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Improving the estimation of flavonoid intake for study of
health outcomes

Julia J. Peterson, Johanna T. Dwyer, Paul F. Jacques, and Marjorie L. McCullough

Imprecision in estimating intakes of non-nutrient bioactive compounds such as fla-
vonoids is a challenge in epidemiologic studies of health outcomes. The sources of
this imprecision, using flavonoids as an example, include the variability of bioactive
compounds in foods due to differences in growing conditions and processing, the
challenges in laboratory quantification of flavonoids in foods, the incompleteness
of flavonoid food composition tables, and the lack of adequate dietary assessment
instruments. Steps to improve databases of bioactive compounds and to increase
the accuracy and precision of the estimation of bioactive compound intakes in
studies of health benefits and outcomes are suggested.

INTRODUCTION

Flavonoids are bioactive, polyphenolic, non-nutrients
in plants1,2 that are ubiquitous in diets.3–5 Figure 1

shows the major classes of flavonoids commonly found
in plant foods. Table 1 lists some common food sources

of the various flavonoid classes and references figures il-
lustrating some of these (Figure 2 and Figures S1–S3,

which are available in the Supporting Information for
this article online).6–11 Although there are thousands of

flavonoids found in nature, only several dozen are
common in foods. Emerging science from some obser-

vational and metabolic studies suggests that flavonoid-
rich diets may lower the risk of some diet-related

chronic degenerative diseases, such as cardiovascular
disease, type 2 diabetes, and certain cancers,12–16 but a

few clinical and laboratory reports indicate that very
high doses of certain flavonoids may have adverse ef-

fects, such as interference with common medications
and, for some green tea extracts, liver toxicity.17–24

Therefore, it is important to accurately assess flavonoid

intakes from the perspectives of both disease prevention

and safety.25–29 Adverse effects and safety issues, how-
ever, are beyond the scope of this article.

This article summarizes flavonoid intakes from re-
cent observational epidemiologic studies in Europe and

the United States. It explores some possible sources of
flavonoid intake misestimation in these studies, includ-

ing the variability of flavonoids in foods due to differ-
ences in growing conditions and processing, the

challenges in laboratory quantification of flavonoids in
foods, the incompleteness of flavonoid food composi-

tion tables, and the lack of adequate dietary assessment
tools. It concludes with steps scientists can take to im-

prove databases, reduce methodological misestimations,
and increase the accuracy and precision of studies as-

sessing the associations between flavonoids and health
outcomes. This article does not address reporting re-

quirements for studies of bioactive compounds such as
flavonoids or the many pitfalls that must be avoided in

experimental and clinical studies. These issues are cov-
ered in a recent article30 documenting reporting
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requirements by the International Life Sciences

Institute Bioactive Committee31 using the CONSORT
framework developed32–33 and endorsed by leading re-

searchers here and abroad.

FLAVONOID INTAKES IN EUROPEAN AND US COHORTS

Table 23,4,34–58 reports flavonoid intakes based on
means and medians from recent US, European, and

Australian cohort and population-based studies of
adults. Only studies that measured intakes of proantho-

cyanidins6,59 (condensed tannins, Figure 2) and at least
4 monomeric flavonoid classes were included (indicat-

ing that more complete flavonoid data were used). As
seen in Table 2, intake estimates varied greatly across

cohorts by country. Since flavonoid intake distributions
are usually skewed to the right, mean intakes tended to

be higher than median intakes. When proanthocyani-
dins, particularly the thearubigins60 (derived tannins;

see Figure S3 in the Supporting Information for this
article available online), were not measured, total flavo-

noid intakes were usually lower by at least a third. Note

that, in Table 2, values in boldface indicate thearubigins

were included; in the remaining studies, these com-
pounds were excluded.

Thus, intakes may not be directly comparable be-
cause the studies used various flavonoid databases and

dietary assessment tools (food frequency questionnaires
of varying length, histories, recalls, and records).

Despite these variable approaches to measuring diet
and assessing flavonoid intakes, some generalizations

are possible. First, the range of mean total flavonoid in-
takes between and within these Australian, European,

and US adult populations was wide, from 209 to
1017 mg/d (mean 435 mg/d). The highest mean intake
(1017 mg/d) was reported in studies by Knaze et al.39

and Zamora-Ros et al.46–49 for a British cohort, and the
lowest mean intake (209 mg/d) reported was for the

National Findiet cohort.41 Both of these studies used a
single 24-hour recall, which may be too short in dura-

tion to reflect usual diets and may have captured unrep-
resentative (outlier) days that do not reflect usual

diets.61 Four studies35,40,44,45 provided means and me-
dians for many of the flavonoid classes, and 3 of these
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Figure 1 Flavonoid classes commonly found in plant foods, with representative examples of each. Except for flavan-3-ols and proan-
thocyanidins, most compounds in the other classes have sugars attached (flavonoid glycosides). Here, they are all presented as aglycones
(without sugars).
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provided mean and median total flavonoid intakes. The

median total intakes in these 3 studies were 44 mg/d,
57 mg/d, and 66 mg/d, lower than the means reported,

illustrating that estimates tend to be skewed to the right
(Table S1).

