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ABSTRACT

Background: Flavonoids are a diverse group of polyphenolic compounds, found in high
concentrations in many plant foods and beverages. High flavonoid intake has been associated
with reduced risk of chronic disease. To date, population based studies have used the United
States Department of Agriculture (USDA) food content database to determine habitual
flavonoid intake. More recently, a new flavonoid food content database, Phenol-Explorer
(PE), has been developed. However, the level of agreement between the two databases has

yet to be explored.

Aim: To compare the methods used to create each database, and to explore the level of

agreement between the flavonoid intake estimates derived from USDA and PE data.

Design: The study population included 1 063 randomly selected women aged over 75 y. Two
separate intake estimates were determined using food composition data from the USDA and

the PE databases.

Results: There were many similarities in methods used to create each database, however,
there are several methodological differences that manifested in differences in flavonoid

intake estimates between the 2 databases.

Despite differences in net estimates, there was a strong level of agreement between total-
flavonoid, flavanol, flavanone and anthocyanidin intake estimates derived from each

database. Intake estimates for flavanol monomers showed greater agreement than flavanol
polymers. The level of agreement between the two databases was weakest for the flavonol

and flavone intake estimates.

Conclusion: In this population, application of USDA and PE source data yielded highly
correlated intake estimates for total-flavonoids, flavanols, flavanones and anthocyanidins. For

these sub-classes, the USDA and PE databases may be used interchangeably in
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epidemiological investigations. There was poorer correlation between intake estimates for
flavonols and flavones due to differences in USDA and PE methodologies. Individual
flavonoid compound groups that comprise flavonoid sub-classes had varying levels of
agreement. As such, when determining the appropriate database to calculate flavonoid intake
variables, it is important to consider methodologies underpinning database creation, and

which foods are important contributors to dietary intake in the population of interest.
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BACKGROUND

Flavonoids represent a diverse group of polyphenolic compounds derived from a flavan (2-
phenylchroman ) nucleus (Figure 1). Derivations of this basic structure arise due to
alterations in the 2(3) carbon-carbon bond, the formation of a ketone at carbon 4, and
hydroxylation of carbons at various locations on the flavan backbone '. It is these derivations
that give the over 4000 flavonoid molecules to be grouped into one of five main flavonoid
sub-classes; flavonols, flavanols, flavones, flavanones, and anthocyainidins (Table 1)2'4.
Each flavonoid sub-class is comprised of numerous individual compounds with varying

degrees of polymerisation, glycosylation, hydroxylation and esterification.

Clinical trial and experimental data suggests a promising role of flavonoids in improving
numerous chronic disease risk factors’"'. However, individual observational epidemiological
studies of flavonoids and flavonoid rich foods have observed beneficial, null, or at times
inconsistent or weaker than expected associations of flavonoid intake with risk of chronic
disease outcomes '>°. In addition to natural variation on the flavonoid composition of foods,
the validity of food composition databases used to compute flavonoid intake from traditional
dietary assessment methodologies is likely to have an impact on estimated flavonoid intake,

and henceforth observed associations, in the population'®.

It is extremely difficult to assess the validity of flavonoid intake assessment tools as there is
currently no gold standard biomarker of total-flavonoid intake. As such, the use of food
composition databases in conjunction with traditional dietary assessment methods provides
the most practical means for analysis of habitual dietary flavonoid consumption in the
community. In previous epidemiological studies, the most widely adopted flavonoid food
content database has been that developed by the United States Department of Agriculture
(USDA)'7 %, Traditionally, food content data from the USDA database has been combined

with food intake data from 24-hour recall and food frequency questionnaires (FFQ) to
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1929 1t is these computed estimates of flavonoid intake which are

estimate flavonoid intake
used as the independent variable to investigate diet-disease relationships in population based

settings.

