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Background: although widely used, there is limited understanding of the suitability of different dietary
assessment tools to estimate (poly)phenol intake. This study aims to compare the agreement between a
food frequency questionnaire (FFQ) and a 7-day food diary (7DD) in assessing (poly)phenol intake and
explore their associations with the urinary and plasma (poly)phenol metabolites. Methods: healthy free-
living participants aged 18-80 years (n = 413) completed a 7DD and an FFQ (EPIC-Norfolk) and provided
a 24 h urine and a fasting plasma sample. A comprehensive in-house (poly)phenol database was used to
estimate (poly)phenol intake. The phenolic metabolite levels were analysed using a validated LC-MS
method. The agreement between dietary assessment methods and biomarkers were evaluated by intra-
class correlation coefficients (ICC), weighted kappa, quartile classification, Bland—Altman plots and corre-
lations. Results: the total (poly)phenol intake estimated from FFQ was higher than from 7DD (median
1463 and 1042 mg d~%, respectively). The agreement between FFQ and 7DD were moderate (ICC
0.51-0.59) for total (poly)phenols, flavan-3-ols, total phenolic acids, hydroxycinnamic acids and alkyl-
methoxyphenols, and were poor for all the other classes and subclasses (ICC 0.00-0.48). Positive corre-
lations with total urine phenolic metabolites were found in FFQ estimated anthocyanins, dihydroflavonols,
total lignans, tyrosols, alkylmethoxyphenols, total phenolic acids, and total stilbenes and the 7DD esti-
mated theaflavins and thearubigins (all FDR adjusted p values < 0.1). No significant correlations were
found between total plasma phenolic metabolites and (poly)phenol intake. Conclusion: agreements
between dietary assessment tools were moderate for the major classes of (poly)phenols, while agree-
ments between (poly)phenol intake and biomarkers were poor. Future research using biomarker
approaches to increase the accuracy of estimating (poly)phenol exposure in larger populations is needed.

Introduction

Diet is one of the most important modifiable factors that influence
human health. It is well evidenced that a healthy and balanced
diet is composed of an adequate intake of plant-based foods such
as fruits, vegetables, whole grains, and seeds.' Some studies have
also linked beneficial effects to the consumption of specific food
items for example, cocoa products,® coffee,’ and tea." Beside
micronutrients, fibre and healthy fatty acids, those foods are also
rich in (poly)phenols, a large group of phytochemical compounds
that occur naturally in plants. Evidence from both epidemiological
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studies and clinical trials have been accumulating on the health
benefits of (poly)phenol consumption, in particular on improving
cardiovascular function®® and age-related cognitive decline.”
However, there is still not enough evidence to give suitable dietary
advice to the general population regarding (poly)phenol consump-
tion for optimal health benefits.®
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In epidemiological studies, the relationship between diet
and health outcomes is usually evaluated using dietary assess-
ment tools, such as food frequency questionnaires (FFQs) and
food records. The accuracy of dietary assessment is key to the
validity of the evidence derived from these studies. However,
when it comes to estimating (poly)phenol intake, although
FFQs have been widely used, only very few of them have been
validated for estimating (poly)phenol intake.® There is also
very limited understanding of the performance of various
dietary assessment tools in capturing the main food sources of
different classes and subclasses of (poly)phenols.”'® The lack
of validation, together with limited availability of (poly)phenol
composition data, makes it difficult to interpret the current
research evidence linking (poly)phenols and health.

Unlike urinary nitrogen, sodium, or potassium, and
serum carotenoids or vitamin C,'* which have been used to
validate dietary assessment tools to estimate nutrient or bio-
active intake, no gold standard biomarkers have been estab-
lished for estimating (poly)phenol exposure. One of the chal-
lenges to establish biomarkers associated with (poly)phenol
intake is that many metabolites are not specific to a certain
parent compound and could come from multiple sources, or
even from non-polyphenol sources, such as food additives,"®
drugs' or endogenous metabolism, such as the metabolites
coming from the dopamine pathway."® Besides, the short half-
life of some of these metabolites makes it especially challenging
to reflect long-term intake. Very few biomarkers have been par-
tially validated to reflect the intake of a single (poly)phenol
group, such as isoflavones'® and flavan-3-ols."”"*® Total urinary
(poly)phenols analysed using a modified Folin-Ciocalteu assay
has been proposed to reflect total (poly)phenol intake."’
However, doubts still arise regarding their specificity to phenolic
compounds®® and no information on the different subclasses of
(poly)phenols can be obtained with this method. Currently, no
method exists to estimate (poly)phenol intake using fully vali-
dated biomarkers, however, a number of studies have used a
combination of different (poly)phenol metabolites as surrogate
markers for estimating (poly)phenol intakes in both
epidemiological’’* and randomized controlled studies.>>"*°

To address the above gaps in knowledge, we aimed to
assess (poly)phenol intake in a group of free-living partici-
pants in the UK using an FFQ, a 7-day food diary (7DD) and a
combination of 110 phenolic metabolites measured in 24 h
urine and fasting plasma samples, representing most of the
major subclasses of dietary (poly)phenols. We compared the
differences and agreements between dietary assessment
methods and plasma and urinary (poly)phenol metabolites in
evaluating (poly)phenol intake levels and sources.

11,12

Methods

Study population

The POLYNTAKE cohort consists of participants from a series
of clinical trials conducted from 2015 to 2021 at the Metabolic
Research Unit of the Department of Nutritional Sciences,
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King’s College London, UK. These studies applied the same
dietary assessment protocols and tools, which include an FFQ
and a 7DD, to obtain the baseline dietary intake of the
participants. The baseline dietary assessment data, plasma and
urine biomarkers and cardiovascular risk markers were used to
study the relationships between dietary (poly)phenol intake
and cardiovascular health in a cross-sectional design.
Participants aged 18-80 years old from 7 clinical trials (n = 515)
were involved in this work (Trial registration number/registration
date: NCT03434574/2018-01-11, NCT03041961/2017-02-02,
NCT04084457/2019-09-02, NCT04179136/ 2019-11-21,
NCT03553225/2018-05-29, NCT03995602/2019-06-20, and
NCT03573414/2018-06-01). These studies were approved by the
Research Ethics Committee of King’s College London (Ethics
numbers: RESCM-17/18-5283, HR-15/16-3739, HR-18/19-9091,
HR-18/19-8999, HR-17/18-5703, RESCM-18/19-9036, and HR-17/
18-5353) and conducted following the Declaration of Helsinki. All
participants gave written informed consent before participation.
The included participants were healthy men and women whose
BMI were 18-35 kg m™2. The participants were excluded if there
was no available dietary assessment data from either FFQ or
7-day food records (n = 93), FFQs with >10 missing ticks (n = 5) or
food diaries with >3 days of missing logs (7 = 3). One participant
was excluded for the high consumption of (poly)phenols (12 g
d™") estimated from 7DD due to the high consumption of cloves
(68.5 g d"). In the end, 413 participants with both FFQ and 7-day
food diaries were included in the analysis.

Dietary assessment

A self-administered FFQ (the EPIC-Norfolk FFQ version 6,
CAMB/PQ/6/1205)*” was completed by the participants at the
baseline visit to reflect their habitual diet before intervention.
The FFQ (accessed from https:/www.epic-norfolk.org.uk/wp-
content/uploads/2020/11/CAMB-PQ-6-1205a_front.pdf) was
designed and validated"? for estimating nutrient and food
intake in the past 1 year in UK adults and was applied in the
EPIC-Norfolk study. The FFQ collects the dietary intake of 130
food items that are consumed in the UK diet with 9 frequency
options ranging from “Never or less than once a month” to
“more than 6 times per day”. Details about the types of milk,
cereals, cooking fat and amount of visible fat consumed in
meals were also investigated in a separate section of the FFQ.

One week prior to the baseline visit, participants were given
a 7-day food diary (the EPIC-Norfolk 7DD)*” to record habitual
food or drinks consumed in a consecutive 7 days. The food
diary was a paper-based booklet with sections of 6 different
time slots: before breakfast, breakfast, mid-morning, lunch,
tea, evening meal, and later evening on each day. Participants
were asked to record the type and amount of foods and drinks
in as much detail as possible. Standard photos for portion
sizes and instructions and examples were given at the begin-
ning pages of the food diaries to help with the recording.