Second, the flavonoids consumed in the greatest
amounts in these studies were the polymeric proantho-

cyanidins (ranging from 48 to 706 mg/d, with a mean of
242 mg/d). Proanthocyanidins were rarely included in

studies before 2004,62 when a provisional database on
the proanthocyanidin content of foods first became

available.58,59,63–65 In these recent studies, the mean to-
tal intake of the monomeric flavonoid classes was
193 mg/d (range, 83–560 mg/d). Intakes of the mono-

meric flavonoids in these studies were as follows: fla-
van-3-ols, 102 mg/d (range, 12–431 mg/d); flavanones,

34 mg/d (range, 13–53 mg/d); anthocyanidins, 27 mg/d
(range, 3–59 mg/d); flavonols, 27 mg/d (range, 5–52 mg/

d); flavones, 5 mg/d (range, 0.2–34 mg/d); and isofla-
vones 1 mg/day (range, 0.1–5 mg/d) (Table S1).

Third, it should be noted that mean isoflavone in-
takes of individuals in these European and US cohorts

(<2 mg/d) differed strikingly from intakes reported in
studies of Asian populations (�26 mg/d).66–69 Mean

intakes of other classes of flavonoids appear to be
more similar among European,35,36,38,39,41,42,44,46–49

US,3,4,34,40,43 and possibly Asian populations.70–74

However, very few Asian studies70–74 have measured

intakes of the other flavonoid classes, and none appear
to have included proanthocyanidins. It is not known

whether intakes from other classes of flavonoids differ
between Asian and Western populations.13,75

Fourth, even the highest flavonoid intake levels
for individual compounds or classes in these cohorts

were typically lower than those in intervention studies
that have achieved clinical effects.76 For example the

dose used in most intervention studies exceeded
the usual intakes from diets by �3- to 15-fold.77–83

In the recent FLAVURS intervention study, doses
ranging from 20 to 70 mg flavonoids over baseline fla-
vonoid intake levels (that were stated to be low but not

reported) showed some effects on microvascular
reactivity.84

POSSIBLE REASONS FOR ACROSS-STUDY VARIATIONS
IN ESTIMATED FLAVONOID INTAKE

Flavonoid intakes vary greatly within and between pop-
ulations, owing not only to real differences in intakes85

but also to other causes of variability. These variations
may lead to inconsistent associations with health out-

comes.12,86–95 Sources of variability include the variabil-
ity of plants themselves, the methods of processing

plant foods for consumption, the chemical analyses

Table 1 Flavonoid classes, common compounds, and their plant sources

Flavonoid class (compounds) Common plant sources (botanical families)
Anthocyanidins (cyanidin, delphinidin, malvidin,

pelargonidin, peonidin, petunidin)
Blueberries (Ericaceae), red wine (Vitaceae), strawberries (Rosaceae).

Usually present in any pink to purple fruit or vegetablea

Flavonols (isorhamnetin, kaempferol, myricetin,
quercetin)

Blueberries (Ericaceae), garlic and onions (Amaryllidaceae), kale and
broccoli (Brassicaceae), spinach (Chenopodiaceae), red wine
(Vitaceae), tea (Theaceae), tomatoes (Solanaceae). Ubiquitous in
plant families

Flavones (apigenin, luteolin) Celery (Apiaceae), garlic (Amaryllidaceae), green peppers (Solanaceae),
peppermint (Lamiaceae). Common in any leafy plant, particularly the
parsley family (Apiaceae)

Isoflavones (daidzein, genistein, glycitein, biochanin A,
coumestrol,b formononetin)

Soy products, peanuts, beans (Fabaceae). Present in members of the
legume family (Fabaceae), especially the genus Glycine (soy), but
also in small amounts in other plants7–11

Flavanones (eriodictyol, hesperetin, naringenin) Citrus fruits and juices (Rutaceae), peppermint (Lamiaceae)
Flavan-3-ols (epicatechin, epicatechin 3-gallate,

epigallocatechin, epigallocatechin gallate, catechin,
gallocatechin)

Apples, apricots, peaches, pears, strawberries (Rosaceae), black and
green tea (Theaceae), blueberries and cranberries (Ericaceae),
chocolate (Malvaceae), grapes and red wine (Vitaceae)

Proanthocyanidins (monomers,c dimers, trimers, 4–6
mers, 7–10 mers, polymers)

Apples, apricots, peaches, pears, strawberries (Rosaceae), blueberries
and cranberries (Ericaceae), chocolate (Malvaceae), grapes and red
wine (Vitaceae), peanuts (Fabaceae), pecans and walnuts
(Juglandaceae)

Theaflavins and thearubigins. Theaflavins are flavan-3-ol
dimers, and thearubigins are flavan-3-ol polymers.
Both are derived tannins6

Formed during the processing of tea (Theaceae). Theaflavins (Figure 2)
are red, and thearubigins (Figure S3) are reddish brown

aOther pink to red to violet pigments are lycopene (a tetraterpene or carotenoid) in tomatoes and red peppers (Solanaceae, potato
family, where eggplant has anthocyanins), watermelon (Cucurbitaceae, squash family), and grapefruit (Rutaceae, citrus family, where
blood oranges have anthocyanins), and the betalains (indole alkaloids) in the Chenopodiaceae family (beets, quinoa, spinach, Swiss
chard, etc.) (Figure S1 in the Supporting Information online)
bCoumestrol is a coumestan; coumestans are structurally similar to isoflavones (Figure S2 in the Supporting Information online).
cMonomers are flavan-3-ols that are free flavan-3-ols or cleaved from oligomers and polymers during analysis (extraction and/or
isolation)
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used to measure the flavonoids present, and the com-

pleteness of flavonoid databases. In addition, inade-
quate dietary assessment tools can cause variability

between studies. Each source of misestimation is dis-
cussed in greater detail below.