More recently, the Phenol-Explorer”' database has emerged, providing an additional high
quality summary of the flavonoid content of commonly consumed foods. We, and others,
have utilized this data in isolation, and in conjunction with USDA data, for assessing diet-
disease relationships22'24. However, the manner in which the two databases deal with the
complexity of flavonoid structure and content, and the degree to which these two databases
agree when applied to a validated dietary assessment method has not yet been investigated.
As such, this study aims to compare the methods used by each database to derive food
content values, and to explore the level of agreement between the flavonoid intake estimates

derived from USDA and PE data.
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METHODS: METHODOLOGICAL COMPARISON

Due to the unique chemical properties of flavonoid compounds, methods used to create
flavonoid food composition databases can dramatically affect the final estimates of the
flavonoid content of food. The majority of naturally occurring flavonoids in foods are in the
conjugated form, where variety of compounds, predominantly sugars, are bound to the flavan
nucleus (Figure 1). These conjugates with sugars are called glycosides, and conjugate-free

compounds are called aglycones.

There are distinct methodologies that can be utilised to determine the flavonoid concentration
of food. One analytical approach is to use acidic or enzymatic hydrolysis to cleaves the
conjugates from the flavonoid nucleus, to obtain aglycone compounds which are then
subsequently quantified. This type of analysis ‘summarises’ all conjugates together in a
single aglycone value. The USDA database primarily contains this type of values. The other
analytical approach separates all the different conjugates in a food sample, and then
quantifies each structurally unique compound individually. The data thus obtained are

presented in the Phenol Explorer database.

What effect these methodological differences have on population level intake estimates is as
yet unknown, and it is the purpose of this paper to quantify and describe differences in
flavonoid intake estimates derived using food composition data from the USDA database
(‘USDA database for the flavonoid content of selected foods release 3.1° %, ‘USDA database
for the proanthocyanidin content of selected foods’'®) and from the PE database (Phenol-
Explorer version 2. 1. Methodological data was obtained from associated documentation,
and where information was missing or required clarification, the authors were contacted

directly.
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91 METHODS: FLAVONOID INTAKE COMPARISON
92  Participants

93 1,136 postmenopausal women above the age of 75 years were recruited into the Calcium

94  Intake Fracture Outcome Age Related Extension Study in 2003. These participants had

95  previously completed a 5-year prospective, randomized, controlled trial of oral calcium

96  supplements to prevent osteoporotic fractures™. This study was approved by the Human

97  Ethics Committee of the University of Western Australia, and written informed consent was

98  obtained from all participants.

99 A total of 1,063 participants had complete food frequency and beverage intake data at
100 baseline (2003). Participants had a mean age of 80 (£3) years, and a mean body mass index

101 of 27 (£5) kg/m*
102 Dietary assessment

103 Baseline dietary intake was assessed using a validated semi-quantitative (FFQ) developed by
104  the Anti-Cancer Council of Victoria **°. Dietary intakes in g/day were estimated based on
105  frequency of consumption and an overall estimate of usual portion size *°. A beverage

106  questionnaire was used to assess average tea and coffee consumption over the preceding 12

107  months.
108  Flavonoid intake

109  The method of computing flavonoid content of foods has been previously described in Ivey et
110 al.*', and is similar to the method adopted by many other investigators when assessing

111 flavonoid intake '°.

112 Extraction procedures for the 2 databases (USDA and PE) were identical and were carried out
113 by the same investigator. Both of these databases were used to derive two separate estimates

114  of flavonoid intake: flavonoid intake based on food composition data from the USDA
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(Flavonoidyspa) and flavonoid intake based on food composition data from the PE

(Flavonoidpg) database.

The sum of assessed flavonoids for each flavonoid sub-class was calculated by summing the
individual compounds of each flavonoid sub-class in the form expressed in each individual
database. The terminology and classification systems used by each database varied; therefore,
a standardized classification system was adopted throughout this study. The term
‘anthocyanins’ in this study refers to the PE anthocyanidin sub-class. The term flavanol in
this study encapsulates both the Flavan-3-ol and Proanthocyanidin sub-classes in the USDA
database. As such, flavanolyspa represented the sum of Proanthocyanidin polymer values in
conjunction with total flavan-3-ol content. Proanthocyanidin monomer data from the USDA
was not included in this analysis. We only utilised PE data that represented glycosides or
aglycones in the form that they are naturally occurring in food. Specifically, in cases where

HPLC data without hydrolysis was available, it was utilised.

The chalcone, dihydrochalcone and dihydroflavonol content of foods are described in the PE
but not the USDA database. These compounds are typically considered a precursor to many
flavonoid compounds, and not a flavonoid specifically. As such, these compounds were
omitted from flavonoid intake computations. [soflavones are commonly included in
epidemiological analyses of total-flavonoid intake *, and are included in the flavonoid
section of the PE database. However, rather than sharing the nuclear structure of flavonoids
(2-phenylchroman ), isoflavones have a 3-Phenylchroman base structure. As such,

isoflavones did not meet the criteria for inclusion in this comparison.

