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Abstract

IMPORTANCE A composite score of flavonoid-rich foods (flavodiet) may provide a clear public
health message regarding the range of foods with the potential to lower dementia risk.

OBJECTIVE To examine associations of flavodiet score and intakes of flavonoid subclasses with
dementia risk according to genetic risk and presence of depression and hypertension.

DESIGN, SETTING, AND PARTICIPANTS This prospective, population-based cohort study included
dietary data from adults aged 40 to 70 years in the UK Biobank, recruited between 2006 and 2010,
with a mean (SD) follow-up of 9.2 (1.5) years. The data analyses were conducted from September 1to
30,2023.

EXPOSURE Flavodiet score adherence and intake of flavonoid subclasses derived from 24-hour
computerized dietary assessments.

MAIN OUTCOME AND MEASURES The main outcome was incident all-cause dementia and
interactions with genetic risk, hypertension, and depressive symptoms using multivariable Cox
proportional hazards regression models.

RESULTS The sample included 121986 participants (mean [SD] age, 56.1 [7.8] years; 55.6% female;
882 with incident dementia). Comparing the highest with lowest quintile of flavodiet score,
consuming 6 additional servings per day of flavonoid-rich foods was associated with a lower risk of
dementia among all participants (adjusted hazard ratio [AHR], 0.72; 95% Cl, 0.57-0.89), those at
high genetic risk (AHR, 0.57; 95% Cl, 0.42-0.78), and those with depressive symptoms (AHR, 0.52;
95% Cl, 0.33-0.81) after multivariable adjustment. The greatest risk reduction was observed in
participants consuming at least 2 of the following per day: 5 servings of tea, 1serving of red wine, and
0.5 servings of berries, compared with those who did not achieve any of these intakes (AHR, 0.62;
95% Cl, 0.46-0.84). Higher intakes of flavonoid subclasses, including anthocyanins, flavan-3-ols,
flavonols, and flavones, of which tea, red wine, and berries are the main contributors, supported
these findings, showing inverse associations with dementia risk.

CONCLUSIONS AND RELEVANCE In this cohort study, high adherence to a flavonoid-rich diet score
was associated with a lower risk of dementia, with reductions more pronounced in individuals with

a high genetic risk, hypertension, and depressive symptoms. These findings suggest that simple
dietary changes of increasing intakes of commonly consumed flavonoid-rich foods and drinks may
lower dementia risk.
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Key Points

Question What is the association of a
flavonoid-rich diet with dementia risk
among UK adults?

Findings In this cohort study of 121986
UK Biobank participants, those with the
highest adherence to a flavonoid-rich
diet, specifically intakes of tea, red wine,
and berries, had a lower risk of
dementia. Reductions were more
pronounced in participants with a high
genetic risk, hypertension, and
depressive symptoms.

Meaning These findings suggest that
increasing daily consumption of
flavonoid-rich foods may lower
dementia risk, especially in populations
at high risk.
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Introduction

The worldwide prevalence of dementia continues to increase, with estimations of more than 50
million people living with dementia in 2020 and projections of 10 million new cases each year as
population aging continues to accelerate.! Currently, there is no effective treatment for dementia, so
preventive interventions to improve health and quality of life and reduce social and economic costs,
currently estimated at £39.4 billion in the UK alone,? are a major public health priority.

While nonmodifiable risk factors, particularly age and genetics, contribute substantially to the
development of dementia, evidence from cohort studies has shown that modifiable risk factors, such
as diet, play an important role in prevention. Higher adherence to plant-based diets has been
associated with a 21% lower risk of developing cognitive disorders and a 40% lower risk of Alzheimer
disease,> with diets rich in healthy plant-based foods showing the strongest associations with lower
dementia risk.* Flavonoids, a group of polyphenolic compounds found in plant-derived foods and
beverages, such as fruits, vegetables, tea, red wine, and dark chocolate, have also been associated
with a lower risk of dementia.>® There is evidence that higher intakes of berries and tea specifically
are associated with a lower risk of dementia and cognitive decline.” Mechanisms proposed for the
neuroprotective influence of dietary flavonoids and their downstream metabolites include reducing
neuroinflammation'®; improving cerebrovascular blood flow, with many flavonoid metabolites able
to permeate the blood-brain barrier and mediate the microbiome-gut-brain axis"'; and modulating
major neuronal signal transduction pathways associated with synaptic plasticity.'? Flavonoids have
also been associated with risk factors for dementia, including hypertension and depression. Studies
have reported inverse associations between flavonol, flavone, and flavanone intakes and depression
risk.™ Furthermore, higher intakes of anthocyanins, polymers, and, specifically, the proanthocyanidin
component of the flavan-3-ol polymer class have been associated with lower blood pressure.'

Identifying flavonoid-rich foods associated with improved health outcomes may aid in
formulating dietary recommendations valuable for both intervention research and public health
initiatives. As the major food sources of flavonoids are similar in different regions,’>® developing a
composite score of flavonoid-rich foods may provide an opportunity to deliver a clear public health
message on the range of foods with the potential to lower dementia risk."”

The aims of this study were therefore to investigate the associations between (1) our novel
flavodiet score and (2) intakes of flavonoid subclasses and dementia risk. In addition, we examined
these associations according to genetic risk for dementia and presence of depression and
hypertension. We hypothesized that higher intakes of berries and tea and, subsequently, intakes of
anthocyanins and flavan-3-ols would be associated with lower dementia risk.

Methods

This cohort study uses data from the UK Biobank, a large, ongoing, multicenter, population-based
prospective cohort study of more than 500 000 participants recruited between 2006 and 2010."®
Ethical approval for the study was provided by the North West Multi-Centre Research Ethics
Committee, and all participants provided written informed consent. This study follows the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting
guideline.

Full details of the design and methods have previously been published.' Briefly, male and
female participants aged 40 to 70 years were recruited from the UK using National Health Service
patient registers. Participants visited 1 of 22 regional assessment centers where they completed a
touchscreen questionnaire and a series of physical and biological assessments.