Inherent variability of flavonoid content in plants

A plant’s capacity to produce flavonoids varies intrinsi-
cally by its genus, species, family, and even within sub-

species and cultivars or varieties.96–101 Most plants
contain more than one class of flavonoids. Table 3

shows some particularly rich sources (e.g., total flavo-
noids �50 mg/serving) common in US diets,102 includ-

ing apples, blueberries, dark chocolate, grapefruit juice,
grapes, oranges, pears, red wine, strawberries, and tea

(black, black decaffeinated, and green). Variability in
flavonoid content, even within the same family, genus,

and species, occurs because flavonoids are secondary
metabolites produced in varying amounts in response

to stressors such as invading microorganisms, insects,

plant diseases, season, climate, geography, or other en-

vironmental influences.103–110

Animals do not synthesize flavonoids. The few fla-

vonoids present in animal foods are usually due to the
animal’s diet (e.g., isoflavones in milk due to alfalfa, clo-

ver, other Fabaceae plants, and soy meal eaten by
cows)111 or to processing.11

Flavonoids in foods are often conjugated with gal-
lates, glycosides, or methoxy groups (Figures S4–S6

available in the Supporting Information online), which
may affect bioavailability.112–116 Although plant genera

and species differ in the specific aglycones, sugars, and
the amount of compounds that are present (which are

affected in turn by the degree of ripeness and other en-
vironmental factors),9,117–122 each genus and species is

fairly consistent in the type and amount of one or more
“signature” flavonoid classes it contains. For example,

blueberries101 are rich in anthocyanins and proantho-
cyanidins, dark chocolate123,124 is rich in flavan-3-ols

and proanthocyanidins, and citrus125,126 is rich in flava-
nones. This considerable variability in food flavonoid
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content, even within specific species and varieties, can-

not be entirely eliminated. For example, in the US
Department of Agriculture (USDA) databases, the

mean (weighted by number of data points), number of
data points, standard error of the mean, minimum

value from data points, maximum value from data
points, and confidence estimate for the quality of the
data, along with sources of data, are all provided for

each item and compound. As databases grow to include
more and better flavonoid analyses, the variability of es-

timated values should decrease, improving precision in
measuring intakes.

Processing of foods

Flavonoid content is also affected by food processing.

Ignoring processing losses leads to overestimates of
food flavonoid content. Processing losses depend on the

individual flavonoid and its chemical properties, the
food and its matrix, and the processing method

used.127–144 Milling (particularly for grains) often re-
moves flavonoids.145–147 Boiling may leach flavonoids

into water that is discarded, decreasing the flavonoid
content.127,148 Microwaving, freezing, and frying appear

to have less effect on flavonoid content.127,131,149–152

Juicing may increase the citrus flavonoid content, if

the processing techniques that are used extract flavo-
noids from the peel and deposit them into the

juice.144,153,154

Databases sometimes provide data only on the raw

food item because that is what was analyzed. Now, the
USDA’s Nutrient Data Laboratory and the Food

Composition and Methods Development Laboratory155

and scientists compiling Phenol-Explorer156 are provid-

ing flavonoid “retention factors” that account for com-
mon processing techniques for foods and flavonoids so

that food tables in the future will contain improved
food flavonoid composition estimates for both raw and

cooked items by type of cooking method.
Although a detailed discussion of the influence of

food preparation and processing methods on flavonoid

values is outside the scope of this article, it is important
to mention that the lack of quantitative data on non-

nutrient bioactive compounds such as flavonoids in
processed foods potentially lessens the ability to detect

associations between flavonoid intakes and health out-
comes.8 Dekker and Verkirk157 investigated the data on

bioactive glucosinolates from the broccoli family
(Brassicaceae). With the data and computer modeling,

they estimated that, if information about home prepara-
tion of foods was quantified, the statistical power of a

study could at least be doubled.157 If all variation of the
food production chain could be accounted for, a study’s

statistical power could be increased by a factor of 5.

For the flavonoids, values are needed for processed

foods such as cereals, breads, and crackers. This might
improve the estimated relative risks observed in studies

of flavonoids and health.

Varying precision of chemical analyses used to
determine flavonoid content

Until recently, the gaps that existed in food composition
data were major impediments to accurate estimation of

flavonoid intake. Today, better chemical analytic meth-
ods are available and databases are more complete, with

duplicate analyses of more compounds and a wider va-
riety of foods, including cooked and processed items.