Estimation of (poly)phenol intake

The FFQs were coded with the Microsoft Access software
(Access 2019, Microsoft, USA) and transformed into daily food

This journal is © The Royal Society of Chemistry 2023
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and nutrient intake levels by the FFQ EPIC Tool for Analysis
(FETA) software.”® Nutrient composition was calculated from
the McCance and Widdowson’s “The Composition of Foods
(5™ edition)” and supplementary materials.?’ The 7-day food
records were coded into standard food codes and portions by
trained coders using the Nutritics software (Nutritics Research
Edition v 5.76, Nutritics, Dublin, Ireland). A standard protocol
was followed by all coders to minimize coding error and
improve the quality and consistency of the data.

An in-house database involving food (poly)phenol content
data from Phenol-Explorer®® and USDA databases,”*® and
published papers**™* was applied to calculate daily (poly)
phenol intake. This database was developed to cover as many
food items consumed by the study population as possible and
incorporate comprehensive (poly)phenol content data and
specific recipes that could represent (poly)phenol intake in the
UK diet. In this database, the (poly)phenol content of some
foods, for example mushrooms, certain seeds (quinoa, chia
seeds, and hempseeds), fruits (goji berry, jujube, juniper berry,
lychee, acai berry, and barberry), and oils (linseed oil, avocado
oil) were obtained from published papers since they were not
available in either Phenol-Explorer or USDA databases. Only data
analysed by high-performance liquid chromatography (HPLC),
gas chromatography (GC), capillary electrophoresis (CE) and
mass spectrometry (MS) methods were included. All (poly)phenol
content data with compounds attached to a sugar moiety were
transformed into the corresponding amount in aglycones so that
they could be summarized with data from other sources. The
proanthocyanidin content data analysed using normal phase
HPLC methods was used and if not available, the data from
reverse phase HPLC was applied instead. For processed foods, if
the only available food content data was from raw food, a process
yield factor obtained from Phenol-Explorer*® was multiplied by
the unprocessed content to determine the content of cooked
food. When there was no available yield factor, a factor of a
similar food item (e.g.,, common cabbage for spring greens,
pigeon peas for mung beans) or similar processing method (e.g.,
boiled for blanched, fried for roasted) of the same item was
applied instead. Recipes for composite foods, if not indicated by
participants, were obtained from the supplementary materials in
McCane and Widdowson’s The Composition of Foods®>** and
the internet such as BBC Good Food (https:/www.bbcgoodfood.
com/recipes). Foods with no (poly)phenol content (e.g., animal
products) were removed from the calculation. (Poly)phenol intake
(mg d™") was calculated using the daily food intake (g d™*) multi-
plied by the corresponding (poly)phenol content in the database
(mg per 100 g) and divided by 100. Total or subclasses of (poly)
phenol intakes were calculated by summarising all compounds
under the group. The classification of (poly)phenols followed the
one in Phenol-Explorer. In addition to the subtotals of classes
and subclasses, extra subtotals were calculated for flavan-3-ol
monomers, theaflavins, proanthocyanidins, tyrosols, and
ellagitannins.

Collection of biospecimens. Baseline urine and plasma
samples were collected in a subgroup of participants of
POLYNTAKE. A 24 h-urine sample was collected using 1-2
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plastic containers (2 L each) 24 hours before the baseline
study visit. A fasting blood sample was collected at the base-
line visit using ethylenediaminetetraacetic acid (EDTA) vacutai-
ners (10 ml, BD, New Jersey, USA). Thus, the 24 h urine was
collected on the last day of the 7-day food diary recording and
before the administration of the FFQ. The fasting plasma was
collected after the 7 days of food diary recording and during
the same day of the FFQ administration. The urine and blood
samples were centrifuged at 1800g for 15 minutes at 4 °C right
after the collection. Plasma samples were obtained from the
supernatant of the blood samples. Both urine and plasma
samples were spiked with 0.2% formic acid (Thermo Fisher,
LC-MS grade, Loughborough, UK) before storing at —80 °C in
plastic tubes until analysis. There were altogether 165 partici-
pants with 24 h-urine samples and 150 participants with
plasma samples included in this work.

Sample processing and (poly)phenol metabolite analyses.
The samples were processed and analysed using a validated
published method.>® Briefly, the samples were thawed on ice
and centrifuged at 15 000g for 15 min at 4 °C. An aliquot of
100 pL urine sample was diluted with 400 pL HPLC water
(Sigma-Aldrich, Steinheim, Germany) to reach 5-fold dilution
prior to processing while plasmas were processed directly.
Then, 350 pL of diluted urine or plasma samples were with the
same volume of 4% phosphoric acid acidified (85% HPLC
grade, Yorlab, Fluka, York, UK) and vortexed. An aliquot of
600 pL of the acidified sample was loaded onto the Oasis
96-well reversed-phase HLB p-SPE plate (Waters, Eschborn,
Germany). The plates were then washed with HPLC water
(200 pL) and 0.2% acetic acid (200 pL) (glacial HPLC grade,
Thermo Fisher Scientific, Loughborough, UK) before being
eluded with 30 pL of methanol (HPLC grade, Sigma-Aldrich,
Steinheim, Germany) containing 0.1% formic acid and 10 nM
ammonium formate (HPLC grade, Sigma-Aldrich, Steinheim,
Germany) for 3 times. A total volume of 90 pL eluded samples
were collected in the 96-well collection plates and then spiked
with internal standard taxifolin (final concentration 0.25 mg
ml™) and added 35 pL of HPLC water to make a 130 pL of the
final volume. A pooled sample was prepared by mixing all the
samples in the batch with the same volume and it is processed
in the same way as the other samples. To calculate the recov-
eries of different compounds, the pooled sample was also
loaded into 2 wells, with one spiked with a mix of standards
(30 pL) in the loaded sample and the other one fortified with
the same volume of mixed standards in the collected sample.

The (poly)phenol metabolites were analysed with UHPLC-
triple-quadrupole mass spectrometry (UHPLC-Q-q-Q MS) on a
SHIMADZU 8060 (Shimadzu, Kyoto, Japan). The samples
(5 pL) were injected through a Raptor Biphenyl Column 2.1 x
50 mm, 1.8 pm (Restek, Bellefonte, USA) coupled with a com-
patible guard column 5 x 2.1 mm, 2.7 pm (Restek, Bellefonte,
USA) before reaching the HESI source. The reverse-phase
chromatography was performed under a 0.5 ml min~" flow rate
at 30 °C with mobile phases composed of water (phase A) and
acetonitrile (phase B) both acidified with 0.1% formic acid.
The gradient was 14 minutes joined with a 2-minute equili-
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bration. Details about the UHPLC and MS parameters were
described previously.>®

A total of 110 phenolic metabolites were identified and
quantified by authentic standards in the samples. The targeted
compounds were identified with 1-3 transitions at the
specific retention times and quantified with dilutions of
mixed authentic standards analysed in the same run. We
used the peak areas of the compounds relative to the taxifo-
lin internal standards for the quantifications to minimize
the influence of device performance variances during the
run. The pooled and spiked pooled samples were used to cal-
culate the recovery rate of the compounds and used as
quality controls throughout the run. The collected raw data
was analysed with LabSolutions software (SHIMADZU, Kyoto,
Japan) and calculated with Microsoft Excel (Excel 2020,
Microsoft, USA). The limit of quantification (LOQ), inter- and
intra-batch coefficient of variation (CV%) of the analysis were
presented in ESI Table 1.}

Statistical analysis. The statistical analysis was conducted
using R (version 4.1.2)°° and SPSS 28 (IBM, USA). Estimated
(poly)phenol intakes were reported as mean (standard devi-
ation, SD) or median (interquartile range, IQR). The percen-
tage of different classes and subclasses of (poly)phenols in the
total intake was calculated. The contribution of individual
food sources and food groups was estimated from the average
intakes of the study population. As the distributions of (poly)
phenol intake levels were heavily skewed, non-parametric tests
were applied. Paired-sample Wilcoxon signed-rank tests were
used to compare the differences between nutrients, food
groups and (poly)phenol intakes estimated from FFQs and
7DD. P < 0.05 was applied as the significant level.

