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and Cristina Andres-Lacueva*,§

†Unit of Nutrition, Environment and Cancer, Cancer Epidemiology Research Programme, Catalan Institute of Oncology, IDIBELL,
Barcelona, Spain
§Nutrition and Food Science Department, XaRTA INSA, INGENIO-CONSOLIDER Program, FUN-C-Food CSD2007-063,
Pharmacy School, University of Barcelona, Avinguda Joan XXIII sn, 08028 Barcelona, Spain

ABSTRACT: Phenolics are a large group of plant compounds that have been associated with protective health effects against
several chronic diseases due to their potential antioxidant, anti-inflammatory, and anticarcinogenic properties. Consequently, in
nutritional epidemiology it is essential to make an accurate assessment of phenolic exposure to evaluate their protective activities
against human diseases. Self-reported questionnaires and biomarkers are the two main methods used for estimating dietary
phenolics. Despite the limitations of self-reported methods, they are still an acceptable and useful measure. Meanwhile,
nutritional biomarkers provide an alternative, more accurate measure, but they are expensive, and to date there are few validated
biomarkers of phenolic intake. Nowadays, new analytical techniques, using both targeted and untargeted metabolomic
approaches, play an important part in the rapid increase in the understanding of phenolic bioavailability and, consequently, have
provided new potential biomarkers in small trials. In the near future, these dietary biomarkers should be tested in large
epidemiological studies. Furthermore, the use of two independent measuresquestionnaires and biomarkerstogether provides
a more thorough analysis of true phenolic exposure. Indeed, the challenge in the long term is to combine the information from
biomarkers and self-reported questionnaires to clarify the relationship between dietary phenolics and disease.
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■ INTRODUCTION
Phenolics are a wide variety of chemical substances, ranging
from simple phenolic acids to flavonoid polymers, which play a
prominent role in the antioxidant network as constituents and/
or modulators of enzyme activity.1 Furthermore, in cell line and
animal studies, phenolic compounds have been shown to
provide a wide spectrum of potential health benefits, including
anti-inflammatory, anticarcinogenic, antiobesity, antidiabetic,
antiallergic, and hepato- and gastroprotective effects.2,3

Recently, several epidemiological studies have focused on
clarifying the relationship between phenolic consumption and
disease occurrence in the human population.4−7 Accurate and
objective measures for evaluating dietary phenolic intake are
needed for this. Self-reported questionnaires and nutritional
biomarkers are the two main methods used for estimating
dietary phenolic compounds.
Self-Reported Questionnaires. Dietary phenolic self-

assessments have some substantial limitations that need to be
considered. First, there are various methodological limitations
regarding the kind of self-reported dietary collection methods
used to estimate intake.8−10 Furthermore, data from any dietary
questionnaire can present both systematic and random
measurement errors. For example, in food frequency
questionnaires (FFQ), many details of dietary intake are
usually not measured, and the quantification of intake is not as
accurate as with recalls or records. Inaccuracies result from an
incomplete listing of all possible foods and from errors in
frequency and usual serving size estimations. Despite this,
FFQs are the most common method used in large

epidemiological studies, mainly because they are an easy,
quick, and economical way to record the participants’ habitual
diet. To improve both the quantification and quality of the data
gathered, the use of a previously validated FFQ is essential. In
the field of phenolic compounds, however, only a few studies
have used validated FFQs. These studies were usually
evaluating isoflavone compounds, and the validation methods
utilized were either 24 h recalls11 or nutritional biomarkers.12

The second consideration is which food composition tables
(FCT) are selected. The updated versions of the U.S.
Department of Agriculture databases on flavonoids,13 proan-
thocyanidins14 and isoflavones,15 and the Phenol-Explorer
database released in 2009, which includes flavonoid and
nonflavonoid data,16 are the most complete and frequently
used food composition databases on flavonoids/phenolics.
However, these databases still have a large number of unknown
values and a limited number of food items and do not provide
composition data on cooked foods.
The third issue to consider is which phenolics are estimated.

