0.7) 0.6 (0.7) 0.7 (0.7) 0.8 (0.8)

Animal foods (s/day) 5.9 (2.0) 4.5 (1.7) 3.5 (1.5) 6.0 (1.9) 4.5 (1.7) 3.4 (1.5)
Medication use, %b

Aspirin 47.7 48.3 48.3 49.1 48.1 46.1
Postmenopausal hormone therapy 31.2 34.7 37.8 38.7 34.8 30.2
Diuretics 11.8 11.2 9.8 11.6 11.1 10.3
β-blockers 15.2 13.8 11.9 12.9 14.2 14.8
Calcium channel blockers 10.1 10.6 9.7 12.3 12.1 12.6
ACE inhibitors 10.3 10.0 8.7 10.2 9.7 9.3
Other blood pressure medication 9.3 8.1 7.8 8.1 8.7 9.0
Statins 17.7 18.7 17.3 16.4 19.0 19.6
Other cholesterol medication 3.9 3.8 3.7 3.4 3.8 4.1
Insulin 1.5 1.7 2.2 2.3 1.6 1.2
Oral hypoglycaemic drugs 3.6 3.3 2.6 3.9 3.3 2.6

Number of frailty criteria, %
0 75.0 78 81.8 80.1 77.7 75.8
1 19.5 18.0 14.6 16.1 18.4 18.9
2 5.5 4.0 3.5 3.9 3.9 5.4

Abbreviations: ACE, angiotensin-converting enzyme; BMI, body mass index; MET, metabolic equivalent task.
an = values are means (SDs, standard deviation) unless otherwise indicated. Data, except age, were directly standardized to the age dis-
tribution of the entire cohort.

bOne or more times per week.
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the quality of the vegan and vegetarian diets was not evalu-
ated, and this is essential because fractures are strongly asso-
ciated with frailty and vice versa34 and also poor diet quality
has been associated with risk of malnutrition, frailty and its
adverse effects.35 Despite a lack of studies focusing on
plant-based diet quality and risk of frailty, previous evidence
from large cohorts supports the role of diet quality in risk
of frailty.9–12,36 In the NHS, we have previously reported that
adherence to a Mediterranean diet, Dietary Approach to Stop
Hypertension (DASH), and the alternate Healthy Eating
Index-2010 (AHEI-2010) was associated with 13%, 7% and
10% lower risk of frailty, respectively.11 These diets include
low consumption of animal foods; for example, higher con-
sumption of red meat received lower scores. However, the
plant-based diets evaluated in our study differ from these
other diets because the PDI negatively scores all animal foods
and focus on the quality of the plant foods.

In this regard, despite the well-recognized health effect of
plant-based diets during the life cycle,1–3,14 concern has
arisen due to the potential nutrition deficiencies involving vi-
tamin B12, calcium or protein intake after an strict
plant-based diet. This is more important in older adults be-
cause a systematic review has shown that deficiencies in
micronutrients (including vitamin D, carotenoids, vitamins
B12, E or C) and macronutrients (including protein intake)
are associated with increased risk of frailty.35 However,
sources of most of those nutrients, with the exception of vi-
tamin B12, are found in vegetable foods, which highlights
the relevance of focusing on the quality of vegetarian diets.
Indeed, our findings suggesting a protective effect of health-
ful plant foods versus less healthy foods intake or animal
foods on the risk of frailty are in line with the results of an-
other systematic review, where vegetarians or vegans diets
had overall better quality than non-vegetarians diets.37

Our results for each individual frailty criterion showed con-
sistent inverse associations with higher adherence to hPDI
and opposite associations for uPDI, which is in line with other
studies analysing the quality of diet that share high intake of
fruit, vegetables and whole grains.11 On the other hand, ade-
quate protein intake has been associated with muscle mass,
physical function, strength and frailty.38 In this regard,
sources of dietary protein has been debated, with one posi-
tion arguing that animal proteins increase muscle protein
syntheses and digestibility compared with plant proteins.39