Agreements between the estimated (poly)phenol intake
from the two dietary assessment tools were presented as two-
way mixed effects intraclass correlation coefficients (ICC). ICCs
from both the consistency (ICC-C) and agreement (ICC-A)
models were calculated. The consistency model ignores the
systematic difference between FFQ and 7DD while the agree-
ment model compares the absolute values of estimated intake.
To estimate the agreements between the two methods in
ranking participants into quartiles, weighted Kappas were cal-
culated. The linear weights (Cicchetti-Allison weights) were
applied in the model. The 95% confidence intervals (CI) were
calculated for ICC and kappa values. (Poly)phenol intake was
adjusted for self-reported energy intake by the residual
method and the ICCs and kappa values were also calculated
for the energy-adjusted (poly)phenol intake. The ICC values
lower than 0.5 were considered poor agreement, and between
0.50 to 0.75 were considered moderate agreement, between
0.75 and 0.90 were considered good agreement, and above 0.90
were considered excellent agreement.’” The weighted kappa
followed the same criteria as the unweighted kappa,”® which
means kappa values over 0.75 were considered excellent agree-
ment, 0.40-0.75 were considered fair to good agreement, and
lower than 0.40 were considered poor agreement. The percen-
tages of participants grouped into the same or opposite quar-
tiles were also calculated to show agreements between the two
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methods. Bland-Altman plots were used to present the agree-
ments between the two dietary assessment tools on the absol-
ute estimated intakes of total and different types of (poly)
phenols.

Correlations between the energy-adjusted dietary (poly)
phenols and the levels of urine and plasma (poly)phenol
metabolites were calculated. The Spearman’s rank corre-
lation coefficients and significant levels were presented in
heatmaps. The significant levels were adjusted for multiple
comparisons using the false discovery rate (FDR) method
and p < 0.1 was used as the significant level after adjust-
ment. Agreements between the intake of total (poly)phenol,
total flavonoids, flavonols, flavanones, isoflavonoids, total
lignans, total stilbenes, and tyrosols estimated by FFQ and
7DD and the corresponding (poly)phenol metabolite levels
in urine and plasma were assessed by their abilities in
ranking participants in quartiles. These classes or subclasses
were chosen because the metabolites were relatively repre-
sentative of the intakes of the same group. Weighted Kappa
and percentages in the same or opposite quartiles were
calculated.

To test the effect of misreporting on the results, sensitivity
analysis was conducted in a subgroup of participants reporting
plausible energy intake (EI) by 7DD (n = 242). The plausible
reporting was defined by EI to basal metabolic rate (BMR) ratio
within the 95% confidence interval (CI) calculated from the
Goldberg equation®*® according to their physical activity
levels (PAL). The participants were classified as having low,
moderate or high physical activity levels according to a self-
reported long-form international physical activity question-
naire (IPAQ) and estimated PALs of 1.4, 1.6, and 1.8 were
assigned to each level, respectively according to previous UK
studies.®® Besides, men participants with energy intake levels
<800 kcal d™* or >4000 kcal d~*, and women participants with
energy intake levels <500 kcal d™* or >3500 kcal d™* were also
considered as misreporting. The results of sensitivity analysis
are shown in ESL.{

Results
Participant characteristics

A total of 413 participants were included in the analysis. The
average age of the study population was 43.2 + 18.6 years old.
Among them, there were 231 (55.9%) women and 182 (44.1%)
men. The average BMI of the participants was 23.8 + 3.4 kg
m~>2 Most of the participants reported high physical activity
levels (68.6% of the 392 available data), non-smoking (70.9%)
and alcohol consumption lower than 14 units per week
(95.4%). The average energy intake obtained from FFQ was
1746 + 785 kcal and the fibre intake was 17.5 = 10.6 g d™".
Participants had an average fruit intake of 267.5 + 247.8 g d ™"
and vegetable intake (excluding white potato) of 299.3 =
300.6 g d”' estimated from the FFQ. The food groups and
nutrient intake levels of the study population are detailed in
the ESI Table 2.7

This journal is © The Royal Society of Chemistry 2023
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The median (IQR) of total (poly)phenol intake estimated from
FFQs was 1463 (1407) mg d~", and the median (IQR) intake
estimated from 7DD was 1042 (1178) mg d . The FFQ esti-
mated total (poly)phenol intake was significantly higher than
the 7DD estimated intake in nearly all subgroups of partici-
pants stratified by sex, age groups, ethnicity, BMI levels, physi-
cal activity levels, smoking status, and alcohol consumption
levels (all p values < 0.05), except for subgroups with age >65
years old and alcohol consumption >14 units per week, in
which the difference was not significant (p = 0.077 and 0.066,
respectively) (Table 1). The FFQ estimated intakes were higher
than 7DD estimated intake in most of the classes and sub-
classes of (poly)phenols (all p values < 0.05), except for antho-
cyanins, dihydroflavonols, flavones, total lignans, total other
(poly)phenols, tyrosols, hydroxyphenylacetic acids, hydroxy-
phenylpropanoic acids, and total stilbenes, the 7DD estimated
intakes were higher than the FFQ estimated intakes (all
p values < 0.001) (Table 2). Among these (poly)phenol sub-
classes where 7DD showed a higher estimation of intake than
FFQ, the main food sources from 7DDs that were not reported
in the FFQs include blueberries, red wine and aubergine for
anthocyanins, red wine for dehydroflavonols (where for FFQ
the default item used in (poly)phenol estimation is rose wine),
soups for flavones, sesame oil and seeds for total lignans,
herbs and spices for total other (poly)phenols, and olives for
tyrosols, hydroxyphenylacetic acids and hydroxyphenylpropa-
noic acids (Table 3). No significant difference was found
between the FFQ and 7DD in the estimated intakes of
proanthocyanidins (p = 0.934) and alkylphenols (p = 0.162).
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In terms of the contribution of individual subclasses, phe-
nolic acids were the major type of (poly)phenols estimated
from both FFQs (52.0%) and 7DDs (51.3%), followed by flavo-
noids (46.4% and 44.1%, respectively). Besides, lignans, stil-
benes and other (poly)phenols all had a higher percentage of
contribution in 7DD estimated intakes compared to FFQ
(Table 2).

Regarding food sources, FFQ and 7DD derived similar
results in most of the (poly)phenol classes and subclasses
(Table 3). Non-alcoholic drinks were the major food sources of
total (poly)phenols estimated from both tools (75.6% and
67.0% for FFQ and 7DD, respectively) followed by fruits and
products (10.8%, 10.9%), vegetables (5.8%, 5.6%) and cereals
and products (4.1%, 5.7%). As to individual food items, coffee
contributed the most to the total intake in both FFQ and 7DD
data (42.4% and 39.7%, respectively) followed by tea (31.9%
and 26.0%, respectively). The average coffee intake was 1.2
1.4 cups per d (234.1+ 271.3 g d™') from FFQ and 0.8 + 1.0
cups per d (162.2+ 188.3 g d™') from 7DD. The average tea
intake was 1.5 = 1.6 cups per d (289.6 = 310.4 ¢ d™') from FFQ
and 1.3 + 1.8 cups per d (250.5+ 349.8) g d~* from 7DD (stan-
dardized as 190 g per cup for both coffee and tea according to
default portion size in the EPIC-FFQ). The intakes of both
coffee and tea estimated from FFQs were higher than the
amount estimated from 7DDs (both p < 0.001). Apples contrib-
uted 5.6% and 4.3% to the total intake in FFQ and 7DD.
Chocolates, cocoa powder and drinks presented 2.4% and
2.1% of contribution in 7DD while in FFQ they presented
0.03% and 0.6% to the total intake, respectively. Oranges con-
tributed 1.7% in FFQs, compared to 0.5% in 7DD. The 7DD
yielded 1783 types of foods and among them, 975 were not

Table 1 Total (poly)phenol intakes estimated from FFQ and 7-day food diaries stratified by baseline characteristics of the study population (mg d™)

