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Background: Estimating (poly)phenol intake is challenging due to inadequate dietary assessment tools

and limited food content data. Currently, a priori diet scores to characterise (poly)phenol-rich diets are

lacking. This study aimed to develop a novel (poly)phenol-rich diet score (PPS) and explore its relationship

with circulating (poly)phenol metabolites. Methods: A total of 543 healthy free-living participants aged

18–80 years completed a food frequency questionnaire (FFQ) (EPIC-Norfolk) and provided 24 h urine

samples. The PPS was developed based on the relative intake (quintiles) of 20 selected (poly)phenol-rich

food items abundant in the UK diet, including tea, coffee, red wine, whole grains, chocolate and cocoa

products, berries, apples and juice, pears, grapes, plums, citrus fruits and juice, potatoes and carrots,

onions, peppers, garlic, green vegetables, pulses, soy and soy products, nuts, and olive oil. Foods included

in the PPS were chosen based on their (poly)phenol content, main sources of (poly)phenols, and con-

sumption frequencies in the UK population. Associations between the PPS and urinary phenolic metab-

olites were investigated using linear models adjusting energy intake and multiple testing (FDR adjusted p <

0.05). Result: The total PPS ranged from 25 to 88, with a mean score of 54. A total of 51 individual urinary

metabolites were significantly associated with the PPS, including 39 phenolic acids, 5 flavonoids, 3

lignans, 2 resveratrol and 2 other (poly)phenol metabolites. The total (poly)phenol intake derived from

FFQs also showed a positive association with PPS (stdBeta 0.32, 95% CI (0.24, 0.40), p < 0.01). Significant

positive associations were observed in 24 of 27 classes and subclasses of estimated (poly)phenol intake

and PPS, with stdBeta values ranging from 0.12 (0.04, 0.20) for theaflavins/thearubigins to 0.43 (0.34,

0.51) for flavonols (p < 0.01). Conclusion: High adherence to the PPS diet is associated with (poly)phenol

intake and urinary biomarkers, indicating the utility of the PPS to characterise diets rich in (poly)phenols at

a population level.

Introduction

A suboptimal diet is one of the most important modifiable
risk factors for non-communicable diseases (NCDs). Among all
the components of the human diet, plant foods are the most
essential ones relating to the prevention of NCDs. Four out of
five leading dietary risk factors for death and disability-
adjusted life-years (DALYs) are related to inadequate intake of
plant foods, including wholegrains, fruits, nuts and seeds, and
vegetables.1,2 Evidence from large prospective cohort studies
and meta-analysis of cohort studies showed a protective effect
of adequate consumption of these plant foods. Consuming

five portions of fruits and vegetables per day was found to be
associated with a lowering in total mortality of 13%, cardio-
vascular disease (CVD) mortality of 12%, cancer mortality of
10% and respiratory disease mortality of 35%, compared to
two portions of daily intake.3 Eating wholegrains instead of
refined grains was associated with a lower risk of CVD4 and
type 2 diabetes.5,6 Higher nut consumption has also been
linked to a lower relative risk of CVD mortality, cancer mor-
tality, and all-cause mortality.7 The health benefits of plant-
based foods have been well established, although the mecha-
nisms behind their effect are still unclear. In recent decades,
the bioactive effects of many phytochemical compounds
present in these foods, such as (poly)phenols, carotenoids,
phytosterols, and so on have been recognized and have gained
growing attention in nutritional research due to their potential
effects to promote overall health and lower NCD risk.8

(Poly)phenols are a large family of compounds naturally
existing in plants and they are widely distributed in our diet.
Accumulating evidence from both clinical trials and epidemio-

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3fo01982a
‡Co-first authors contributed equally to this work.

Department of Nutritional Sciences, School of Life Course and Population Sciences,

Faculty of Life Sciences and Medicine, King’s College London, London, UK.

E-mail: ana.rodriguez-mateos@kcl.ac.uk

This journal is © The Royal Society of Chemistry 2023 Food Funct., 2023, 14, 9635–9649 | 9635

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 2
:1

6:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0003-3242-402X
https://doi.org/10.1039/d3fo01982a
https://doi.org/10.1039/d3fo01982a
https://doi.org/10.1039/d3fo01982a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3fo01982a&domain=pdf&date_stamp=2023-10-26
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo01982a
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO014021


logical studies suggests that dietary (poly)phenols can improve
cardiometabolic health.9–12 However, it is still difficult to give
dietary recommendations on (poly)phenol consumption to
promote cardiometabolic health due to the lack of consistent
results from observational studies with long-term intake and
the inaccurate estimation of habitual (poly)phenol intake in
the free-living population. Assessing (poly)phenol consump-
tion is extremely challenging due to inadequate dietary assess-
ment tools and limited food content data. Being a quick and
efficient data collection method to measure food groups and
nutrient intake in epidemiological studies, food frequency
questionnaires (FFQs) have been widely used to estimate (poly)
phenol intake in multiple large cohorts and surveys such as
the Nurses’ Health Study and the Health Professionals Follow-
Up Study,13 or the European Prospective Investigation into
Cancer and Nutrition (EPIC).14,15 These studies make up a sub-
stantial part of the current evidence on the health benefits of
dietary (poly)phenols. However, most of the questionnaires
applied in these research studies were not specifically vali-
dated for estimating (poly)phenol consumption.16 Regarding
the existing data on the (poly)phenol content of foods, many
food items and compounds are still missing in most compre-
hensive databases available such as Phenol-Explorer17 and
USDA databases.18–20 This is because the analysis of (poly)
phenol content in foods requires accurate chromatography
analytical methods and authentic standards, which are not
easily accessible. In addition, food items need to be mapped
carefully to the (poly)phenol content. Errors could also be
introduced systematically during this process, especially when
available data are limited.16

Another approach widely used to investigate relationships
between diet and health is the analysis of dietary patterns
instead of single nutrient/bioactive intake. A number of diet
indices have been developed in recent years to reflect adher-
ence to certain dietary patterns based on habitual intake and
diet quality related to health,21 such as the Healthy Eating
Index (HEI),22 the Mediterranean Diet Score (MDS),23 the
Dietary Approaches to Stop Hypertension (DASH)24 and the
Plant-based Diet Index (PDI).25 Evidence suggests that better
compliance to these dietary patterns is associated with a lower
risk of cardiovascular diseases.26 Plant foods are key com-
ponents of these diet scores, and it is possible that the (poly)
phenols present in plant foods may mediate the protective
effects on cardiometabolic health, as proposed by us
recently.27 However, none of the currently existing dietary
indices are specifically focused on (poly)phenol-rich foods and
beverages or aim to estimate adherence to (poly)phenol rich
diets. Indeed, while fruits and vegetables are included in most
healthy dietary scores such as DASH, MDS, HEI and PDI, they
are usually grouped together despite their distinct (poly)
phenol profiles. In addition, tea and coffee, which are major
sources of (poly)phenols, are not included in most dietary
scores, except for the PDI score, which includes both as one
food group, despite having very distinct profiles, one being
rich in flavan-3-ols and the other in phenolic acids. Cocoa pro-
ducts, which are also good sources of dietary (poly)phenols,

have not been included in any of the previously established
dietary scores.