However, there is evidence that replacement of animal fats
and protein sources, especially meat, with plant sources of
protein is associated with lower risk of frailty40 and delay un-
healthy ageing.41 Additionally, our recent findings showed
that a higher intake of plant proteins but not animal or dairy
protein, was associated with lower risk of frailty.6 This sup-
ports our findings that a dietary pattern emphasizing healthy
and environmentally sustainable plant sources of protein can
be achieved with no negative effect on muscle mass, stamina,
weight and frailty. In fact, in our alternative PDI where weTa
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scored positively dairy, and fish did not alter the association,
however, an intervention study with 40 Taiwanese individuals
showed improvement in the frailty score when supplemented
diet with skim milk powder and nuts.42 We only found a
weaker association with the criterion ≥5 illnesses, however,
our sensitivity analysis excluding those with cancer, CVD
and diabetes or among robust participants at baseline re-
mained strong.

Potential underlying mechanisms

The mechanisms underlying our findings may involve specific
components of the hPDI, such as antioxidants, unsaturated
fatty acids, dietary fibre and micronutrients including vita-
mins and carotenoids.1,14 These components have been
linked to lower indicators of inflammation, and they may help
to counteract the state of low-grade chronic inflammation
that underlies frailty. In addition, higher consumption of
fruits and vegetables that have high antioxidant capacity
may reduce risk of frailty.21 Furthermore, these and other
components of a healthful plant-based diet, such as plant oils
or whole grains, as well as the overall hPDI have been linked
to lower incidence of CVD, obesity or diabetes,15,17,18 condi-
tions that are risk factors for frailty. In contrast, refined carbo-
hydrates, sugary-sweetened beverages and processed meats
with high pro-inflammatory properties have been associated

with frailty.22 Finally, an optimal protein intake is related to
higher muscle mass and bone mineralization, which may
postpone the onset of frailty in older adults.4

Substantial evidence supports the beneficial effects of
physical activity on physical function and frailty in older
adults.43 Our analysis adjusting for physical activity only
slightly attenuated the protective association between hPDI
and frailty, suggesting that this association is not explained
by the greater physical activity of those in the highest quin-
tiles of the hPDI.

Strengths and limitations

Strengths of our study include the large sample size, the
follow-up over more than 22 years, and the use of repeated
and updated measures of diet and the covariates all help to
minimize bias. Limitations of our study include that diet was
self-reported, which may lead to measurement error and mis-
classification. However, the use of a FFQ that has been vali-
dated against biomarkers and diet records,24 and the re-
peated measurement of habitual diet over time to obtain a
cumulative average of the PDI scores, can reduce this error.
Also, because we focused on overall long-term plant-based
diet quality, we did not evaluate the relation of specific
plant-for-animal substitutions to the risk of frailty; however,
our recent analysis suggested that replacing processed red

Table 3 Hazard ratios (95% confidence intervals) for each frailty criterion according to quintiles of plant-based diet indices among women aged
≥60 years in the Nurses’ Health Study

a

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
P Value
for Trend

Healthful plant-based diet index (hPDI)
Fatigue, 34 493 cases
Multivariable model Ref 1.0 0.94 (0.91, 0.97) 0.92 (0.89, 0.95) 0.86 (0.83, 0.89) 0.79 (0.77, 0.82) <0.001

Low strength, 12 263 cases
Multivariable model Ref 1.0 0.98 (0.92, 1.03) 0.90 (0.85, 0.95) 0.91 (0.86, 0.96) 0.85 (0.80, 0.90) <0.001

Reduced aerobic capacity, 25 655 cases
Multivariable model Ref 1.0 0.94 (0.90, 0.97) 0.88 (0.84, 0.91) 0.83 (0.80, 0.86) 0.76 (0.73, 0.79) <0.001

≥5 illnesses, 5051 cases
Multivariable model Ref 1.0 0.97 (0.89, 1.06) 0.97 (0.89, 1.06) 0.95 (0.87, 1.04) 0.91 (0.83, 1.01) 0.06