Flavonoid sub-class intake in mg/d was calculated by multiplying the estimated intake
(g edible portion/d) from the FFQ and beverage questionnaires, with the flavonoid sub-class
content (mg/g edible portion) of each food item on the questionnaires. Where multiple

varieties of a food listed in the FFQ were reported in the databases, the average flavonoid
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content of all similar varieties was computed, consistent with the descriptors used in the FFQ
output. Foods in the FFQ that were not in the flavonoid databases entered as zero values for

that particular database.

For those compounds with functional groups attached, the mass of the individual flavonoid
conjugates have been incorporated into the food composition estimates in the Phenol-
Explorer database. As such, we expressed each conjugate as the aglycone using molecular
weight computations. The aglycone parent compounds were limited to only the parent
compounds of the respective flavonoid sub-classes, and did not include aglycone masses for

non-flavonoid compounds, such as gallic acid.

Statistics

Paired sample t-test was performed in order to compare the mean total-flavonoid intake
estimates derived from the two databases. The extent to which estimates from USDA and PE
databases are linearly related was explored with product-moment correlation coefficients.
The relationship between measurement error and the mean estimated intake was gauged from
the Bland and Altman plot. Spearman rank correlation coefficient was used to investigate the
linear relationship between total-flavonoid intake groups based on tertiles of estimated intake

from the two databases.

As a post hoc analysis, all investigations were repeated on the five flavonoid sub-classes, in
order to explore the potential contribution of individual sub-classes to observed results. All
data was analysed on SPSS (version 20; IBM, New York, NY) according to a pre-specified

protocol.
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RESULTS: METHODOLOGICAL COMPARRISON
Data sources

The PE database accessed only published data sources. The USDA included data from non-
peer reviewed sources. Although these sources are cited, it is not apparent the extent by
which industry contributed to the non-published food composition values. In terms of the
analytical methods used by data sources, both databases were based on chromatography

values. However, PE also included spectrophometric data.

Phenol-Explorer excluded studies from the database if it was deemed that an inappropriate
method of polyphenol extraction was used or lack on information was provided on the
method. They also excluded studies if there was a lack of information on phenolic standards
used for quantification, mean content values without a description of the number of samples
analysed, or content values reported in a graph. It is unclear if these factors were considered
in USDA database development. Both databases only included values for specific flavonoid
compounds, and omitted summary values for total flavonoid or flavonoid sub-class content of

particular food items.

The PE database omitted data of non-edible parts of plants and non-commercial or
experimental products. With the exception of low moisture content cereal products where
standard moisture content data was used to convert results to a fresh weight, data sources that
did not describe the moisture content of dried samples were excluded. A lack of descriptive
data on the nature of the samples analysed was also a criteria for exclusion. USDA does list
food sample criteria; however concurrence is inferred by methods of data display and

aggregation.

Chemistry of included compounds (Supplementary Tables 1-5)
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With the exception of (-)-epigallocatechin 3-gallate, theaflavin-3,3'-digallate,
theaflavin-3-gallate and theaflavin-3'-gallate, the weight of flavonoid compounds in USDA
food items was expressed as aglycone. Conversely, PE gives contents as individual
glycosides and esters. In this analysis we first converted the Phenol Explorer compounds to
the aglycone form, and the values of identical aglycones were subsequently summarised. Cis
and trans isomers are not separately identified in the PE, and are instead represented as a total

value. USDA does not list isomer criteria.

The authors identify that the ‘USDA database for the proanthocyanidin content of selected
foods’'® is a provisional database, and has recognised that accuracy of food composition data

in this area is limited by limitations in technical assessment methods.
Food content data

The flavonoid compound quantity of each food item is displayed as the mean weighted for
the number of samples used to generate each original data. In calculating the mean content
values, the PE also considered analytical methods used by the data sources by grouping the
individual data points based on analytical technique prior to data aggregation. Food items are
described using the USDA National Nutrient Database for Standard Reference in the USDA
database, and the PE database used Langual descriptors. In both databases, the flavonoid
content of solid foods is expressed as mg/100g of fresh weight of edible portion of food.
Beverage data is expressed as mg/100mL in the PE, and as mg/100g adjusted by specific
gravity in the USDA. The USDA standardised tea infusion data to 1% infusion strength,
however did not adjust for brewing time. PE does not describe infusion strength

considerations.