(Poly)phenols are a large and diverse class of compounds,
with multiple types of (poly)phenol subclasses being found in
the same foods and beverages. It is therefore difficult to attri-
bute the health benefits related to the consumption of a (poly)
phenol rich food to a single compound. Evidence of health
benefits exists for all the flavonoid subclasses and other types
of (poly)phenols such as phenolic acids or lignans,28 although
the evidence is stronger for some, such as flavan-3-ols. This
can be due to a larger body of evidence existing for certain
compounds, rather than certain compounds having higher
bioactivity than others, although this is currently unknown.
Therefore, creating an overall score to estimate adherence to a
(poly)phenol rich diet is a suitable approach to determine all
potential bioactive compounds within the diet.

This study aims to develop a (poly)phenol-rich diet score to
reflect habitual consumption of a diet rich in (poly)phenols
and explore the association between this score and a compre-
hensive panel of (poly)phenol metabolite levels in 24 h urine.

Methods
Study population

The POLYNTAKE cohort is comprised of free-living healthy
participants residing in the UK, who participated in nine
dietary intervention trials at King’s College London. The
design and data analysis process of the POLYNTAKE study has
been previously reported.29 Dietary assessment and 24 h urine
collection were conducted during the baseline visit of the
studies, prior to any intervention. Data were collected and ana-
lysed following the same protocols and tools across the nine
studies and integrated into this cross-sectional analysis. All
studies were registered and approved by the ethics committee
of King’s College London (ethics number/clinical trial regis-
tration number: RESCM-17/18-5283/NCT03434574; HR-15/16-
3739/NCT03041961; HR-17/18-5338/NCT03592966; HR-18/19-
9091/NCT04084457; HR-17/18-5703/NCT03553225; RESCM-18/
19-9036/NCT03995602; HR-17/18-5353/NCT03573414; HR-18/
19–8999/NCT04179136; HR-19/20-14771/NCT04276974). The
studies were conducted following the Declaration of Helsinki
and written informed consent was provided by all participants
before their participation. All participants consented to their
data being used in follow-up research.

To eliminate the influence of age and outliers in dietary
intake, participants were excluded for the following reasons: (i)
age < 18 years old; (ii) no available FFQ or FFQ had more than
10 missing ticks; (iii) energy intake <500 kcal day−1 or
>3500 kcal day−1 for women, <800 kcal day−1 or >4000 kcal
day−1 for men; and (iv) energy intake to BMR ratio out of mean
± 2SD (0.025–2.437 for the current dataset) in the study popu-
lation. Data from 543 participants were included in the ana-
lysis of this paper. Among them, urinary (poly)phenol metab-
olite excretion levels were available for a subgroup of 229
participants.
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Dietary assessment with FFQ

The EPIC-Norfolk FFQ30 was used to collect the habitual diet
of participants during the first study visit before any interven-
tion was given. Participants were invited to provide the dietary
intake information of 130 food items commonly consumed in
the UK over the past year by choosing the frequency ranging
from “never or less than once a month” to “2–3 times per day”.
The FFQs were coded using Microsoft Access software and the
frequencies in the questions were transformed into nutrients
and food items intake using the FFQ EPIC Tool for Analysis
(FETA) software.31 One or more food codes were mapped to
each question in the FFQ with the portion weights sourced
from UK population data during FETA analysis.31 The
McCance and Widdowson’s “The composition of Foods (5th

edition)” and its supplements32 were applied in the calculation
of nutrients and energy intake.

Estimation of dietary (poly)phenol intake

The (poly)phenol intake of the participants was calculated
from the food intake (g d−1) obtained from the EPIC-Norfolk
FFQ coupled with the corresponding content in foods (mg per
100 g) from a (poly)phenol database (PPDB) developed in-
house.29

The PPDB integrated (poly)phenol content data of 1260 raw
and processed food items or dishes, which were obtained from
multiple sources such as the Phenol-Explorer database,17

USDA databases,18–20 and published analytical data. The (poly)
phenol contents for composite dishes were calculated based
on recipes from McCane and Widdowson’s (6th edition), see
the ESI† 33 and retailer websites. The food codes from FETA
and food items in PPDB were matched as precisely as possible
to their subtypes according to the food descriptions. If no
specific subtype of food was described (e.g. onions, raw), the
content of a general food content was matched to it (onions,
raw (average)). The food items with little or no (poly)phenol
content (e.g. animal products) were removed from the calcu-
lation. Total subclasses, classes, and total (poly)phenol intake
were calculated by summarising the intake of all the com-
pounds under the group. Details of (poly)phenol analysis
process and PPDB have been reported previously.29

Development of the (poly)phenol-rich diet score

To estimate adherence to a (poly)phenol-rich diet, a (poly)
phenol-rich diet score (PPS) was developed. The components
of the PPS were selected based on the following workflow (ESI
Fig. 1†). Firstly, a list of (poly)phenol-rich food items was pro-
posed based on their (poly)phenol content from established
literature34 and our in-house PPDB.29 The food items with at
least 30 mg per 100 g total (poly)phenols (aglycones equi-
valent, quantified by chromatography method) or 20 mg per
100 g for certain subclasses of (poly)phenols were included.
Next, the list was cross-referenced against the food sources of
(poly)phenols estimated from 7-day food diaries in the same
study cohort29 and data from the general UK population35 to
ensure inclusion of widely consumed food items. Then, the

food items that were not included in the EPIC-Norfolk FFQ
were removed (i.e., blueberries, herbs & spices, and flaxseeds).
Then, some food items were grouped together due to the simi-
larity of (poly)phenol profiles, e.g., citrus fruits and juices,
berries, whole grains, and green vegetables. Potatoes and
carrots were grouped together as they were relatively less rich
in (poly)phenol but contributed a substantial amount to total
(poly)phenol intake due to the high consumption in the UK.

A total of 20 plant-based foods from the EPIC-Norfolk FFQ
that are important sources of (poly)phenol intake in the UK
diet were included in the PPS. These food or food groups
include tea, coffee, red wine, whole grains, chocolate and
cocoa products, berries, apples and apple juice, pears, grapes,
plums, citrus fruits and citrus juice, potatoes and carrots,
onions, peppers, garlic, green vegetables, pulses, soybeans,
and related products, nuts, and olive oil. Table 1 shows the
FFQ items included under the 20 food groups and their total
(poly)phenol content (mg per 100 g).

Participants were scored by the quintiles of their intake of
each food group in the study population. The participants in
the highest quintile scored 5 in this food group, and the par-
ticipants in the lowest quintile scored 1. To calculate the score,
we used relative intake rather than absolute intake since there
is not yet enough evidence to propose adequate intake levels
for all food items that provide health benefits from (poly)
phenols. The PPS was calculated as the total score of all the 20
food group scores, which ranged from 20 to 100. Equal weigh-
tage was given to all food items, since there is still limited
understanding of the differential effects of these foods on
health.

Urine sample collection and phenolic metabolite analysis

The 24h-urine samples collected at the baseline visit of the
clinical trials were used to analyse (poly)phenol metabolite
levels. The participants were instructed to collect urine starting
from the second urine of the day before the study visit and fin-
ishing with the first urine on the day of the study visit in 1–2
plastic containers (2 L each) and store them in the cool bag
along with icepacks provided by the researchers. After record-
ing the total volume excreted over 24 h, urine samples were
centrifuged at 1800g for 15 min at 4 °C and were spiked with
0.2% formic acid (Thermo Fisher, LC-MS grade,
Loughborough, UK) before storing at −80 °C in labelled plastic
tubes until analysis.