More than 8000 naturally occurring phenolics in plants have
been characterized, although only a few of them are abundant
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in common foods. The USDA FCTs contain only data on
flavonoids (expressed as aglycones), whereas the Phenol-
Explorer FCT provides data on more than 500 phenolic
compounds expressed as such and as aglycones.16 However, in
a descriptive study using Phenol-Explorer, only 337 phenolics
were consumed by a French cohort, including 258 phenolic
compounds consumed by at least half of the cohort and 98
phenolics consumed in amounts of >1 mg/day.17

Despite the limitations outlined above, self-reported dietary
questionnaires, particularly those that are previously validated,
are still a useful methodology for estimating phenolic intake,
especially in large epidemiological studies. In addition, new
applications of information and communication technologies,
such as multiple 24 h recalls using an Internet application, are
being developed to reduce the limitations of traditionally self-
reported dietary questionnaires.
Biomarkers. Nutritional biomarkers have become an

alternative method for estimating dietary intake. The main
reasons for using nutritional biomarkers instead of dietary
questionnaires are (i) to provide a more objective and accurate
measure of intake, decreasing the level of measurement error;
(ii) to assess nutrients that have little or inadequate existing
food composition data; and (iii) to achieve a closer measure of
nutrient status, because they take into account the nutrient
bioavailability and metabolism.18 Traditionally, biomarkers are
classified in three groups: (i) recovery biomarkers, which
provide an estimation of absolute intake level over a fixed
period of time (unfortunately, to date, only doubly labeled
water, total urinary nitrogen, and potassium belong to this ideal
biomarker group);19,20 (ii) predictive biomarkers, which
provide a high correlation with intake but a low overall
recovery (currently, the urinary sucrose and fructose level as a
biomarker for sugar consumption is the only predictive
biomarker);21 (iii) concentration biomarkers, which provide a
measurement of the amount of this compound in tissues, taking
into account intake, bioavailability, and physiological regulation
of the compound level. These are widely used as a substitute or
as complementary to dietary assessment.19,20 Despite the
potential advantages of biomarkers, there are only a few
validated concentration markers of dietary phenolics, because it
is very difficult to find markers that fulfill all of the following
criteria: (i) to be specific; (ii) to have an adequate half-life; and
(iii) to provide a good correlation between the biomarker and
the intake.22−24

■ PAST OF PHENOLIC BIOMARKERS
Before a dietary phenolic, or its metabolite, can be used as a
nutritional biomarker of phenolic, phenolic subgroup, food or
food subgroup intake, certain information is required:22 (a) a
full understanding of the phenolic bioavailability in humans;
(b) knowledge of the time−response curve between the
phenolic intake and its presence in biofluids; (c) knowledge of
the dose−response curve between the phenolic intake and its
presence in biofluids; (d) an understanding of the interactions
between the dietary, lifestyle, environmental, and genetic
factors and phenolic bioavailability.19 Therefore, to establish a
nutritional biomarker, knowledge of its pharmacokinetic
parameters is essential.
In this field, one of the biggest challenges to be faced in

increasing our knowledge of phenolic bioavailability is the
improvement of laboratory techniques for the analysis of
phenolics in biofluids. The most common methods have been
summarized in a number of reviews.25−27 Briefly, first of all,

samples can be subjected to acidic or enzymatic hydrolysis to
break down the phenolic conjugates into their aglycones.
Nowadays, hydrolysis is rare because it causes a lack of
information about which metabolites and what proportion/
amount of these metabolites occur in the biosample. The next
step is a cleanup procedure, which is usually performed by a
solid-phase extraction to remove any matrix interferences.
Lastly, a separation and detection system is used; the most
common is liquid or gas chromatography coupled to mass
spectrometry. However, accurate quantification is still very
limited as there are not many available standards for phenolic
metabolites.
Over the past 15 years, several papers on phenolic