When data sources reported food items containing trace amounts of flavonoid compounds,

the USDA estimated flavonoid content by multiplying the limit of quantitation (if available)
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208 by 0.71. PE does not describe method for dealing with trace data. Zero values in both
209  databases represent true zeroes or levels below the limit of detection, whereas missing values

210 indicate an absence of available data.
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RESULTS: FLAVONOID INTAKE COMPARRISON
Absolute flavonoid intake estimates (Table 2)

Mean total-flavonoid intake of the cohort estimated from USDA was 71% greater than that
estimated from the PE. On a sub-class level, the USDA estimates were larger than the PE
estimates for the flavanol, flavanone, and anthocyanidin sub-classes, and the PE estimates

were greater than the USDA estimates were larger for the flavonol and flavone sub-classes.

The greatest proportional difference between the two databases was observed with the
anthocyanidin sub-class, with USDA estimates being 8 times greater than the PE
anthocyanidin intake estimates. When exploring anthocyanidin compound groups, the USDA
and PE estimates were similar for pelargonidin compounds (4+4 and 3+5 mg/d, respectively).
However, the mean estimates for cyaniding/peonidin and the delphinidin/malvidin/petunidin
compounds were significantly greater (P<0.05) with the USDA data (59+52 and 55+57 mg/d,
respectively) than with the PE data (3£4 and 5+8 mg/d, respectively). Furthermore, bananas
contributed 4+3 mg/d to the anthocyandinygspa intake estimates, whereas bananas did not

contribute to the anthocyandinpg intake estimate.

The greatest difference in absolute (mg/d) intake estimates was observed with the flavanol
sub-class, with mean USDA estimates being 339 mg/d greater than that using the PE data.
This difference is predominantly driven by the thearubigin compound group which accounted
for 158+110 mg/d in the USDA estimates. The mean intake estimate for the theaflavin group
of compounds was also greater when using the USDA as opposed to the PE data; 185+127
and 117+80 mg/d, respectively. As thearubigins compounds are not included in the PE
database, thearubigins did not contribute to PE flavanol intake estimates. The mean intake
estimates for the non-thearubigin polymeric flavanol compound group was similar for both

USDA and PE; 184+146 and 1794122 mg/d, respectively.
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It is important to note that the flavonoid-class intake estimates are not globally greater when
using the USDA data. The PE estimated daily flavonol intake was 350% (74 mg/d) greater
than the USDA estimated intake. At a compound level, this difference is largely explained by
the mean PE intake estimates of kaempferol and quercetin/isorhamnetin compound groups
(39425 and 62+35 mg/d, respectively) being greater (P<0.05) than those derived using the
USDA database (8+4 and 22+11 mg/d, respectively). On the other hand, the mean myricetin
intake was lower 4 mg/d lower unsing the USDA data. Despite the USDA database omitting
information on 5 different groups of flavonols compounds (Supplementary Table 1), this
only contributed, on a mean level, < 1 mg/d to the difference between USDA and PE

flavonols intake estimates.

On an individual basis, there were no participants with identical intake estimates for
total-flavonoids from the USDA and PE databases. Similarly, all values for the estimates of
flavonoid sub-class intake were different between the 2 databases, with the exception of 2

participant estimates for flavone intake, and 1 participant estimate for flavanone intake.

From a population perspective, results of the paired sample t-test indicate that the mean
consumption estimates for total-flavonoid, as well as all flavonoid sub-classes, derived from

the USDA database were different to those derived from the PE database.

Extent to which the USDA and PE intake estimates are related

The estimates of total-flavonoid intake from USDA and PE databases were strongly, linearly
and positively correlated (Figure 2). However, there was great heterogeneity in the level of
agreement for both the flavonoid sub-classes as well as the individual groups of compounds

contributing to each sub-class.

There was a near perfect linear association observed between the flavanone intake estimates

from the USDA and PE databases (Figure 2e). This strong agreement extended to all the
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main flavanone compound groups assessed in both databases (Supplementary Table 4).
Conversely, the strength of relation was weakest for the flavone intake estimates (Figure 2d)

as well as its associated compound groups (Supplementary Table 3).

