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A B S T R A C T

Objective: Plant-based diets (PBD) are generally promoted as beneficial for health. However, whether this is also the
case at older ages, when energy deficits, muscle loss and frailty affect health, is unclear. Research has shown that
among older adults, particularly in men, a healthful PBD is associated with a lower frailty risk. This relation was
however, not studied in the context of socio-economic status (SES), a major factor influencing the risk of frailty.
Therefore, we aim to assess whether plant-based diets associate with frailty risk at older ages and whether this
association is moderated by sex and income in a large population-based dataset.
Methods: We investigated baseline data from the UK Biobank cohort study (UKB) cross-sectionally (n [15_TD$DIFF]=73 180,
mean age=55.48� 7.87). We applied a plant-based diet index [range 17�85], differentiating between a healthful
(hPDI) and unhealthful plant-based diet (uPDI). Frailty was assessed by the Fried frailty phenotype and categorized
into 0–4 symptoms of frailty. Average annual household incomewas divided into three categories: low [114_TD$DIFF](<18.000 £),
medium [115_TD$DIFF](18.000–52.000 £) andhigh (>52.000 £).Weapplied anordinal logistic regressionmodelwith frailty as the
categorical outcome andPDI as continuous predictorwhile adjusting for age, sex, ethnicity, education, BMI andUKB
assessment center. Secondly, we included an interaction term (PDI*sex*income). To identify subgroups driving any
interactions,we stratified by sex and subsequently by incomegroup todetermine the effect of PDI in subgroupswhile
additionally adjusting for lifestyle factors.
Results: A 10-unit increase in hPDI was associated with 3.4% lower odds for frailty (OR [116_TD$DIFF]=0.966, 95%CI [0.946,
0.987]), whereas a 10-unit increase in uPDI was associated with 7.7% greater odds for frailty (OR=1.077, 95%CI
[1.054, 1.101]). The association between uPDI and frailty was moderated by income and sex (uPDI*income*sex, p [117_TD
$DIFF]=0.002), whereas no such moderation was found for hPDI (p=0.602). Subsequent stratification reveals a
significant effect of uPDI on frailty particularly amongmenwith low income (OR [23_TD$DIFF]=1.177, 95% CI [1.069, 1.298]),
but not for women. This association in men largely persisted after adjustment for additional lifestyle factors (OR [24_TD
$DIFF]=1.119, 95%CI [0.995, 1.258]).
Conclusion: We observed that adherence to an unhealthful plant-based diet was associated with a higher risk for
frailty. This relationwas especially observed formenwith lower incomes andnot explained byother lifestyle factors.
While future research may investigate more specific determinants of health and diet behavior in men of low
household income, this group in particular may profit from diet intervention improving diet quality
© 2024 The Authors. Published by Elsevier Masson SAS on behalf of SERDI Publisher. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Plant-based diets, characterized by a high intake in plant foods and
comparatively low intake of animal foods, have gained attention in recent
years as a shift towards more plant foods is recommended by the EAT-

Lancet committee [1] as well as dietary guidelines worldwide. Further,
plant-based diets are recommended for the prevention of age-related
diseases, in particular metabolic diseases. However, for vulnerable
populations strict plant-based diets may also lead to energy deficits and
inadequate protein intake, contributing to a loss of muscle mass, which
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poses a risk factor for frailty [2]. Frailty has been defined as increased
vulnerability resulting from an age-associated decline in function and
may put older adults at an increased risk for adverse outcomes, such as
hospitalization and mortality [3]. Meanwhile, studies have shown that a
healthful plant-based dietmay actually lower the risk for frailty, although
not in both sexes equally [4,5]. The role of diet in the prevention of frailty,
may be explained by anti-inflammatory properties of plant foods [4,6].
Men in particular may respond more to the effects of an inflammatory
diet, as a previous study identified a higher inflammatory diet score to be
associated with frailty only in men, although higher levels of
inflammatory markers have been observed in women [6–8]. At the same
time, previous research has shown that women are generally more likely
tobecome frail over the life course, potentially becausewomen live longer
on average and accumulate more non-lethal diseases over their lifetime
[9], In summary, this indicates that differences betweenmen andwomen
exist in the prevalence of frailty and response to lifestyle factors [10]. It is
therefore important to further investigate the interplay of diet and sex on
frailty risk.