bioavailability have been published. Previous studies were
carried out on experimental animals, usually mice and rats, and
with enormous oral doses. Subsequently, several studies were
carried out on humans with, usually, high single oral
doses.22,28,29 As a result of these studies, knowledge on
phenolic absorption, metabolism, distribution, and elimination
has quickly improved. Nowadays, it is well-known that phenolic
compounds are absorbed in the stomach (in small amounts)
and in the small intestine or in the colon after the action of the
microbiota. Following their absorption, they are almost totally
metabolized in the gut or in the liver as glucuronides, sulfates,
and methylates. Then, phenolic metabolites circulate in the
bloodstream to the targeted organs. Finally, they are mainly
excreted in urine as metabolites.
These pharmacokinetic studies provided essential informa-

tion about the kinetic profile of phenolic metabolism and their
appearance in biological specimens. The studies showed a high
variability among phenolic compounds in the pharmacokinetic
parameters including elimination half-life (t1/2), time to reach
t1/2, maximum plasma concentration (Cmax), time to reach Cmax

(tmax), and renal clearance or urinary recovery. tmax can differ
greatly depending on the sugar moiety of the phenolic
glycoside: for example, quercetin glucoside from onions had a
tmax of 0.7 h, whereas quercetin aglycone from apples had a tmax

of 2.5 h and quercetin-3-rutinoside had a tmax of 9.3 h.30

Therefore, the plasma half-life of phenolics absorbed in the
small intestine usually ranged between 1 and 12 h. However, if
one considers metabolites from colonic microbiota (e.g., equol,
a colonic metabolite of daidzein), t1/2 increases to >2 days.31

There are also large differences in urinary recoveries from 0.4%
of anthocyanidin intake to >40% of isoflavone intake,29 whereas
the urinary t1/2 ranged between 1.1 h (gallic acid) and 84 h (3-
hydroxyphenylacetic acid) post ingestion.29,32 Therefore,
urinary phenolic metabolites could be a biomarker of recent
intakes (3−4 days). Apart from the high variability among
phenolic compounds, there is also a high variability within
subjects (intraindividuality) and between subjects (interindivi-
duality),26 which hampers the use of phenolics as nutritional
biomarkers.
Another important factor in the improvement of knowledge

about phenolics is the increase in food composition data on
most phenolic compounds. Over the past two decades, many
new phenolics have been identified and quantified in foods. All
of these composition values have recently been compiled into
food composition databases on phenolic compounds.13−16

These data are essential if we are to gain a full understanding of
phenolic exposure.
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Table 2. Phenolic Biomarkers of the Consumption of a Specific Food or Food Group

food biomarker sample N food survey correlation (r) P ref

vegetables and fruit total flavonoids 24 h urine 12 5 days dietary recall 0.86 <0.001 79
morning urine 0.59 <0.001

total flavonoids 24 h urine 94 3 days dietary recall 0.35 <0.001 80
total polyphenols spot urine 60 FFQ 0.48 0.01 55
naringenin 24 h urine 94 3 days dietary recall 0.30 0.004 80
hesperetin 0.38 <0.001
tamarixetin 0.27 0.01
isorhamnetin 0.28 0.008

vegetables quercetin 24 h urine 94 3 days dietary recall 0.28 0.007 80
enterolactone 24 h urine 53 2 days dietary recall 0.31 0.02 35

fruit phloretin 24 h urine 94 3 days dietary recall 0.29 0.006 80
kaempherol spot urine 53 2 days dietary recall 0.30 0.03 35
lignans 24 h urine 98 FFQ/2 days dietary recall 0.27 0.008 53

fruit juice hesperetin 24 h urine 94 3 days dietary recall 0.32 0.002 80
isohamnetin spot urine 53 2 days dietary recall 0.30 0.03 35
naringenin 0.44 0.001
hesperetin 0.39 0.004
gallic acid 0.33 0.02
4-O-methylgallic 0.37 0.006
naringenin 24 h urine 0.37 0.007

apple phloretin spot urine 53 2 days dietary recall 0.60 <0.001 35
m-coumaric acid 24 h urine 0.36 0.009
isohamnetin 0.31 0.02
kaempherol 0.45 <0.001
phloretin 0.35 0.01

grape naringenin spot urine 53 2 days dietary recall 0.31 0.02 35

citric fruits hesperetin spot urine 53 2 days dietary recall 0.52 <0.001 35
naringenin 0.56 <0.001
hesperetin 24 h urine 0.46 <0.001
naringenin 0.37 0.007