The current study included participants aged 40 to 70 years with appropriate dietary data
defined as at least 2 dietary assessments with plausible energy intakes (800-4200 kcal/d for males
or 600-3500 kcal/d for females) and complete key covariate data. Participants who withdrew
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consent before April 25, 2023, or had a diagnosis of dementia prior to the end of the dietary
assessment period were excluded (eFigure 1in Supplement 1).

Dementia Outcome Ascertainment

All-cause incident dementia cases were ascertained using data linkage to hospital inpatient records
and death registries. Participants with a primary or secondary diagnosis of dementia were identified
from hospital records or underlying or contributory cause of death from death registries using
relevant International Classification of Diseases, Ninth Revision and International Statistical
Classification of Diseases, Tenth Revision codes (eTable 1in Supplement 1). The censoring dates used
for death data and hospital inpatient data were March 31, 2021, for England and Scotland and
February 28, 2018, for Wales. Follow-up time was calculated from the date of last dietary assessment
until either the date of first dementia diagnosis, death, loss to follow-up, or censoring date,
whichever was the earliest.

Dietary Assessment
The Oxford WebQ is a validated dietary questionnaire used to estimate the frequency of
consumption of 206 foods and 32 beverages over the previous 24-hour period.2° Participants
recruited between 2009 and 2012 completed the Oxford WebQ on up to 5 separate occasions.?'
Data for all dietary components were averaged across all available time points after excluding time
points where energy intakes were implausible. Intakes of foods estimated from 24-hour dietary
recalls were previously significantly associated with urinary flavonoid biomarkers.?2

Flavonoid values were assigned to each of the foods and beverages listed in the Oxford WebQ.
For recipes, a value for each ingredient in the dishes was assigned using data from the US
Department of Agriculture.?*>?> Details on the flavonoid subclasses assessed are provided in
eMethods 1in Supplement 1. A flavodiet score was calculated at each time point by summing intakes
(in servings per day) of the key contributors to each flavonoid subclass, including tea (black and
green), red wine, apples, berries, grapes, oranges, grapefruit, sweet peppers, onions, and dark
chocolate, and the cumulative average was calculated using data from time points with plausible
energy intakes. The key contributors were determined as the 3 foods that contributed the highest
percentage to intakes of each flavonoid subclass (excluding fruit juices), and dark chocolate was
included as it is typically high in flavan-3-ols (eTable 2 in Supplement 1). The healthful plant-based
diet index (hPDI) was derived from 17 food groups as previously described?® (eMethods 2 in
Supplement 1).

Genetic Risk and Covariates

Details on genotyping and construction of a polygenic risk score (PRS) are provided in eMethods 3 in
Supplement 1. Participants were defined as being at high genetic risk for dementia if they were
carriers of the apolipoprotein E (APOE) €4 genotype or in the highest quintile of the Alzheimer
disease-related PRS. Full information on the covariates used in this study are provided in eMethods
4 in Supplement 1.

Statistical Analysis

The data analyses were conducted from September 1to 30, 2023. Participant characteristics at
baseline are presented as means with standard deviations or medians with IQRs for continuous
variables and as counts with percentages for categorical variables, stratified by dementia status and
quintiles of the flavodiet score. Incidence rates of dementia were calculated by dividing the number
of cases by the total number of person-years at risk. Kaplan-Meier curves of time to dementia
diagnosis were plotted, censoring for death, loss to follow-up, or censoring date and adjusted for sex
and age at last dietary assessment. An analysis was also conducted for (1) participants at high genetic
risk of dementia, defined as being a carrier of the APOE €4 genotype or in the highest quintile of PRS;
(2) participants with hypertension at baseline; and (3) participants with depressive symptoms at
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baseline. Multivariable Cox proportional hazards regression models were used, with age (at last
dietary assessment) as the underlying timescale, to determine the associations between incident
all-cause dementia and the flavodiet score and intakes of total flavonoids and subclasses in all
participants and the defined subsets. The potential interaction between genetic risk (high vs low),
hypertension (yes vs no), and depressive symptoms (yes vs no) and the flavodiet score and intakes of
total flavonoids and subclasses on dementia risk was tested by including an interaction term in the
models with all participants.

To assess whether any individual components of the flavodiet score drove the observed
associations, we repeated the analyses after sequentially removing each food from the final score.
After identifying the foods in the flavodiet score significantly associated with lower risk, we grouped
participants according to the number of foods for which intake was defined as ideal (defined as the
participants’ median intake in the top quintile of all the foods) and analyzed dementia risk.

We also examined the possibly nonlinear association between the flavodiet score and dementia
by restricted cubic splines with 4 knots (fifth, 35th, 65th, and 95th percentiles), with the median
value of the flavodiet score in the lowest quintile as the reference. We compared this model to the
model with the linear term using the likelihood ratio test, with both models fully adjusted for all
covariates.

All models were adjusted for sex (male or female), socioeconomic status (Townsend deprivation
index categorized as low [quintile 1], moderate [quintiles 2-4], and high [quintile 5] deprivation),
highest level of education (college, vocational, upper secondary, lower secondary, none, or
unknown), self-selected race and ethnicity (Asian, Black, Chinese, White, multiracial, other, or not
answered [included as disparities in dementia risk have been found?1), current smoking status (yes
or no), typical sleep duration (=6 hours, 7-8 hours, >8 hours, or not answered), physical activity
(total excess metabolic equivalents, in quintiles), body mass index (calculated as weight in kilograms
divided by height in meters squared), family history of dementia (yes or no), history of stroke (yes
or no), postmenopausal status (yes, no, male, or unknown), number of medications taken (1-3, 4-6,
7-9, or =10), number of chronic health conditions (1-2, 3, 4, or =5), number of dietary assessments
completed with plausible energy intakes (2, 3, 4, or 5), hPDI (score, in quintiles), alcohol intake not
from red wine (grams per day, in quintiles), energy intake (kilocalories per day, in quintiles), and fat
intake (grams per day, in quintiles). The adjusted models were stratified by region (London, North
West England, North East England, Yorkshire, West Midlands, East Midlands, South East England,
South West England, Scotland, and Wales). Models stratifying participants by genetic risk of
dementia were additionally adjusted for third-degree relatedness of individuals in the sample. We
also fit a Cox least absolute shrinkage and selection operator (LASSO) model for the primary analyses
(flavodiet score and dementia risk in all participants) with variables automatically selected using
10-fold cross validation. Estimated hazard ratios (HRs) were calculated using the postselection
coefficients of the unstandardized variables for model comparison with the fully adjusted model.