Sex-differences also exist regarding socioeconomic background and
its effect on frailty.Higher socioeconomic status (SES) has been linked to a
healthier lifestyle and reduced frailty risk, while low SES groups have
benefitted more from improving their lifestyle [11]. In addition, sex
differences were observed: women’s frailty risk was determined more by
education, whereas in men income had a stronger influence [12].
Similarly, individuals with a lower SES and an unhealthy lifestyle have
been found to have a higher mortality risk compared to individuals with
high SESand a comparable unhealthy lifestyle,withmenwith low income
being a particular at-risk group [13]. Thus, these findings point towards a

potential interaction of lifestyle, sex, and income. It is currently not
known whether each of these characteristics associate additively and
independently with the development of frailty, or whether the interplay
of these factors impacts frailty risk.

We therefore aim to identify at-risk groups for frailty which may be
target groups for future dietary and lifestyle interventions. We focus on
the question whether plant-based diets are differently associated with
frailty in men and women and whether this association dependent on
income. To quantify adherence to a plant-based diet, we apply a plant-
based diet index, differentiating between adherence to a healthful and
unhealthful plant-based diet to a population of 73,180 adults (mean age [28_TD
$DIFF]=55.48 years) from the UK Biobank.

2. Methods

2.1. Study population

For this study, we used data from the UK Biobank, a multicenter
prospective cohort study with >500,000 participants conducted in
England, Scotland and Wales. Included were participants with an age
range of 40–69 years and who were able to attend the UKB assessment
centers. Ethical approval was granted by the North West Multi-centre
Research Ethics Committee and all participants provided written consent
at recruitment. [14]. Baseline measurements were carried out between
2006 and 2010. For the purpose of this cross-sectional analysis, we
included participants that had baseline data on all variables of interest
available and filled at least two [118_TD$DIFF]24 h-diet recalls. Our final sample
consisted of n=73,180 (mean age=55.48 years) (Table 1).

Table 1
Descriptive statistics over UK Biobank study population.

Joint Female Male

N 73,180 38,423 34,757
Age, mean[2_TD$DIFF]� SD 55.5� 7.9 54.6�7.7 56.5� 7.9
Female n (%) 38,423 (52,5%) 38,432 (100%) 0 (0%)
hPDI [17�85], mean[109_TD$DIFF]� SD 53.2� 7.5 53.0�7.6 53.3� 7.3
uPDI [17�85], mean [110_TD$DIFF]� SD 52.8� 7.3 52.2�7.4 53.3� 7.2
Income

Low, n (%) 8,081 (11.0) 4,822 (12.6) 3,259 (9.4)
Medium, n (%) 37,869 (51.8) 20,237 (52.7) 17,632 (50.7)
High, n (%) 27,230 (37.2) 13,364 (34.8) 13,866 (39.9)

Frailty
0, n (%) 48,529 (66.3) 24,832 (64.6) 23,697 (68.2)
1, n (%) 19,663 (26.9) 10,561 (27.5) 9,102 (26.2)
2, n (%) 3,977 (5.4) 2,387 (6.2) 1,590 (4.6)
3, n (%) 823 (1.1) 519 (1.4) 304 (0.9)
4, n (%) 188 (0.3) 124 (0.3) 64 (0.2)

BMI [kg/m2], mean [4_TD$DIFF]� SD 26.5� 4.4 26.0�4.8 27.0� 4.0
Ethnicity

White, n (%) 71,106 (97.2) 37,251 (97.0) 33,855 (97.4)
Mixed, n (%) 385 (0.5) 250 (0.7) 135 (0.4)
Asian, n (%) 628 (0.9) 263 (0.7) 365 (1.1)
Black, n (%) 505 (0.7) 304 (0.8) 201 (0.6)
Chinese, n (%) 166 (0.2) 112 (0.3) 54 (0.2)
Other, n (%) 390 (0.5) 243 (0.6) 147 (0.4)

Education
Low, n (%) 16,454 (22.5) 9,319 (24.3) 7,135 (20.5)
Medium, n (%) 14,275 (19.5) 6,975 (18.2) 7,300 (21.0)
High, n (%) 42,454 (58.0) 22,129 (57.6) 20,322 (58.5)