Although there was a strong linear relationship between the 2 databases for flavonol,
flavanol, and anthocyanidin sub-class intake estimates, the agreement in estimates for the
compound groups comprising these sub-classes were variable. One factor that may explain
level of agreement is the number of datapoints contributing to an intake estimate. Compound
groups with few FFQ food items with substantive concentrations in food, such as the flavanol
compounds found mainly in tea (Supplementary Table 3), showed very strong agreement

between the 2 databases.

Although impacting absolute intake estimates, the inclusion of thearubigins in the USDA
database, but not in the PE database, did not substantively contribute to level of agreement in
the intake estimates. The Pearson correlation coefficient for the USDA and PE intake
estimates for polymeric flavonols was 0.75 (P<0.001). The level of agreement was not
substantively improved by excluding thearubigins from the USDA intake estimate, where the
resulting Pearson correlation coefficient for non-thearubigin flavanol polymers was 0.76

(P<0.001).

Relationship between level of disagreement and mean estimated intake (Figure 3)

The Bland and Altman plot demonstrates that the variability between the total-flavonoid
estimates computed from the 2 databases is related to the size of the mean flavonoid intake
estimates. The size of the difference between the two databases was greatest at higher levels
of mean total-flavonoid intake. Similarly, the difference between estimates from the two

databases was also proportional to the mean estimate for all flavonoid sub-classes.
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Extent to which the USDA and PE intake estimates classify participants as low, moderate

or high flavonoid consumers (Table 3)

In order to explore the ability of the two databases to rank intake of participants
appropriately, we trichotomised the cohort into three levels of intake (low, moderate and
high) based on tertiles of USDA and PE derived intake estimates. Despite substantial
differences in participant classification, the classification of participants based on intake

estimates derived from both databases were significantly correlated.

Ranking over 80% of participants identically, the reliability of the intake rankings from the
two databases was high for total-flavonoid, flavanol and flavanone intake estimates. With less
than 50% placed into identical intake groups, the USDA and PE databases showed poorest

ranking agreement for the flavone sub-class.

Page 16 of 34
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DISCUSSION

This study aimed to compare the methods used by the USDA and PE databases to derive food
content values. The majority of methodologies adopted by both databases were comparable.
However, the major difference between the USDA and PE databases is the use of a different
analytical approach to derive food content data. Values appearing in the USDA are obtained
after hydrolysis of conjugates, whereas the PE contains separate data of individual
conjugates. A drawback of hydrolysis might be that degradation or incomplete hydrolysis
may occur that will lead to underestimation of the flavonoid content. This drawback is not
present in the data of PE. However, various conjugates of a specific flavonoid may be present
in a food, which each have to be quantified individually. Some of these conjugates may
escape detection or quantification, because concentrations may be low, or proper standards
are lacking. In the hydrolysis approach all the separate analytical signals are summarised into

one bigger signal, the aglycone.

Neither database specifically identified the isomeric state of included compounds, primarily
due to lack of source data for separate enantiomers. This omission is unlikely to affect the net
estimates, as different isomeric forms are likely included in imputations of larger compound
groups. However, absorption and bioactivity of flavonoids may be affected by isomeric

form™, as such the variability in bioactivity may not be reflected in current databases.

A notable difference between methodologies adopted by the two databases is in the data
aggregation methods. In calculating the mean content values, the PE also considered
analytical methods used by the data sources by grouping the individual data points based on
analytical technique prior to data aggregation, whereas the USDA did not. The USDA
imputed content data containing trace amounts of flavonoid compounds. It is unclear how the
PE deals with trace data. The databases used different methods for expressing flavonoid

concentration of beverages, and the USDA adopted a standardised infusion strength for tea,
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whereas PE did not describe a standardisation method. Although potentially affecting content
estimates of individual flavonoid compounds in individual food items, this lack of
methodological congruency is unlikely to result in systematic differences between food

content estimates, and is unlikely to result in net alterations in flavonoid intake estimates.