FFQ 7DD
Characteristics N Mean (SD) Median (IQR) Mean (SD) Median (IQR) P
Sex Men 182 1367 (1023) 1194 (1355) 1101 (874) 870 (1120) <0.001
Women 231 1653 (973) 1642 (1234) 1297 (844) 1163 (1146) <0.001
Age group 18-34 184 1138 (792) 944 (1225) 813 (581) 697 (712) <0.001
35-49 64 1784 (1327) 1525 (1453) 1434 (1122) 1121 (1180) 0.016
50-64 83 1862 (1005) 1810 (1613) 1419 (828) 1368 (1182) <0.001
>65 82 1860 (835) 1760 (600) 1719 (797) 1642 (970) 0.077
Ethnicity White 269 1640 (950) 1629 (1333) 1356 (858) 1197 (1052) <0.001
Black 18 1886 (1715) 1252 (1552) 1080 (762) 865 (1432) 0.010
Asian 85 1108 (877) 870 (1285) 790 (722) 527 (712) 0.005
Mixed 14 1211 (968) 939 (1303) 866 (951) 586 (223) 0.042
BMI <25 275 1463 (962) 1409 (1462) 1204 (870) 1027 (1145) <0.001
>25 138 1655 (1076) 1495 (1049) 1225 (849) 1067 (1184) <0.001
Physical activity High 296 1578 (1015) 1600 (1386) 1255 (911) 1060 (1209) <0.001
Moderate 106 1388 (880) 1271 (1292) 1157 (803) 989 (1116) <0.001
Low 17 1241 (797) 1188 (1309) 840 (467) 738 (544) 0.045
Smoking Never 293 1446 (968) 1309 (1306) 1193 (885) 1003 (1098) <0.001
Former 96 1693 (1042) 1705 (1350) 1288 (765) 1182 (994) <0.001
Current 24 1856 (1177) 1890 (1648) 1120 (947) 806 (1605) 0.001
Alcohol consumption Not drinking 134 1679 (1212) 1524 (1667) 1279 (1086) 1040 (1362) <0.001
<14 unit per w 260 1460 (886) 1453 (1319) 1191 (711) 1053 (1030) <0.001
>14 unit per w 19 1363 (819) 1317 (1085) 1006 (960) 688 (576) 0.066

7DD: 7-day food diary, BMI: body mass index, FFQ: food frequency questionnaire, IQR: interquartile range, SD: standard deviation. N: number of
participants in each group. P values were from the paired-sample Wilcoxon signed-rank test.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Comparisons of (poly)phenol intake classes and subclasses estimated from FFQ and 7-day food records (mg d™3)

FFQ 7DD

(Poly)phenols Mean (SD) Median (IQR) % Mean (SD) Median (IQR) %
Total (poly)phenols 1527.0 (1004.3) 1463.4 (1406.9) 100.0 1210.8 (861.7) 1041.9 (1178.1)° 100.0
Total Flavonoids 709.1 (553.1) 492.5 (714.3) 46.4 534.5 (520.3) 400.6 (470.0)° 44.1
Anthocyanins 8.4 (8.3) 6.5 (7.6) 0.6 27.7 (50.9) 14 0 (32.6)° 2.3
Chalcones 0.0 (0.0) 0.0 (0.0) 0.0 0.0 (0.0) .0 (0.0)° 0.0
Dihydroflavonols 0.1 (0.1) 0.0 (0.1) 0.0 0.8 (1.6) .0 (0.8)* 0.1
Dihydrochalcones 2.8 (3.5) 2.1(3.2) 0.2 1.7 (2.3) 0(2.5)* 0.1
Total flavan-3-ols 595.4 (522.3) 383.5 (697.3) 39.0 436.7 (495.8) 277 8 (432.8)¢ 36.1
Flavan-3-ol monomers 159.4 (155.9) 101.9 (227.0) 10.4 144.1 (183.2) 70.4 (193.8)" 11.9
Theaflavins 36.0 (38.6) 23.6 (55.8) 2.4 16.2 (36.4) 0.0 (14.7) 1.3
Thearubigins 235.4 (252.3) 154.5 (364.5) 15.4 107.0 (237.3) 3.9 (96.9)° 8.8
Proanthocyanidins 164.5 (136.7) 133.4 (117.8) 10.8 169.4 (164.0) 131.4 (156.3) 14.0
Flavanones 34.3 (46.2) 23.6 (36.7) 2.2 12.1 (23.6) 3 0 (10.5)° 1.0
Flavones 4.5 (3.0) 3.9 (2.8) 0.3 9.2 (17.4) 1(7.1)* 0.8
Flavonols 55.9 (46.7) 48.4 (32.8) 3.7 43.4 (31.5) 36 2 (38.1)° 3.6
Isoflavonoids 7.8 (17.4) 1.6 (5.7) 0.5 2.9 (8.5) 3(1.8)¢ 0.2
Total Phenolic acids 793.5 (744.9) 609.0 (1155.7) 52.0 621.2 (592.7) 473 8 (741.3)° 51.3
Hydroxybenzoic acids 65.8 (55.2) 44.3 (73.5) 4.3 52.3 (61.4) 34 4 (53.2)" 4.3
Ellagitannins 3.6 (5.6) 1.5 (3.8) 0.2 3.3 (16.9) 0 (0.0)° 0.3
Hydroxycinnamic acids 727.7 (740.5) 556.0 (1205.6) 47.7 568.0 (586.3) 383 7 (734.5)¢ 46.9
Hydroxyphenylacetic acids 0.0 (0.1) 0.0 (0.0) 0.0 0.8(3.7) 1 (0.4)° 0.1
Hydroxyphenylpropanoic acids 0.0 (0.0) 0.0 (0.0) 0.0 0.1 (0.3) .0 (0.0)* 0.0
Total Stilbenes 0.1 (0.1) 0.1 (0.1) 0.0 0.6 (1.2) 1 (0.7)° 0.1
Total Lignans 1.9 (1.1) 1.6 (1.4) 0.1 6.9 (14.7) 4(4.2) 0.6
Other (poly)phenols 22.3 (26.5) 16.2 (15.4) 1.5 47.6 (89.7) 26 5 (36.3)° 3.9
Tyrosols 0.7 (0.8) 0.4 (0.8) 0.0 5.5 (12.6) 5 (6.0)° 0.5
Alkylmethoxyphenols 2.5(2.6) 1.8 (4.2) 0.2 1.9 (2.2) 3(2.8)¢ 0.2
Alkylphenols 16.3 (25.5) 9.7 (11.3) 1.1 22.3 (35.5) 10 0(19.2) 1.8

7DD: 7-day food diary, BMI: body mass index, FFQ: food frequency questionnaire, IQR: inter-quartile range, SD: standard deviation %:
Eercentage of contribution to the total (poly)phenol intake. Significant values were from paired-sample Wilcoxon signed-rank test. “p < 0.001.

0.001 < p < 0.05.

measured in the FFQ. These foods contributed 10.1% of the
total (poly)phenol intake, 11.3% of the flavonoids intake, 6.0%
of the phenolic acids intake, 1.5% of the stilbenes intake,
37.9% of the lignans intake, and 46.0% of the other (poly)
phenols intake estimated from the 7DDs.

Agreements between the FFQ and 7DD estimated intakes

There was moderate reliability between FFQ and 7DD esti-
mated total (poly)phenol in absolute values (ICC-A: 0.53, 95%
CI: 0.41-0.62). As for (poly)phenol classes and subclasses
intakes, moderate agreements were found between FFQ and
7DD estimated total flavan-3-ols (ICC-A: 0.51, 95% CI:
0.41-0.60), flavan-3-ol monomers (ICC-A: 0.59, 95% CIL
0.52-0.65), total phenolic acids (ICC-A: 0.59, 95%
CI: 0.50-0.66), hydroxycinnamic acids (ICC-A: 0.59, 95%
CI: 0.51-0.66) and alkymethoxyphenols (ICC-A: 0.60, 95% CI:
0.52-0.66). Poor reliabilities were found for the rest of the
(poly)phenol classes and subclasses, although they were sig-
nificantly correlated (rho 0.11-0.65, all p < 0.05), as shown in
Table 4. For some types of (poly)phenols, the reliabilities
between FFQ and 7DD estimated intakes were extremely poor,
for example, anthocyanins, chalcones, dihydroflavonols, fla-
vones, ellagitannins, hydroxyphenylacetic acids, hydroxyphe-
nylpropanoic acids, total stilbenes, total lignans, total other
(poly)phenols, and tyrosols. The ICCs were lower than 0.1 in

1374 | Food Funct, 2023, 14, 1369-1386

these (poly)phenol groups. After adjusting for energy intake,
the reliabilities between FFQ and 7DD improved slightly for
total and all subclasses of (poly)phenols (data is shown in the
ESI Table 37). The estimated total flavonoids showed moderate
reliabilities (ICC-A: 0.53, 95% CI: 0.46-0.60).

