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Higher habitual intakes of dietary flavonoids have been linked with a lower
risk of all-cause mortality and major chronic disease. Yet, the contribution of
diversity of flavonoid intake to health outcomes remains to be investigated.
Here, using a cohort 0f 124,805 UK Biobank participants, we show that
participants who consumed the widest diversity of dietary flavonoids,
flavonoid-rich foods and/or specific flavonoid subclasses had a 6-20%
significantly lower risk of all-cause mortality and incidence of cardiovascular
disease, type 2 diabetes, cancer, respiratory disease and neurodegenerative
disease. Furthermore, we report that both quantity and diversity of
flavonoids are independent predictors of mortality and several chronic
diseases, suggesting that consuming a higher quantity and wider diversity is
better for longer-term health than either component alone. These findings
suggest that consuming several different daily servings of flavonoid-rich
foods or beverages, such as tea, berries, apples, oranges or grapes, may
lower risk of all-cause mortality and chronic disease.

Flavonoids are (poly)phenolic compounds that occur abundantly in
the human diet’. Sources are quite diverse, ranging from fruits and
vegetables to nuts and legumes, as well as wines and teas’. A wide
range of flavonoids are found in foods and beverages, and these can
be classified into several subclasses including flavonols, anthocyanins,
flavan-3-ols, flavanones and flavones'. Following their consumption
and absorption, flavonoids—through their downstream metabolites—
have the potential to improve human health'. Since the early 1990s°,
numerous prospective cohort studies have observed that a higher

habitual consumption of several flavonoid subclasses is associated
with a lower risk of all-cause mortality*®, cardiovascular disease
(CVD)*’, type 2 diabetes (T2DM)®’, cancer', respiratory disease" and
neurodegenerative disease’". Due to variations in their chemical
structure, bioavailability and metabolism, different flavonoid com-
pounds exert a range of biological effects'*. Among these, some of
their most widely recognized activities include anti-inflammatory and
antioxidative stress effects, which are fundamental mechanisms under-
lying the development and progression of many chronic diseases”.
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Additionally, flavonoids exhibit more specific protective functions,
including promoting endothelial integrity and function', crucial for
cardiovascular health, and anti-senescence effects" that may delay
age-related tissue deterioration, inaddition to antiproliferative activi-
ties' that contribute to cancer prevention. These represent just some
examples of the many mechanisms through which flavonoids exert
their beneficial effects across diverse chronic conditions™".

Because different flavonoid compounds can exert different bio-
logical benefits, we hypothesized that consuming a higher diversity of
dietary flavonoids may afford better health protection than consuming
alow diversity of flavonoids. However, to date, no prospective stud-
ies have considered the impact of consuming a higher diversity of
dietary flavonoids on the risk of all-cause mortality or major chronic
disease. In several research fields, including in the assessment of gut
microbial diversity®, the diversity of a system can be calculated
using Shannon’s equation for entropy” converted to Hill’s effective
numbers*?*, Using this approach, we can determine the diversity
of flavonoid intake, accounting for both the variation (or number
of different flavonoids consumed) and their distribution of intake
(wherein those flavonoids consumed in smaller amounts relative to
others are weighted less). The aims of this study, therefore, were: (1)
to estimate diversity of flavonoid intake across levels of total dietary
flavonoids, individual flavonoid subclasses and flavonoid-rich foods,
and thenexamine their associations with the risk of all-cause mortality
and incidence of chronic disease including CVD, T2DM, total cancer,
respiratory disease and neurodegenerative disease; and (2) to assess
the potential benefits of consuming both a higher quantity and awider
diversity of flavonoid intake on the risk of these outcomes in partici-
pants from the UK Biobank.

Results

Cohort characteristics

In this cohort of 124,805 UK adults, aged =40 yr (median [Q1-Q3],
60.2[53.0-65.2] yr; Q, quintile), ~56% (n = 69,674) were female and
most were non-smokers (>90%; n =115,961) (Table 1). Around 60%
(n=75,111) of participants were either overweight or obese (Table 1).
Atbaseline, ~4% (n =5,162) had diabetes (type 1or 2),~25% (n = 32,877)
were hypertensive and ~15% (n =19,827) had high cholesterol. Over a
range of 8.7-10.6 median years of follow-up for the different outcomes
(maximum, 11.8 yr), there were 5,780 deaths, 6,920 CVD cases, 3,421
T2DM cases, 9,441 cancer cases, 12,945 respiratory disease cases and
1,921 cases of neurodegenerative disease. Participants had a median
flavonoid intake of 792 mg d* (range, 0.05-3,611 mg d™), which was
comprised of a wide diversity of an effective (Hill) number of 9.4 fla-
vonoid types per day (range, 1.8-19.0) (Fig. 1). Flavan-3-ols were the
main subclass contributing to total flavonoid intake, accounting for
87% of consumption. Anthocyanins, flavonols and flavanones each
contributed ~4.5% of total flavonoid intake; <1% was from flavones. Tea
(black and green) was the main source of total flavonoid intake (67%),
followed by apples (5.8%), red wine (4.7%), grapes (1.9%), berries (1.9%),
dark chocolate (1.2%), oranges and satsumas (1.1%) and orange juice
(1.1%), which collectively comprised ~85% of total intake; numerous
other food sources contributed to the remaining intake (Fig. 1 and
Supplementary Table 1). Overall, those with a higher quantity of flavo-
noid intake tended to have alower diversity (r = —0.44), although this
varied for individual subclasses (Fig. 1 and Supplementary Table 2).
Compared to participants with the lowest diversity, those with the
highest diversity had abetter distribution of flavonoid intake, consum-
ing more anthocyanins (for example, malvidin, cyanidin), flavanones
(for example, hesperidin, naringenin) and proanthocyanidins (for
example, dimers to polymers) relative to thearubigin, a compound
derived exclusively from tea, and which dominated intake in those
with the least diverse consumption (Fig.1and Supplementary Table 3).
Analysis of flavonoid-rich foods showed those with the lowest diversity
consumed mostly tea, and those with the highest diversity consumed

relatively more berries, apples, grapes, red wine and oranges (Sup-
plementary Table 4). Those with the highest flavonoid diversity were
more likely to be female, older, have a lower body mass index (BMI),
be more physically active and have a higher education and were less
likely to be current smokers (Table 1).