Weight loss ≥5 kg, 28 486 cases
Multivariable model Ref 1.0 0.93 (0.89, 0.96) 0.95 (0.92, 0.99) 0.93 (0.90, 0.97) 0.87 (0.84, 0.91) <0.001

Unhealthful plant-based diet index (uPDI)
Fatigue, 34 493 cases
Multivariable model Ref 1.0 1.01 (0.98, 1.05) 1.08 (1.04, 1.12) 1.07 (1.04, 1.11) 1.16 (1.12, 1.20) <0.001

Low strength, 12 263 cases
Multivariable model Ref 1.0 1.05 (0.99, 1.12) 1.14 (1.07, 1.21) 1.12 (1.04, 1.18) 1.21 (1.14, 1.29) <0.001

Reduced aerobic capacity, 25 655 cases
Multivariable model Ref 1.0 1.09 (1.05, 1.14) 1.13 (1.08, 1.18) 1.17 (1.12, 1.22) 1.29 (1.24, 1.35) <0.001

≥5 illnesses, 5051 cases
Multivariable model Ref 1.0 1.00 (0.91, 1.09) 1.05 (0.96, 1.15) 1.04 (0.95, 1.14) 0.99 (0.90, 1.09) 0.84

Weight loss ≥ 5 kg, 28 486 cases
Multivariable model Ref 1.0 1.00 (0.97, 1.05) 1.03 (0.99, 1.07) 1.06 (1.02, 1.10) 1.08 (1.03, 1.12) <0.001

Abbreviations: hPDI, healthful plant-based diet index, uPDI, unhealthful plant-based diet index;
aThe multivariable-adjusted model was adjusted for age (months), calendar time (4-year intervals), body mass index (<25.0, 25.0–29.9
and ≥30.0 kg/m2) at baseline, socio-economic status, smoking status (never, past and current; 1–14, 15–24, and ≥25 cigarettes per
day), alcohol intake (0, 1.0–4.9, 5.0–14.9 or ≥15.0 g/day), energy intake (quintiles of kcal/day), margarine intake, and medication use (as-
pirin, postmenopausal hormone therapy, diuretics, β-blockers, calcium channel blockers, ACE inhibitors, other blood pressure medica-
tion, statins and other cholesterol lowering drugs, insulin, and oral hypoglycaemic medication).
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meats with nuts and legumes was associated with 26% and
13% lower risk of frailty.44 In addition, all animal foods were
scored negatively whereas evidence suggests that the con-
sumption of dairy as a main source of calcium intake and
other foods such as fish may have a null effect on fractures,
or CVD linked to frailty; however, our sensitivity analyses
scoring those items positively did not alter the findings.
Despite adjusting for multiple confounders including socio-
economic, lifestyles, medication and chronic diseases, resid-
ual confounding cannot be rule out. In addition, reverse cau-
sation cannot be excluded although the results from the la-
tency analysis are consistent with the main results but
attenuated. Finally, our study comprises only female nurses;
thus, generalization to other populations should be done
cautiously.

Conclusion

A healthful plant-based diet rich in fruits, vegetables,
whole grains, nuts and legumes was associated with lower
risk of frailty, whereas an unhealthful plant-based diet
characterized by higher amounts of juices, refined grains
or sugar-sweetened beverages was linked to higher risk.
These findings support a global shift towards healthful
plant-based diets in older adults for preventing frailty and
highlight the importance of the quality of the plant-foods
to achieve this goal.

Conflict of interest

Mercedes Sotos-Prieto, Ellen A. Struijk, Teresa T. Fung,
Fernando Rodriguez-Artalejo, Walter C. Willett, Frank B. Hu
and Esther Lopez-Garcia declare that they have no conflict
of interest.

Acknowledgements

The study is supported by Instituto de Salud Carlos III, State
Secretary of R+D+I of Spain and FEDER/FSE grants FIS 20/
1040 (to EL-G) and 20/00896 (to MS-P); and NIH grant UM1
CA186107, and UO1 grant. Mercedes Sotos Prieto holds a
Ramón y Cajal contract (RYC-2018-025069-I) from the
Ministry of Science, Innovation and Universities and FEDER/
FSE. The funding agencies had no role in study design, data
collection and analysis, interpretation of results, manuscript
preparation or in the decision to submit this manuscript for
publication.