In the ability of ranking participants according to (poly)
phenol intake levels, the reliabilities between FFQ and 7DD
were poor to moderate. Similarly, the estimated total (poly)
phenol intake (ICC-C: 0.56, 95% CI:0.49-0.62), total flavonoid
intake (ICC-C: 0.50, 95% CI: 0.43-0.57), total flavan-3-ol intake
(ICC-C: 0.54, 95% CI:0.46-0.60), flavan-3-ol monomer intake
(ICC-C: 0.59, 95% CIL: 0.52-0.65), total phenolic acid intake
(ICC-C: 0.61, 95% CI: 0.54-0.66), hydroxycinnamic acid intake
(Icc-C: 0.61, 95% CI: 0.54-0.66) and alkymethoxyphenol
intake (ICC-C: 0.61, 95% CI: 0.55-0.67) showed moderate
reliability between the two methods. Similarly, when sorting
participants into quartiles by intakes, fair agreement between
the FFQ and 7DD were seen for total (poly)phenols (kappa:
0.46, 95% CI: 0.40-0.52), dihydroflavonols (kappa: 0.48, 95%
CL: 0.42-0.54), total flavan-3-ols (kappa: 0.41, 95% CL
0.35-0.47), flavan-3-ol monomers (kappa: 0.46, 95% CI:
0.40-0.52), total phenolic acids (kappa: 0.51, 95%
CL: 0.45-0.57), hyroxycinnamic acids (kappa: 0.50, 95%
CI: 0.44-0.56) and alkylmethoxyphenols (kappa: 0.47, 95% CI:
0.40-0.53). The agreements between the estimated intake of all

This journal is © The Royal Society of Chemistry 2023
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Table 3 Food sources of the (poly)phenol subclasses estimated from FFQ and 7-day food diaries

(Poly)phenols

FFQ estimated (poly)phenol food sources (% to total)

7DD estimated (poly)phenol food sources (% to total)

Total (poly)phenols

Total flavonoids

Anthocyanins

Chalcones
Dihydroflavonols
Dihydrochalcones

Total flavan-3-ols

Flavan-3-ol monomers

Theaflavins

Thearubigins

Proanthocyanidins
Flavanones

Flavones

Flavonols

Isoflavonoids

Total Phenolic acids
Hydroxybenzoic acids
Ellagitannins
Hydroxycinnamic acids
Hydroxyphenylacetic acids
Hydroxyphenylpropanoic

acids
Total Stilbenes

Total Lignans

Other (poly)phenols

Tyrosols
Alkylmethoxyphenols

Alkylphenols

Coffee (42.4%), Tea (31.9%), Apples (5.6%), Oranges
(1.7%), Brown rice (1.4%)

Tea (62.2%), Apples (10.4%), Oranges (3.7%), Tomatoes
(2.6%), Hazelnuts (2.6%)

Fruit squash drink (26.1%), Strawberries (18.0%),
Raspberries (14.5%), Fruit jam (10.5%), Fruit yogurt
(8.2%)

Broad beans (86.9%), Lager (13.1%)

Wine (100%)

Apples (85.5%), Apple juice (13.5%), Apple chutney
(1.0%), Breakfast cereals (0.02%)

Tea (75.5%), Apples (11.8%), Hazelnuts (3.1%), Grapes
(2.0%), Drinking chocolate powder (1.6%)

Tea (89.1%), Apples (3.9%), Broad beans (2.4%), Apple
juices (0.7%), Bananas (0.45%)

Tea (100%)

Tea (100%)

Apples (37.0%), Tea (18.6%), Hazelnuts (10.4%), Grapes
(6.9%), Drinking chocolate powder (5.0%)

Oranges (72.3%), Orange juice (14.1%), Grapefruit
(11.3%), Tomatoes (0.9%), Trifle (0.2%)

Brown bread (22.8%), Pizza (12.2%), Celery (9.7%),
Orange juice (7.6%), Spinach (5.0%)

Tomatoes (30.3%), Spinach (28.4%), Tea (13.3%), Onions
(7.6%), Vegetable soup (6.3%)

Tofu (51.6%), Soya milk (27.6%), Beansprouts (16.0%),
Vegeburger (2.9%), Soya mince (1.5%)

Coffee (80.0%), Tea (6.5%), Brown rice (2.6%), Apples
(1.5%), White rice (1.4%)

Tea (69.7%), Raspberries (7.6%), Garlic (5.8%),
Strawberries (2.4%), White rice (1.5%)

Raspberries (99.2%), Fruit flavoured ice-cream (0.8%)
Coffee (87.0%), Brown rice (2.8%), Apples (1.6%), White
rice (1.4%), Tea (1.0%)

Lager (99.4%), Olive oil (0.5%), Fat spread (20-25% fat

not polyunsaturated)(0.1%)
Not estimated from diet

Wine (58.4%), Grapes (20.0%), Strawberries (10.3%), Fruit

yogurt (4.7%), Mousse (3.4%)

Boiled potatoes (30.0%), Roast potatoes (11.0%), Broccoli
(10.5%), Potato chips (7.5%), Tea (5.9%)

Coffee (23.1%), Wholemeal bread (19.6%), Breakfast
cereals (19.2%), Spaghetti, wholemeal (15.6%), Brown
bread (6.7%)

Wine (43.3%), Olive oil (31.7%), Lager (18.0%), Fat spread

(20-25% fat, not polyunsaturated) (3.6%), Sherry (2.8%)
Coffee (91.2%), Fat spread (70% fat, polyunsaturated)
(5.6%), Lager (2.3%), Rapeseed oil (0.4%), Fat spread
(40% fat, not polyunsaturated) (0.3%)

Wholemeal bread (26.5%), Breakfast cereals (26.1%),
Spaghetti, wholemeal (21.1%), Brown bread (9.1%),
Spaghetti, white (9.1%)

This journal is © The Royal Society of Chemistry 2023

Coffee (39.7%), Tea (26.0%, black tea 24.0%, green tea
1.9%), Apples (4.3%), Chocolates (2.4%), Cocoa
powder and drinks (2.1%)

Tea (52.0%, black tea 48.1%, green tea 3.6%), Apples
(8.4%), Chocolates (5.5%), Cocoa powder and drinks
(4.6%), tomatoes (1.6%)

Blueberries (12.0%), Strawberries (11.5%), Red wine
(9.5%), Fruit squash drink (8.6%), Aubergine (8.1%)

Ale (53.9%), Lager (33.9%), Broad beans (8.8%), Bitter
beers (2.6%), Ginger ale (0.4%)

Red wine (90.0%), White wine (8.6%), Rose wine
(0.7%), Meat dishes (0.5%), Tiramisu (0.1%)

Apples (87.3%), Apple juice (10.9%), Mixed fruit juice
(1.0%), Fruit smoothie (0.6%), Meat dishes (0.1%)
Tea (62.1%, black tea 57.6%, green tea 4.3%), Apples
(9.6%), Chocolates (6.6%), Cocoa powder and drinks
(5.7%), Strawberries (2.4%)

Tea (89.0%, black tea 76.3%, green tea 11.9%, herb tea
0.8%), Apples (2.5%), Red wine (1.5%), Cocoa powder
and drinks (1.4%), Chocolates (1.4%)

Black tea (100%)

Black tea (99.8%), Green tea (0.2%)

Apples (22.7%), Chocolates (15.9%), Cocoa powder
and drinks (13.4%), Tea (11.7%, black tea 11.0%,
green tea 0.7%), Strawberries (5.8%)

Oranges (51.0%), Orange juice (16.9%), Grapefruit
(15.5%), Tomatoes (5.1%), Lemon juice (2.9%)

Soups (25.8%), White breads (11.84%), Brown breads
(10.2%), Vegetable dishes (5.3%), Pizza (5.2%)
Tomatoes (38.2%), Tea (15.2%, black tea 13.2%, green
tea 2.0%), Spinach (10.0%), Soups (4.6%), Vegetable
dishes (4.2%)