We conducted several sensitivity analyses using the same models. These analyses included (1)
participants aged 60 years or older at baseline; (2) participants with more than 5 years of follow-up;
(3) participants with no history of stroke; (4) participants with a high genetic risk for dementia whose
reported race was White, as the PRS was defined for individuals of European ancestry; (5) adjustment
for individual food components previously associated with dementia risk (ie, red and processed
meats, oily fish, coffee, and foods and drinks high in sugar) and not the hPDI; (6) participants living
in areas of high socioeconomic deprivation or with low levels of education; and (7) participants with
low levels of physical activity.

Proportional hazards assumptions were not violated when assessed for the primary analyses
using Schoenfeld residuals (P > .05). Multicollinearity was checked by examining the correlation
matrix of the estimated coefficients from the primary model; all were less than 0.10. A 2-sided P < .05
was considered statistically significant by multivariable Cox proportional hazards regression.
Statistical analyses were performed using Stata, version 18 software (StataCorp LLC).
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Results

The dietary intakes and demographic characteristics of 121986 participants (mean [SD] age, 56.1
[7.8] years; 55.6% female and 44.4% male; 0.9% Asian, 0.8% Black, 0.2% Chinese, 96.6% White,
0.5% multiracial, 0.6% other, and 0.3% unknown race and ethnicity) are shown in Table 1. The
characteristics of the participants included and excluded from the analysis were comparable,
although those included had completed higher levels of education (eTable 3 in Supplement 1). During
a median follow-up of 9.4 years (IQR, 9.3-9.8 years) accounting for 1121840 person-years, there
were 882 cases of incident dementia. Kaplan-Meier dementia-free survival curves stratified by
subsets are shown in eFigure 2 in Supplement 1.

Participants reported a median 4.3 (IQR, 2.8-5.9) servings per day of flavonoid-rich foods, of
which a median 2.7 (IQR, 1.0-4.0) servings per day were from tea (eTable 4 in Supplement 1).
Comparing participants in the highest vs lowest quintiles of the flavodiet score, there was a mean
(SE) difference of 6.2 (0.01) servings per day of flavonoid-rich foods. Foods in the flavodiet score
contributed to 85.8% of total flavonoid intake and ranged from 47.4% (flavanone) to 91.1% (flavan-
3-ol) of intake of the flavonoid subclasses (eTable 2 in Supplement 1). Participants in the highest vs
lowest quintiles of the flavodiet score were more physically active (median, 1334 [IQR, 606-2583] vs
1023 [IQR, 413-2163] excess METs), had a lower BMI (median, 25.8 [IQR, 23.4-28.6] vs 26.7 [IQR,
24.0-30.0]), and experienced less socioeconomic deprivation (18.6% vs 23.8%) (Table 1).

Among all participants, those with the highest flavodiet scores (quintile 5) had a lower risk of
dementia compared with those with the lowest flavodiet scores (quintile 1), after multivariable
adjustments (adjusted HR [AHR], 0.72; 95% Cl, 0.57-0.89; P for trend = .03) (Table 2). The LASSO
model found that 11 of the 17 variables with nonzero coefficients for inclusion and the coefficients for
the association between the flavodiet score and dementia risk were not markedly changed compared
with the fully adjusted model (estimated HR per quintile of flavodiet score in LASSO model, 0.95)
(eTable 5in Supplement 1) vs 0.94 in Cox proportional hazards model. The cubic spline model
showed associations with a lower risk for dementia at intakes up to 11 portions of flavonoid-rich foods
per day (Figure 1), although there was no evidence that a restricted cubic spline model fitted the data
better (likelihood ratio test P = .99).

A higher flavodiet score in which intake of tea was capped at 4 servings per day was also
associated with a lower risk for dementia (quintile 5 vs 1: AHR, 0.74; 95% Cl, 0.60-0.93; P for
trend = .03) (eTable 6 in Supplement 1). In a repeat analysis of the flavodiet score, where each
component was sequentially removed, the flavodiet score was not associated with dementia risk
after tea, red wine, and berries were removed (eTable 6 in Supplement 1). Median intakes of tea, red
wine, and berries among participants in the highest quintile of all 3 foods (n = 1297) were 5 (IQR,
4.0-5.6), 0.0 (IQR, 0.0-1.0), and 0.5 (IQR, 0.0-1.0) servings per day, respectively. Participants who
met at least 2 of these ideal intakes (n = 8270) had a lower dementia risk (AHR, 0.62; 95% Cl, 0.46-
0.84) compared with participants who did not achieve any of the intakes (n = 71129) (eFigure 3 in
Supplement 1).

In stratified analysis, a higher flavodiet score (quintile 5 vs 1) was associated with a lower risk of
dementia in participants at high genetic risk (AHR, 0.57; 95% Cl, 0.42-0.78; P for trend = .01; P for
interaction = .02) (Figure 2; eTable 7 in Supplement 1), with depressive symptoms (AHR, 0.52; 95%
Cl, 0.31-0.81; Pfor trend = .0T; P for interaction = .01) (Figure 2; eTable 8 in Supplement 1), and with
hypertension (AHR, 0.70; 95% Cl, 0.52-0.94; P for trend = .03; P for interaction = .51) (Figure 2;
eTable 9 in Supplement 1). No associations between the flavodiet score and dementia risk were
observed in participants at low genetic risk without depressive symptoms or hypertension
(eTables 7-9 in Supplement 1). Of the flavonoid subclasses, higher intakes (quintile 5 vs 1) of
anthocyanins (AHR, 0.78; 95% Cl, 0.62-0.97; P for trend = .03), flavan-3-ols (AHR, 0.72; 95% Cl,
0.58-0.89; P for trend = .002), flavonols (AHR, 0.73; 95% Cl, 0.59-0.91; P for trend = .01), and
flavones (AHR, 0.71; 95% Cl, 0.56-0.90); P for trend = .03) were associated with a lower risk of
dementia (Table 2).
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Table 1. Dietary Intake and Baseline Characteristics by Quintile of Flavodiet Score Among UK Biobank Participants (N = 121986)