Physical Activity [MET min/wk], mean [5_TD$DIFF]� SD 2,353.1�2,224.9 2,341.5� 2,164.8 2,367�2291
Energy intake [kj/d], mean [6_TD$DIFF]� SD 8,606.0�1,927.8 7,960.8� 1,637.5 9,319.2�1,972.6
Alcohol [g/d], mean [7_TD$DIFF]� SD 17.8� 19.8 13.6�15.7 22.4� 22.7
Fiber [g/d], mean[8_TD$DIFF]� SD 17.9� 5.6 17.6�5.4 18.3� 5.8
Protein [g/d], mean[111_TD$DIFF]� SD 80.3� 19.3 75.9�17.5 85.2� 20.0
Current smoker n (%), mean� SD 4,942 (6.8) 2,199 (5.7) 2,743 (7.9)
Nr of medication, mean [11_TD$DIFF]� SD 2.0� 2.3 2.0�2.3 2.0� 2.3
Vitamin D [nmol/l], mean [112_TD$DIFF]� SD 49.7� 20.8 49.5�20.8 49.9� 20.9

hPDI: healthful plant-based diet index, uPDI: unhealthful plant-based diet index, income low: <18,000 £, medium: [113_TD$DIFF]18,000–51,999 £, high: >52,000 £.
MET: Metabolic equivalent of task.
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2.2. Plant-based diet index

For the calculation of theplant-baseddiet index,weusedpreprocessed
data that provided information on dietary intakes of 93 food groups in
grams per day (Category 10018, Suppl. Table S1). This dataset was
created by Piernas et al. in 2022 based on rawdata from theOxfordWebQ
tool [15,16]. In this web-based, self-administered questionnaire,
participants reported their intake in serving sizes within the last [32_TD$DIFF]24 h.
Invitations to complete the questionnaire were sent on specific days to
capture variations in intake between weekdays and the weekend.1 In our
study, participants that completed at least two questionnaires were
included in the analysis, to gain an estimate of usual intake. We further
excluded participants with unrealistic energy intake as described
previously [17]. To calculate the PDI for each participant from this data
set, intakes of 17 food groups, consisting of healthful plant foods
(wholegrains, fruits, vegetables, nuts, legumes, tea & coffee), unhealthful
plant foods (sweets, refined grains, fruit juices, sodas, potatoes) and
animal foods (meat, fish, dairy, eggs, animal fats, miscellaneous animal
foods), were averaged across questionnaires (Suppl. Table S2). Vegetable
oil was not included since insufficient informationwas available. The PDI
was calculated following standard procedure [18]: The intakes per food
groups were divided into sex-specific quintiles. For the healthful plant-
based diet index (hPDI) this includes scoring healthful plant foods
positively, whereas unhealthful plant foods were scored negatively. For
the unhealthful plant-based diet index (uPDI) this procedure was
reversed: healthful plant foods were scored negatively and unhealthful
plant foods were scored positively. Animal food groups were always
scored negatively for both indices. Since intakes in some food groupswere
low, the cut-off for several quintiles was 0. Therefore, quintiles with a low
intake [35_TD$DIFF](0 g until the cut-off of the first non-zero quintile) were
summarized and awarded a 1. The remaining quintiles were then scored
as normal, i.e., those above the fifth quintile receiving a score of 5 etc. The
final score has a theoretical score ranging from17�85, with higher scores
indicating greater adherence to a healthful (hPDI) or unhealthful (uPDI)
diet, respectively. The index was adjusted for energy intake using the
residual method [19].

2.3. Frailty index and income

The frailty index is an adaption from Fried’s frailty index with
variables found in the UK Biobank [20,21]. This adapted Fried’s frailty
index includes hand grip strength, usual walking pace, weight loss in the
past year, feelings of exhaustion in the past week and physical activity in
the last 4weeks. According to this definition participantswere considered
frail if they fulfil at least three of the following criteria: weight loss in the
previous year, tired or low energy on more than half the days in the past
two weeks, none, or light physical activity with a frequency of once per
week or less, slow usual walking pace and low grip strength (according to
sex and bmi specific cut-offs). Participants that met one or two criteria
were classified as pre-frail. The process has been described in more detail
elsewhere [21]. Since only a small percentage of our sample showed all 5
symptoms of frailty (n [119_TD$DIFF]=21), those who show 4 or 5 symptoms of frailty
were grouped together (n=188).

Total household income before tax was collected in 5 categories. For
the sakeof data analysis this variablewas coded into three categories: low [120_TD$DIFF]

(<18,000 £), medium [121_TD$DIFF](18,000–51,999 £), and high (>52,000 £).