Online supplementary material

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

References

1. Satija A, Hu FB. Plant-based diets and
cardiovascular health. Trends Cardiovasc
Med 2018;28:437–441.

2. Willett W, Rockström J, Loken B,
Springmann M, Lang T, Vermeulen S,
et al. Food in the Anthropocene: the
EAT-Lancet Commission on healthy diets
from sustainable food systems. Lancet
2019;393:447–492.

3. U.S. Department of Agriculture and U.S.
Department of Health and Human
Services. 2020 Dietary guidelines for Amer-
icans, 2020–2025. 2020DietaryGuidelines.
gov.

4. Cruz-Jentoft AJ, Dawson Hughes B, Scott D,
Sanders KM, Rizzoli R. Nutritional strate-
gies for maintaining muscle mass and
strength from middle age to later life: a
narrative review. Maturitas 2020;132:
57–64.

5. Rodríguez-Mañas L, Rodríguez-Sánchez B,
Carnicero JA, Rueda R, García-Garcia FJ,
Pereira SL, et al. Impact of nutritional sta-
tus according to GLIM criteria on the risk
of incident frailty and mortality in
community-dwelling older adults. Clin Nutr
2021;40:1192–1198.

6. Struijk EA, Fung TT, Rodríguez-Artalejo F,
Bischoff-Ferrari HA, Hu FB, Willett WC,
et al. Protein intake and risk of frailty
among older women in the Nurses’ Health
Study. J Cachexia Sarcopenia Muscle 2022;
13:1752–1761.

7. Hoogendijk EO, Afilalo J, Ensrud KE, Kowal
P, Onder G, Fried LP. Frailty: implications
for clinical practice and public health. Lan-
cet 2019;394:1365–1375.

8. Kojima G, Iliffe S,Walters K. Frailty index as
a predictor of mortality: a systematic re-
view and meta-analysis. Age Ageing 2018;
47:193–200.

9. Leon-Munoz LM, Garcia-Esquinas E, Lopez-
Garcia E, Banegas JR, Rodriguez-Artalejo F.
Major dietary patterns and risk of frailty
in older adults: a prospective cohort study.
BMC Med 2015;13:11.

10. Lopez-Garcia E, Hagan KA, Fung TT, Hu FB,
Rodriguez-Artalejo F. Mediterranean diet
and risk of frailty syndrome among women
with type 2 diabetes. Am J Clin Nutr 2018;
107:763–771.

11. Struijk EA, Hagan KA, Fung TT, Hu FB,
Rodríguez-Artalejo F, Lopez-Garcia E. Diet
quality and risk of frailty among older

women in the Nurses’ Health Study. Am J
Clin Nutr 2020;111:877–883.

12. Kojima G, Avgerinou C, Iliffe S, Walters K.
Adherence to Mediterranean diet reduces
incident frailty risk: systematic review and
meta-analysis. J Am Geriatr Soc 2018;66:
783–788.

13. Dehghan M, Mente A, Zhang X,
Swaminathan S, Li W, Mohan V, et al. Asso-
ciations of fats and carbohydrate intake
with cardiovascular disease and mortality
in 18 countries from five continents
(PURE): a prospective cohort study. Lancet
2017;390:2050–2062.

14. Hemler EC, Hu FB. Plant-based diets for
personal, population, and planetary health.
Adv Nutr 2019;10:S275–S283.

15. Satija A, Bhupathiraju SN, Spiegelman D,
Chiuve SE, Manson JE, Willett W, et al.
Healthful and unhealthful plant-based
diets and the risk of coronary heart disease
in U.S. adults. J Am Coll Cardiol 2017;70:
411–422.

16. Satija A, Bhupathiraju SN, Rimm EB,
Spiegelman D, Chiuve SE, Borgi L, et al.
Plant-based dietary patterns and
incidence of type 2 diabetes in US men

Plant-based diets and frailty 2861

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 2854–2862
DOI: 10.1002/jcsm.13077



and women: results from three prospective
cohort studies. PLoS Med 2016;13:
e1002039.