Value, median (IQR)

Quintile 1 (lowest) Quintile 2 Quintile 3 Quintile 4 Quintile 5 (highest)
Characteristic (n=23264) (n=23944) (n =24004) (n =24605) (n=26169)
Dietary
Flavanones, mg/d 11.2 (2.5-26.9) 15.9 (4.7-32.1) 17.9 (5.4-34.8) 18.8 (6.3-36.6) 24.9 (9.6-45)

Anthocyanins, mg/d
Flavan-3-ols, mg/d
Flavonols, mg/d
Flavones, mg/d

Polymers, mg/d
Proanthocyanidins, mg/d®
Total flavonoids, mg/d
Flavodiet score®

Flavodiet score (tea capped at 4
cups), servings/d

Tea
Red wine
Apples
Grapes
Dark chocolate
Berries
Onions
Oranges
Peppers
Grapefruit
Energy, kcal/d
Fat, g/d
Alcohol not from red wine, g/d
hPDI score
Dietary assessment completion, d
Demographic
Age, y
Duration of follow-up, y
Physical activity, excess METs
BMI
Sex, No. (%)
Female
Male
Race and ethnicity, No. (%)
Asian
Black
Chinese
White
Multiracial
Other©
Unknown
Townsend deprivation index, No. (%)
Low
Moderate
High
Education level, No. (%)
None
Lower secondary
Upper secondary
Vocational
College
Unknown

9.4(3.2-22.2)

33.8 (18.6-64.6)
13.1(8.5-18.0)

0.5 (0.3-0.9)

149.8 (89.6-235.1)
150.5 (101.2-202.9)
243.9 (156.3-356.8)
1.4 (0.8-1.9)

1.4 (0.8-1.9)

0.0(0.0-1.0)
0.0(0.0-0.0)
0.0(0.0-0.3)
0.0(0.0-0.0)
0.0 (0.0-0.0)
0.0(0.0-0.0)
0.0(0.0-0.1)
0.0(0.0-0.2)
0.0(0.0-0.0)
0.0(0.0-0.0)
1924.5 (1630.2-2257.4)
68.5 (54.2-84.9)
6.0(0.0-18.5)
51.0 (47.0-55.0)
3.0(2.0-4.0)

55.0 (48.0-61.0)
9.4(9.3-9.8)

1023.0 (413.0-2163.0)
26.7 (24.0-30.0)

12556 (54.0)
10708 (46.0)

263 (1.1)
345 (1.5)
71(0.3)
22186 (95.4)
158 (0.7)
173 (0.7)

68 (0.3)

4204 (18.1)
13528 (58.1)
5532 (23.8)

1584 (6.8)
5960 (25.6)
3273 (14.1)
1240 (5.3)
11141 (47.9)
66 (0.3)

17.7 (6.2-34.3)
116.1 (72.6-150.5)
24.1(18.8-29.1)
0.8 (0.4-1.2)

384.5 (253.7-489.8)
255.6 (210.9-309.4)
579.4 (426.1-704.0)
3.0(2.7-3.4)
3.0(2.7-3.4)

1.8 (1.0-2.5)
0.0(0.0-0.5)
0.0 (0.0-0.5)
0.0(0.0-0.2)
0.0 (0.0-0.0)
0.0(0.0-0.3)
0.0(0.0-0.2)
0.0(0.0-0.5)
0.0(0.0-0.0)
0.0 (0.0-0.0)
1957.6 (1674.1-2265.4)
69.1(55.1-84.9)
6.0(0.0-17.1)
52.0 (48.0-57.0)
3.0(2.0-4.0)

57.0 (49.0-62.0)
9.4(9.3-9.8)

1130.0 (492.5-2238.0)
26.0 (23.5-29.0)

14 481 (60.5)
9463 (39.5)

303 (1.3)
230 (1.0)

74 (0.3)
22968 (95.9)
143 (0.6)
167 (0.7)

59 (0.2)

4750 (19.8)
14276 (59.6)
4918 (20.5)

1410 (5.9)
5644 (23.6)
3256 (13.6)
1058 (4.4)
12507 (52.2)
69 (0.3)

20.2 (7.5-38.4)
170.8 (129.7-208.4)
32.3(26.7-37.5)
0.8(0.5-1.3)

560.3 (418.8-669.6)
329.0 (283.2-384.3)
825.3 (669.8-950.8)
4.3 (4.0-4.5)

4.2 (4.0-4.5)

2.8(2.0-3.5)
0.0 (0.0-0.5)
0.3 (0.0-0.6)
0.0 (0.0-0.3)
0.0 (0.0-0.0)
0.0 (0.0-0.3)
0.0 (0.0-0.2)
0.0 (0.0-0.5)
0.0 (0.0-0.1)
0.0 (0.0-0.0)
2017.3 (1734.4-2338.9)
70.9 (56.8-86.7)
5.7 (0.0-17.1)
53.5 (49.0-58.0)
3.0 (2.0-4.0)

58.0 (50.0-63.0)
9.4(9.3-9.8)

1182.5 (517.5-2302.0)
26.0 (23.6-28.8)

12037 (50.1)
11967 (49.9)

265 (1.1)
170 (0.7)

56 (0.2)
23193 (96.6)
132(0.5)
125(0.5)
63(0.3)

4914 (20.5)
14 443 (60.2)
4647 (19.4)

1502 (6.3)
5350 (22.3)
3141 (13.1)
1204 (5.0)
12744 (53.1)
63 (0.3)

24.2 (9.8-44)
222.0(176.3-264.7)
40.3 (33.9-46.0)

1.0 (0.6-1.6)

721.1 (554.9-849.2)
400.0 (350.1-459.6)
1053.2 (874.6-1196.8)
5.5 (5.1-5.8)

5.1 (4.8-5.5)