2.4. Covariates

All models were adjusted for age, sex, bmi, ethnicity, and education,
due to their relevance in the development of frailty [9,22–24]. Ethnicity
was categorized into white, Mixed, Asian, Black, Chinese or other.
Education was categorized into low (Certificate of Secondary Education
or equivalent, Ordinary levels/General Certificate of Secondary

Education or equivalent), medium (Advanced levels/Advanced Subsidi-
ary levels or equivalent, National Vocational Qualifications or Higher
National Diploma or Higher National Certificate or equivalent) and high
(College or University degree, Other professional qualifications e.g.:
nursing, teaching). In addition, the analyses were adjusted for the
assessment center in which data was collected to take into account
potential differences between centers. In total, data was collected in 22
assessment centers across the UK. For this analysis, the different centers
were grouped into the 9 regions of England, as described in previous
literature [17].We further adjust the finalmodel for additional health and
lifestyle variables, to identify potential confounding by lifestyle factors,
including physical activity (in MET min/wk), alcohol, fiber and protein
intake, vitamin D levels, smoking status (categorized as never/previous/
current), number of prescribed medications (Suppl. Table S1). Low
physical activity has been previously identified as a risk factor for frailty
[25]. Alcohol can be a risk factor for a multitude of diseases, and
multimorbidity is a risk factor for frailty [26]. For the same reason we
adjust for number of prescribed medications as an indicator of overall
health status [21]. Serum 25 hydroxyvitamin D is related to bone health
and metabolism and may therefore also play a relevant role in the
development of frailty [27]. Both, fiber, and protein intake have been
associated with increased muscle mass and may therefore be protective
for frailty [28,29]. Alcohol, fiber and protein intake were adjusted for
energy intake via the residual method [19].

2.5. Statistical analysis

We first assessedwhether all variables of interest, i.e., PDIs, frailty and
income were independently associated with each other. To assess the
association betweenplant-based diet adherence and frailty,we applied an
ordinal logistic regression model with frailty as the categorical outcome
variable and PDI as continuous predictor (models 1a and 1b). For
determining the association between frailty and income, an ordinal
logistic regressionmodelwas fitwith frailty as the outcome and income as
the categorical predictor (model 2). Lastly, an ordinal logistic regression
modelwas fit with income as the categorial outcome variable and PDI as a
continuous predictor (models 3a and 3b). All models were adjusted for
age, sex, bmi, ethnicity, education, and assessment center.

Model 1a: frailty � hPDI+age+sex+bmi+ethnicity+education+
assessment center

Model 1b: frailty �uPDI+age+sex+bmi+ethnicity+education+
assessment center

Model 2: frailty � income+age+sex+bmi+ethnicity+educa-
tion+assessment center

Model 3a: income�hPDI+age+sex+bmi+ethnicity+education+
assessment center

Model 3b: income�uPDI+age+sex+bmi+ethnicity+education+
assessment center

In a second step, we aimed to address the question whether there is
an influence of sex and income on the association between frailty and
hPDI (model 4a) or uPDI (model 4b), respectively. For this, we added a
three-way interaction term of sex, hPDI/uPDI and income to an ordinal
logistic regression model with frailty as the categorical outcome
variable. To assess the significance of the interaction, we ran an
analysis of variance comparing the models with and without interaction
term.

1 https://biobank.ndph.ox.ac.uk/showcase/ukb/docs/DietWebQ.pdf
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Model 4a: frailty � hPDI+sex+ income+Sex*Income*hPDI+age+
bmi+ethnicity+education+assessment center

Model 4b: frailty � uPDI+sex+ income+Sex*Income*uPDI+age+
bmi+ethnicity+education+assessment center

To assess difference in effect between men and women, we stratified the
interaction models by sex.

Model 5a: Women, frailty � uPDI+ income+Income*hPDI+age+
bmi+ethnicity+education+assessment center

Model 5b: Men, frailty � uPDI+ income+Income*uPDI+age+
bmi+ethnicity+education+assessment center

To identify potentially explanatory characteristics for the interaction,
we further adjusted for lifestyle and health-related factors (physical
activity, alcohol, fiber and protein intake, vitamin D levels, smoking
status, number of prescribed medications).

Model 5c:Men, frailty� uPDI+ income+Interaction (Income*hPDI)+
age+bmi+ethnicity+education+assessment center+physical ac-
tivity+ fiber intake+protein intake+alcohol intake+vitamin D+
smoking status+nr of medication

In the last step, we stratified models by income group for the models
that showed a significant interaction effect of PDI and income in the
previous step to identify the effect of uPDI on frailty risk per subgroup.