By applying these food composition values to a validated FFQ, we then aimed to explore the
level of agreement between the flavonoid intake estimates derived from USDA and PE
databases. When applied to ACCV-FFQ food intake data, the mean total-flavonoidyspa
intake estimate being 25% greater than that derived from PE data. Despite a high degree of
heteroscedasticity, the intake values derived from the two databases were related in a linear
fashion, in which 96% of the variation in intake estimates being explained by the relationship
between USDA and PE data. These differences in total-flavonoid intake estimates can be
explained by differences in flavonoid sub-class intake estimates, that arise as a result of
differences in methodologies adopted by each database to derive food content estimates,
flavonoid compounds assessed by each database, as well as the food items expressed in each

database.

The mean flavonolpg intake of the cohort was nearly 350% greater than the flavonolyspa
estimate. This difference may be, in part, due to fact that the PE database provides data for
five additional groups of flavonol compounds which were not expressed in USDA.
Furthermore, the USDA database does not include the flavonol content data of chocolate. It is
these methodological differences that have contributed to the relatively poorer database

agreement when compared to other flavonoid sub-classes.

The major contributor to total-flavonoid intake was the flavanol sub-class; comprising 80%
of total-flavonoidyspa and 67% total-flavonoidpg. With the mean estimated daily
flavanolyspa intake being more than 200% greater than the flavanolpg estimate, there was

substantial absolute difference in estimated flavanol intake. This is likely due to the absence

Page 18 of 34
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of thearubinigin data in the PE data. Data from other tea consuming nations show
thearubigins make a substantial contribution to total flavonoid intake’ 4, and in our study,
thearubigins made up 24% (158 mg/d) of total flavanol intake. When thearubigins are
excluded from analysis, mean flavanolyspa is 508 mg/d, compared to the 398 mg/d estimated
with PE data. Despite differences in absolute estimates, there was good correlation in
estimates from both databases, which likely arises due to the overrepresentation of tea in
flavanol intake estimates. The large contribution of tea-flavanols to total flavanol intake
means results in lower degree of variance attributable to differences between the two
databases in flavanol content estimates of flavanol containing foods. As flavanols contribute
substantially to total flavonoid intake, the high agreement between flavanol intake estimates

is reflected in the high agreement in total-flavonoid intake estimates.

Flavones are the best described sub-class in terms of food content estimates, likely because
this sub-class was included in the earliest flavonoid food content databases *°. Despite this,
the flavonepg intake estimate is more than 3 times greater than the flavoneyspa estimate, and
there was poor agreement between the two estimates, with a substantial degree of
heteroscedasticity. The higher PE food content estimates for food such as tea and fruit juice
likely contributed to the absolute differences and poor agreement between the two databases.
However, at a more global level, the differences in flavone intakes between USDA and PE
are probably caused by an analytical problem. A particular property of flavones is that they
contain C-glycosides in addition to the regular O-glycosides normally present. These C-
glycosides are hard to hydrolyse, and thus the data in the USDA database are expected to be
lower than PE as the PE database does not have this drawback as the food composition values

used are from analyses that quantified C-glycosides without hydrolysis.

Flavanone intake between the two databases is strongly correlated and similar in terms of net

estimates. The main reason for this is likely because both databases identify citrus and fruit
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juice as being the major food source. Additionally, the flavanone content of other food items
is not well defined by each database, therefore, any variation attributable to differences in

food content estimates is minimal.

Although the two databases show moderately strong agreement in their ability to rank
participants as low, moderate and high anthocyanidin consumers, the daily USDA
anthocyanidin intake estimate was 800% (77 mg/d) greater than PE estimates. The difference
in net intake estimates is likely explained by the higher anthocyanidin food content values in
the USDA compared to the PE database. Through examination of data points contributing to
food content values, one can make inferences about the potential for measurement error. For
example, in this analysis, bananas made a small contribution to the higher anthocyanidinyspa
estimates, and the validity of the USDA banana anthocyanidin estimates have previously

. 136
been raised™.