3.7 (3.0-4.5)
0.0 (0.0-0.6)
0.3 (0.0-0.7)
0.0 (0.0-0.3)
0.0 (0.0-0.0)
0.0 (0.0-0.3)
0.1(0.0-0.3)

0.1 (0.0-0.6)
0.0 (0.0-0.1)
0.0 (0.0-0.0)
2021.4 (1746.7-2333.6)
70.8 (56.6-86.5)
4.5(0.0-14.2)
55.0 (51.0-59.0)
3.0 (2.0-4.0)

58.0 (51.0-63.0)
9.4(9.3-9.8)

1204.0 (543.0-2362.5)
25.7 (23.4-28.6)

14794 (60.1)
9811 (39.9)

168 (0.7)
105 (0.4)
55(0.2)
23978 (97.5)
121 (0.5)
108 (0.4)
70(0.3)

5160 (21.0)
15003 (61.0)
4442 (18.1)

1600 (6.5)
5570 (22.6)
3308 (13.4)
1094 (4.4)
12980 (52.8)
53(0.2)

35.9 (16.4-60.8)

287.5 (233.5-336.0)
50.8 (43.3-58.0)
1.3(0.8-2.1)

917.7 (718.4-1071.3)
508.4 (441.0-602.4)
1350.3 (1135.8-1523.2)
7.1(6.5-8.0)

6.4 (5.7-7.1)

4.8 (4.0-5.6)
0.0 (0.0-1.0)
0.5 (0.0-1.0)
0.0 (0.0-0.5)
0.0 (0.0-0.0)
0.0 (0.0-0.5)
0.1(0.0-0.3)
0.5 (0.0-1.0)
0.0 (0.0-0.2)

0.0 (0.0-0.0)
2107.8 (1809.7-2443.7)
72.3(57.5-89.3)
3.4(0.0-12.3)
57.0 (53.0-62.0)
3.0 (2.0-4.0)

58.0 (52.0-63.0)

9.4 (9.3-9.8)

1334.0 (606.0-2583.0)
25.8 (23.4-28.6)

13998 (53.5)
12171 (46.5)

116 (0.4)
80(0.3)

54 (0.2)
25593 (97.8)
97 (0.4)

125 (0.5)
104 (0.4)

5407 (20.7)
15904 (60.8)
4858 (18.6)

1635 (6.2)
5400 (20.6)
3440 (13.1)
1349 (5.2)
14281 (54.6)
64 (0.2)

(continued)
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Table 1. Dietary Intake and Baseline Characteristics by Quintile of Flavodiet Score Among UK Biobank Participants (N = 121986) (continued)

Value, median (IQR)

Quintile 1 (lowest) Quintile 2 Quintile 3 Quintile 4 Quintile 5 (highest)

Characteristic (n =23264) (n =23944) (n =24004) (n =24605) (n=26169)
Current smoker, No. (%)

No 20964 (90.1) 22346 (93.3) 22546 (93.9) 23196 (94.3) 24552 (93.8)

Yes 2300 (9.9) 1598 (6.7) 1458 (6.1) 1409 (5.7) 1617 (6.2)
Sleep duration, , No. (%), h

7-8 16228 (69.8) 17310 (72.3) 17530 (73.0) 18004 (73.2) 18919 (72.3)

<6 5451 (23.4) 5087 (21.2) 5003 (20.8) 5069 (20.6) 5608 (21.4)

>8 1533 (6.6) 1513 (6.3) 1436 (6) 1499 (6.1) 1594 (6.1)

Unknown 52(0.2) 34(0.1) 35(0.1) 33(0.1) 48 (0.2)
Family history of dementia, No. (%)

No 20454 (87.9) 20736 (86.6) 20819 (86.7) 21131(85.9) 22541 (86.1)

Yes 2810(12.1) 3208 (13.4) 3185(13.3) 3474 (14.1) 3628(13.9)
Stroke history, No. (%)

No 22629(97.3) 23411(97.8) 23409 (97.5) 24079 (97.9) 25525(97.5)

Yes 635 (2.7) 533(2.2) 595 (2.5) 526 (2.1) 644 (2.5)
Postmenopausal status, No. (%)

No 3897 (16.8) 3906 (16.3) 3088 (12.9) 3522 (14.3) 3199 (12.2)

Yes 6673 (28.7) 8420 (35.2) 7201 (30.0) 9051 (36.8) 8687 (33.2)

Male 10708 (46) 9463 (39.5) 11967 (49.9) 9811 (39.9) 12171 (46.5)

Unknown 1986 (8.5) 2155 (9.0) 1748 (7.3) 2221(9.0) 2112 (8.1)
No. of medications taken, No. (%)

0 7269 (31.2) 7430 (31.0) 7665 (31.9) 7545 (30.7) 8068 (30.8)

1-3 10807 (46.5) 11350 (47.4) 11128 (46.4) 11563 (47.0) 12075 (46.1)

4-6 3732 (16.0) 3817 (15.9) 3837 (16.0) 4143 (16.8) 4468 (17.1)

7-9 1040 (4.5) 1003 (4.2) 1017 (4.2) 1009 (4.1) 1163 (4.4)

>10 416 (1.8) 344 (1.4) 357 (1.5) 345 (1.4) 395 (1.5)
No. of chronic conditions, No. (%)

0 8347 (35.9) 8790 (36.7) 8557 (35.6) 8586 (34.9) 8898 (34.0)

1 7597 (32.7) 7826 (32.7) 7797 (32.5) 8068 (32.8) 8553 (32.7)

2 4111 (17.7) 4307 (18.0) 4521 (18.8) 4582 (18.6) 5047 (19.3)

>3 3209 (13.8) 3021 (12.6) 3129 (13.0) 3369 (13.7) 3671 (14.0)
APOE €4 carrier, No. (%)

No 16430 (72.2) 17025 (72.7) 16999 (72.3) 17341 (71.9) 18291 (71.4)

Yes 6313 (27.8) 6397 (27.3) 6501 (27.7) 6764 (28.1) 7342 (28.6)
Genetic risk category, No. (%)

Low 4562 (20.1) 4784 (20.4) 4605 (19.6) 4848 (20.1) 5073 (19.8)