17. Chen Z, Drouin-Chartier J-P, Li Y, Baden
MY, Manson JE, Willett WC, et al. Changes
in plant-based diet indices and subsequent
risk of type 2 diabetes in women and men:
three U.S. prospective cohorts. Diabetes
Care 2021;44:663–671.

18. Satija A, Malik V, Rimm EB, Sacks F, Willett
W, Hu FB. Changes in intake of plant-based
diets and weight change: results from 3
prospective cohort studies. Am J Clin Nutr
2019;110:574–582.

19. Baden MY, Liu G, Satija A, Li Y, Sun Q, Fung
TT, et al. Changes in plant-based diet qual-
ity and total and cause-specific mortality.
Circulation 2019;140:979–991.

20. Baden MY, Kino S, Liu X, Li Y, Kim Y,
Kubzansky LD, et al. Changes in
plant-based diet quality and health-related
quality of life in women. Br J Nutr 2020;
124:960–970.

21. Fung TT, Struijk EA, Rodriguez-Artalejo F,
Willett WC, Lopez-Garcia E. Fruit and vege-
table intake and risk of frailty in women
60 years old or older. Am J Clin Nutr
2020;112:1540–1546.

22. Struijk EA, Rodríguez-Artalejo F, Fung TT,
Willett WC, Hu FB, Lopez-Garcia E. Sweet-
ened beverages and risk of frailty among
older women in the Nurses’ Health Study:
a cohort study. PLoS Med 2020;17:
e1003453.

23. Bao Y, Bertoia ML, Lenart EB, Stampfer MJ,
Willett WC, Speizer FE, et al. Origin,
methods, and evolution of the three
Nurses’ Health Studies. Am J Public Health
2016;106:1573–1581.

24. Rimm EB, Giovannucci EL, Stampfer MJ,
Colditz GA, Litin LB, Willett WC. Reproduc-
ibility and validity of an expanded
self-administered semiquantitative food
frequency questionnaire among male
health professionals. Am J Epidemiol
1992;135:1114–1126, discussion 1127–36.

25. Yuan C, Spiegelman D, Rimm EB, Rosner
BA, Stampfer MJ, Barnett JB, et al. Validity
of a dietary questionnaire assessed by
comparison with multiple weighed dietary
records or 24-hour recalls. Am J Epidemiol
2017;185:570–584.

26. Morley JE, Malmstrom TK, Miller DK. A sim-
ple frailty questionnaire (FRAIL) predicts
outcomes in middle aged African Ameri-
cans. J Nutr Health Aging 2012;16:
601–608.

27. Ware JE, Snow KK, Kosinski M, Gandek B,
Institute NEMCHH. SF-36 health survey:
manual and interpretation guide. Health
Institute, New England Medical Center;
1993. https://books.google.es/books?id=
WJsgAAAAMAAJ

28. Mijnarends DM, Schols JMGA, Meijers
JMM, Tan FES, Verlaan S, Luiking YC, et al.
Instruments to assess sarcopenia and
physical frailty in older people living in a
community (care) setting: similarities and
discrepancies. J Am Med Dir Assoc 2015;
16:301–308.

29. Wolf AM, Hunter DJ, Colditz GA, Manson
JE, Stampfer MJ, Corsano KA, et al. Repro-
ducibility and validity of a
self-administered physical activity ques-
tionnaire. Int J Epidemiol 1994;23:991–999.

30. Benjamini Y, Hochberg Y. Controlling the
false discovery rate: a practical and power-
ful approach to multiple testing. J R Stat
Soc B Methodol 1995;57:289–300.

31. Mohan D, Mente A, Dehghan M,
Rangarajan S, O’Donnell M, Hu W, et al. As-
sociations of fish consumption with risk of
cardiovascular disease and mortality
among individuals with or without vascular
disease from 58 countries. JAMA Intern
Med 2021;181:631–649.