Soya milk (28.4%), Tofu (12.3%), Soya beans (7.8%),
Black bean sauce (7.5%), Beansprouts (7.4%)

Coffee (76.7%), Tea (5.9%, black tea 5.4%, green tea
0.5%), White rice (1.4%), Apples (1.2%), Blueberries
(0.9%)

Tea (58.5%, black tea 53.5%, green tea 4.9%),
Raspberries (7.9%), Strawberries (6.0%), Lager (2.7%),
Red wine (2.4%)

Raspberries (96.5%), Mixed berries (4.5%), Fruit
yogurt (1.8%), Fruit smoothie (1.4%), Pomegranate
juice (0.2%)

Coffee (83.9%), White rice (1.4%), Apples (1.3%), Tea
(1.0%, black tea 0.9%, green tea 0.1%), Blueberries
(0.9%)

Olives (84.1%), Lager (7.9%), Red wine (3.5%), White
wine (1.9%), Vegetable dishes (1.4%)

Olives (96.5%), Vegetable dishes (3.5%)

Red wine (79.0%), White wine (12.3%), Strawberries
(3.8%), Grapes (1.5%), Rose wine (0.8%)

Sesame oil (36.5%), Flaxseeds (9.1%), Sesames (6.2%),
Mixed seeds (4.9%), Nut bar (4.6%)

Herbs and spices (27.7%, dried cloves 11.4%, ground
turmeric 9.2%), Breakfast cereals (23.8%), Coffee
(8.3%), Wholemeal breads (8.0%), Olives (5.5%)
Olives (47.2%), Olive oil (25.4%), Red wine (12.21%),
Sauces (4.2%, pesto sauce 3.9%), Lager (3.64%)
Coffee (90.4%), Lager (4.7%), Rapeseed oil (1.2%),
Vegetable dishes (0.8%), Soups (0.5%)

Breakfast cereals (50.8%), Wholemeal breads (17.1%),

Rye bread (7.0%), Brown bread (6.1%), White breads
(4.0%)
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Fig. 1 Bland—Altman plots on estimated total and major classes of (poly)phenol intake by FFQ and 7DD (n = 413). FFQ: food frequency question-

naire; 7DD: 7-day food diary.
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for energy intake. Available urine n = 164. FFQ: food frequency questionnaire; 7DD: 7-day food diary; y-VL-4's: (4R)-5-(3",4'-dihydroxyphenyl)-

y-valerolactone-4'-sulfate.

were seen between the 7DD estimated theaflavins and thearu-
bigins intake and urinary metabolite subclasses such as flavo-
nols, total phenolic acids, hippuric acids, hydroxyphenylacetic
acids, lignans, and benzaldehydes (all FDR adjusted p values <
0.1). Among them, the correlations between 7DD estimated

This journal is © The Royal Society of Chemistry 2023

theaflavins and thearubigins intake, which were derived only
from tea, and urinary flavonols were stronger than the others
(rho = 0.290, 0.300, both FDR adjusted p = 0.042).

Regarding plasma phenolic metabolites, no significant cor-
relations were found between FFQ estimated (poly)phenol
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Fig. 3 Correlation heatmap between total plasma phenolic metabolites and estimated (poly)phenol intakes from FFQ and 7DD (a and b) adjusted
for energy intake. Available plasma n = 155. FFQ: food frequency questionnaire; 7DD: 7-day food diary; y-VL-4's: (4R)-5-(3",4'-dihydroxyphenyl)-

y-valerolactone-4'-sulfate.

intakes and plasma phenolic metabolites after adjusting for
multiple comparisons (Fig. 3a). The 7DD estimated dietary
theaflavins and thearubigins were positively correlated with
plasma hydroxycinnamic acids (rho = 0.363, 0.354, respect-
ively, both FDR adjusted p = 0.003 and urinary benzaldehydes
(rho = 0.301, 0.305, respectively, both FDR adjusted p = 0.026)
(Fig. 3b).

Agreements between dietary assessment methods and
biomarkers

The agreements between dietary assessment and metabolites
in ranking participants in quartiles of (poly)phenol intake
levels are shown in Table 5. Poor agreements were seen for all
groups of (poly)phenols including total (poly)phenols, total
flavonoids, flavanols, flavanones, isoflavonoids, total lignans,
total stilbenes, and tyrosols between biomarkers in either
specimen type (urine or plasma) and either dietary assessment
(FFQ or 7DD) (kappa 0-0.12). Regarding the agreement
between total (poly)phenol metabolite levels and the total esti-
mated (poly)phenol intakes, 7DD (kappa = 0.09) showed a
slightly better agreement than FFQ (kappa = 0.06) with urine
total metabolites, while FFQ (kappa = 0.10) showed a slightly
better agreement than 7DD (kappa = 0.08) with plasma total
metabolites, although all these agreements were poor.

Sensitivity analysis on main results

A total of 242 participants who had plausible energy intake
reported from 7DDs were included in the sensitivity analysis.
Robust results were seen in the comparisons between FFQ and
7DD estimated (poly)phenols (ESI Table 4f), agreements
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between the two dietary assessment methods (ESI Table 57)
and agreements between dietary (poly)phenol intake and
(poly)phenol biomarkers (ESI Table 5%). The correlations
between estimated (poly)phenol intake and urinary and
plasma (poly)phenol biomarkers showed similar patterns (ESI
Fig. 5 and 6t1), although the correlations between dietary
intake and urinary biomarkers were not significant after
adjustment for multiple comparisons using the FDR method.

Discussion

Estimating dietary (poly)phenol intake is challenging. Beyond
the well-established misreporting bias from self-reported
dietary data, there are more challenges to be addressed before
an accurate estimation of (poly)phenol intake can be made.
The first is the limited food (poly)phenol content data and the
limited information on factors affecting the (poly)phenol
content of foods such as species, harvesting, storage, and pro-
cessing. Besides, the (poly)phenol content of food can be
highly variable even when the nutrient profiles are similar,®*
and it requires more detailed questionnaires to capture all the
food sources accurately.

Our recent systematic review investigating methods used for
estimating (poly)phenol intake® showed that dietary assess-
ment questionnaires used to estimate (poly)phenol intake
were usually validated for a number of macro and micronutri-
ents and energy, but in over 80% of the studies they were not
further validated for (poly)phenols. Among the very few tools
validated for (poly)phenols, most of them (74%) compared
their method (in most cases FFQ) to other types of dietary

This journal is © The Royal Society of Chemistry 2023
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Table 5 Agreements between total (poly)phenol intake and total phenolic metabolite levels in urine and plasma

Metabolite levels Questionnaires Groups Kappa (95% CI) Same quartile (%) Opposite quartile (%)
Urine (n = 164) FFQ Total (poly)phenols 0.06 (-0.04, 0.17) 23.64 4.85
Total flavonoids 0.05 (—0.06, 0.17) 30.91 13.33
Flavonols 0.09 (-0.02, 0.20) 26.67 7.88
Flavanones 0.06 (=0.05, 0.17) 25.45 7.27
Isoflavonoids 0.00 (-0.11, 0.12) 27.88 15.15
Total lignans 0.09 (=0.02, 0.20) 27.88 9.09
Total stilbenes 0.12 (0.01, 0.23) 29.09 6.67
Tyrosols -0.03 (—0.13, 0.08) 18.18 7.27
7DD Total (poly)phenols 0.09 (-0.02, 0.20) 26.67 6.67
Total flavonoids 0.01 (-0.10, 0.13) 27.27 13.94
Flavonols 0.04 (—0.07, 0.15) 27.88 11.52
Flavanones 0.09 (=0.02, 0.20) 29.70 12.12
Isoflavonoids 0.03 (-0.08, 0.14) 27.27 11.52
Total lignans 0.02 (—0.08, 0.13) 18.18 7.27
Total stilbenes 0.01 (=0.10, 0.12) 22.42 9.70
Tyrosols 0.03 (—0.08, 0.14) 24.24 11.52
Plasma (n = 155) FFQ Total (poly)phenols 0.10 (-0.02, 0.22) 30.00 10.67
Total flavonoids 0.01 (-0.11, 0.12) 26.00 13.33
Flavonols 0.09 (-0.02, 0.21) 27.33 11.33
Flavanones 0.07 (—0.04, 0.19) 28.00 10.67
Isoflavonoids 0.02 (-0.10, 0.13) 26.00 15.33
Total lignans -0.10 (—0.21, 0.01) 22.00 18.00
Total stilbenes 0.01 (=0.10, 0.12) 23.33 9.33
Tyrosols —0.05 (-0.17, 0.07) 26.67 15.33
7DD Total (poly)phenols 0.08 (-0.04, 0.20) 28.00 10.00
Total flavonoids 0.09 (-0.02, 0.21) 28.67 11.33
Flavonols -0.01 (-0.13, 0.11) 30.00 13.33
Flavanones 0.01 (-0.11, 0.12) 26.00 11.33
Isoflavonoids 0.08 (-0.03, 0.20) 30.67 11.33
Total lignans 0.09 (—0.02, 0.21) 29.33 10.00
Total stilbenes —-0.03 (=0.15, 0.08) 24.67 14.00
Tyrosols -0.03 (—0.15, 0.08) 28.00 16.67