Medium 13699 (60.3) 14011 (59.8) 14185 (60.4) 14422 (59.9) 15295 (59.7)

High 4470 (19.7) 4620 (19.7) 4701 (20) 4825 (20) 5254 (20.5)
Genetic kinship, No. (%)

At least 1 relative identified 6308 (27.1) 6340 (26.5) 6452 (26.9) 6938 (28.2) 7327 (28.0)

No kinship found 16477 (70.8) 17116 (71.5) 17073 (71.1) 17191 (69.9) 18334 (70.1)

Unknown 479 (2.1) 488 (2.0) 479 (2.0) 476 (1.9) 508 (1.9)
Depressive symptoms, No. (%)

No 11 (<1.0) 16 (0.1) 10 (<1.0) 11 (<1.0) 17 (0.1)

Yes 23253(>99.9) 23928(99.9) 23994 (>99.9) 24594 (>99.9) 26152 (99.9)
Hypertension, No. (%)

No 13220 (56.8) 13558 (56.6) 13500 (56.2) 13769 (56) 14240 (54.4)

Yes 10043 (43.2) 10385 (43.4) 10503 (43.8) 10834 (44.0) 11929 (45.6)

Abbreviations: APOE, apolipoprotein E; BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); hPDI, healthful plant-based diet index.
@ Proanthocyanidins are also included in the polymer subclass.

b Flavodiet score was calculated by summing intakes (in servings per day) of tea (black and green), red wine, apples, berries, grapes, oranges, grapefruit, sweet peppers, onions,
and dark chocolate.

€ Other race and ethnicity was self-selected and includes no additional information.
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In stratified analysis, higher intakes of all the flavonoid subclasses, except for the flavanone and

flavone subclasses, were associated with a lower risk of dementia in participants at high genetic risk,

with no associations observed in those at low genetic risk (eTable 7 in Supplement 1). A significant
interaction with genetic risk was observed for the anthocyanin (quintile 5 vs 1: AHR, 0.60; 95% Cl,

Table 2. Risk of Dementia by Quintiles of Flavodiet Score and Flavonoid Subclass Intake Among UK Biobank Participants®

Intake component Quintile 1 (lowest) Quintile 2 Quintile 3 Quintile 4 Quintile 5 (highest) fo‘;atlrueid

Flavodiet score, points®

Intake, median (IQR) 1.4 (0.8-1.9) 3(2.7-3.4) 4.3 (4.0-4.5) 5.5(5.1-5.8) 7.3(0.0-8.1)

No. of participar]ts (incident 23264 (173) 23944 (161) 24004 (173) 24605 (194) 26169 (181) 03

cases of dementia)

AHR (95% ClI) 1 [Reference] 0.79 (0.64-0.98) 0.79 (0.64-0.98) 0.86 (0.69-1.06) 0.72 (0.57-0.89)

Flavanones, mg/d

Intake, median (IQR) 1.1(0.4-2.2) 7.2(5.2-9.5) 17.9 (14.7-20.4) 31(27.0-35.7) 53.9(0.0-67.4)

No. of participar]ts (incident 24399 (177) 24396 (171) 24397 (165) 24397 (171) 24397 (198) 6

cases of dementia)

AHR (95% Cl) 1 [Reference] 0.94 (0.76-1.16) 0.87(0.70-1.08) 0.87(0.71-1.08) 0.97 (0.78-1.19)

Anthocyanins, mg/d

Intake, median (IQR) 2.6 (1.4-3.8) 9.3(7.1-12) 20.5(17.6-23.8) 35.7 (31.0-40.3) 64.1(0.0-81.2)

No. of participants (incident 24398 (160) 24397 (173) 24397 (179) 24397 (186) 24397 (184) 03

cases of dementia)

AHR (95% Cl) 1 [Reference] 0.9(0.72-1.11) 0.86 (0.69-1.07) 0.83(0.67-1.04) 0.78(0.62-0.97)

Flavan-3-ols, mg/d

Intake, median (IQR) 31.5(18.7-47.1) 103.1(85.1-120.4) 166.1 (150.7-180.6)  228.5(211.4-247.1)  324.3(0.0-378.1)

No. of participar!ts (incident 24398 (193) 24397 (171) 24397 (188) 24397 (163) 24397 (167) 002

cases of dementia)

AHR (95% Cl) 1 [Reference] 0.80(0.65-0.98) 0.83(0.67-1.01) 0.71(0.57-0.88) 0.72 (0.58-0.89)

Flavonols, mg/d

Intake, median (IQR) 11.8(8.2-14.8) 22.7 (20.3-25.1) 31.8(29.6-33.9) 40.9 (38.4-43.5) 53.6 (0.0-59.5)

No. of participants (incident 24398 (193) 24397 (175) 24397 (149) 24397 (186) 24397 (179) 01

cases of dementia)

AHR (95% Cl) 1 [Reference] 0.81 (0.66-1.00) 0.65 (0.52-0.80) 0.78 (0.64-0.96) 0.73 (0.59-0.91)

Flavones, mg/d

Intake, median (IQR) 0.2 (0.1-0.3) 0.5(0.5-0.6) 0.9 (0.8-1.0) 1.3(1.2-1.4) 2.2(0.0-2.8)

No. of participar!ts (incident 24398 (181) 24397 (164) 24397 (189) 24397 (187) 24397 (161) 03

cases of dementia)

AHR (95% Cl) 1 [Reference] 0.79 (0.63-0.97) 0.87(0.71-1.08) 0.84 (0.68-1.05) 0.71(0.56-0.90)

Polymers, mg/d

Intake, median (IQR) 131.7 (85.0-175.0) 319.2 (268.5-372.1)  520.0(472.1-566.5) 713.3(661.4-766.9)  978.3 (0.0-1086.4)

No. of participants (incident 24398 (169) 24397 (168) 24397 (195) 24397 (185) 24397 (165) 049

cases of dementia)

AHR (95% CI) 1 [Reference] 0.87(0.70-1.08) 0.97 (0.79-1.20) 0.88(0.71-1.08) 0.77 (0.62-0.97)