32. Alvarez-Bueno C, Cavero-Redondo I,
Martinez-Vizcaino V, Sotos-Prieto M, Ruiz
JR, Gil A. Effects of milk and dairy product
consumption on type 2 diabetes: overview
of systematic reviews and meta-analyses.
Adv Nutr 2018;10:S154–S163.

33. Tong TYN, Appleby PN, Armstrong MEG,
Fensom GK, Knuppel A, Papier K, et al.
Vegetarian and vegan diets and risks of
total and site-specific fractures: results
from the prospective EPIC-Oxford study.
BMC Med 2020;18:353.

34. Ensrud KE, Ewing SK, Taylor BC, Fink HA,
Stone KL, Cauley JA, et al. Frailty and risk
of falls, fracture, and mortality in older
women: the study of osteoporotic frac-
tures. J Gerontol A Biol Sci Med Sci 2007;
62:744–751.

35. Lorenzo-López L, Maseda A, de Labra C,
Regueiro-Folgueira L, Rodríguez-Villamil
JL, Millán-Calenti JC. Nutritional determi-
nants of frailty in older adults: a systematic
review. BMC Geriatr 2017;17:108.

36. Fan Y, Zhang Y, Li J, Liu Y, Zhou L, Yu Y. As-
sociation between Healthy Eating
Index-2015 and physical frailty among the
United States elderly adults: the National
Health and Nutrition Examination Survey
(NHANES) 2011–2014. Aging Clin Exp Res
2021;33:3245–3255.

37. Parker HW, Vadiveloo MK. Diet quality of
vegetarian diets compared with nonvege-
tarian diets: a systematic review. Nutr Rev
2019;77:144–160.

38. Coelho-Junior HJ, Marzetti E, Picca A,
Cesari M, Uchida MC, Calvani R. Protein In-
take and frailty: a matter of quantity, qual-
ity, and timing. Nutrients 2020;12.

39. van Vliet S, Burd NA, van Loon LJC. The
skeletal muscle anabolic response to plant-
versus animal-based protein consumption.
J Nutr 2015;145:1981–1991.

40. Kobayashi S, Asakura K, Suga H, Sasaki S.
High protein intake is associated with low
prevalence of frailty among old Japanese
women: a multicenter cross-sectional
study. Nutr J 2013;12:164.

41. Ortola R, Struijk EA, Garcia-Esquinas E,
Rodriguez-Artalejo F, Lopez-Garcia E.
Changes in dietary intake of animal and
vegetable protein and unhealthy aging.
Am J Med 2019;133:231–239.e7.

42. Wu S-Y, Hsu L-L, Hsu C-C, Hsieh T-J, Su S-C,
Peng Y-W, et al. Dietary education with
customised dishware and food supple-
ments can reduce frailty and improve
mental well-being in elderly people: a
single-blind randomized controlled study.
Asia Pac J Clin Nutr 2018;27:1018–1030.

43. Angulo J, El Assar M, Álvarez-Bustos A,
Rodríguez-Mañas L. Physical activity and
exercise: strategies to manage frailty.
Redox Biol 2020;35:101513.

44. Struijk EA, Fung TT, Sotos-Prieto M,
Rodriguez-Artalejo F, Willett WC, Hu FB,
et al. Red meat consumption and risk of
frailty in older women. J Cachexia Sarcope-
nia Muscle 2022;13:210–219.

2862 M. Sotos-Prieto et al.

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 2854–2862
DOI: 10.1002/jcsm.13077

https://books.google.es/books?id=WJsgAAAAMAAJ
https://books.google.es/books?id=WJsgAAAAMAAJ

	Association between the quality of �plant�&hyphen;�based diets and risk of frailty
	Introduction
	Methods
	Study population
	Assessment of �plant�&hyphen;�based diet indices
	Assessment of frailty
	Ascertainment of mortality
	Assessment of covariates
	Statistical analysis

	Results
	Discussion
	Comparison with other studies
	Potential underlying mechanisms
	Strengths and limitations

	Conclusion
	Conflict of interest
	References