The processing and analysis of the urine samples followed
a validated method.36 Briefly, samples were thawed on ice for
0.5–1 hour and then centrifuged at 15 000g for 15 min at 4 °C
using a temperature controlled microtube centrifuge (5417R,
Eppendorf, Hamburg, Germany). The urine samples were
diluted 5 fold with HPLC water (Sigma Aldrich, Steinheim,
Germany) before the diluted samples (350 μL) were acidified
with 4% phosphoric acid (85% HPLC grade, Yorlab, Fluka,
York, UK) (v : v 1 : 1). An aliquot of 600 μL of the mixture was
loaded on to the Oasis HLB reversed-phase sorbent μ-SPE
96-well plate (Waters, Eschborn, Germany) and washed with
HPLC water (200 μL) and 0.2% acetic acid (200 μL) (glacial
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HPLC grade, Thermo Fisher Scientific, Loughborough, UK)
into the waste plate. The elusion was conducted with 30 μL of
methanol containing 0.1% formic acid and 10 nM ammonium
formate (HPLC grade, Sigma Aldrich, Steinheim, Germany) 3
times (90 μL in total). There is an additional 35 μL of water
with 5 μL of internal standard (taxifolin, concentration
0.25 mg ml−1) added to the collection plate, making the final
volume 130 μL.

A total of 110 (poly)phenol compounds were identified and
quantified using authentic chemical standards. The UPLC-MS
analysis of the samples and standard mixes was achieved
using a triple-quadruple mass spectrometer (SHIMADZU 8060,
Shimadzu, Kyoto, Japan) coupled with a UPLC system
(Shimadzu, Kyoto, Japan). The samples (5 μL) were injected

using an autosampler (SIL-30AC, Shimadzu, Kyoto, Japan)
through a Raptor Biphenyl column 2.1 × 50 mm, 1.8 µm
(Restek, Bellefonte, USA) coupled with a compatible guard car-
tridge 5 × 2.1 mm, 2.7 µm (Restek, Bellefonte, USA) before
reaching a heated ESI source. The mobile phases were water
(HPLC grade, Sigma Aldrich, Steinheim, Germany) and aceto-
nitrile (HPLC grade, Sigma Aldrich, Steinheim, Germany) both
acidified with 0.1% formic acid (LC-MS grade, Thermo Fisher
Scientific, Loughborough, UK) as solvents A and B, respect-
ively. The gradient was 14 minutes joint with a 2-minute equi-
libration phase and applied under a 0.5 mL min−1 flow rate at
30 °C. The MS parameters and multiple reaction monitoring
(MRM) method parameters of the target compounds were
detailed previously.36 The peak area ratios of the target com-

Table 1 Composition of the (poly)phenol-rich diet score and estimated (poly)phenol content of the food component based on the KCL polyphenol
database (PPDB)

Foods Relevant items in the EPIC-Norfolk FFQ Total (poly)phenol content (mg per 100 g)17

Tea Tea, black, infusion, average Black tea (94.96), green tea (87.79)
Coffee Coffee, infusion, average Coffee, infusion (316.00)
Red wine Rose wine, mediuma Wine, rose (12.83), wine, red (88.32)
Whole grains Brown rice, boiled; wholemeal bread, average; crispbread, rye;

spaghetti, wholemeal, boiled; porridge, made with water; all
breakfast cerealsb

Brown rice (95.86), wholemeal bread (24.80), crispbread
(182.77), wholemeal pasta (43.73), breakfast cereals, bran
(285.70), breakfast cereals, muesli (13.75)

Chocolate and
cocoa products

Chocolate, fancy and filledc; drinking chocolate powder Milk chocolate (236.10), dark chocolate (1639.51), drinking
chocolate powder (875.15), drinking chocolate powder,
made up (289.16)

Berries Raspberries, raw; strawberries, raw Raspberries (189.88), strawberries (268.13), blueberries
(420.99)

Apples and juice Apples, eating, average, raw, flesh and skin weighted; apple
juice, unsweetened; chutney, apple, homemade

Apples (138.25), apple juice (68.49), apple chutney (155.67)

Pears Pears, average, raw, peeled or not peeled, weighed with core Pears (35.61)
Grapes Grapes, averaged Grapes, green (91.60), grapes, black (128.17)
Plums Plums, average, raw Plums (366.38)
Citrus fruit and
juice

Oranges, weighed with peel and pips; orange juice,
unsweetened; grapefruit, raw

Oranges, blond (50.47); orange juice (65.34), grapefruit
(73.79)

Potatoes and
carrots

Salad potato, with mayonnaise or reduced calorie dressing;
potatoes, roast, fat removed; chips, straight cut, fat removed;
chips, retail, fried in vegetable oil; old potatoes, boiled in
salted water; carrots, old or young, boiled in salted water

Potato, boiled (25.04), potato chips (21.28), carrots, boiled
(41.83)

Onions Onions, raw Red onion, raw (25.48), yellow onion, raw (15.02)
Peppers Peppers, capsicum, green or red, raw Red sweet pepper (14.19), green sweet pepper (19.54), chilli

pepper, green (21.81), chilli pepper, yellow (37.40)
Garlics Garlic, raw Garlic (184.94)
Green vegetables Spinach, boiled in salted water; broccoli, green, boiled in

salted water; brussels sprouts, boiled in salted water
Spinach, boiled (79.01), broccoli, boiled (177.68), brussels
sprouts (7.12)

Pulses Peas, frozen, boiled in salted water; peas, canned, re-heated,
drained; split peas, dried, boiled in unsalted water; baked
beans, canned in tomato sauce; broad beans, boiled in salted
water; green beans/French beans, boiled in salted water;
lentils, red, split, dried, boiled in unsalted water; runner
beans, boiled in salted water

Broad beans, boiled (155.63), green beans, boiled (37.08),
common beans, black, boiled (73.66), common beans,
white, boiled (53.26), common beans, others (619.06)

Soy and soy
products

Tofu, soya bean steamed; soya mince, granules; vegeburger,
retail, fried in vegetable oil; soya milk, plain

Soya beans, boiled (201.92), tofu (20.30), soy meat (13.19),
soya milk (10.28)

Nuts Hazelnuts; peanut butter, smooth; peanuts, roasted and
salted

Hazelnuts (496.51), peanut (10.77), peanut butter (11.21)

Olive oil Olive oil; fat spread (60% fat), with olive oil Olive oil (61.23), olive oil spread (6.73)

a The item consumption includes all types of wines. This item corresponds to “wine, rose” in nutrients and (poly)phenol analysis. b Breakfast
cereals included in EPIC-Norfolk FFQ: all brans, beanbuds, branflakes, cereal non-specific, cocopops, CommonSense Oat Bran Flakes, cornflakes,
crunchy oat cereal, crunchy nut cornflakes, frosties, fruit n fibre, grapenuts, honey smacks, muesli, nutri-grain, oat and wheat bran, puffed
wheat, rasin splitz, readybreak, rice crispies, ricicles, shredded wheat, shreddies, special K, start, sugar puffs, sultana bran, weetabix, weetaflakes,
and weetos. c The item consumption includes all chocolates, single or squares. The item corresponds to “chocolate, fancy and filled” in nutrients
and (poly)phenol analysis. d The item consumption includes all types of grapes. The item corresponds to “grapes, green” in nutrient and (poly)
phenol analysis.
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pounds to the internal standard taxifolin were used in the
quantification to minimise the influence of changes in device
performance on the results. The LabSolutions software
(SHIMADZU, Kyoto, Japan) was used in the peak integration
and the Microsoft Excel (Excel 2020, Microsoft, USA) was used
for concentration calculation.