Proanthocyanidins, mg/d®

Intake, median (IQR) 144.7 (101.2-178.1) 253.5(230.2-275.0)  335.8(316.1-355.9)  420.7 (397.8-446.3) 564.2 (0.0-665.8)

No. of participar!ts (incident 24398 (176) 24397 (167) 24397 (171) 24397 (181) 24397 (187) 049

cases of dementia)

AHR (95% Cl) 1 [Reference] 0.83(0.67-1.03) 0.79 (0.64-0.99) 0.79 (0.64-0.98) 0.78(0.63-0.98)

Total flavonoids, mg/d

Intake, median (IQR) 234.7 (157.6-305.9) 526.6 (452.4-597.8)  792.8(729.6-853.4) 1048.0 1399.7 (0.0-1538.8)
(980.3-1118.9)

No. of participants (incident 24398 (188) 24397 (156) 24397 (189) 24397 (179) 24397 (170) .008

cases of dementia)
AHR (95% Cl)

1 [Reference]

0.73 (0.59-0.91)

0.83(0.67-1.02)

0.75(0.61-0.93)

0.71 (0.57-0.88)

Abbreviation: AHR, adjusted hazard ratio.

@ Total number of participants, 121986; number of participants with incident dementia, 882.

b Flavodiet score was calculated by summing intakes (in servings per day) of tea (black and green), red wine, apples, berries, grapes, oranges, grapefruit, sweet peppers, onions,

and dark chocolate.

€ Proanthocyanidins are also included in the polymer subclass. Model adjustment details are provided in the Methods.
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0.44-0.82; Pfor trend < .001; P for interaction = .01) and flavonol (quintile 5 vs 1: AHR, 0.58; 95% ClI,
0.43-0.78; P for trend < .001; P for interaction = .03) subclasses.

Higher intakes of flavan-3-ols (quintile 5 vs 1: AHR, 0.49; 95% Cl, 0.32-0.76; P for trend = .007;
Pfor interaction < .01) and polymers (quintile 5 vs 1: AHR, 0.57; 95% Cl, 0.36-0.89; P for trend = .01;
P for interaction = .04) were associated with a lower risk of dementia in participants with depressive
symptoms (eTable 8 in Supplement 1). For the anthocyanin subclass, associations between higher
intakes and lower dementia risk were observed in participants without depressive symptoms
(quintile 5 vs 1: AHR, 0.75; 95% Cl, 0.57-0.97; P for trend = .01) (eTable 8 in Supplement 1) or
hypertension (quintile 5 vs 1: AHR, 0.69; 95% Cl, 0.48-0.99; P for trend = .03) (eTable 9in
Supplement 1) at baseline, although no statistical interactions were observed.

Associations between higher adherence to the flavodiet score and higher intake of
anthocyanins, flavan-3-ol, flavonols, and flavones with lower dementia risk were not markedly
changed in sensitivity analyses of participants aged 60 years or older at baseline (eTable 10 in
Supplement 1) and participants with more than 5 years of follow-up (eTable 11in Supplement 1), no
history of stroke (eTable 12 in Supplement 1), a high genetic risk whose reported race was White
(eTable 13 in Supplement 1), residency in areas of high socioeconomic deprivation or low levels of
education (eTable 15 in Supplement 1), and low or moderate levels of physical activity (eTable 16 in
Supplement 1). Furthermore, no association was found after adjusting for individual food
components and removing hPDI from the model (eTable 14 in Supplement 1).

Discussion

The findings from this large prospective cohort study of more than 120 000 UK Biobank participants
suggest that consuming 6 additional servings per day of flavonoid-rich foods, specifically tea, red
wine, and berries, was associated with a lower risk of dementia, with the strongest associations
observed for tea. We were also able to show, for the first time in our knowledge, that these
associations were evident in participants at high genetic risk of dementia and those with modifiable
risk factors, including depression and hypertension, but not in those without.

Intakes of tea have previously been associated with lower dementia risk in this cohort, with a
14% lower dementia risk in participants consuming more than 4 servings per day of tea compared
with those who did not consume tea.® This risk is one-half of the risk we observed for the
combination of flavonoid-rich foods in the current analyses, highlighting the benefits of consuming a
range of flavonoid-rich foods for lowering dementia risk. Our findings appeared to be driven by
intakes of tea, berries, and red wine, with the greatest risk reduction observed in participants

Figure 1. Risk of Dementia by Flavodiet Score in UK Biobank Participants

Hazard ratio (95% Cl)

Values are adjusted based on cubic splines
(N =121986 [882 with incident dementia]). Flavodiet

0 2 4 6 8 10 12 14 16 18 20 22 score calculation and model adjustment are described
Flavodiet score in the Methods.
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consuming at least 2 of the following: 5 servings per day of tea, 1serving per day of red wine, and 0.5
servings per day of berries. These findings are supported by our analyses of flavonoid subclasses
showing that the anthocyanin, flavan-3-ol, and flavone subclasses, of which tea, red wine, and berries
are among the top contributors, had the strongest associations with dementia risk. Thus, modest
changes to the diet could increase flavonoid levels to that required to lower dementia risk.

We found a more pronounced protective association of flavonoid-rich food with dementia risk
in participants at high genetic risk of dementia. In silico studies have shown that epicatechin, a
flavonoid found in tea, inhibits and disrupts the pathologic functions of APOE, including modulating
the interaction with amyloid-, the main component of amyloid plaques in the brain that are markers
of Alzheimer disease.?® Previous human studies on the interaction between APOE genotype and
flavonoid-rich foods have shown that intake of total fruit and vegetables was associated with a
decreased risk of dementia with no interaction by APOE status.2® Likewise, more frequent
consumption of fruit and vegetable juices delayed the onset of Alzheimer disease, particularly in
APOE &4 carriers, with no associations observed for tea or red wine.3° While APOE carrier status is
one of the strongest genetic risk factors for dementia, its contribution to incident dementia is greater
in younger people. In older individuals, the PRS is important due to the cumulative contribution of
genes outside of the APOE region.>' By combining information on APOE genotype and PRSs, we offer
a comprehensive measure of genetic risk that considers the biological mechanisms of dementia
development identified by the polygenic component over and above APOE alone.