The laboratory methods used to determine flavo-
noid content affect the precision and accuracy of the

values in and the quality of databases.158 The analytical
methods for measuring flavonoids involve extraction,

separation, characterization (i.e., detection and identifi-
cation), and quantification. Newer extraction methods

reduce the amount of solvent used as well as flavonoid
losses due to degradation. Although solvent extraction

systems are effective, no single extraction or separation
system is suitable for all the flavonoid compounds in

any one class or group of classes because of differences
in polarity among individual compounds.1,159,160

Acid hydrolysis is used for reliable identification of
aglycones because mass spectroscopy fragmentation

may not identify some similar flavonoids. It also sepa-
rates the O-glycosides (Figure S5 in the Supporting

Information online), which are easily hydrolyzed from
C-glycosides (Figure S6 in the Supporting Information

online), which are not hydrolyzed.161 Alkaline (basic)
hydrolysis is used to determine where an acyl group

(acetyl, malonyl, p-coumaryl, etc.) is attached to a sugar
(Figure S6 in the Supporting Information on-

line).1,160,162–166 High-performance liquid chromatogra-
phy is the most robust method for separation and

quantification, and better separation is now available
using ultra high-performance liquid chromatography.
Ultraviolet detection, fluorimetry (for flavonoids with

natural fluorescence), and mass spectroscopy are used
for characterization and quantification.

Mass spectroscopy can determine the following: 1)
molecular mass (and, if high-resolution mass spectros-

copy is used,162 even more accurate identification of a
compound’s molecular formula and structure is possi-

ble); 2) structure of the aglycone (pattern of hydroxyl-
ation, attachment of ring B to ring C [see Figure 1]); 3)

information about acylation of sugar hydroxyl groups
and possible methylation or sulfation of aglycone hy-

droxyl(s); and 4) the number and the configuration of
sugars and, sometimes, the glycosidic bond positions.

However, mass spectroscopy does not provide
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information about the stereochemistry of the glycosidic

linkage or distinguish between diastereomeric sugar
units, even though such characteristics may be impor-

tant for biological activity.167 Mass spectroscopy can be
used to quantify monomeric flavonoids in foods but not

polymeric proanthocyanidins because the number and
similarity of all their isomers, both structurally and in
mass spectroscopy fragmentation, is so great.160,168–171

Table 41,125,146,159–162,165–220 summarizes some of
the preferred analytical methods used today. Particular

analytical challenges remain for each flavonoid
class,216,217,221–223 including the lack of standards for

many individual flavonoid compounds in foods and the
cost of developing and using standards. The quantifica-

tion difficulties involving flavonoids are being resolved
with the use of one standard for several similar com-

pounds,173,217,219 mass spectroscopy extractable chro-
matogram methods,216 and ultraviolet molar relative

response factors.160,169 When evaluating the chemical
data on foods and plants in the literature for inclusion

in databases, database developers must determine if the
analytical methods used were appropriate.

Completeness of flavonoid databases

The primary, or core, flavonoid databases provide

extensive and precise data on the compounds in many
foods, with a great deal of detail on variability, prepara-

tion, and processing. Table 5 compares the three primary
flavonoid databases currently available: the USDA data-

bases203,224,225 for flavonoids,55 isoflavones,54 and proan-
thocyanidins58 and the Phenol-Explorer56,114,156,226–228

and EuroFIR-eBASIS229–234 databases. The values in
these USDA and European databases are generally simi-

lar because they are based largely on a common group of
analytical data for food flavonoids in the literature. The

most recently updated databases contain the greatest
number of foods and the greatest amount of flavonoid

analytical data points for each food.
For example, the first USDA release in 2003 had

225 food items, the release in 2007, 385 food items, and

the release in 2011, 500 food items for 26 predominant
flavonoids. The 2013 update includes 506 foods. Using

blueberries as an example, in 2003 the USDA release
had 2 items, in 2007 it had 4 items, in 2011 it had 5

items, and in 2013 it had 5 items but more data points.
As a result, the total anthocyanidin value of raw blue-

berries (USDA National Nutrient Database for
Standard Reference #09050) has varied: 113 mg/100 g in

2003, 164 mg/100 g in 2007, 131 mg/100 g in 2011, and
163 mg/100 g in 2013. Table 3 shows some common

foods, which vary both in their flavonoid content and
in the frequency with which they are consumed.

Flavonoid intake estimates using updated databases

tend to be higher than older estimates. Omissions of

certain foods very rich in flavonoids, such as tea, cocoa,
and berries, and also foods that are lower in flavonoid

content but are eaten frequently in large amounts, such
as tomatoes and potatoes, may lead to underestimates

of flavonoid intakes.227,228

Flavonoid-rich dietary supplements are often not
included in dietary assessment instruments or, if they

are included, only a generic question on supplement
use is asked (e.g., use of vitamin-mineral or botanical

supplements). Detailed information on form and dose
is needed when individuals report the use of flavonoid-

containing dietary supplements.10

Flavonoid-rich supplements include black cohosh,

blueberry extracts, chaste tree, citrus extracts, dong
quai, evening primrose, Gingko biloba, green tea ex-

tracts, kava, lemon balm, licorice root, red clover, St.
John’s wort, saw palmetto, soy, and valerian. Although

single-ingredient flavonoid products (such as chrysin,
daidzein, diosmin, genistein, hesperidin, quercetin, and

rutin) are sold over the counter, most supplements, in-
cluding soy, green tea, citrus, or bioflavonoids, are

blends, extracts, or mixtures containing several flavo-
noids (often in more than one class). Regulations do

not require the precise composition of blends to be vali-
dated by chemical analysis and stated on labels.