Total flavonoids, all-cause mortality and chronic disease
Following mutual adjustment, and after accounting for sociodemo-
graphic, lifestyle, dietary and medical risk factors, both the quantity
and diversity of total dietary flavonoid intake were independently
associated with alower risk of all-cause mortality and several chronic
diseases (model 5; Fig. 2). Holding the quantity of flavonoid intake
constant, participants with the highest (compared to lowest) diver-
sity (Q5 versus Q1), characterized as consuming an additional 6.7
effective flavonoid types per day, had a14% lower risk of all-cause
mortality (hazard ratio (HR) (95% confidence interval (CI)), 0.86
(0.78,0.95)),a10% lower risk of CVD (0.90 (0.82,0.98)),a20% lower
risk of T2DM (0.80 (0.70, 0.91)), an 8% lower risk of total cancer
(0.92 (0.85,0.99)) and an 8% lower risk of respiratory disease (0.92
(0.86, 0.98)); no association was observed for neurodegenerative
disease (model 5; Table 2 and Fig. 2). For quantity of flavonoid intake,
when holding diversity constant, participants in the second quintile
(medianintake, ~-500 mg d™), were at a16% (0.84 (0.78, 0.92)), 9%
(0.91(0.84,0.98)),12% (0.88 (0.79,0.98)) and 13% (0.87 (0.83, 0.92))
lower risk of all-cause mortality, CVD, T2DM and respiratory disease,
respectively, compared with those in Q1 (median intake, ~230 mg d™
(model 5; Table 2)). At higher levels of exposure, these HRs remained
relatively constant, except for T2DM, for which the lowest risks were
observed for thosein Q5(0.75(0.66, 0.84)). The lowest risks for can-
cer and neurodegenerative diseases were seen in Q5 (median intake,
~1,400 mg d™), reaching an 8% (0.92 (0.85,0.99)) and 20% (0.80 (0.68,
0.94)) lower disease risk, respectively, compared with Q1 (model 5;
Table2 and Fig.2).Ingeneral, progressive adjustment for participant
demographics (model 2), lifestyle (model 3), dietary (model 4) and
medicalrisk factors (model 5) attenuated, but did not materially alter,
the associations (Table 2). We then tested for interactions between
quantity and diversity of flavonoid intake (across the aforementioned
outcomes), and although no interactions were observed (Piyceraction
all >0.05 (model 5)), the independent prediction of both quantity
and diversity of flavonoid intake with all-cause mortality and several
chronicdiseases still suggests that higher intakes of both is associated
with greater disease risk reduction compared with higher intakes of
either aspect alone.

Flavonoid subclasses, all-cause mortality and chronic disease

Minimally (model 1) and multivariable adjusted models (models 2-5)
for diversity of individual flavonoid subclasses and the risk of all-
cause mortality and major chronic disease are presented in Supple-
mentary Table 5. Overall, following adjustment for demographic and
lifestyle factors (model 3), further adjustments for diet (model 4)
and medical history (model 5) did not substantially alter the findings.
In the fully adjusted model (model 5), the wider diversities of intake
of compounds within the flavan-3-ol and flavanone subclasses were
each associated with a lower risk of all-cause mortality, independ-
ent of absolute intake; the HR remained stable after both Q4 and Q2
respectively (HR (95% CI) for flavan-3-ols Q4 versus Q1, 0.91 (0.83,
0.99); flavanones Q2 versus Q1,0.90 (0.83,0.98); model 5; Table 3 and
Supplementary Table 5). When the corresponding model terms for
quantity of consumption were examined, only flavan-3-ol intake was
associated with lower risk of all-cause mortality; the HRs were rela-
tively stablebeyond Q2 (Q2 versus Q1, 0.85(0.78,0.93); Supplementary
Table 6). The data for chronic disease outcomes reveal that, compared
with lower intakes (Q1), significant associations mostly emerged in
those with the widest diversity at and above Q4; for flavan-3-ols there
was a 13% (Q5, 0.87 (0.77, 0.98)) and an 8% (Q4, 0.92 (0.86, 0.99))
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Table 1| Baseline characteristics of study population

Diversity of flavonoid intake

Total population
(n=124,805)

Q1(n=24,961)

Q2(n=24,961)

Q3 (n=24,961)

Q4 (n=24,961)

Q5 (n=24,961)

Demographic and lifestyle characteristics

Sex (female) 69,674 (55.8%) 13,666 (54.7%) 14,103 (56.5%) 13,855 (55.5%) 13,752 (55.1%) 14,298 (57.3%)
Age (years) 60.2[53.0-65.2] 59.2[52.1-64.7] 60.2[531-65.2] 60.2[53.0-65.3] 60.6 [53.3-65.4] 60.7 [563.3-65.4]
BMI (kgm™)
Underweight (<18.5) 719 (0.6%) 131(0.5%) 152 (0.6%) 153 (0.6%) 148 (0.6%) 135 (0.5%)
Healthy weight (18.5 to <25) 48,693 (39.0%) 8,922 (35.7%) 9,765 (39.1%) 9,883 (39.6%) 9,988 (40.0%) 10,135 (40.6%)
Overweight (25 to <30) 50,833 (40.7%) 10,281 (41.2%) 10,216 (40.9%) 10,077 (40.4%) 10,105 (40.5%) 10,154 (40.7%)
Obese (230) 24,278 (19.5%) 5,559 (22.3%) 4,767 (191%) 4,796 (19.2%) 4,669 (18.7%) 4,487 (18.0%)
Ethnicity
Asian 1,463 (1.2%) 235 (0.9%) 295 (1.2%) 346 (1.4%) 331(1.3%) 256 (1.0%)
Black 966 (0.8%) 112 (0.4%) 152 (0.6%) 203 (0.8%) 231(0.9%) 268 (1.1%)
Mixed 668 (0.5%) 105 (0.4%) 107 (0.4%) 141 (0.6%) 147 (0.6%) 168 (0.7%)
Other 723 (0.6%) 93 (0.4%) 108 (0.4%) 158 (0.6%) 175 (0.7%) 189 (0.8%)
White 120,569 (96.6%) 24,336 (97.5%) 24,217 (97.0%) 24,020 (96.2%) 23,994 (96.1%) 24,002 (96.2%)
Smoking status
Current 8,577 (6.9%) 2,375 (9.5%) 1,521(6.1%) 1,471 (5.9%) 1,574 (6.3%) 1,636 (6.6%)
Never 71,321(571%) 14,185 (56.8%) 14,901 (59.7%) 14,655 (58.7%) 14,149 (56.7%) 13,431(53.8%)
Previous 44,640 (35.8%) 8,346 (33.4%) 8,489 (34.0%) 8,781(35.2%) 9,180 (36.8%) 9,844 (39.4%)
Alcohol intake (gd™) 10.0 [2.6-20.0] 71[0.3-17143] 8.6[1.4-171] 8.6[2.3-18.6] 11.4[2.9-20.0] 12.9[6.7-24.3]