The comparison of flavonoid intake estimates derived from each database is affected by the
foods included in the FFQ as well as the dietary intake pattern of the population investigated.
We have previously used the ACCV-FFQ to identify cross-sectional and prospective

2931 which has been validated in populations of similar age

flavonoid-disease relationships
and geographical location to our cohort *’. However, dietary patterns vary across different
geographical locations and age groups, and foods identified in FFQs typically reflect the
dietary pattern of the population to which it is administered. As such, the level of agreement
between the USDA and PE databases observed in this study may be different to the level of
agreement in cohorts of different nationality and age. With the flavonoid content of food
varying dramatically with factors pertaining to cultivars, growing conditions, food

38-40

processing, geography and season™ , the discrepancy between flavonoid intake estimates,

from either database, and ‘true’ flavonoid exposure, may also vary in different populations.
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As there is no validated biomarker of long term, habitual, total flavonoid or flavonoid sub-
class intake, it is not yet possible to determine which database provides intake estimates that
most closely reflect reality. Having said this, by considering underlying methodologies and
examining level of agreement between the 2 databases, one can indirectly infer the degree of
measurement error associated with estimates derived from one, or both, of the databases.
From the Bland and Altman plots, it is evident that for both total-flavonoids and flavonoid
sub-classes, the level of disagreement between the databases increases with increasing intake
estimates, suggesting that the potential for measurement error is greatest at higher absolute
intakes. Furthermore, through examination of individual groups of flavonoid compounds, we
observed that for some flavonoid-sub-classes, such as flavonols, flavanols, and anthocyanins,
better agreement between the 2 databases can be achieved by looking at particular groups of
flavonoid compounds making up that class. However, this is not the case for all sub-classes,
and agreement was not substantively improved by exploring the compound-level

associations.

The USDA and PE databases represent two comprehensive indexes of the flavonoid content
of food. Due to differences in the methodologies underpinning their construction, the food
composition data provided by each of the databases are not identical, and both provide unique
glimpses into distinct aspects of the flavonoid content of food. At a population level, these
methodological differences manifest themselves in differences in estimated flavonoid intake.
These differences have ramifications for both clinical and population studies, in terms of
ascertaining flavonoid exposure, and also for epidemiological association studies, where
ranking of intake within a population is of importance. As such, when designing studies
involving flavonoid intake assessment, it is important to carefully consider the different
databases, and the methodologies underpinning them, in relation to the population and

scientific question of interest.
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Table 1: Structure and chemical name of flavonoid sub-classes included in this review.

Sub-class Chemical name Characterising structure

Flavonol 3-hydroxy-2-phenylchromen-4-one
Flavanol 3-hydroxy-2-phenylchroman O © O
OH
M
Flavone 2-phenylchromen-4-one O |
o
ge
Flavanone 2-phenylchroman-4-one O

Anthocyanidin  4°,3,5,7-hydroxy-2-phenylchromenylium
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Table 2: Daily consumption of total-flavonoid and flavonoid sub-class, as estimated with
the United States Department of Agriculture and Phenol-Explorer databases

Intake computed from Intake computed from
USDA database PE database
(mg /d) (mg /d) b

Total-flavonoid * 834 £ 394 487 + 243
Flavonoid sub-classes

Flavonol ¢ 3017 104 £ 61

Flavanol ¢ 666 + 345 327 +£179

Flavone“ 4+£3 13£7

Flavanone * 40 + 36 33 £31

Anthocyanidin * 88 =77 11+11

Results are mean + SD. “ Results are different by paired sample t-test (P<0.001).
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Table 3: Tertiles of Phenol-Explorer (PE) flavonoid intake expressed against United States Department of
Agriculture (USDA) flavonoid intake tertiles

TOTAL-FLAVONOID”
Total-flavonoidpg
Low Moderate  High
Total-flavonoidysp A¢

Low intake 315 38 1 Classified identically: 911 (86%)
Moderate intake 36 281 38 Classified differently: 152 (14%)
High intake 3 36 315 Correlation coefficient: 0.884 “
FLAVONOL"
Flavonolpg °
_ Low Moderate  High
FlavonolUSDAf
Low intake 289 65 0 Classified identically: 789 (74%)
Moderate intake 49 226 80 Classified differently: 274 (26%)
High intake 16 64 274 Correlation coefficient: 0.773 “
FLAVANOL’
Flavanolpg ®
Low Moderate  High
Flavanolyspa h
Low intake 303 49 2 Classified identically: 867 (82%)
Moderate intake 45 261 49 Classified differently: 196 (18%)
High intake 6 45 303 Correlation coefficient: 0.845 “
FLAVONE” _
Flavonepg '
Low Moderate ~ High
FlavoneUSD Aj
Low intake 184 111 59 Classified identically: 483 (45%)
Moderate intake 91 134 130 Classified differently: 580 (55%)
High intake 79 110 165 Correlation coefficient: 0.298 “
FLAVANONE "’
Flavanonepg k
Low Moderate  High
Flavanoneygspa !
Low intake 347 7 0 Classified identically: 1033 (97%)
Moderate intake 7 340 8 Classified differently: 30 (3%)
High intake 0 8 346 Correlation coefficient: 0.979 “
ANTHOCYANIDIN
Anthocyanidinpg "
Low Moderate  High
Anthocyanidinysp, "
Low intake 259 78 17 Classified identically: 729 (69%)
Moderate intake 82 203 70 Classified differently: 334 (31%)
High intake 13 74 267 Correlation coefficient: 0.701 “