MODEL 6a: Men with low income, frailty � uPDI+age+bmi+
ethnicity+education+assessment center+physical activity+ fiber
intake+protein intake+alcohol intake+vitamin D+smoking sta-
tus+nr of medication

MODEL 6b: Men with medium income, frailty � uPDI+age+bmi+
ethnicity+education+assessment center+physical activity+ fiber
intake+protein intake+alcohol intake+vitamin D+smoking sta-
tus+nr of medication

MODEL 6c: Men with high income, frailty � uPDI+age+bmi+
ethnicity+education+assessment center+physical activity+ fiber
intake+protein intake+alcohol intake+vitamin D+smoking sta-
tus+nr of medication

We carried out a sensitivity analysis in which we further adjusted for
atypical dietary intake. When filling the [56_TD$DIFF]24 h diet records, participants
could indicate whether they followed a typical diet that day. We
calculated the percentage of questionnaires with atypical intake and
added this to our models. We further replicated all analysis with a binary
logistic regression (i.e., binarization of frailty in no symptoms of frailty
(scores 0), and mild to severe frailty (scores 1–5) to validate to our
findings. All analysis were carried out in R 4.3.2.

3. Results

The complete sample consisted of n [131_TD$DIFF]=73,180 mostly white adults
with a mean age of 55.5� 7.9 years. A slight majority of the sample
consisted of women (52.50%). Because higher scores PDI scores indicate
higher adherence to the diet pattern, women showed slightly lower
adherence to uPDI (mean uPDIfemale [132_TD$DIFF]=52.2 vs mean uPDImale=53.3,
p< 0.001). Additionally, women were more likely to be in the low-
income group compared to men. Further, women had a lower BMI,
consumed less alcohol and were less likely to be smokers than men.

Despite their seemingly healthier lifestyle choices, women reported
higher medication intake and were more likely to be frail (Table 1).

3.1. Plant-based diet and income are independently associated with frailty
risk

We first assessed whether frailty is (univariately) associated with PDI
(model 1a and 1b) and income (model 2), and whether PDI is associated
with income (model 3a and 3b). Both, hPDI and uPDI were associated
with frailty, as expected in different directions: per 10-unit increase in
dietary index, higher hPDI was associated with 3% (OR [133_TD$DIFF]=0.966,
p=0.002) lower odds for frailty, whereas uPDI was associated with
8% (OR=1.077, p< 0.001) greater odds for frailty (Suppl. Table S3).

High income, while adjusted for covariates, such as education level,
was associated with 44% (OR [134_TD$DIFF]=0.558, p<0.001) lower odds for frailty,
whereas those in the medium income group had 28% (OR=0.718,
p< 0.001) lower odds (Suppl. Table S4). Lastly, we observed a 10-unit
increase in hPDI and uPDI to be associated with 7% (OR [66_TD$DIFF]=0.928,
p< 0.001) and 3% (OR=0.969, p=0.003) lower odds for high income,
respectively (Suppl. Table S5).

3.2. Unhealthful plant-based diet, income and sex have interactive effect on
frailty risk

We observed differences in the distribution of PDI, income and frailty
risk between sexes in our study population (Table 1). To assess whether
the overall association between PDI and frailty is moderated by income,
we included an interaction term between PDI, sex and income.

Anova comparingmodelswith andwithout interaction terms revealed
no significant interaction for hPDI*sex*income (p [135_TD$DIFF]=0.092), while the
interaction of uPDI*sex*income was significant (p=0.005).

3.3. Effect of unhealthful plant-based diet primarily in men of low income

To further pinpoint the interaction effects of sex, uPDI and income on
frailty, we performed sex-stratified analyses (model 5a [71_TD$DIFF]+b). In women
uPDI was not associated with frailty and neither did it interact with
income (Suppl. Table S7).Meanwhile, inmen,weobserved anassociation
of uPDIwith frailty (OR [136_TD$DIFF]=1.249, p< 0.001)with a significant interaction
between uPDI and medium (p=0.007) and high income (p<0.001).