[7177.3-9,753.4]

[6,842.5-9,364.9]

[7170.5-9,699.1]

[7,301.8-9,857.6]

[7,308.1-9,909.5]

MET-h per week 19.6 [8.5-38.9] 16.8 [6.8-36.4] 19.1[8.2-38.4] 19.9 [9.0-39.0] 20.55 [9.2-39.6] 21.4[10.0-40.6]
Education
Low 17122 (13.7%) 4,410 (17.7%) 3,583 (14.4%) 3,275 (131%) 3,065 (12.3%) 2,789 (11.2%)
Medium 21,180 (17.0%) 5,078 (20.3%) 4,418 (17.7%) 4,078 (16.3%) 3,969 (15.9%) 3,637 (14.6%)
High 78,015 (62.5%) 12,850 (51.5%) 15,121 (60.6%) 16,053 (64.3%) 16,568 (66.4%) 17,423 (69.8%)
Townsend deprivation index -1.6(2.8) -1.6(2.9) -1.8(2.7) -1.7(2.8) -1.6(2.8) -1.5(2.9)
Medical history
Hypertensive 32,877 (26.3%) 6,972 (27.9%) 6,5631(26.2%) 6,508 (26.1%) 6,423 (25.7%) 6,443 (25.8%)
Hypercholesterolaemic 19,827 (15.9%) 4,059 (16.3%) 3,913 (15.7%) 3,937 (15.8%) 3,918 (15.7%) 4,000 (16.0%)
Diabetes (type 1or 2) 5,162 (4.1%) 1164 (4.7%) 1,061 (4.3%) 1,051(4.2%) 983 (3.9%) 903 (3.6%)
Dietary characteristics
Energy (kJd™) 8,3970 8,051.4 8,361.1 8,506.6 8,543.4 8,5632.8

[7,295.0-9,923.2]

Total flavonoids (mgd™)

792.3 [451.4-1118.6]

1,100.8 [833.7-1,347.3]

976.5 [691.8-1,251.1]

800.8 [455.8-1,087.7]

608.8 [330.6-906.6]

491.6 [322.8-714.4]

Total flavonoid 9.4 [7.6-11.5] 6.4[5.8-6.9] 8.0[7.6-8.4] 9.4[91-9.8] 11.0 [10.6-11.5] 13.1[12.5-14.1]
(Hill number per day)
Flavonoid-rich food 27[1.9-3.6] 1.6 [1.3-2.0] 2.4[1.9-2.8] 2.9[2.3-3.5] 3.4[2.6-41] 3.8[2.9-4.8]

(Hill number per day)

Flavan-3-ols (mgd™)

706.1[374.2-1,020.3]

1,032.1[781.9-1,268.8]

898.8[632.0-1,152.3]

716.6 [397.1-980.4]

528.5[2571-797.4]

392.3[240.8-589.6]

Anthocyanins (mgd™) 20.5[71-40.2] 5.5[2.3-14.4] 16.0[6.2-30.1] 21.5[8.6-39.0] 28.5[13.5-49.5] 40.5[23.3-63.3]
Flavanols (mgd™) 31.7[20.2-43.5] 41.3[31.8-49.9] 375 [27.2-48.0] 31.6[19.8-42.7] 25.8[15.9-36.9] 22.9[16.0-31.8]
Flavanones (mgd™) 17.9[5.3-357] 6.7[1.3-20.4] 14.8[41-31.2] 18.9[6.4-36.3] 21.6 [8.5-39.6] 26.9[12.9-44.4]
Flavones (mgd™) 0.9[0.5-1.4] 0.5[0.2-0.8] 0.8[0.4-1.2] 0.9[0.5-1.5] 11[0.6-1.7] 1.2[0.8-1.8]
Red/processed meat 0.8[0.3-1.3] 0.9[0.4-1.5] 0.8[0.3-1.3] 0.7[0.3-1.3] 0.7[0.3-1.3] 0.7[0.3-1.3]
(servings per day)

Whole grains (servings per day) 2.0 (1.0-3.0) 1.67 (1.0-2.8) 2.0(1.0-3.0) 2.0(1.0-3.0) 2.0 (1.0-3.0) 2.0 (1.0-3.0)
Refined grains (servings perday) 0.8 [0.3-1.5] 1.0[0.5-2.0] 0.8[0.3-1.5] 0.8[0.3-1.5] 0.7[0.3-1.4] 0.7[0.3-1.3]
Coffee intake (cups per day) 0.0[0.0-1.0] 0.0 [0.0-1.0] 0.0[0.0-1.0] 0.0[0.0-1.0] 0.0[0.0-1.0] 0.0[0.0-1.0]
Sugary drinks (servings per day) 0.1[0.0-0.7] 0.2[0.0-0.7] 0.2[0.0-0.7] 0.2[0.0-0.7] 0.2[0.0-0.7] 0.0 [0.0-0.7]
Saturated fat (gd™) 2571[19.7-32.7] 25.9[19.9-32.9] 26.1[20.1-33.2] 26.0 [19.9-33.2] 25.4[19.5-32.5] 24.8[18.9-31.7]
Sodium (gd™) 191.5-2.3] 1.9[1.5-2.3] 1.9[1.5-2.3] 19[1.5-2.3] 1.8[1.5-2.3] 1.8[1.5-2.3]

Data are expressed as mean (s.d.), median [Q1-Q3] or n (%), unless otherwise stated. Relative frequencies (%) may not equate to 100% due to missing values.
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Fig.1|Flavonoid intake in the UK Biobank. a, Composition of flavonoid

intake. b, Major dietary contributors to flavonoid intake, showing the topmost
contributors to intake only; blank spaces up to 100% represent other smaller
contributors that are not shown. ¢, Two-sided Pearson correlation between
quantity and diversity of flavonoid intake. d, Diversity of flavonoid consumption
among participants with the most (Q5) and least (Q1) diverse intakes. Ind, the

bar charts are matched for quantity of flavonoid intake (1,000 mg d ) and show
the average abundance (% intake) of each flavonoid per day. The dotted areas
represent each diet, where each circle is an individual flavonoid and each colour
isadifferent flavonoid (corresponding to the colours and distribution on the
bar charts). Data from participants with >2 Oxford WebQ dietary questionnaires
(n=124,805).