Statistical analysis

The statistical analysis was conducted using R (version
4.1.2).37 The PPS of the study population was reported as the
mean (standard deviation, SD). The PPS was calculated from
the relative distribution of the intake of 20 (poly)phenol-rich
foods obtained by FFQs. Since the PPS was normally distribu-
ted in the population, one-way ANOVA was conducted to
compare the PPS between age groups and the post-hoc analysis
was conducted using the Tukey HSD test. The correlation
between age and PPS was assessed by Person’s correlation
coefficients. The correlation between estimated total (poly)
phenol intake and PPS was assessed by Spearman’s correlation
coefficients. In order to assess the concordance in discerning
between high and low adherence to the (poly)phenol-rich diet
using PPS and estimated total (poly)phenol intake, the study
participants were ranked into quartiles and depicted in an
alluvial diagram.

The associations between PPS, the (poly)phenol-rich food,
and dietary (poly)phenol intake, and nutrient intake were
explored using a linear regression model with two covariates,
energy intake levels and trial effect. The energy intake (kcal

d−1) was collected using the EPIC-Norfolk FFQ. Participants
from nine trials were labelled with the corresponding
sequence number which was included as the categoric variable
from 1 to 9 to avoid bias across trials and set as a trial effect.
The p-values were adjusted for multiple comparisons by the
false discovery rate (FDR) method.

The relationships between individual urine phenolic metab-
olite levels and the PPS and its components were evaluated
using linear regression models. The metabolite levels were log-
transformed and adjusted for batch effect using the ComBat
method38 with the sva package in R before entering the model.
The ComBat method is an empirical Bayes method developed
originally for removing batch effect in the microarray data in
gene sequencing, and now it has been applied in metabolo-
mics analysis.39 The energy intake levels estimated from FFQs
were adjusted as confounders in the linear regression model.
The p-values were adjusted for multiple compassion by the
FDR method.

Results
Characteristics of the study population

The included participants were 42.1 ± 18.4 years old, with an
average BMI of 23.8 ± 3.5 kg m−2. The baseline characteristics
of the participants are shown in Table 2. There were 314
women (57.8%) and 229 men (42.2%). In general, the partici-
pants had a healthy lifestyle, with 70.8% having high levels of

Table 2 Characteristics of the study population (n = 543)

Baseline characteristics Men (n = 229) Women (n = 314) Total (n = 543) Missingness (%)

Age (years) 39.6 (18.1) 43.9 (18.5) 42.1 (18.4) 0
Age group (%) 18–34 118 (51.5) 137 (43.6) 255 (41.8) 0

35–49 40 (17.5) 48 (15.3) 88 (14.4) 0
50–64 34 (14.8) 64 (20.4) 98 (16.1) 0
≥65 37 (16.2) 65 (20.7) 102 (16.7) 0

Ethnicity (%) White 146 (63.8) 236 (89.7) 382 (62.6) 0
Black 11 (4.8) 16 (6.1) 27 (4.4)
Asian 59 (25.8) 55 (20.9) 114 (18.7)
Mixed 13 (5.7) 7 (2.7) 20 (3.3)

Physical activity level (%)a High 155 (64.0) 213 (65.1) 368 (70.8) 5.16
Moderate 54 (22.3) 74 (22.6) 128 (24.6)
Low 10 (4.1) 9 (2.8) 19 (3.7)

Smoking (%) Never smoker 151 (43.5) 252 (95.8) 403 (74.2) 0
Former smoker 59 (17.0) 54 (20.5) 113 (20.8)
Current smoker 19 (5.5) 8 (3.0) 27 (5.0)

BMI (kg m−2) 23.7 (2.8) 23.8 (3.8) 23.8 (3.5) 0
Body fat (%) 17.6 (5.6) 30.0 (7.2) 24.8 (9.0) 0
IPAQ (MET per min)a 5416.6 (4593.2) 5468.0 (4398.3) 5446.1 (4477.9) 5.16
BMR (kcal d−1) 1659.8 (147.8) 1286.4 (147.2) 1443.8 (236.2) 0
Alcohol consumption (unit per weeks) 5.4 (6.4) 2.8 (3.6) 3.9 (5.1) 0
Energy intake (kcal d−1) 1735.3 (532.8) 1574.7 (514.9) 1725.0 (765.1) 3.31
Energy intake/BMR 1.1 (0.3) 1.2 (0.4) 1.2 (0.4) 3.31
Fruits (g d−1) 234.5 (197.6) 257.1 (196.0) 247.5 (196.8) 3.31
Vegetables (g d−1)b 260.2 (152.3) 319.2 (327.0) 294.3 (269.0) 3.31
Potatoes (g d−1) 56.9 (41.4) 41.5 (34.2) 48.0 (38.1) 3.31
Egg intake (g d−1) 27.5 (29.3) 24.9 (22.2) 26.0 (25.5) 3.31
Fish intake (g d−1) 44.4 (44.8) 42.5 (38.13) 43.3 (41.1) 3.31
Meat intake (g d−1) 108.5 (74.51) 75.3 (59.81) 89.7 (68.5) 3.31

a Physical activity data available n = 520. bNot including potatoes.
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physical activity, 95.0% of them being non-smokers, and an
average alcohol consumption of 3.9 ± 5.1 units per week. The
average daily energy intake for women was 1574.7 ± 514.9 kcal,
and for men it was 1735.3 ± 532.8 kcal. The daily intake of
fruits and vegetables (not including potatoes) of the study
population was 247.5 ± 196.8 g and 294.3 ± 269.0 g, respect-
ively. Their daily egg, fish, and meat intake were 26.0 ± 25.5 g,
43.3 ± 41.1 g, and 89.7 ± 68.5 g, respectively. The average fibre
intake was 16.1 ± 7.0 g d−1. The average intake of micro and
macronutrients is detailed in the ESI, Table 1.†

Intake of (poly)phenols and (poly)phenol-rich food items

The total (poly)phenol intake of the study population esti-
mated by FFQs was 1390.2 ± 957.5 mg day−1. Of all the food
sources of (poly)phenols, the food items involved in the PPS
contributed 99.7% of the total dietary (poly)phenols. Among
them, tea and coffee contributed 33.7% and 44.2% of the total
(poly)phenol intake, respectively. The contribution of these
(poly)phenol-rich food items to the total (poly)phenol intake is
shown in Table 3.

The consumption of the food items involved in the PPS in the
study population is shown in Table 3. The non-alcoholic bev-
erages were the most consumed category, with average tea intake
of 260.5 ± 289.1 g day−1 and coffee intake of 185.8 ± 211.0 g
day−1. Vegetables, fruits, whole grains, and alcoholic beverages
(253.5 ± 211.0 g d−1, 172.1 ± 153.6 g d−1, 86.6 ± 78.4 g d−1, and
26.9 ± 47.9 g d−1, respectively) were less consumed food cat-
egories than non-alcoholic beverages, while nuts, chocolate and
cocoa products, and olive oil showed the lowest intake (16.7 ±
19.4 g d−1, 3.1 ± 5.0 g d−1, and 0.2 ± 0.4 g d−1, respectively).