Supplement products are reformulated often, making it
difficult to know what is actually present. A dietary sup-

plement label database that provides information on la-
beled ingredients for many products sold in the United

States is now available.235 At present, survey data are in-
sufficient to estimate the prevalence of the use of flavo-

noid-rich dietary supplements, but if it is high in
certain groups236,237 such as postmenopausal

women,26,238–240 this would be an incentive to include
specific questions in surveys of such groups.

Inadequacy of dietary assessment tools

Dietary assessment of flavonoid intakes is unique be-
cause there are so many flavonoids in foods and the

food composition tables upon which assessment de-
pends are still quite incomplete, particularly for flavones

and proanthocyanidins. Inadequate dietary assessment
tools also contribute to misestimation in exposure

assessment.61,95,241–249

In most epidemiologic studies, very large numbers

of participants (often tens of thousands) report their
usual diets using semiquantitative food frequency ques-

tionnaires that maximize information while reducing
both participant burden and the costs of coding and

analysis. Even so, food frequency questionnaires are
particularly challenging for the assessment of flavonoid

intakes. Most food lists for food frequency
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questionnaires used in US cohort studies were con-

structed on the basis of contributions to energy intakes
or other key micro- or macronutrients of foods and

beverages consumed by the study population or a sam-
ple of the entire US population (e.g., National Health

and Nutrition Examination Survey [NHANES]) without
consideration of bioactive compounds. Since analytical
data on flavonoids were not available during the con-

struction of the original lists used in most food fre-
quency questionnaires, older questionnaires still in use

today may not be optimal to reflect the variability in di-
etary flavonoid intake in a population. This is primarily

due to the paucity of information that would have al-
lowed earlier researchers to identify key contributors of

different flavonoids in the diet and place them in food
frequency questionnaire food lists. Moreover, early food

frequency questionnaires were designed to provide a
rank order of usual intakes and not to provide quantita-

tive estimates of absolute amounts of flavonoid intakes.
Data from food frequency questionnaires developed in

this way were often later used for studies of the associa-
tion between flavonoids and health outcomes.250–252

Thus, the content of food frequency questionnaires
is important. Some major flavonoid sources have been

added to updated food frequency questionnaires as sci-
entific interest in them has grown (e.g., tofu, tea, soy

milk, blueberries). Some investigators have developed
questions that focus on foods or dietary supplements

that are known to be high in the bioactive compounds
of particular interest, such as isoflavones in soy prod-

ucts (tofu and soy milk), or that contribute high
amounts of flavonoids because they are consumed very

frequently (e.g., potatoes, which are low in flavonoid
content but are eaten very frequently in large

amounts).252–254 Some questionnaires now include
questions on seasonally available fruits (apricots, blue-

berries, cherries, nectarines, strawberries). The appro-
priateness of questions on seasonality will depend upon

the food availability in the populations studied.
A common problem in food frequency question-

naires is the combination of multiple foods with varying

flavonoid content in the same line item. On some ge-
neric food frequency questionnaires designed to assess

the intakes of many nutrients and not specifically the
intakes of flavonoids, the criteria for combining certain

foods in one line item were based on similar content for
other nutrients (carotenoids, vitamin C, etc.) rather

than for flavonoids. Such food groupings for composite
items may not be appropriate for the precise assessment

of flavonoid intake. For example, one early food fre-
quency questionnaire grouped melons with berries,

which would lead to underestimates of anthocyanidins,
flavonols, and proanthocyanidins.255 Similarly, compos-

ites such as “citrus fruits” and “wines” may vary greatly

in their flavonoid values. Another issue with composite

items is that the weights given to the different items
may vary from questionnaire to questionnaire (based

on underlying intake in the study), so researchers
should be careful to apply appropriate weights when de-

riving flavonoid values.
Table 6 illustrates how descriptions of some com-

posite items (weighted equally for illustrative purposes)

differ on existing food frequency questionnaires. For
example, depending on which fruits are included, values

for total flavonoids may vary from 113 mg/100 g (for
peaches, apricots, and plums) to 60 mg/100 g (for

peaches and nectarines) to 48 mg/100 g (for peaches,
apricots, and nectarines). The differences are also nota-

ble for composites of the mustard family (Brassicaceae),
ranging from 61 mg/100 g for kale, chard (actually in

the beet or Chenopodiaceae family), and mustard
greens, to 45 mg/100 g for kale, collards, mustard, and

turnip greens, to 29 mg/100 g for collards, mustard, and
turnip greens. For squashes and other vegetables, the

values for the composites ranged from 29 mg/100 g
(summer squash, eggplant, zucchini) to 10 mg/100 g

(summer squash, okra, green pepper) down to 1 mg/
100 g (summer squash, yellow squash, zucchini).