lower risk of T2DM and cancer; for flavanone there was a 7%
(Q5,0.93(0.88,0.99)) and a 6% (Q5, 0.93 (0.87,0.99)) lower risk of
cancer and respiratory disease; and for flavones there was a 13%
(Q4, 0.89 (0.80, 0.99)) and an 18% (Q5, 0.82 (0.71, 0.95)) lower risk of

T2DM and neurodegenerative disease, respectively (model 5; Table 3
and Supplementary Table 5). When we examined the models for the
subclasses showing beneficial associations for diversity, associations
for quantity of intake emerged with T2DM wherein participants at
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Diversity of flavonoid intake

ethnicity, socioeconomic status plus intakes of red and processed meat, refined
grains, whole grains, sugary drinks, coffee, saturated fatty acids, sodium and
dietary energy, and history of diabetes (type 1or 2; not adjusted in T2DM
analysis), hypertension and hypercholesterolaemia and for analysis of all-cause
mortality, further adjustments were made for prevalent CVD, cancer, respiratory
disease, and neurodegenerative disease at baseline. Corresponding sample sizes,
eventrates and additional details are provided in Table 2.

and above Q3 for flavones and Q4 for flavan-3-ols were at a lower risk
(flavones Q3,0.89 (0.80, 0.99); flavan-3-ols Q4, 0.85(0.77,0.95); model
5; Supplementary Table 6). No interactions were observed between
quantity and diversity of intake of any subclass with any outcome
(Pinceraction @l >0.05 (model 5)).

Flavonoid-rich foods, all-cause mortality and chronic disease

Minimally (model1) and multivariable adjusted models (models 2-5)
for diversity of flavonoid-rich foods are presented in Supplemen-
tary Table 5. Adjustment beyond demographic and lifestyle factors
(model 3) for participant diet (model 4) and medical history (model 5)
did not appreciably affect the associations. In the fully adjusted
model, when holding the quantity of intake constant, the risk of all-
cause mortality was progressively lower among those with a higher
diversity of flavonoid-rich food intake; compared with an effective

serving of 1.3, those with 2, 2.7, 3.4 and 4.5 different effective serv-
ings were associated with an 8% (0.92 (0.85,1.00)), 10% (0.91 (0.84,
0.99)),13% (0.88 (0.81, 0.96)) and 16% (0.84 (0.76, 0.91)) lower risk of
all-cause mortality, respectively (model 5; Table 3 and Supplementary
Table 5). Holding the diversity of intake constant, there was no clear
association for consuming a higher quantity of flavonoid-rich foods
(model 5; Supplementary Table 6). Examination of chronic disease
outcomes revealed that those with the highest (versus lowest) diver-
sity of flavonoid-rich food intake had an 8% lower risk of respiratory
disease (0.92 (0.87, 0.98)); there were no compelling associations
with other endpoints (model 5; Table 3 and Supplementary Table 5).
Holding diversity constant, a higher quantity of flavonoid-rich foods,
beyond Q2(Q2,0.87(0.78,0.97)), associated with alower risk of T2DM;
there were no compelling associations with other endpoints (model 5;
Supplementary Table 6). No interactions (P;,craction @ll >0.05 (Model 5))
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Diversity of intake of:

Table 3 | Diversity of intake of flavonoid-rich foods and individual flavonoid subclasses associate with risk of all-cause mortality and incidence of major

chronic disease

Flavones

Q5

Flavan-3-ols Anthocyanins Flavonols Flavanones

Flavonoid-rich foods

Q1

Q5

Q1

Q5

Q1

Q5

Q1

Q5

Q1

Q5

Q1

0.93(0.85,1.01)

Ref.
Ref.

0.88(0.81, 0.96)
1.00 (0.93, 1.08)
0.91(0.82,1.01)

Ref.
Ref.

0.98(0.89,1.07)
1.04 (0.96, 1.13)
1.09 (0.97,1.23)

Ref.
Ref.
Ref.
Ref.

Ref. 1.02(0.93,1.11)

0.90 (0.82, 0.99)
0.94 (0.86,1.02)
0.87(0.77,0.98)

Ref.
Ref.
Ref.
Ref.

0.84(0.76, 0.91)
0.94 (0.86,1.02)
0.94(0.83,1.06)
0.93(0.87,1.00)

Ref.

All-cause mortality

CVD

0.94(0.87,1.01)

1.00 (0.92,110)
0.92(0.82,1.04)
1.01(0.94,1.09)

Ref.
Ref.

Ref.

0.87(0.78,0.97)
0.96 (0.90, 1.02)
0.97(0.92,1.03)

Ref.
Ref.

Ref.

Ref.

T2DM

0.98(0.91,1.05) Ref. 0.93(0.87, 0.99)
0.94(0.89, 0.99)
115 (0.99, 1.34)

0.98(0.92,1.04)
0.93(0.79,1.09)

Ref.

0.92(0.86, 0.99)
0.97(0.91,1.03)

Ref.

Cancer incidence

Ref.

Ref.

Ref.
Ref.

0.95(0.89,1.01)

Ref.

Ref.

0.92(0.87,0.98)
0.99 (0.84,115)

Ref.

Respiratory disease

0.82(0.71, 0.95)

Ref.

Ref.

Ref. 0.92(0.78,1.09)

1.08 (0.92,1.27)

Ref.

Ref.