Distribution of the (poly)phenol-rich diet score

Table 4 shows the calculated PPS of the study population.
The PPS ranged from 25 to 88, with a mean score of 53.7 ±

11.7. Women had a higher score than men (p < 0.001).
Participants in different age groups showed different adher-
ence to a (poly)phenol-rich diet (F = 7.752, p < 0.001), with
participants aged 65 years or older having significantly
higher PPS than younger participants aged 18–34 and 35–49
(p < 0.001 and p = 0.007, respectively). The (poly)phenol-
rich diet score was positively correlated with age (r = 0.196,
p < 0.001).

Fig. 1 shows the correlation between dietary total (poly)
phenol intake and PPS in the study population. The PPS
presented a moderate positive correlation with FFQ esti-
mated total (poly)phenol intake (r = 0.43, 95% CI (0.36,
0.50), p < 0.001). The agreements between PPS and FFQ esti-
mated total (poly)phenol intake in ranking participants into
quartiles are shown in Fig. 2. The figure shows that the two
methods were comparable in differentiating participants in
high and low adherence to the (poly)phenol-rich diet, with
35.4% of participants ranked in the same quartile and only
4.4% ranked in the opposite quartile (the 1st and 4th
quartile).

Table 3 (Poly)phenol-rich food intake of the study population measured by food frequency questionnaires

(Poly)phenol-rich food
items involved in PPS

Mean (SD)
(g d−1)

Contribution to total
(poly)phenol-rich food items (%)

Contribution to
total (poly)phenol intake (%)

Tea 260.5 (289.3) 26.0 33.7
Coffee 185.8 (211.2) 18.5 44.2
Red wine 26.9 (47.9) 2.7 0.3
Whole grains 86.6 (78.5) 8.6 1.9
Chocolate and cocoa products 3.1 (5) 0.3 0.7
Berries 6.6 (8.8) 0.7 1.1
Apple and apple juice 66.5 (76.3) 6.6 6.5
Pear 19.2 (34.2) 1.9 0.2
Grape 12.4 (18.8) 1.2 0.8
Plum 2 (4.8) 0.2 0.6
Citrus fruit and juice 65.5 (84.2) 6.5 2.5
Potato and carrots 71.4 (49.2) 7.1 1.4
Onion 19.1 (19.1) 1.9 0.3
Pepper 7.6 (10.8) 0.8 0.0
Garlic 2.6 (2.9) 0.3 0.3
Green vegetables 63.3 (93.5) 6.3 2.9
Pulses 50.7 (59.5) 5.1 0.7
Soy and soy products 38.9 (103.7) 3.9 0.5
Nuts 13.7 (19.4) 1.4 1.3
Olive oil 0.2 (0.4) 0.0 0.0

Table 4 Distribution of the (poly)phenol-rich diet score in the study
population

Stratification variables n Mean (SD) t/F value P value

Overall 543 53.7 (11.7)
Sex 4.852 <0.001
Men 229 50.9 (11.4)
Women 314 55.7 (11.5)

Age 7.752 <0.001
18–34 255 51.9 (12.2)a

35–49 86 52.8 (10.5)b

50–64 99 54.6 (11.2)
≥65 103 53.7 (11.7)a, b

Tukey HSD test a: p < 0.001; b: p = 0.007.
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Associations between the (poly)phenol-rich diet score, (poly)
phenol-rich food items and (poly)phenol intake estimated
from FFQs

Fig. 3 shows the associations between the PPS, (poly)phenol-
rich food items and the different classes and subclasses of
dietary (poly)phenol estimated from the FFQs. Significant
positive associations were observed in 24 out of 27 classes and

subclasses of (poly)phenol intake with PPS, with stdBeta
ranging from 0.12 (0.04, 0.20) to 0.43 (0.36, 0.51). Among them
flavonols and lignans showed a moderate association with PPS
(stdBeta (95% confidential interval (CI)): 0.43 (0.34, 0.51) and
0.40 (0.32, 0.49), respectively, both p < 0.01). Positive associ-
ations were seen between most (poly)phenol-rich food items
and (poly)phenol intake. Associations were strong for citrus
fruit and juice and flavanones (stdBeta (95% CI)): 0.99 (0.99,
1.00), p < 0.01)), red wine and stilbenes and resveratrol
(stdBeta (95% CI)): 0.97 (0.95, 0.99) and 0.96 (0.93, 0.99),
respectively, both p < 0.01)), tea and hydroxybenzoic acids, fla-
vonoids and flavan-3-ols (stdBeta (95% CI)): 0.98 (0.96, 1.00),
0.97 (0.94, 0.99) and 0.98 (0.96, 1.00), respectively, all p <
0.01)).

Associations between the (poly)phenol-rich diet score and
urinary (poly)phenol metabolites

Among the analysed 110 (poly)phenol metabolites in 24 h
urine samples, the PPS was significantly associated with
51 metabolites as shown in Table 5. These metabolites were
from different classes and subclasses while most of them were
phenolic acids (n = 39), including 18 cinnamic acids, 13 hydro-
xybenzoic acids, six phenylpropanoic acids and two hippuric
acids. The significant standardized regression coefficients
(and 95% CI) between PPS and urinary metabolite levels were
all positive, ranging from 0.14 (0.01, 0.29) for 4′-hydroxy-3′-
methoxycinnamic acid (trans-ferulic acid) to 0.32 (0.18, 0.45)
for cinnamic acid-4′-sulfate (p-coumaric acid-4′-sulfate), except
for the stdBeta for 2,3,4-trihydroxybenzoic acid, which is nega-
tive (−0.16 (−0.30, −0.02)). In comparison, FFQ estimated total
(poly)phenol intake was significantly associated with the level
of 35 (poly)phenol metabolites (Fig. 4), with 28 of these metab-
olites being phenolic acids.

To explore the sources of (poly)phenol metabolites, the
associations between urinary (poly)phenol metabolites and
(poly)phenol-rich food items included in PPS are plotted in
Fig. 4. Positive associations were observed between most (poly)
phenol-rich food items and urinary metabolites. Coffee, the
food associated with the greatest number of metabolites, was
linked to 25 urinary metabolites, mainly cinnamic acids and
phenylpropanoic acids (all p < 0.05).

Discussion

To our knowledge, PPS is the first dietary quality score that
reflects adherence to a (poly)phenol-rich diet, which was
characterised based on the habitual intake of 20 (poly)phenol-
rich plant food items. This novel score was compared against
the levels of (poly)phenol metabolites excreted over 24 h as
objective measurements. The PPS was not only positively
associated with the estimated intake of most of the classes and
subclasses of (poly)phenols derived from FFQ but also with
multiple urinary (poly)phenol metabolites, which suggested
that PPS could reflect (poly)phenol intake or exposure levels

Fig. 2 Agreements between PPS and the FFQ estimated total (poly)
phenol intake in ranking participants into quartiles. Higher level of PPS
were significantly associated with higher intake of micronutrients that
are related to plant foods, such as potassium (stdBeta (95% CI): 0.70
(0.60, 0.81), p < 0.01), magnesium (stdBeta (95% CI): 0.65 (0.55, 0.76), p
< 0.01), fibre (stdBeta (95% CI): 0.65 (0.57, 0.73), p < 0.01), and total
folate (stdBeta (95% CI): 0.60 (0.51, 0.68), p < 0.01) and were also associ-
ated with lower intake of fat (stdBeta (95% CI): −0.65 (−0.57, −0.73), p <
0.01), proteins (stdBeta (95% CI): −0.14 (−0.26, −0.02), p < 0.01), vitamin
D (stdBeta (95% CI): −0.10 (−0.18, −0.02), p < 0.01), cholesterol (stdBeta
(95% CI): −0.28 (−0.37, −0.19), p < 0.01), and SFA (stdBeta (95% CI):
−0.34 (−0.46, −0.22), p < 0.01), which are related to animal-based diet.
The detailed associations between the PPS, the intake of (poly)phenol-
rich food items and nutrients are shown in ESI Fig. 2.†

Fig. 1 Correlations between PPS and the FFQ estimated total (poly)
phenol intake (n = 543).
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and identify participants with higher compliance to the diet
rich in (poly)phenols in a free-living population.