The interaction observed in men may be explained by lifestyle and
health-related factors such as physical activity, smoking, alcohol
consumption and vitamin D levels. Therefore, we further adjusted the
association for these additional lifestyle andhealth-related factors (model
5c). Interestingly, the interaction term between uPDI and income
remained significant, indicating there is a difference in the association
between uPDI and frailty by income which is not explained by lifestyle
and health-related factors tested (model 5c, Suppl. Table S8). Subse-
quently, to visualize the interaction effect, we further stratified by income
group (models 6a–c). We observed that for menwith a high income, uPDI
was not associated with frailty (OR[137_TD$DIFF]=0.994, 95% CI [0.933, 1.059]),
while in contrast every 10-unit increase in uPDI was associated with 18%
(OR=1.177, 95% CI [1.069, 1.298]) greater odds for frailty in men with
a low income (Fig. 1). This association persisted after adjustment for
additional health- and lifestyle factors (OR [24_TD$DIFF]=1.119, 95%CI [0.995,
1.258], Fig. 1).

3.4. Sensitivity analysis

To test the influence of atypical dietary intake, we adjusted for the
percentage of diet questionnaires in which an atypical diet was reported.
We found that atypical intake was not associated with the overall results
(Suppl. Fig. S1). Further, replication of our results with a binary logistic
regression yielded similar results (Suppl. Fig. S2).
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4. Discussion

In a large dataset of over 70 thousand individuals, we dissected how
plant-based diets, sex, and income associate with frailty. We observed for
both men and women that greater adherence to a healthful plant-based
diet was associated with a lower risk of frailty, and greater adherence to
an unhealthful plant-based diet was associated with higher risk of frailty.
In addition, we established that higher income and male sex were
associated with lower risk of frailty. Because sex, income and diet are
known related factors [4,9,12], we tested for a three-way interaction of
these variables in their association with frailty. While we observed no
interaction for hPDI, sex and income on their effect with frailty, we did
observe interaction of uPDI, sex and income on frailty. Specifically, men
with low income and a high adherence to unhealthful plant-based diet
had remarkable higher risk for frailty, which was not explained by
physical activity, alcohol consumption or smoking. Remarkably, no effect
of uPDI on frailty was observed in high income men or women in either
income group.

Our findings, that a healthful plant-based diet was associated with a
lower frailty risk, while an unhealthful plant-based diet was associated
with a higher risk for frailty, is supported by other research [4,5,7].
Higher intakes of fruits and vegetables, concomitant with adherence to a
healthful plant-based diet, has previously been associated with lower
short-term frailty risk [30]. Further, other measures of diet quality, such
as the alternative healthy eating index (aHEI) and theMediterranean diet

score (MDS) found further evidence for a diet high in healthy plant foods
to be associated with a low frailty risk [31]. A common feature of the
hPDI, aHEI andMDSare their focus on fruits, vegetables,wholegrains and
plant protein sources. Conversely, dietary components measured by high
adherence to the uPDI, especially intakes of foods high in sugar and
refined grains as well as sugary drinks have in previous research been
identified with an increased frailty risk [32,33]. The underlying
mechanism may be the difference in nutrient concentration between
healthful and unhealthful plant foods, as a role of nutrient deficiencies in
the development of frailty have been discussed [34].

Our observations of an interaction between income and unhealthful
dietary patternwere also in linewith previous research. A study in the UK
Biobank concluded that the association between unhealthy lifestyle
behaviors (including e.g., diet, physical activity, sleep duration and
smoking) and adverse health outcomes were stronger among deprived
populations [35]. Similarly, a more recent large population-based study
reported that a healthy lifestyle benefited low SES populations more by
having a stronger associationwithmortality risk compared to groupswith
high socio-economic status [13] InChinese older adults a protective effect
of high incomeon frailtywas reported [12].Our study is unique in thatwe
investigate the interplay of all three factors, income, sex, and plant-based
diet adherence combined, on frailty risk. We identified men with low
income as an at-risk group for frailty when consuming an unhealthful
plant-based diet, even adjusting for lifestyle factors, suggesting a unique
effect of diet on frailty.