Protocols for weighting the foods in a composite item
vary and may increase the differences between values

on food frequency questionnaires for individual foods
and composite items. Standardization would facilitate

comparisons across studies.246

Several investigators have developed food frequency

questionnaires to assess isoflavone intakes more specifi-
cally.256–263 In the United States, the Block phytoestrogen

questionnaire260,264,265 has been used in the Study of
Women’s Health Across the Nation,252 the Women’s

Health Initiative (Fred Hutchinson Cancer Center),257

the Cancer Research Center of Hawaii,266 and the

Adventist Health Study261 to measure isoflavonoid in-
takes. Some specialized questionnaires with a few flavo-

noid classes and compounds have been developed and
used in some studies,254,267–271 and other more complete
flavonoid questionnaires272–274 are being developed.

Recently, the USDA released flavonoid data from the
NHANES surveys for foods reported in 24-hour recalls,

starting with the 2007–2008 survey years,275,276 simplify-
ing the task of identifying foods that are important con-

tributors of flavonoids in the US diet.4,43,277 Similar data
are, or soon will be, available for populations in

European countries, Australia, and elsewhere.85,278,279

This information is critical for identifying important

sources of flavonoids to modify food frequency question-
naires and to develop food lists for targeted interviews.

More work is needed in food frequency questionnaire
development to capture important sources of additional

flavonoids in US and other Western diets.
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The alternative to food frequency questionnaires is

the use of multiple food recalls and records to gather re-
ports of all foods and beverages consumed. Multiple die-

tary recalls or records have the advantage that all foods
and dietary supplements eaten are reported and quanti-

fied in 1-day time periods in replicate. Such data provide
an estimate of intraindividual variation of intakes.
Depending on the size of the study, however, this type of

dietary assessment may not always be feasible, as daily
recalls and records can be expensive and time intensive.

Newer online technologies may make the use of multiple
dietary recalls more acceptable.280,281 A few studies, such

as the European Prospective Investigation Into Cancer
and Nutrition–Norfolk61,269 and the Women’s Health

Initiative,282 have collected both multiple food recalls
and food frequency questionnaires. This use of dual as-

sessments is helpful for capturing infrequently consumed
flavonoid-rich foods and for developing even more com-

plete food frequency questionnaires in the future.

OTHER ISSUES UNRELATED TO DATABASES:
BIOAVAILABILITY AND BIOMARKERS OF INTAKE

Other sources of variation in exposure include the un-

known bioavailability of flavonoid compounds.283 The
bioavailability of flavonoids is thought to differ depend-

ing on the flavonoid, the food matrix, and the influence
of intestinal bacteria in biotransforming the compounds

in the gut, all of which contribute to intra- and interindi-
vidual variability of biological flavonoid exposure.284–294

The gallate, methoxy, or sugar groups (Figures S4–S6) as
well as the structure of the aglycone are important in de-

termining flavonoid bioavailability.112–115,295 The
Phenol-Explorer database provides pharmacokinetic

data from animal and human studies of various
compounds.114

The lack of biomarkers of flavonoid intake is an-
other problem. Although work is continuing and con-

sensus is developing on the best candidates, at present
there are no agreed upon biomarkers of intake for all
the various flavonoid classes, owing in part to the inter-

individual variation in the metabolism of flavonoid
compounds.95,249,296,297

RECOMMENDATIONS FOR IMPROVING ESTIMATES OF
FLAVONOID EXPOSURE

It is clear that the estimated flavonoid intakes in US and
European cohorts vary greatly, owing in part to data-

bases that vary in their completeness and to the use of
different dietary assessment tools that were not de-

signed to estimate flavonoid intakes precisely. In addi-
tion, there are difficult-to-quantify influences of

cultivar, cooking method, degree of fruit or plant

maturity at consumption, etc. These methodological

limitations may obscure true differences in intakes,
limit the ability to observe associations between flavo-

noid intakes and chronic degenerative diseases, and
contribute to inconclusive findings in published studies.

Many of the shortcomings of flavonoid food and
dietary supplement composition tables are remediable.
For example, the development of improved chemical

analyses and more complete flavonoid food and supple-
ment databases is advised. Dietary assessment can be

improved by adding flavonoid foods and supplements
to food frequency questionnaires and using checklists

to probe dietary recall and record responses to make
sure all flavonoid-rich sources were mentioned and

sources of variability ascertained (e.g., cooking
method). The recommendations in Table 7 provide

cross-disciplinary suggestions to advance the knowledge
of food flavonoids,298–301 starting with suggestions to

improve methods of analyzing the flavonoid content of
foods and supplements. In addition, standardization

across laboratory methods is recommended. More com-
plete data on the flavonoid content of foods and dietary

supplements should be included in the available data-
bases, and researchers should use these up-to-date fla-

vonoid databases. Major food and supplement sources
of flavonoids included in dietary assessment instru-

ments should be based on population-based studies
(such as NHANES) and reflect the consumption pat-

terns of the study population.
Ideally, future work would provide estimates of the

impact of food form, processing, and preparation on
flavonoid values (as is provided by Phenol-Explorer).