Neurodegenerative

disease

HRs (95% ClI) for risk of all-cause mortality and major chronic diseases obtained from Cox proportional-hazards models with age as the underlying timescale. HR and 95% Cls in bold do not include 1.00. All models considering diversity of servings of

flavonoid-rich food intake were adjusted for quantity of servings of the same flavonoid-rich foods. All models considering flavonoid subclasses were additionally individually adjusted for quantity of intake of the specific flavonoid subclass of interest. All

models were adjusted for sex, region of residence, number of dietary recalls, ethnicity, BMI, education, socioeconomic status (Townsend deprivation index), smoking, physical activity, alcohol intake, plus intakes (gd™) of red and processed meat, refined
grains, whole grains, sugary drinks, coffee, saturated fatty acids, sodium and energy (kcald™), and for history of diabetes (type 1 or 2; not adjusted in T2DM analysis), hypertension and hypercholesterolaemia; for analysis of all-cause mortality, models were

further adjusted for prevalent CVD, cancer, respiratory disease and neurodegenerative disease at baseline. Further model details (including Q2-Q3, case events and sample sizes) can be found in Supplementary Table 5. Flavan-3-ols includes monomers,

proanthocyanidins and theaflavins/thearubigins.

were observed between quantity and diversity of flavonoid-rich
food consumption.

Sensitivity analyses

Neither removing energy intake nor adjusting for a healthy plant-based
diet score substantively altered the HR (sensitivity analyses 1and 2;
Supplementary Tables 5 and 7). Excluding participants who had an
eventinthe first two years of follow-up tended to marginally strengthen
the relationships between our exposures and outcomes (sensitivity
analysis 3; Supplementary Tables 5and 7).

Discussion

In>120,000 UK Biobank participants, we observed that participants
who consumed the widest diversity of dietary flavonoids, flavonoid-rich
foods and/or specific flavonoid subclasses had alower risk of all-cause
mortality and incidence of cause-specific chronic disease, ranging from
cardiometabolic disorders (including CVD and T2DM) to other major
conditions, such as cancer, respiratory disease and neurodegenerative
disease. We also found that both the quantity and diversity of total
dietary flavonoids are independent predictors of mortality and several
chronic diseases, suggesting that consuming a higher quantity and
wider diversity is better for longer-term health than higher intakes of
either component alone.

Our findings highlight the importance of consuming a diverse
range of flavonoids for the management of chronic disease risk, which,
from a public health perspective, provides support for consuming a
variety of flavonoid-rich foods such as green and/or black tea, berries,
apples, oranges and grapes®. This fits with our current understand-
ing that different flavonoid compounds can exert different biologi-
cal benefits"**%, For example, in the regulation of blood pressure
alone, compounds from each subclass appear to act on a variety of
different mechanisms, increasing nitric oxide bioavailability, reducing
endothelial cell oxidative stress and modulating vascularion channel
activity?*°. Indeed, the health-promoting effects of flavonoids are
wide ranging, with multiple flavonoid compounds implicated in mul-
tiple biological activities, including, among others, inhibiting platelet
aggregation, lowering low-density lipoprotein oxidation, mitigating
atheroscleroticlesion formation, improvinginsulin sensitivity indices,
inducing antioxidant defences, and reducing inflammatory responses
in addition to specific anticarcinogenic actions, such as an ability to
induce apoptosis in tumour cells, inhibit cancer cell proliferation, and
prevent angiogenesis and tumour cell invasion®*, As aresult, the col-
lective actions of multiple flavonoids appear to lead to greater health
protection compared with single subclasses or compounds.

We found that consuming both a higher quantity and wider diver-
sity of dietary flavonoids appears better for longer-term health than
higher intakes of either component alone. To date, epidemiological
research has focused on the quantity of flavonoid intake, finding that
higher consumption of several flavonoid subclasses is associated
with a lower risk of several chronic diseases*”'>*'*2, Indeed, the first
proposed dietary guideline for flavonoids was released in 2022*, and
recommended consumption of 400-600 mg d ™ of flavan-3-ols for
potential cardiometabolic health benefits. Our results suggest that
future guidelines could be reframed to also consider recommending
intake from a range of sources. Further studies are also ongoing to
determine the environmental footprints of different flavonoid-rich
foods to ensure their consumption also supports environmental
sustainability and planetary health®*. Moreover, our findings also
align with our other recent work in which we propose a composite
measure of flavonoid intake (termed the Flavodiet score) whichis a
sum of servings of flavonoid-rich foods®. We observed that those who
had a better Flavodiet score had a lower risk of all-cause mortality®.
Our current study on flavonoid diversity and health outcomes sup-
portsthe Flavodiet score concept as means to promote higher intakes
of flavonoids from different sources. Our analysis of diversity also
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complements existing analyses that evaluate associations between
specific flavonoid food sources and health outcomes, which enhance
the evidence base for the health benefits of specific flavonoid-rich
foods*?*. However, by studying diversity specifically, our results sug-
gest that consuming a greater variety of such sources appears better
than their intakesinisolation.

Toestimate flavonoid diversity, we used Shannon’s equation with
Hill's numbers?2*. This provides an approach to explicitly separate
out and study the independent benefits of flavonoid diversity, versus
quantity, for health outcomes. A fundamental feature of the Shannon
equationis thatit considers the most diverse diets to consist of all flavo-
noids consumedin equal proportions. Althoughthis reflects atechnical
definition of diversity, such an intake is unlikely to occur in the real
world and may not be the pattern of consumption that offers the great-
est health benefits. Shannon’s equation also only permits calculation of
diversity among flavonoid consumers (omitting non-consumers), and
results should be interpreted within this context (although <0.01% of
participants in this cohort did not consume any flavonoids). We must
also consider that calculating diversity within individual subclasses
does not account for diversity of other subclasses (which appears
important) and that calculating diversity by way of major flavonoid-rich
foods does not account for other flavonoid sources (which may poten-
tially be major sources for some individuals). While calculating fla-
vonoid diversity by way of total flavonoid compound intake appears
to overcome these limitations, this method relies on the precision of
compound intake estimates, and these estimates, given the inherent
limitations of dietary assessment methods and nutrient composition
databases”, are likely to be relatively crude. Nevertheless, even with
these constraints, we observed a significantly lower risk of all-cause
mortality and cause-specific chronic disease among those with the
most (compared with the least) diverse flavonoid intakes when using
thismethod. Indeed, beyond flavonoids this method could be further
used to estimate and evaluate diversity of other (poly)phenolics, or
groups of bioactives, or potentially various food groups. Although
there have been recent discussion and some previous use of various
diversity indices in nutrition science®®*, Shannon’s equation (with
Hillnumbers) does not seem to have been used before to partitionand
study theindependent roles of diversity and quantity. Hence, this work
introduces apotential approachtostudy these characteristics of other
dietary componentsin the future.