(Poly)phenols exist in various plant-based foods including
fruits, vegetables, tea, coffee, whole grains with high fibre, and
cocoa products.40 The major types of (poly)phenols consumed
by the UK population include flavan-3-ols (mainly from tea),
flavanones (mainly from citrus fruits), flavonols (mainly from
tea, apple, and onions), hydroxycinnamic acids (mainly from
fruits, vegetables, and coffee) and anthocyanins (mainly from
berry fruits).41 The PPS covers all the above major food sources
of dietary (poly)phenols and the component food items were
selected based on the most compelling findings from the
surveys investigating (poly)phenol intake in the UK and com-
prehensive databases on the (poly)phenol content of foods.
The analysis of data from the National Diet and Nutrition
Survey (NDNS) in the UK showed that non-alcoholic beverages,
tea and coffee were the major sources of flavonoids and hydro-
xycinnamic acids. They were also the main contributors to the
total (poly)phenol intake in British adults, along with choco-

lates, fruits, and fruit juices.35 In our research, tea and coffee
were the highest contributors to total (poly)phenol intake
among the selected 20 (poly)phenol-rich food items, which
agrees with the NDNS estimated data.35 Besides, in the pre-
viously published data of the same study cohort,29 isoflavones
were mainly obtained from soy and soy products, for instance,
tofu and soy milk. Fruits, i.e., oranges, apples, and berries,
were reported to be the major food sources of flavanones,
proanthocyanidins, and ellagitannins.29 These food groups
were also covered by the PPS. In addition to the major food
sources of (poly)phenols from reported data, food items were
also evaluated based on their (poly)phenol content calculated
using an in-house (poly)phenol database.29 This database
includes data from Phenol-Explorer42 and USDA18,19,20 data-
bases, as well as relevant published papers, providing compre-
hensive information on the (poly)phenol content of foods. It is
worth pointing out that the list of (poly)phenol-rich foods
included in the PPS was not solely decided on the total (poly)
phenol content of foods. Some of the not so (poly)phenol-

Fig. 3 Association between PPS, (poly)phenol-rich food items and estimated (poly)phenol intake from FFQs. The heatmap was plotted according
to the standardized regression coefficients (stdBeta). The colour scale indicates the effect (stdBeta) of each subclass of (poly)phenol intake on PPS
or (poly)phenol-rich food item intake. Red and blue illustrate positive and negative effects, and colour intensity represents the degree of effect. The
asterisks showed significance (*: fdr-adjusted p < 0.05). PPS, (poly)phenol-rich diet score. The associations were adjusted for energy intake and trial
effect.
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Table 5 Associations between PPS and 24 h urinary (poly)phenol metabolites (n = 229)

Compound common name Recommended name Class Subclass
stdBeta (95%
CI)

P
value

Naringenin-4′-glucuronide Naringenin-4′-glucuronide Flavonoids Flavanones 0.15 (0.01, 0.29) 0.046
Quercetin-3-glucuronide Quercetin 3-glucuronide Flavonoids Flavonols 0.17 (0.03, 0.31) 0.03
Quercetin-7-glucuronide Quercetin 7-glucuronide Flavonoids Flavonols 0.16 (0.02, 0.30) 0.03
Quercetin Quercetin Flavonoids Flavonols 0.19 (0.05, 0.33) 0.02
Phloretin Phloretin Flavonoids Flavonols 0.20 (0.06, 0.34) 0.01
2-Hydroxybenzoic acid 2-Hydroxybenzoic acid Phenolic acids Hydroxybenzoic acids 0.27 (0.14, 0.41) <0.01
2,3-Dihydroxybenzoic acid 2,3-Dihydroxybenzoic acid Phenolic acids Hydroxybenzoic acids 0.24 (0.10, 0.38) <0.01
2,4-Dihydroxybenzoic acid 2,4-Dihydroxybenzoic acid Phenolic acids Hydroxybenzoic acids 0.21 (0.07, 0.35) 0.01
2,5-Dihydroxybenzoic acid 2,5-Dihydroxybenzoic acid Phenolic acids Hydroxybenzoic acids 0.22 (0.08, 0.36) 0.01
2,6-Dihydroxybenzoic acid 2,6-Dihydroxybenzoic acid Phenolic acids Hydroxybenzoic acids 0.21 (0.07, 0.34) 0.01
2,3,4-Trihydroxybenzoic acid 2,3,4-Trihydroxybenzoic acid Phenolic acids Hydroxybenzoic acids −0.16 (−0.30,

−0.02)
0.03

2-Hydroxy-4-methoxybenzoic
acid

2-Hydroxy-4-methoxybenzoic acid Phenolic acids Hydroxybenzoic acids 0.23 (0.09, 0.37) <0.01

Protocatechuic acid-4-sulfate 3-Hydroxybenzoic acid-4-sulfate Phenolic acids Hydroxybenzoic acids 0.22 (0.08, 0.36) 0.01
Protocatechuic acid-3-sulfate 4-Hydroxybenzoic acid-3-sulfate Phenolic acids Hydroxybenzoic acids 0.20 (0.06, 0.34) 0.01
Protocatechuic acid-3-
glucuronide

4-Hydroxybenzoic acid-3-glucuronide Phenolic acids Hydroxybenzoic acids 0.17 (0.03, 0.31) 0.03

Syringic acid 4-Hydroxy-3,5-dimethoxybenzoic acid Phenolic acids Hydroxybenzoic acids 0.20 (0.06, 0.34) 0.01
Vanillic acid 4-Hydroxy-3-methoxybenzoic acid Phenolic acids Hydroxybenzoic acids 0.19 (0.05, 0.33) 0.01
Isovanillic acid-3-sulfate 4-Methoxybenzoic acid-3-sulfate Phenolic acids Hydroxybenzoic acids 0.24 (0.10, 0.38) <0.01
Hippuric acid Hippuric acid Phenolic acids Hippuric acids 0.25 (0.11, 0.38) <0.01
2′-Hydroxyhippuric acid 2′-Hydroxyhippuric acid Phenolic acids Hippuric acids 0.15 (0.01, 0.29) 0.04
Cinnamic acid Cinnamic acid Phenolic acids Cinnamic acids 0.22 (0.08, 0.36) 0.01
Caffeic acid 3′,4′-Dihydroxycinnamic acid Phenolic acids Cinnamic acids 0.23 (0.09, 0.37) <0.01
Caffeic acid-4′-sulfate 3′-Hydroxycinnamic acid-4′-sulfate Phenolic acids Cinnamic acids 0.18 (0.04, 0.32) 0.02
Caffeic acid-3′-sulfate 4′-Hydroxycinnamic acid-3′-sulfate Phenolic acids Cinnamic acids 0.15 (0.01, 0.29) 0.046
Caffeic acid-4′-glucuronide 3′-Hydroxycinnamic acid-4′-