FFQ: food frequency questionnaires. 7DD: 7-day food diaries. Kappa:
interval. Urine with dietary intake n = 165, plasma with dietary intake n =

assessment such as food records. Only 37% of them (n = 17)
analysed the corresponding levels of (poly)phenols in plasma
or urine, which are considered objective to the misreporting
bias derived from dietary assessment. The lack of validation
and the use of different types of questionnaires makes it
difficult to yield consistent results from the current evidence
and therefore hard to draw a conclusion on a suitable esti-
mated intake of (poly)phenols for optimal health benefits.°®
There is an urgent need to test the suitability of commonly
used dietary assessment tools in estimating (poly)phenol
intake. This study compared the estimated dietary intakes esti-
mated from two different tools, a widely used FFQ and a 7-day
food diary and a biomarker approach, using a quantitative tar-
geted metabolomics method which includes a large list of phe-
nolic metabolites, representing the most common dietary
(poly)phenols in a UK-based population.

The estimated total (poly)phenol intake levels in this study
were different between FFQ and 7DDs, with a higher intake
derived from FFQs. Compared to other studies which have
reported (poly)phenol intake levels in the UK population, the
FFQ estimated results were in accordance with the intakes
reported by the EPIC main study, using the same FFQ, with
estimated median total (poly)phenol intake of 1443 mg d~" for
women and 1509 mg d~* for men.®® The 7DD estimated intake

This journal is © The Royal Society of Chemistry 2023

weighted kappa coefficient (linear weights). 95% CI: 95% confidence
150.

was lower than the amount reported by the EPIC-calibration
study (around 1750 mg d~' for men and 1600 mg d~' for
women), which was estimated using 24 h recalls.®® Besides,
the 7DD estimated results were higher compared to the results
by age groups in the UK National Diet and Nutrition Survey
(NDNS) (2008-2014),** which were around 600 to 1100 mg d™*
estimated from 4-day food records. However, the NDNS data
only used Phenol-Explorer as the data source and did not
report the intake of lignans and other (poly)phenols in the
total (poly)phenol intake, which could explain the differences
in the estimation compared to our results. On the contrary to
flavonoids as the major (poly)phenol from diet reported in the
NDNS and EPIC study,®>®* the major dietary (poly)phenol
found in our study was phenolic acids. This could probably be
explained by the high proportion of coffee consumers in our
cohort and the different (poly)phenol database used. In our
population, there were 80.4% and 72.9% of coffee consumers
measured from FFQ or 7DD, respectively, which is higher than
the 62% reported in the UK adults in the NDNS study.®®

In terms of comparisons between FFQ and food records on
estimating (poly)phenol intake, in agreement with our data
Kent et al. found that FFQ significantly overestimated total
and subclasses of flavonoids® while Yue et al. observed slightly
higher FFQ estimated flavonoid intake in women but not in

Food Funct, 2023, 14,1369-1386 | 1379
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men.'® Although different FFQs may have different validities
in estimating (poly)phenols, and the population characteristics
might also influence the results, one possible explanation for
the discrepancies between FFQs and food records is that FFQs
tend to overestimate healthy food intake such as fruits and
vegetables, which are important sources of (poly)phenols.®®
We also found a higher estimation of coffee and tea consump-
tion from FFQs compared to 7DDs, which is in accordance
with previous studies.®”’°® Besides, one study that measured
caffeine intake in 259 women found that there was a signifi-
cantly higher amount of coffee intake estimated from FFQs
compared to 24 h recalls.®® The different estimations for tea
and coffee intake could be due to the difference in the default
portion size in the FFQ and the actual portion size measured
in the 7DD. The portion size for coffee and tea are both 190 g
in the EPIC FFQ and they were considered as “coffee, infusion,
average” and “tea, infusion, average” by default. In 7DD, the
portion size varies by participants according to the size of
their cups and the amount of milk added. Although the
default portion size for tea and coffee was the same (190 g,
225 g in total including 35 g milk) in 7DD, when participants
had more milk added, the amount of coffee and tea was
lowered accordingly. These differences were not reflected in
the FFQ and therefore derived higher estimated intakes. One
limitation in estimating (poly)phenols from tea and coffee in
this study and possibly many other studies is that the (poly)
phenols were calculated based on the portions of made-up
drinks assuming they were in the same default concentrations.
However, this is not true in real life, where the (poly)phenol
content depends more on the amount of tea bags or coffee
powder or beans, the amount of water added, and the time of
brewing according to the habits of participants. The current
existing FFQs and food diaries were not able to reflect this
information and there is limited food content data available
addressing this issue. It is also worth noticing that in the vali-
dation studies of FFQs, coffee and tea intakes could be easily
neglected because they contribute a negligible amount to the
total energy or nutrient levels. However, for (poly)phenol
intake estimations, they could represent up to 70% of the total
(poly)phenols and any small systematic errors in estimation
could result in considerable misreport of the final result. This
emphasises again the importance of validating tools for (poly)
phenol assessment and developing specialized tools to esti-
mate (poly)phenol intake.

In 7DD estimated intakes, anthocyanins, dihydroflavonols,
flavones, total lignans, stilbenes, and other (poly)phenols
showed a higher estimation of intake compared to FFQs. This
could be explained by the different food sources of (poly)
phenols that had been captured by the two different tools.
Firstly, the FFQ used in this study did not include several
important food sources of (poly)phenols, such as blueberries,
aubergine, olives, herbs and spices and seeds. Besides, some
food items with distinct (poly)phenol levels or profiles were
grouped in one question, such as “tea” (including black,
green, and herbal tea), “wine” (including white, rose, or red
wine), “strawberries, raspberries, kiwi fruit”, “peanuts or other
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nuts”, “dried lentils, beans, peas” and so on. Different partici-
pants may interpret the questions differently, while in data
analysis those foods were transformed into a certain item or
combinations of default items. For example, the “wine” in FFQ
was represented by “rose wine” in the calculation process of
nutrients and (poly)phenols by default, which has less antho-
cyanidin content than red wine. These could all result in
potential underestimation of the (poly)phenol intake by FFQs.

The agreement between FFQ and 7DD was moderate to
poor in general. Moderate agreements were seen in subclasses
of (poly)phenols that came from food sources consumed every
day and contributed greatly to the total intake, including tea,
coffee, and apples. Agreements were extremely poor for the
groups contributing a small percentage of the total intake,
such as anthocyanins, chalcones, dihydroflavonols, flavones,
hydroxyphenylacetic acids, total other (poly)phenols and tyro-
sols. Besides the limited food sources of these subclasses
included in the EPIC-Norfolk FFQ as discussed earlier, the dis-
agreement between FFQ and 7DD could also be due to the fact
that it is hard to capture the food sources that were less fre-
quently consumed by food diary when the consumption was
only collected once during a relatively short period (7 days) in
this study. Therefore, if the research aimed to measure intakes
of these subclasses of (poly)phenols, the length of measure-
ment needs to be longer and more detailed dietary assessment
tools need to be designed.