Several hypotheses have been proposed for the higher morbidity
observed especially in men with low income. First, men are generally
assumed to engage more in unhealthy behaviors [36]. Similarly, low SES
groups are more likely to engage in unhealthy behaviors in extreme ways
compared to higher SES groups. This has been discussed for alcohol
consumption, with low income groups being more likely to engage in
excessive drinking, but may also extend to other health behavior such as
diet [37]. When comparing uPDI scores of the frailest individuals, we
observe that, menwith a low income had a higher uPDI (55.05) than high
incomemen in the same frailty category, suggestingmenwith low income
engaged more in unhealthy dietary habits (50.43). While a clear
explanation for our findings is lacking, we observed that women in
our sample had consistently higher intakes of vegetables, fruit, tea, and
coffee as well as dairy compared to men. All these food groups have been
associatedwith a lower frailty risk, supposedly due to concomitant higher
intakes of antioxidants, protein, and calcium [38–40]. Further, men with
low income and frailty were the subgroup with the highest intake of soda
(data not shown), potentially explaining the association with frailty in
this population group [32]. Future research may explore how dairy and a
reduction of soda consumptionmay fit into a healthful plant-based diet to
contribute to lower frailty risk.

At the same time research suggests that low income groups have less
access to the medical system or are less inclined to make use of medical
care [35]. Further, low income often goes hand in hand with increased
stress and mental burden associated with the challenge to make a living.
Inmen, themental distress of low socioeconomic statusmay intersect and
be amplified by societal expectations to provide, leading to a greater
importance of income in this group [41]. Men with a low income may
therefore be a particularly vulnerable group and may be targeted by
dietary interventions.

Surprisingly, we observed no interaction effect of income and plant-
based diet adherence with frailty risk in women. Women are generally
more likely to be frail yet have a lowermortality risk. This is known as the
male-female health-survival paradox [9]. It has been proposed, that in
women, other factors contribute more to frailty, shifting the focus away
from lifestyle. For example, women accumulate more disabling
conditions, such as arthritis, which can limit physical functioning
[6,42]. It has also been suggested, that inflammation may contribute
more to the development of frailty in women [43]. At the same time, men
have been proposed to benefit more from an anti-inflammatory diet,
potentially contributing to lower frailty risk [8]. Previously, differences

Fig. 1. Association between unhealthful plant-based diet index (uPDI) and frailty
in men of different income groups.
OR per 10-unit increase in uPDI.
– Basic model – fully adjusted model * low income ~ medium income high
income.
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in the gut microbiome between sexes has been suggested as a potential
mechanism [6], however more studies are needed to investigate the
interplay of sex and frailty, the gut microbiome and risk factors such as
diet and inflammation.

Our analysis has several limitations. Firstly, the UK Biobank sample
was still relatively youngwith amean ageof 55 (range 40–70years) years.
Subsequently, cases of frailty, especially those who showed more than
three symptoms of frailty, were relatively low in our sample andwould be
considered early frailty. Secondly, participants of the UK Biobank study
tend to live in less deprived areas [44]. This is also supported by the fact
that the majority of our sample had a medium or high income. In our
analysis, we included participants who had filled at least two [56_TD$DIFF][108_TD$DIFF]24h diet
recalls. It can be argued that two questionnaires may be not enough to
accurately reflect usual intake. However, according to the median of
questionnaires filled, we had 3 or more questionnaires available from
50% of our sample, a number that has previously been identified as
sufficient for estimating energy intake [40]. While we adjusted for
ethnicity, the vast majority of the sample was white, leading to limited
transferability of our results to other ethnic groups. We did not assess the
impact of biological factors, such as levels of inflammatory markers, the
gut microbiome, or pre-existing conditions, although we approximated
pre-morbidities by adjusting formedication intake. Further researchmay
therefore extend our findings by taking into account these factors. Lastly,
as we conducted a cross-sectional analysis, causality cannot be inferred
and there is a possibility that reverse confounding contributed to the
results. Our findings on the association between diet and frailty are
however in line with other, longitudinal research, supporting our results.
Future studies may replicate our findings in older, more deprived, and
diverse populations and take into account markers of metabolic health.

The strength of our analysis lies predominantly in the large sample size
of theUKBiobankmaking robust observations andallowing to explore the
relative contribution of clustering factors influencing frailty. Despite
potentially limited representativeness, it has been suggested, that
exposure-disease relationships are still extrapolatable to the general
population [44]. Further, the extensiveness of the UK Biobank database
allowed us to adjust our analysis for a variety of lifestyle and health
related factors. Additionally, the Oxford WebQ that was used to collect
dietary data has been validated against interviewer-administered diet
recalls and shown to produce reliable results [15,45].

5. Conclusion

We conclude that adherence to an unhealthful plant-based diet
contributes to frailty risk predominantly among men with low income
(<£18k). We therefore identified an at-risk group, which may benefit
from dietary and lifestyle interventions. Future research may focus on
identifying potential dietary drivers of the identified association in older
and more deprived populations.
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