glucuronide
Phenolic acids Cinnamic acids 0.20 (0.06, 0.34) 0.01

Caffeic acid-3′-glucuronide 4′-Hydroxycinnamic acid-3′-
glucuronide

Phenolic acids Cinnamic acids 0.23 (0.09, 0.37) 0.01

trans-Ferulic acid 4′-Hydroxy-3′-methoxycinnamic acid Phenolic acids Cinnamic acids 0.14 (0.01, 0.29) 0.049
Ferulic acid-4′-sulfate 3′-Methoxycinnamic acid-4′-sulfate Phenolic acids Cinnamic acids 0.18 (0.04, 0.32) 0.02
Ferulic acid-4′-glucuronide 3′-Methoxycinnamic acid-4′-

glucuronide
Phenolic acids Cinnamic acids 0.16 (0.02, 0.30) 0.04

Isoferulic acid 3′-Hydroxy-4′-methoxycinnamic acid Phenolic acids Cinnamic acids 0.18 (0.04, 0.32) 0.02
Isoferulic acid-3′-sulfate 4′-Methoxycinnamic acid-3′-sulfate Phenolic acids Cinnamic acids 0.16 (0.02, 0.30) 0.04
Isoferulic acid-3′-glucuronide 4′-Methoxycinnamic acid-3′-

glucuronide
Phenolic acids Cinnamic acids 0.23 (0.09, 0.37) 0.01

Cryptochlorogenic acid 4-O-Caffeoylquinic acid Phenolic acids Cinnamic acids 0.19 (0.05, 0.33) 0.01
Sinapic acid 4′-Hydroxy-3′,5′-dimethoxycinnamic

acid
Phenolic acids Cinnamic acids 0.19 (0.05, 0.33) 0.01

p-Coumaric acid 4′-Hydroxycinnamic acid Phenolic acids Cinnamic acids 0.16 (0.02, 0.30) 0.03
p-Coumaric acid-4′-sulfate Cinnamic acid-4′-sulfate Phenolic acids Cinnamic acids 0.32 (0.19, 0.46) <0.01
p-Coumaric acid-4′-glucuronide Cinnamic acid-4′-glucuronide Phenolic acids Cinnamic acids 0.28 (0.14, 0.41) <0.01
o-Coumaric acid 2′-Hydroxycinnamic acid Phenolic acids Cinnamic acids 0.32 (0.18, 0.45) <0.01
2-(4′-Hydroxyphenoxy)
propanoic acid

2-(4′-Hydroxyphenoxy)propanoic acid Phenolic acids Phenylpropanoic
acids

0.21 (0.07, 0.35) 0.01

3-(3′-Hydroxyphenyl)propanoic
acid

3-(3′-Hydroxyphenyl)propanoic acid Phenolic acids Phenylpropanoic
acids

0.15 (0.01, 0.30) 0.04

3-(2′,3′-Dihydroxyphenyl)
propanoic acid

3-(2′,3′-Dihydroxyphenyl)propanoic
acid

Phenolic acids Phenylpropanoic
acids

0.19 (0.05, 0.33) 0.02

Dihydrocaffeic acid 3-(3′,4′-Dihydroxyphenyl)propanoic
acid

Phenolic acids Phenylpropanoic
acids

0.22 (0.09, 0.36) 0.01

Dihydrocaffeic acid-3′-sulfate 3-(4′-Hydroxyphenyl)propanoic acid-3′-
sulfate

Phenolic acids Phenylpropanoic
acids

0.21 (0.07, 0.35) 0.01

Dihydrocaffeic acid-3′-
glucuronide

3-(4′-Hydroxyphenyl)propanoic acid-3′-
glucuronide

Phenolic acids Phenylpropanoic
acids

0.17 (0.03, 0.31) 0.03

Enterodiol Enterodiol Lignans Lignans 0.16 (0.02, 0.30) 0.03
Enterolactone-glucuronide Enterolactone-glucuronide Lignans Lignans 0.25 (0.12, 0.39) <0.01
Enterolactone-sulfate Enterolactone-sulfate Lignans Lignans 0.25 (0.11, 0.39) <0.01
Dihydroresveratrol Dihydroresveratrol Stilbenes Resveratrol 0.24 (0.10, 0.38) <0.01
cis-Resveratrol-4′-glucuronide cis-Resveratrol-4′-glucuronide Stilbenes Resveratrol 0.18 (0.04, 0.32) 0.02
Catechol-1-glucuronide 2-Hydroxybenzene-1-glucuronide Other (poly)

phenols
Benzene diols and
triols

0.24 (0.10, 0.38) <0.01

Tyrosol 2-(4-Hydroxyphenyl)ethanol Other (poly)
phenols

Tyrosols 0.24 (0.10, 0.38) <0.01
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Fig. 4 Association between (poly)phenol-rich food items and 24 h urinary (poly)phenol metabolite excretion. The heatmap was plotted according
to the standardized regression coefficients (stdBeta). The colour scale indicates the effect (stdBeta) of each (poly)phenol-rich food item/total (poly)
phenol intake/PPS on (poly)phenol metabolite excretion in 24 h urine. Red and blue illustrate positive and negative effects, and colour intensity rep-
resents the degree of effect. The asterisks show significance (*: fdr-adjusted p < 0.05). The 24 h urine metabolite excretion was adjusted for batch
effect using the Combat method before entering the linear model. The energy intake was adjusted in the model.
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dense foods, such as potatoes, were also included in the score
since their intake is high in the UK population and therefore
had a considerable contribution to the total (poly)phenol
intake.35 The exploration of published studies and databases
enabled us to select 20 food groups and the specific food
items were matched with the validated EPIC FFQ used in this
work. These food items were quite general and widely included
in different dietary assessment tools. This allows the potential
use of the PPS across different cohorts and different dietary
assessment tools.

PPS was positively associated with total dietary (poly)
phenol intake estimated from FFQs and showed fair agree-
ment in ranking participants into quartiles. This result indi-
cated that the PPS might be a powerful tool to identify partici-
pants with high and low adherence to a (poly)phenol-rich diet.
Compared to traditional dietary assessment using databases,
the PPS calculation is much easier and less time-consuming,
which makes it suitable for application in large epidemiologi-
cal studies. The positive associations between PPS and mul-
tiple (poly)phenol classes and subclasses with a small range of
stdBeta indicated that the association between PPS and total
(poly)phenol intake was not driven by a certain type of (poly)
phenol. This also suggests that PPS has a balanced representa-
tion of different subtypes of (poly)phenols.

Plant-based foods are included in many diet quality scores.
Fruits and vegetables are widely included in most healthy
dietary scores such as the DASH, MDS, HEI and PDI due to the
strong evidence existing on their health benefits.43 The major
difference between the PPS and these scores is that the PPS
includes individual fruits and vegetables rather than grouping
them together, which adds the weights of fruits and vegetables
to the final score. A total of six fruit and five vegetable items
are included in the 20 PPS food items, therefore, providing a
major contribution to the final score compared to other
scores. Tea and coffee, which were included as one group in
PDI, were separated in PPS due to their distinct (poly)phenol
compositions and both being major sources of (poly)phenol
intake in the UK. Separating the different items could provide
better understanding of the contribution of these food items
to the (poly)phenol-rich diet pattern and allow for more flexi-
bility in studying the specific health effects of different com-
ponents. Some other (poly)phenol-rich food items were also
not included in other scores, such as chocolate and cocoa
products.