Randomized intervention studies should also examine
the doses and forms of compounds consumed in a fla-

vonoid-rich diet, along with their impact on blood bio-
markers. Food frequency questionnaire line items with

more than one food should consider flavonoid content
whenever possible and be appropriately weighted for

the study population. Clearly, decisions in the develop-
ment of dietary assessment instruments will be difficult
because researchers must balance the need to assess

multiple dietary factors with keeping the instrument
relatively brief so as not to tire or overwhelm

participants.
The harmonization of dietary assessment instru-

ments across studies will facilitate future pooling of data,
improve statistical power, and enable examination of

rarer outcomes and disease phenotypes. Prespecification
of hypotheses, the judicious use of statistical tests, and

corrections for multiple testing are also recommended
because of the multiple compounds involved and the

many exposures of interest in flavonoid research. Finally,
researchers should include more complete descriptions

of the methodology used in assessing and analyzing
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flavonoid data, including the procedures used in estimat-

ing and categorizing flavonoid and proanthocyanidin
classes and individual compounds.

CONCLUSION

Better food composition tables can strengthen studies
of the links between intakes of bioactive compounds,

such as flavonoids, and health outcomes. However, to
determine whether flavonoid intakes (or intakes of

other bioactive compounds) lower the risk of chronic
degenerative diseases, the aggregate evidence from

many types of data must be examined. These data in-
clude in vitro, animal, clinical, and observational data

and, when feasible, the results of randomized interven-
tion studies. Complete food and supplement composi-

tion databases for flavonoids and appropriate dietary
assessment methods are vital to any food-based research

on flavonoids. The recently available flavonoid data
from NHANES 24-hour recalls and other such studies
highlight flavonoid-rich food and supplement sources

for epidemiologic research. If these methodological is-
sues are addressed, more precise estimates of flavonoid

consumption can be evaluated in relation to health out-
comes, and recommendations on optimal intakes for

health can proceed more rapidly from speculative to ev-
idence-based advice.
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SUPPORTING INFORMATION

The following Supporting Information is available
through the online version of this article at the pub-

lisher’s website.
Table S1 Mean and median flavonoid intakes (all clas-

ses) reported in recent European, US, and Australian
cross-sectional and cohort studies

Figure S1 Other naturally occurring pink to red or violet
pigments in foods. Betalains are indole alkaloids and

found predominantly in the Chenopodiaceae family
(amaranth, beet, spinach family). Lycopene, a tetrater-

pene or carotenoid, is present in watermelon
(Cucurbitaceae, squash family where many carotenoids

are found), tomato (Solanaceae, potato family where an-
thocyanins are found in eggplant), and pink and red

grapefruit (Rutaceae, citrus family where anthocyanins
are found in blood oranges).

Figure S2 Coumestrol, a coumestan. Coumestans are
found predominantly in Fabaceae, the soy family, par-

ticularly clover. Coumestrol is often included in the
chemical analyses of isoflavones.

Figure S3 Proanthocyanidin pentamer and possible par-
tial thearubigin structure. Proanthocyanidins, condensed

tannins, are oligomers and polymers of flavan-3-ols.
Thearubigins, derived tannins, are polymers or oligo-

mers of flavan-3-ols formed during the fermentation of
tea. Thearubigin structures are not known but may differ
from proanthocyanidins due to flavan-3-ol gallates

(Figure S4) and theaflavins (Figure 2) present in tea.
Above is just a possible partial structure for thearubigins

(Scaled down 33% from other chemical structures).
Figure S4 Examples of gallated and methoxylated flavo-

noids. Gallated flavan-3-ols are predominant in black,
green, and oolong tea (Theaceae). Polymethoxylated fla-

vones are found in citrus (Rutaceae) and peppermint
(Lamiaceae).

Figure S5 Flavanone O-glycosides. The only difference
between these two flavanones is the attachment of the

second sugar to the first sugar. The neohesperidose con-
fers a bitter taste to the flavanone whereas the rutinose

makes the flavanone tasteless.
Figure S6 Flavone C-glycosides, isovitexin and vitexin,

and an isoflavone acylated O-glycoside. Note that in
daidzin 6"-O-acetate the sugar is acylated not the

aglycone.
Figure S7 A chalcone and a dihydrochalcone. Some

chalcones can easily cyclyze to form flavanones. Some
dihydrochalcones are artificial sweeteners.
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42. Pérez-Jiménez J, Fezeu L, Touvier M, et al. Dietary intake of 337 polyphenols in
French adults. Am J Clin Nutr. 2011;93:1220–1228.

43. Wang Y, Chung SJ, Song WO, et al. Estimation of daily proanthocyanidin intake
and major food sources in the U.S. diet. J Nutr. 2011;141:447–452.

44. Zamora-Ros R, Andres-Lacueva C, Lamuela-Raventos RM, et al. Estimation of die-
tary sources and flavonoid intake in a Spanish adult population (EPIC–Spain).
J Am Diet Assoc. 2010;110:390–398.