Page 29 of 34

Food & Function

Results are n, n (%), or Spearman rank correlation coefficient, where appropriate.
“ Results are significantly correlated (P<0.001).
b Results are significantly different by Pearson Chi-Square (P<0.001).

¢ Flavonoidpg:

? Flavonoidyspa:
¢ Flavonolpg:

I Flavonolyspa:
& Flavanolpg:

/" Flavanolyspa:

' Flavonepg:

7 Flavoneyspa:
kF, lavanonepg:
'F lavanoneyspy.
" Anthocyaninpg:

" Anthocyaninyspa:

Low (<371mg/d);
Low (<646mg/d);

Low (<74mg/d);
Low (<27mg/d);

Low (<241mg/d);
Low (<502mg/d);

Low (<10mg/d),
Low (<3mg/d);
Low (<14mg/d),
Low (<18mg/d),
Low (<4mg/d);
Low (<40mg/d),

Moderate (371-<573 mg/d);
Moderate (646-<976mg/d),
Moderate (74-<130mg/d);
Moderate (27-<40mg/d),
Moderate (241-<370mg/d),
Moderate (502-<791mg/d),
Moderate (10-<I15mg/d),
Moderate (3-<5mg/d),
Moderate (14-<40mg/d),
Moderate (18-<48mg/d),
Moderate (4-<11mg/d),;
Moderate (40-<98mg/d),

High (=573mg/d).
High (>976mg/d).
High (>130mg/d).
High (>40mg/d).
High (2370 mg/d).
High (>791mg/d).
High (=15 mg/d).
High (>5mg/d).
High (240 mg/d).
High (>48mg/d).
High (=11 mg/d).
High (>98mg/d).
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Figure 1: chemical structure of the flavan (2-phenylchroman) nucleus of flavonoid molecules
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Figure 2: Level of agreement between United States Department of Agriculture (USDA) and Phenol-
Explorer (PE) total-flavonoid and flavonoid sub-class intake estimates.

n=1063- : line of equality.

a) Total-flavonoid intake estimates
Pearson correlation coefficient= 0.943, P<0.001.
Unstandardized B= 0.581 £ 0.006, P<0.001.

b) Flavonol intake estimates
Pearson correlation coefficient= 0.830, P<0.001.
Unstandardized B= 3.076 + 0.063, P<0.001.

¢) Flavanol intake estimates
Pearson correlation coefficient= 0.892, P<0.001.
Unstandardized B= 0.461 £ 0.007, P < 0.001.

d) Flavone intake estimates
Pearson correlation coefficient= 0.340, P<0.001.
Unstandardized B= 0.890 + 0.075, P<0.001.

e) Flavanone intake estimates
Pearson correlation coefficient= 0.999, P<0.001.
Unstandardized B= 0.857 £ 0.001, P<0.001.

f) Anthocyanidin intake estimates
Pearson correlation coefficient= 0.817, P<0.001.
Unstandardized B= 0.120+0.003, P<0.001.
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Figure 3: Relationship between level of disagreement and mean estimated total-flavonoid and flavonoid
sub-class intake

n=1,063.

a) Bland and Altman plot incorporating total-flavonoid intake estimates
b) Bland and Altman plot incorporating Flavonol intake estimates

¢) Bland and Altman plot incorporating Flavanol intake estimates

d) Bland and Altman plot incorporating Flavone intake estimates

e) Bland and Altman plot incorporating Flavanone intake estimates

f) Bland and Altman plot incorporating Anthocyanidin intake estimates
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