No previous works appear to have reported on the human health
benefits of a flavonoid-diverse diet. Consequently, replication of
our findings in other cohorts and clinical trials will be critical, as will
the exploration of flavonoid diversity with other disease outcomes.
Interpretation, however, requires careful consideration. For the most
part, we observed that both quantity and diversity were independ-
ent predictors, suggesting there is a benefit to consuming a higher
diversity beyond that of simply consuming a high quantity (and vice
versa), although this relationship did not interact such that the ben-
efittogether was even greater than the combination of the individual
parts*. Onother occasions we observed quantity but not diversity was
a predictor, which could suggest consuming a higher amount of any
type provides benefit. Or perhaps awider diversity of intake within the
populationunder study is required before arole for diversity becomes
observable, or that the average compositional make-up of diversity
within the population was not relevant to the disease in question.
Certainly, the biological relevance of diversity within subclasses may
be less important if at least some compounds have similar biological
effects. Indeed, those with the lowest diversity could theoretically
consume one flavonoid type alone; hypothetically speaking, if this was
considered the reference group and compared to those with a wider
diversity, then after adjustment for quantity, the comparison compares
one against multiple different flavonoid types, holding total quan-
tity constant. If the one flavonoid type was overly protective against
the disease in question, then there may be no benefit to consuming

awider diversity if the other flavonoids do not collectively provide a
benefit larger than the reference. In other analyses we observed that
only flavonoid diversity, but not quantity, predicted the outcomes.
This could be due to synergies between different flavonoids, whereas
simply consuming higher amounts of less diverse compounds may
afford no benefit. We also observed that the quantity and diversity of
flavonoid compound intake but not servings of flavonoid-rich foods
were significantly associated with more outcomes, suggesting that
the absolute intake of flavonoids matters more than the servings of
flavonoid-rich foods per se, potentially because different foods have
varying flavonoid densities and serving sizes. Moreover, combinations
of some foods will probably provide a greater diversity of flavonoids
thanothers—or example, consuming red wine and grapes will probably
be less diverse than consuming oranges and grapes because there is
less overlap in the flavonoid profiles of the foods.

The strengths of this study include the prospective design, large
sample size, high number of cases and long follow-up time of ~-10 years.
Several limitations, however, should be noted. First, the observational
designrestricts our ability toinfer causality or to exclude the possibil-
ity of residual confounding. To this end, we must consider whether
the associations observed represent a benefit of higher diversity of
flavonoids per se, or asignal that the various flavonoids act synergis-
tically with other compounds found in flavonoid-rich foods, such as
phenolicacids, lignans or other bioactives®. Indeed, the possibility of
flavonoids being amarker of other unobserved and potential protec-
tive factors cannot be discounted. Second, although the Oxford WebQ
has been validated against biomarkers and 24-h recalls for selected
nutrients***, it does not capture data on certain types of flavonoid-rich
foods (for example, specific types of berries), which potentially leads
toimprecisionin the assessment of diversity for certain subclasses (for
example, anthocyanins), and as with all self-reported dietary assess-
ments, common limitations and reporting biases apply>*. Moreover,
due to the limited number of dietary assessments, our analyses may
have been affected by regression dilution with a probable underes-
timation of the strengths of associations*’; this may be of specific
importance when assessing diversity, assuming variation in intake is
greater over longer timeframes. Third, incidence of T2DM was ascer-
tained based on hospital and death records, which may not capture all
cases, such as those diagnosed and treated in primary care. This may
have introduced some degree of error, particularly if hospitalized
individuals have different health-seeking behaviours or character-
istics than those treated in primary care, highlighting the need for
additional studies. Fourth, potential confounders were only assessed
atbaseline, anditis unclear how potential changesin their trajectories
may have impacted upon the observed associations. Fifth, although
we conducted extensive analysis showing that the associations of
our exposures with the outcomes appear robust, we acknowledge
that multiplicity issues should be considered when interpreting the
results. Sixth, given our sample is not representative of all populations
in terms of age, ethnicity, health status or socioeconomic standing,
and soon, the generalizability of our results requires confirmationin
other populations.

In conclusion, we found that a wider diversity of intake of total
flavonoids, flavonoid-rich foods and/or specific flavonoid subclasses
is associated with a lower risk of all-cause mortality and incidence of
chronicdisease, including CVD, T2DM, cancer, respiratory disease and
neurodegenerative disease. We also observed that a higher quantity
and wider diversity of dietary flavonoids, when consumed together,
may represent the optimal approach forimproving long-term health,
compared withincreasing either flavonoid quantity or diversity alone.
Overall, our findings suggest simple and achievable dietary changes
such as including several different daily servings of flavonoid-rich
foods or beverages, such as tea, berries, apples, oranges or grapes,
might have a major impact on population health, lowering the risk of
all-cause mortality and major chronic disease.
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Methods

Design

For the present investigation, we used data from the UK Biobank—a
large, prospective, population-based cohortstudy*’. Between 2006 and
2010,>500,000 male and female adults, aged 40-69 yr, were enrolled”.
Participants attended one of 22 assessment centres located across
England, Scotland and Wales, where they undertook acomprehensive
baseline assessment, completing questionnaires and physical meas-
ures, and provided biological samples. The UK Biobank study received
ethicalapproval from the NHS North West Multi-Centre Research Eth-
ics Committee (reference 11/NW/0382) and all participants provided
informed consent.

For the current analysis, we excluded participants who withdrew
their consent during follow-up or who completed fewer than two 24-h
dietary questionnaires (by first removing individual recalls without
plausible energy intakes: <800 or >4,200 kcal d* for men and <500
or >3,500 kcal d* for women) (Supplementary Fig. 1). Additionally,
for the respective outcomes of interest, we excluded participants
with prevalent CVD, T2DM, cancer, respiratory disease or neurode-
generative disease, prior to the last date of dietary assessment (Sup-
plementary Table 8). Lastly, because Shannon’s equation requires
intake of at least one kind of flavonoid compound, those with zero
total flavonoid intake were excluded, and then, depending on the
exposure of interest (flavonoid-rich foods or intra-subclass diversity,
and so on), participants with zero intake of flavonoid-rich foods or
specific subclasses were excluded on a per-analysis basis, because
the collective exclusion at the flavonoid-rich food or intra-subclass
level would bias diversity of other levels (for example, compounds
(Supplementary Fig.1)).