45. Zamora-Ros R, Jimenez C, Cleries R, et al. Dietary flavonoid and lignan intake and
mortality in a Spanish cohort. Epidemiology. 2013;24:726–733.

46. Zamora-Ros R, Knaze V, Lujan-Barroso L, et al. Estimation of the intake of antho-
cyanidins and their food sources in the European Prospective Investigation into
Cancer and Nutrition (EPIC) study. Brit J Nutr. 2011;106:1090–1099.

47. Zamora-Ros R, Knaze V, Lujan-Barroso L, et al. Estimated dietary intakes of flavo-
nols, flavanones and flavones in the European Prospective Investigation into
Cancer and Nutrition (EPIC) 24 hour dietary recall cohort. Brit J Nutr. 2011;106:
1915–1925.

48. Zamora-Ros R, Knaze V, Lujan-Barroso L, et al. Dietary intakes and food sour-
ces of phytoestrogens in the European Prospective Investigation into
Cancer and Nutrition (EPIC) 24-hour dietary recall cohort. Eur J Clin Nutr.
2012;66:932–941.

49. Zamora-Ros R, Knaze V, Romieu I, et al. Impact of thearubigins on the estimation
of total dietary flavonoids in the European Prospective Investigation into Cancer
and Nutrition (EPIC) study. Eur J Clin Nutr. 2013;67:779–782.

50. Cassidy A, Rimm EB, O’Reilly EJ, et al. Dietary flavonoids and risk of stroke in
women. Stroke. 2012;43:946–951.

51. Dilis V, Trichopoulou A. Antioxidant intakes and food sources in Greek adults.
J Nutr. 2010;140:1274–1279.

52. Jacques PF, Cassidy A, Rogers G, et al. Higher dietary flavonol intake is associated
with lower incidence of type 2 diabetes. J Nutr. 2013;143:1474–1480.

53. Mink PJ, Scrafford CG, Barraj LM, et al. Flavonoid intake and cardiovascular dis-
ease mortality: a prospective study in postmenopausal women. Am J Clin Nutr.
2007;85:895–909.

54. Bhagwat S, Haytowitz DB, Holden JM. USDA database for the isoflavone content
of selected foods, release 2.0. http://www.ars.usda.gov/Services/docs.
htm?docid¼24953. Published September 2008. Last modified December 31,
2014. Accessed April 28, 2015.

55. Bhagwat S, Haytowitz DB, Holden JM. USDA database for the flavonoid content
of selected foods, release 3.1. http://www.ars.usda.gov/nutrientdata/flav.
Published December 2013. Last modified December 31, 2014. Accessed April 28,
2015

56. Institut National de la Recherche Agronomique (INRA). Phenol-Explorer 3.6: data-
base on polyphenol content in foods. http://www.phenol-explorer.eu/. Released
June 2013. Accessed April 28, 2015.

57. Kyle JAM, Duthie GG. Flavonoids in foods. In: OM Andersen, KR Markham, eds.
Flavonoids: Chemistry, Biochemistry and Applications. Boca Raton, FL: CRC Press;
2006:219–263.

58. US Department of Agriculture, Agricultural Research Service, Nutrient Data
Laboratory. USDA database for the proanthocyanidin content of selected foods,
2004. https://www.ars.usda.gov/Services/docs.htm?docid¼5843. Published
August 2004. Last modified September 17, 2014. Accessed April 28, 2015.

59. Santos-Buelga C, Scalbert A. Proanthocyanidins and tannin-like compounds –
nature, occurrence, dietary intake and effects on nutrition and health. J Sci Food
Agric. 2000;80:1094–1117.

60. Drynan JW, Clifford MN, Obuchowicz J, et al. MALDI-TOF mass spectrometry:
avoidance of artifacts and analysis of caffeine-precipitated SII thearubigins from
15 commercial black teas. [published correction appears in J Agric Food Chem.
2013;61:1418]. J Agric Food Chem. 2012;60:4514–4525.

61. Lentjes MA, McTaggart A, Mulligan AA, et al. Dietary intake measurement using
7 d diet diaries in British men and women in the European Prospective

Nutrition ReviewsVR Vol. 73(8):553–576 571

http://ntp.niehs.nih.gov/testing/status/agents/ts-m030008.html
http://ntp.niehs.nih.gov/testing/status/agents/ts-m030008.html
http://www.ars.usda.gov/Services/docs.htm?docid=24953
http://www.ars.usda.gov/Services/docs.htm?docid=24953
http://www.ars.usda.gov/Services/docs.htm?docid=24953
http://www.ars.usda.gov/nutrientdata/flav
http://www.phenol-explorer.eu/
https://www.ars.usda.gov/Services/docs.htm?docid=5843
https://www.ars.usda.gov/Services/docs.htm?docid=5843


Investigation into Cancer-Norfolk study: a focus on methodological issues. Brit J
Nutr. 2014;111:516–526.

62. Linseisen J, Radtke J, Wolfram G. Flavonoid intake of adults in a Bavarian sub-
group of the national food consumption survey [in German]. Z Ernährungswiss.
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