Due to the tight linkage between PPS and plant foods, PPS
showed a strong positive association with the nutrients that
are commonly found in plant foods and presented a negative
association with nutrients that mainly come from animal
sources. The negative associations with animal-sourced food,
nutrients, and bioactives is a shared feature for plant-rich
dietary patterns like the PDI, (including the healthful plant-
based diet index (hPDI) and unhealthful plant-based diet
index (uPDI)),25 and plant-based diets (PBDs) (including a
vegan diet, lacto-ovo-vegetarian diet, and fish-vegetarian
diet).44 The PPS does not include animal-sourced items since
plant-rich food is the only source of (poly)phenols.

Considering the beneficial effect of some animal source bioac-
tives, for instance, omega-3 fatty acids,45 the intake of fish,
egg, and meat may be required to be included as covariate
factors when assessing its effect on health outcomes.

The PPS was designed theoretically rather than empirically
as there are currently no gold standards for estimating (poly)
phenol intake. This score was designed based on relative
intake rather than absolute intake, therefore, it should only be
used to rank participants in the same population for (poly)
phenol intake and not to compare across different popu-
lations. Absolute cut-off values were not applied because cur-
rently there is limited evidence to propose an adequate (poly)
phenol intake amount from these foods that would exert
health benefits.46 Besides, the relative scoring system guaran-
tees a balanced distribution in the final score, which is ben-
eficial for the analysis relating to health outcomes. If partici-
pants were all scored as low or high consumers by the absolute
values, the score would not be able to reflect the variance in
the intake.

The algorithm used to calculate the PPS follows the same
methodology as the DASH dietary score, which is calculated
with quintile criteria for each food group, and a score from 1
to 5 represents (poly)phenol intake from the lowest to the
highest intake. The final score of PPS ranged from 20 to 100,
reflecting the overall ranking of (poly)phenol-rich food con-
sumption of the participants in the study population. It
should also be noted that equal weightage to coffee, tea, and
many fruits and vegetables was given in the score, even though
coffee and tea contributed to nearly 80% of the total (poly)
phenol intake. Many other food sources, such as soy and soy
products, nuts and seeds, are contributing to subclasses of
(poly)phenols other than the major ones such as hydroxycin-
namic acids and flavan-3-ols. Therefore, higher weightage was
attached to these food items when using PPS to rank the indi-
viduals’ adherence to (poly)phenol-rich diet than when calcu-
lating total (poly)phenol intake. There is still very limited
understanding of the differential effects of various types of
(poly)phenols on health especially those consumed in lower
amounts. Foods are ingested as a complex mixture of different
components and if we only focus on the foods that are major
sources of (poly)phenols, namely non-alcoholic beverages, we
may be underestimating the effect of other subclasses of (poly)
phenols when evaluating relationships between (poly)phenol
rich diets and health.

In this study, multiple (poly)phenol metabolites in 24 h
urine samples were significantly associated with the PPS. The
number of metabolites significantly associated with PPS was
higher than the number associated with the FFQ estimated
total (poly)phenol intake and individual food intake. In
addition, the pattern of metabolites associated with estimated
total (poly)phenol intake was driven mainly by tea and coffee
consumption, as most metabolites associated with tea and
coffee intake are also associated with the total (poly)phenol
intake. In contrast, the metabolites associated with the PPS
cover a wider range of classes and subclasses of (poly)phenols
including cinnamic acids, hydroxybenzoic acids, phenylacetic
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acids, and hippuric acids together with lignans, flavonoids, tyr-
osols, benzenes, and resveratrol, which suggested that the PPS
is a good indicator of a (poly)phenol-rich dietary pattern with
multiple food sources of (poly)phenols. The observed associ-
ations between metabolites and (poly)phenol-rich food intake
align with the compositional profiles of the respective foods.
For example, tea consumption correlated with kaempferol-3-
glucuronide and gallic acid (3,4,5-trihydroxybenzoic acid),
coffee intake correlated with multiple cinnamic acids, red
wine with cis-resveratrol-4′-glucuronide, soy with daidzein, etc.
The limited number of associations of many food items with
metabolites could be because these food items were less fre-
quently consumed and were less likely to be captured in the
24 h urine test. This suggests that PPS may have advantages
over estimated (poly)phenol intake in reflecting the ingested
amount and pattern of (poly)phenols. Indeed, our previous
research in the same study population found that the FFQ-esti-
mated total (poly)phenol intake was poorly correlated to the
total and individual subclasses of urinary (poly)phenol metab-
olites.29 Therefore, being easier to calculate and more closely
associated with (poly)phenol exposure levels, PPS could be a
better tool than estimated total intake in reflecting adherence
to (poly)phenol-rich diets in epidemiological studies.

Compared to the traditional widely used dietary assessment
methods, biomarkers are a more objective approach to reflect
exposure levels because they could prevent the errors derived
from misreporting. However, to date there are still very few
(poly)phenol metabolites that have been validated to predict
intake levels of certain (poly)phenols.47–49 Many low molecular
weight phenolic metabolites with a high abundance in urine
and plasma such as phenolic acids could come from both
dietary and non-dietary sources,50,51 or endogenous metab-
olism.52 Apart from that, the high inter-individual variability
in the metabolism of (poly)phenols could also hinder the val-
idity of a biomarker because of the inconsistent dose–response
in the general population. However, multiple (poly)phenol
metabolites were found to have positive associations with
(poly)phenol and (poly)phenol-rich food intake in previous
studies.53,54 In addition, despite the high inter-individual
variability in gut microbiome composition and metabolism
abilities in free-living populations, many of the metabolites
derived from gut microbial metabolism were significantly
associated with PPS.

The current study has several limitations. Firstly, although
being widely applied in UK studies,55–58 the EPIC-Norfolk FFQ
was not designed or validated to assess (poly)phenol intake
but nutrients and food groups.30 Several food sources of (poly)
phenols were not included in the questionnaire, such as blue-
berries, many common spices, and some nuts and seeds.
Additionally, some food items with largely different (poly)
phenol content were not distinguished in the questions. For
instance, dark and milk chocolate, red and white wine, and
black and green tea. The above imprecision factors might
influence the accuracy of PPS to estimate (poly)phenol intake
in our study population and underestimate the effect of high
PPS on health outcomes.59 Due to the various dietary patterns

in different countries, the major contributors to dietary (poly)
phenol intake could vary between populations.60,61 Research
on a universal PPS version based on the local catering culture
of various continents is still required. Besides, the PPS was
scored according to the relative intake distribution in the
study population, so the relationships between the score and
health could not be pooled and compared across studies.
However, this is a common limitation for other diet scores
such as DASH and PDI. Furthermore, different (poly)phenols
may have different health effects while the PPS includes all
types of (poly)phenols. The effects of a (poly)phenol-rich diet
on health might be modulated by individual (poly)phenol sub-
classes, which need to be taken into account when interpreting
the relationship between the PPS and health. Future studies
could develop diet scores specifically focused on some (poly)
phenol groups.

In conclusion, the PPS provides a novel way of ranking par-
ticipants based on (poly)phenol-rich food intake obtained
from validated FFQs to estimate adherence to (poly)phenol-
rich diets. The tight linkage between PPS and nutrients, (poly)
phenol intake, and urinary metabolites also reflects its poten-
tial capacity of holistically characterizing a (poly)phenol-rich
diet quality. Future studies are required to evaluate the link
between high adherence to (poly)phenol-rich diets using the
PPS and cardiometabolic health.
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