Exposures

Dietary information was collected using the Oxford WebQ 24-h die-
tary questionnaire**, which participants completed on up to five
separate occasions, between 2009 and 2012*%. Flavonoid intake was
estimated from the Oxford WebQ 24-h dietary questionnaire using
the US Department of Agriculture flavonoid and proanthocyanidin
food content databases***°, with food codes derived from the updated
version of the nutrient calculations for the Oxford WebQ for food
items and composite recipes™*. Flavonoid intakes (mg d™) from
all completed questionnaires with plausible energy intakes were
averaged. We derived intakes of several flavonoids subclasses as fol-
lows: flavonols (quercetin, kaempferol, myricetin and isorhamnetin),
anthocyanins (cyanidin, delphinidin, malvidin, pelargonidin, petu-
nidin and peonidin), flavan-3-ols ((+)-catechin, (+)-gallocatechin,
(-)-epicatechin, (-)-epigallocatechin, (-)-epicatechin 3-gallate
and (-)-epigallocatechin-3-gallate, plus dimers, trimers, 4-6-mers,
7-10-mers and polymers, plus theaflavin, theaflavin-3-gallate,
theaflavin-3’-gallate, theaflavin-3,3’-digallate and thearubigins),
flavanones (eriodictyol, hesperetin and naringenin) and flavones
(luteolin and apigenin). Total flavonoid intake was calculated as the
sum of all compounds. Intakes of isoflavones were not calculated due
to the low consumption of isoflavone-containing foods in the general
UK population®.

Diversity of flavonoid intake was calculated using Shannon’s
equation for entropy*which was subsequently converted to Hill’s effec-
tive numbers®*, Calculations of diversity were made for total flavonoid
intake, which considered diversity of all 31 flavonoids as described
above.Inanexploratory analysis we examined (1) intra-subclass diver-
sity, which considered diversity of intake withinindividual subclasses,
and (2) servings of flavonoid-rich foods, whichincluded the key contrib-
utors to each flavonoid subclass, including tea (black and green), red
wine, apples, berries, grapes, oranges (including satsumas), grapefruit,
sweet peppers, onions and dark chocolate. The key contributors were
determined as the three foods that contributed the highest percent-
age to the intakes of each flavonoid subclass (excluding fruit juices),

and dark chocolate wasincluded asit s typically highin flavan-3-ols"”.
Shannon’s equationis as follows:

S
Shannon index (H) = -’ p;Inp;
i=1

In Shannon’s equation, p; is calculated as the proportion of indi-
vidual flavonoids consumed per day (that is, the quantity of compounds
(mg d™) or flavonoid-rich foods (servings per day)) relative to total
intake (thatis, the total quantity of flavonoids (mg d™) or flavonoid-rich
foods (servings per day)) and sis the total number of individual flavo-
noid types (that is, compounds or flavonoid-rich foods) consumed.
Diversity of flavonoid intake was calculated using the R package
Vegan®. Conversion of Shannon’s score into Hill’s effective numbers
was undertaken by exponentiating H (refs. 23,24).

The purpose of using effective numbers is to convert Shannon’s
non-linear scoreinto aninterpretable metric that quantifies diversity*.
The resulting output, termed effective numbers, shows the number
of different types of flavonoids that would need to be consumed in a
specific proportional make-up to meet the same relative diversity as
the diet fromwhich it was calculated, wherein a higher value indicates
wider diversity (a detailed explanation of effective numbers can be
found in the Supplementary Methods). The Shannon equation and
Hill numbers produce a measure of diversity that is relative to, and
independent of, the quantity of flavonoid intake, such that it is possi-
ble that two individuals can have exactly the same diversity score, yet
one of them may consume, for example, athreefold higher quantity of
flavonoids. Therefore, following statistical adjustment for quantity of
flavonoid consumption, itis possible to study theindependent benefit
of diversity of flavonoid intake.

Outcomes

The outcomes in the current study were all-cause mortality and inci-
dence (first-time fatal or non-fatal events) of CVD, T2DM, total cancer,
respiratory disease, and neurodegenerative disease. Date of death was
obtained from death certificates held by the National Health Service
Information Centre (England and Wales) and the National Health Ser-
vice Central Register Scotland (Scotland). Dates and causes of hospital
admissions were identified viarecord linkage to Health Episode Statis-
tics (England), the Patient Episode Database (Wales) and the Scottish
Morbidity Records (Scotland) as well as the National Cancer Registries
(England, Scotland and Wales). Incident outcomes were defined as a
hospital admission or death identified through primary or secondary
diagnosis codes using International Classification of Diseases, Tenth
Revision (ICD-10) as follows: CVD (120-125,163 and 170-174), T2DM (E11),
cancer (C00-C97, excluding non-melanomaskin cancer (C44)), respira-
torydisease (J09-J98,126 and 127) and neurodegenerative disease (FOO-
03, G12.2, G20, G21, G23.1-23.3, G23.8, G23.9, G30 and G31). Hospital
admission follow-up data for CVD, T2DM, respiratory disease and neu-
rodegenerative disease were available until 31 October 2022 for England,
31August 2022 for Scotland and 31 May 2022 for Wales. Follow-up data
for cancer were available until 31December 2016 for Wales, 31 December
2020 for England and 30 November 2021 for Scotland. Mortality data
were available until 30 November 2022 for England, Scotland and Wales.
We therefore censored outcome analyses on these dates.

Covariates

Information on demographics, lifestyle factors and medical history
including sex, age, ethnicity, anthropometry, physical activity, edu-
cation, smoking and alcohol habits were obtained from the baseline
assessment. Anthropometric measurements (height and weight) were
obtained by trained personnel. BMIwas calculated as weight/(height?)
(kg m™). Physical activity was derived using the International Physical
Activity Questionnaire short form, and total physical activity was calcu-
lated as the sum of walking, moderate and vigorous activity measured
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asmetabolic equivalents (MET-h per week). Area-based socioeconomic
status was derived from postal code of residence using the Townsend
deprivationscore. History of hypertension and diabetes mellitus (type
1or 2) was derived from self-reported physician diagnosis of disease
or medication use at recruitment, and from ICD codes dated prior
to the last date of dietary assessment (Supplementary Table 8). His-
tory of hypercholesterolaemia was identified by physician diagno-
sis (self-reported) or the taking of cholesterol-lowering medication
(Supplementary Table 8). To identify other baseline comorbidities,
self-reported physician-diagnosed CVD, cancer, neurodegenerative
disease and respiratory disease at recruitment was combined with ICD
codes dated prior to the last date of diet assessment (Supplementary
Table 8). The Oxford WebQ was used to calculate average daily intakes
of foods, nutrients, energy intake via information recorded in the UK
Nutrient Databank as previously reported®*. The healthful plant-based
dietindex was derived from17 food groups™.