In most of the validation studies that have compared FFQ
against 7DDs in measuring (poly)phenol intake, the reliability
was only obtained by correlation coefficients between the
methods,® while the real agreement between absolute values
was not measured. Our results were consistent with previous
findings from some validation studies which compared esti-
mated (poly)phenols from FFQ and food records (3 days). Vian
et al. validated an FFQ against 3-day food records and reported
an ICC of 0.489 for total (poly)phenol intakes.”® Besides, cross-
classification tests showed 23-37% of the same quartiles for
total (poly)phenols’®”" and flavonoids subclasses,”” which is a
bit lower than our results (48% for total (poly)phenol and
29%-50% for flavonoids). Although significant correlations
were seen between the estimated (poly)phenol intakes from
FFQ and 7DD, a moderate correlation (0.4 < rho < 0.6) does
not always mean a fair agreement (0.50 < ICC < 0.75 or 0.40 <
kappa < 0.75) between the two measurements. This suggests a
more cautious interpretation of the validation results only rep-
resented by correlations.

The dietary assessments from FFQ and food diaries are
prone to misreporting bias due to their self-reported nature.
Therefore, sensitivity analysis was conducted on participants
with plausible reported energy intake from 7DDs compared to
the estimated BMR and physical activity levels. Energy intakes
are widely used as a measurement for misreporting errors.
Therefore, adjusting for energy intake in the comparisons
could partially remove the influence of misreporting. In our
study, the energy-adjusted intakes showed slightly better agree-
ments in the absolute estimated values between FFQ and 7DD
but did not change the conclusion of the findings. The

This journal is © The Royal Society of Chemistry 2023
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improvement of adjusting energy intake on agreement of esti-
mation was weak and the sensitivity analysis on the subgroup
of participants with plausible energy reports showed similar
results as all participants, indicating a limited impact of misre-
porting on our results.

Regarding correlations between intake and phenolic metab-
olites, although more significant correlations were seen
between urinary (poly)phenols and intake estimated from FFQ
than from 7DD, significant relationships were found in
different subclasses of (poly)phenols for FFQ and 7DD. (Poly)
phenol metabolites showed stronger correlations with 7DD
estimated flavonoid intake and FFQ estimated phenolic acid,
other (poly)phenols and stilbenes intake. We could not draw a
convincing conclusion on which dietary assessment tool is
better from these results. Dietary (poly)phenols undergo exten-
sive metabolism after ingestion, including phase II metab-
olisms into glucuronides, sulfates or methoxy conjugates, as
well as cleavage and ring fissions into smaller molecules by
the gut microbiota.”® Some metabolites are produced specifi-
cally from the aglycone of the same structure, such as most of
the flavonoid phase II metabolites. However, many phenolic
compounds with small molecular weight such as phenolic
acids, benzaldehydes and benzenes could not only be present
in food but also be generated by the gut-microbiota from
various types of (poly)phenol molecules. Therefore, they are
not specific biomarkers for dietary intake or exposure to
specific (poly)phenols. On the other hand, the different half-
lives of the various (poly)phenols and the sample collection
time in relation to the dietary assessment could also influence
the relationships between the (poly)phenol metabolites and
intake. The 7DD captures recent intakes and the FFQ captures
habitual intakes, while the 24 h urine and fasting plasma were
both related to the (poly)phenol intakes in the past
24-48 hours. The correlations with (poly)phenol biomarkers in
this study indicated that 7DDs might be better at estimating
short-term flavonoid intake, especially flavan-3-ol intakes over
the FFQ we used, while the habitual intake of phenolic acids
and other (poly)phenols could also be reflected by the short-
term urine biomarkers. However, this needs further explora-
tion and validation in bigger cohorts.

The correlations between estimated intake and plasma
metabolites were not as strong as the urinary metabolite
excretion levels. This could be due to the fact that plasma
samples in this study were taken after at least 8 hours of
fasting when many metabolites have been removed from circu-
lation. Despite more significant correlations being seen
between total urinary metabolites than total plasma metab-
olites with dietary (poly)phenol intake, the agreements
between urine and dietary intakes in ranking participants did
not show clear advantages over plasma. Overall, the corre-
lations between estimated dietary (poly)phenol intake and
metabolites in urine and plasma were weak for both FFQ and
7DD (Spearman’s rho < 0.4). This could be due to many factors
such as the limited reporting accuracy of the dietary assess-
ment methods, the inter-individual variability in (poly)phenol
metabolism, in particular gut microbial metabolism, other
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exposure sources of (poly)phenols (such as food additives),
phenolic metabolites being produced from endogenous path-
ways, and the short half-life of most of the metabolites.

To our knowledge, this is the first study to evaluate the
agreement between dietary assessed data from two well-estab-
lished dietary assessment tools and compare them against a
large list of different types of phenolic metabolites. However, it
has the following limitations, and the results should be inter-
preted with caution. First, the study was conducted on a small
cohort of participants based in London, UK and the study
population had high levels of fruits and vegetables intake and
healthy lifestyles. Therefore, the conclusions might not be gen-
eralizable to other populations. Besides, the food diary was col-
lected once, which might not reflect participants’ actual habit-
ual intake, and the ICCs could not be deattenuated for the
intra-person variance. However, the reproducibility analysis on
a subgroup of participants in our cohort’*?° showed that there
was no significant difference between the 7DD estimated total
(poly)phenol intakes after 5 or 10 weeks. Besides, participants
were instructed not to have vigorous exercise on the day before
the study visit, which might also influence the habitual intake
and the (poly)phenol metabolite levels in 24 h urine and
fasting plasma. Furthermore, the questionnaires and biospeci-
mens were collected and analysed by different researchers at
different times. The batch effect might influence the results.
However, standard protocols were applied in all the processes,
including data collection, coding, and analysis to keep consist-
ency and eliminate human errors. Finally, every FFQ is
different in terms of the ability to capture (poly)phenol intake.
The results from the Norfolk-EPIC FFQ used in this study
might not be comparable to other existing FFQs and need to
be evaluated prior to their use.

To date, although some (poly)phenol-specific dietary
assessment tools were designed in other populations,”®”>”"”
there is no available tool designed to estimate (poly)phenol
intake in the UK diet, and no gold standard method in (poly)
phenol intake assessment has been established. In this work,
we used two well-established tools to measure the UK diet and
accurate measurements of more than 100 phenolic metabolites
representing the major (poly)phenol groups present in the diet
in two different types of biofluids to explore the suitability of
these different methods in estimating dietary (poly)phenol
intakes. If we consider the short-term biomarkers to be the
gold standard objective measurement, FFQ and 7DD have
their own advantages in measuring different subclasses of
(poly)phenols. The FFQ we used might be better in estimating
intakes of phenolic acids, other (poly)phenols and stilbenes
while 7DD might be preferable in estimating the intake of
flavonoids. If we consider 7DD as a more reliable method in
capturing food sources of (poly)phenol intake using dietary
assessment methods, the FFQ we used might not be accurate
in measuring all (poly)phenol subclasses especially for the
ones contributing less to the total intake and from food
sources that were not included in the questionnaires. FFQ also
tend to overestimate total (poly)phenol intake. Every assess-
ment method has advantages and flaws, and it is hard to
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select the best tool just from these comparisons, but it is
essential to keep in mind the limitations and potential bias in
the interpretation of the results derived from them.

To conclude, the findings of this study suggest that the
agreements between dietary assessment tools were moderate
but the agreements with biomarkers measured in plasma and
urine for the estimation of (poly)phenol intake were poor. To
develop a standardized and accurate approach to measure
dietary (poly)phenol exposure levels in the free-living popu-
lation, many research questions still need to be answered. A
better understanding of the relationship between (poly)phenol
intake and exposure levels needs to be reached with more
research needed on the bioaccessibility and bioavailability of
dietary (poly)phenols, as well as their inter-individual varia-
bility. Better food content databases are needed, with infor-
mation coming from validated accurate methods for estimat-
ing the (poly)phenol content of foods. The single use of a
dietary assessment tool or biomarker may not be sufficient to
reflect intake levels due to its own potential limitations and
bias. More accurate and specific dietary assessment tools need
to be developed for measuring (poly)phenol intake. Validation
of biomarkers’® needs to be conducted and tested in larger
populations with sufficient consideration of inter-individual
variability in bioavailability and metabolism. The combination
of validated tailored dietary assessment methods and bio-
markers may be the best approach to increase the accuracy of
(poly)phenol intake estimation in the future.
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