Figure 2. Risk of Dementia per Quintile of Flavodiet Score and Flavonoid Subclass Intake in Participants
at High Genetic Risk of Dementia and With Hypertension and Depressive Symptoms at Baseline

AHR Favors : Doesnotfavor  Pvalue
Variable (95% Cl) decreased risk : decreased risk for trend
High genetic risk (n=36305
[462 incident cases of dementia])
Flavodiet score 0.57 (0.42-0.78) —a— .009
Flavanones 1.01(0.76-1.35) —a— .92
Anthocyanins 0.60 (0.44-0.82) — .005
Flavan-3-ols 0.58(0.43-0.79) — <.001
Flavonols 0.58(0.43-0.78) — <.001
Flavones 0.78 (0.56-1.07) —— .26
Polymers 0.64 (0.47-0.88) —— .005
Proanthocyanidins 0.63 (0.46-0.86) —_—— <.001
Total flavonoids 0.58(0.43-0.78) —— .001
Hypertension at baseline
(n=53694 [533 incident cases of dementia])
Flavodiet score 0.70(0.52-0.94) —a— .03
Flavanones 0.85(0.65-1.11) —— 12
Anthocyanins 0.81(0.61-1.08) —— .18
Flavan-3-ols 0.71(0.54-0.93) — .007
Flavonols 0.66 (0.50-0.87) — .003
Flavones 0.69 (0.51-0.93) —— .03
Polymers 0.73(0.55-0.97) —_—— .04
Proanthocyanidins 0.72(0.54-0.98) —— .03
Total flavonoids 0.70(0.53-0.93) — .02
Depressive symptoms at baseline
(n=35238[246 incident cases of dementia])
Flavodiet score 0.52(0.33-0.81) —h—— .01
Flavanones 0.95(0.64-1.41) —_—— 32
Anthocyanins 0.81(0.54-1.24) —_— .86
Flavan-3-ols 0.49(0.32-0.76) ————WB—— <.001
Flavonols 0.64 (0.42-0.97) —_— .046
Flavones 0.93(0.60-1.44) — = 64 Participants at high genetic risk of dementia numbered
Polymers 0.57(0.36-0.89) I — 01 36 305; with hypertension, 53 694; and with
Proanthocyanidins 0.63(0.40-0.98) - & 10 depressive symptoms, 35 238. Values compare highest
Total flavonoids 0.61(0.40-0.94) 4"# 008 with lowest quintiles of intake. Flavodiet score

AHR (95% CI)

calculation and model adjustment are described in the
Methods. AHR indicates adjusted hazard ratio.
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Another key finding of this study was that the association between flavonoid-rich food
consumption and dementia risk was observed in participants with depressive symptoms at baseline.
Depression activates many of the mechanistic pathways known to be targeted by flavonoids,
including increased proinflammatory cytokines,? reduced cerebral blood flow,?* and modified
vascular risk factors.3* Several preclinical studies have shown that flavonoids, including anthocyanins
and catechin, reverse depressive behavior in animal models through increased expression levels of
various neurotransmitters and brain-derived neurotrophic factor.3>3€ Conversely, we found that the
associations between anthocyanin intake and dementia risk were only observed in participants
without depressive symptoms at baseline. While red wine, a key contributor of anthocyanin intake,
has been shown to be beneficial for both dementia and depression at moderate intakes,>”8 the
associations among alcohol intake, depression, and dementia are complex, and future studies are
needed to further understand these findings. Moreover, our population-based study could not
identify whether moderate alcohol or anthocyanins in red wine underlie the observed associations.
The current data on alcohol intake and dementia risk are equivocal. Several studies have suggested
that moderate alcohol consumption may protect against dementia®; however, in a recent Mendelian
randomization study, low to moderate alcohol consumption was not associated with the risk for
Alzheimer disease but was associated with an earlier age at the onset of Alzheimer disease,*® which
does not support a beneficial role of red wine or other alcoholic beverages in dementia prevention.
Current UK health guidance recommends that alcohol consumption be reduced as much as possible,
particularly during midlife, to minimize the risk of developing dementia.*!

Strengths and Limitations

This study has several strengths. It is the largest study to date to examine flavonoids and dementia
risk in a well-characterized, prospective cohort with a long follow-up period. In addition, we defined
genetic risk using a comprehensive measure incorporating both APOE genotype and PRSs.

The study also has several limitations. First, although we collected dietary data using a
validated, repeated, 24-hour dietary assessment, which included intakes of all the key contributors
to flavonoid intake and relied on ranked exposure rather than estimates of absolute intake,° as with
all self-reported dietary assessments, there are known measurement errors and reporting biases.*
Second, the number of participants not consuming flavonoid-rich foods was too small to define; thus,
we were not able to examine associations between consumers and nonconsumers. Third, the
findings may not be generalizable to other populations, as UK Biobank participants are generally
healthier, with lower rates of obesity and smoking; experience less socioeconomic deprivation than
the general population; and consume high amounts of tea. However, valid assessment of exposure-
disease associations does not require participants to be representative of the general population.**
Fourth, use of health records to identify dementia cases may be biased, as poor cognitive ability is a
factor that has been associated with loss to follow-up.** Of note, a validation study investigating the
accuracy of the UK Biobank dataset for dementia case ascertainment showed a high predictive value
for all-cause dementia with lower accuracy for the dementia subtypes compared with clinical
adjudication.*® Despite the large dataset, this study may have been underpowered to detect
associations in certain subgroups. Finally, as with all observational studies, despite our detailed
adjustment for a range of dietary and lifestyle variables, there is still the possibility of residual or
unmeasured confounding from additional variables. Despite the prospective nature of the study, we
cannot rule out reverse causation, as participants who developed dementia may have altered dietary
preferences before the onset of symptoms.

Conclusions

In this cohort study, higher flavonoid-rich diet scores were associated with a lower risk of dementia,
with reductions most pronounced in individuals with a high genetic risk, hypertension, and
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depressive symptoms. Our results suggest that inclusion of flavonoid-rich foods into the daily diet
may lower dementia risk, especially in populations at high risk.
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