Statistical analysis

Cox proportional-hazards models were used to investigate relation-
ships between diversity of flavonoid consumption and all outcomes
of interest. Participants were followed up from the completion of the
last valid diet questionnaire until the first occurrence of the outcome
event, death, loss to follow-up or the end of follow-up (as described
above), whichever occurred first. Flavonoid diversity was modelled
as quintiles with low flavonoid diversity (Q1) as the reference group.
All models examining diversity were mutually adjusted for quantity
(quintiles) of the same flavonoids that contributed to flavonoid diver-
sity. All models used age as the underlying timescale**. Five models of
adjustment were computed: model1 minimally adjusted for sex, region
of residence (entered as astrata variable: London, North West England,
North East England, Yorkshire, West Midlands, East Midlands, South
East England, South West England, Scotland and Wales) and number
of dietary assessments completed with plausible energy intake (2, 3,
4 or 5); model 2 multivariable adjusted for covariates in model 1 plus
demographic factors including: ethnicity (White, Black, Asian, mixed
orother), BMI(<18.5,18.5-24.99,25-29.99, 230 kg m ), education (low
(GSEs/Olevels/GCSEs or equivalent), medium (NVQ/HND/HNC/A levels/
ASlevelsorequivalent), high (other professional qualifications, college/
university degree)) and socioeconomic status (Townsend deprivation
index in quintiles); model 3 multivariable adjusted for covariates in
model 2 plus lifestyle factors including: smoking status (current, for-
mer, never), alcohol intake (<1gd™?, 1-7gd™, 8-15gd™, 16+ gd™) and
physical activity (MET-h per week in quintiles); model 4 multivariable
adjusted for covariatesinmodel 3 plus dietary factorsincluding: intakes
of sugary drinks (0d™, >0-1d™, >1-2d™, 2+ d™), cups of coffee (0d™,
>0-1d7,>1-2d™, 2+d™?), and red and processed meat, whole grains,
refined grains, saturated fatty acids and sodium (all gd™) and energy
(kcal d™) (all as quintiles); model 5 multivariable adjusted for covariates
inmodel 4 plus medical history including history of diabetes type 1 or
2 (yes versus no), hypertension (yes versus no) and hypercholesterol-
aemia (yes versus no), and for analysis of all-cause mortality, further
adjustments for prevalent CVD, cancer, respiratory disease and neuro-
degenerative disease at baseline. For variables where participants could
select ‘do not know’ or ‘prefer not to answer’, or for those with missing
data, responses were combined into an ‘unknown’indicator group. The
proportional-hazards assumption was confirmed using Schoenfeld
residual plots. Absence of multicollinearity among predictors was veri-
fied using variance inflation factors. To address concerns that occult
chronicdiseasesin the years preceding diagnosis may have influenced
dietary patterns, we conducted sensitivity analysis excluding partici-
pants who developed events within 2 years of follow-up. We conducted
further sensitivity adjustments for the healthful plant-based diet index
in place of other dietary factors in model 5. To assess the influence of
flavonoidintakesirrespective of dietary energy, model 5was rerun with-
out calorie adjustment. To assess the potential independent benefits of

quantity and diversity of flavonoid intake on the risk of our outcomes, we
report the terms for quantity of flavonoid intake following adjustment
for diversity of flavonoid consumption. To evaluate whether the joint
effect of quantity and diversity of flavonoid intake was together larger
(or smaller) than the combination of the individual parts*, likelihood
ratio tests were used to compare models with and without interaction
terms. We observed and interpreted the magnitude and direction of
observed associations through estimated HRs and associated 95% Cls
with a HR of 1indicating no association. All analyses were undertaken
using Stata/IC 14.2 (StataCorp) and R statistics (v.4.2.1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The UK Biobank dataset used in this study is not publicly available but
may be available upon application by bona fide researchers (https://
www.ukbiobank.ac.uk/). The UK Nutrient Databank food composition
tables are openly accessible (https://www.gov.uk/government/publica-
tions/composition-of-foods-integrated-dataset-cofid). The US Depart-
ment of Agriculture databases for flavonoid (https://agdatacommons.
nal.usda.gov/articles/dataset/USDA_Database_for_the_Flavonoid_
Content_of Selected_Foods_Release_3_1_May_2014_/24659802) and
proanthocyanin (https://agdatacommons.nal.usda.gov/articles/data-
set/USDA_Database_for_the_Proanthocyanidin_Content_of Selected_
Foods_- 2004/25060832) contents in foods are openly accessible.
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Participants attended one of 22 assessment centers where they undertook a comprehensive baseline assessment, completing
guestionnaires and physical measures, and provided biological samples. Following this, participants completed web-based 24-h
dietary assessments (the Oxford WebQ) issued on five separate occasions between 2009 and 2012.

The outcomes in the current study were all-cause mortality and incidence (first-time fatal or non-fatal events) of CVD, T2DM, total
cancer, respiratory disease, and neurodegenerative disease. Date of death was obtained from death certificates held by the National
Health Service Information Centre (England and Wales) and the National Health Service Central Register Scotland (Scotland). Dates
and causes of hospital admissions were identified through record linkage to Health Episode Statistics (England), the Patient Episode
Database (Wales) and the Scottish Morbidity Records (Scotland) as well as the National Cancer Registries (England, Scotland, and
Wales). Incident outcomes were defined as a hospital admission or death identified through primary or secondary diagnosis codes
using International Classification of Diseases, Tenth Revision (ICD-10) as follows: CVD (120-125, 163 and 170-174), T2DM (E11), cancer
(C00-C97, excluding non-melanoma skin cancer: C44), respiratory disease (J09-J98, 126 and 127) and neurodegenerative disease
(FO0-03, G12.2, G20, G21, G23.1-23.3, G23.8, G23.9, G30 and G31). Hospital admissions follow-up data for CVD, T2DM, respiratory
disease and neurodegenerative disease were available until 31st October 2022 for England, 31st August 2022 for Scotland, and 31st
May 2022 for Wales. Hospital admissions follow-up data for cancer were available until 31st December 2016 for Wales, 31st
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