coffee chlorogenic acid spot urine 53 2 days dietary recall 0.63 <0.001 35
caffeic acid 0.29 0.03
isoferulic acid 24 h urine 344 FFQ 0.18−0.26 <0.001 81

tea m-coumaric acid spot urine 53 2 days dietary recall 0.44 0.001 35
chlorogenic acid 0.31 0.03
gallic acid 0.45 <0.001
4-O-methyl gallic 0.54 <0.001
4-O-methylgallic 24 h urine 344 FFQ 0.50−0.57 <0.001 81
epigallocatechin-3-gallate Plasma 124 weighted record NA <0.001 70
epicatechin-3-gallate NA <0.001

virgin olive oil tyrosol and hydrohytyrosol 24 h urine 12 weighted record NA <0.05 82
24 h urine 12 weighted record NA <0.01 83

wine gallic acid spot urine 53 2 days dietary recall 0.45 <0.001 35
4-O-methylgallic 0.37 <0.006
caffeic acid 24 h urine 0.38 0.005
gallic acid 0.70 <0.001
4-O-methylgallic 0.52 <0.001
resveratrol metabolites Spot urine 52 FFQ 0.65 <0.001 34

1000 0.90 <0.001 24

legumes isoflavones 24 h urine 19 3 days dietary recall 0.67 <0.01 84
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■ PRESENT OF PHENOLIC BIOMARKERS

Over the past 5 years, several research groups have tried to
establish phenolic metabolites as biomarkers of dietary phenolic
exposure or biomarkers of phenolic-rich food intake. It has
been possible to identify a number of biomarkers due to the
increase in knowledge about phenolic pharmacokinetics, the
increased food composition data on phenolic compounds now
in existence, and, finally, the improvement in the methods used
for analysis.
Pharmacokinetic studies, as previously described, have

reported that phenolics mainly enter biofluids as metabolites.
Moreover, their half-lives are between 1 and 12 h in plasma
(short-term biomarkers) and between 1 and 5 days in urine
(medium-term biomarkers), although there are no phenolic
biomarkers of long-term intake (weeks or months), as with
selenium in toenails.33 Although most of these studies
calculated the half-life using single doses of phenolics or
phenolic-rich foods, in fact, the intake of phenolic compounds
is usually chronic. Thus, phenolics could be accumulated in the
body and slowly released into the bloodstream over a longer
period of time. Therefore, after a chronic phenolic intake,
plasma and urinary levels could be more useful biomarkers than
after a single dose, particularly in epidemiological studies.
A comprehensive understanding of food composition data is

also essential to accurately estimate phenolic exposure. In
nutritional epidemiology, phenolics have been proposed as
biomarkers of (a) the consumption of a phenolic or group of
specific phenolics and (b) the consumption of a specific food or
food group (phenolic-rich foods). In the first biomarker group,
food composition data are essential to estimate phenolic intake
and, therefore, validate the biomarkers. In the second case, it is
essential to know if a specific phenolic compound occurs only
in a single food or food subgroups; for example, some phenolics
are related to the consumption of some phenolic-rich foods
such as tea, coffee, wine, soybeans, or onions.22

The discovery and assessment of nutritional biomarkers
greatly depend on appropriate analytical tools being used, and
these should enable metabolites at very low levels in different
biological samples to be detected, revealing slight changes in
their concentration. New analytical methods and new statistical
analyses have brought about two complementary approaches to
searching for new biomarkers: (a) a targeted approach and (b)
an untargeted or metabolomic approach.

Targeted Approach. In the targeted approach, you know
which specific phenolic metabolites you are looking for. This
approach is based on knowledge of the food composition. You
know which phenolic is specific to/characteristic of the food or
food group of interest, and you look for this phenolic or its
metabolites in the biofluid. Furthermore, it is also useful when
you want to know the intake of a specific phenolic or a phenolic
subgroup, because you can look for its metabolites in the
biofluid.
Until now, this has been the “classic” way to look for new

nutritional biomarkers. A recent paper evaluated urinary
phenolic metabolites as biomarkers of phenolic intake in
humans.23 This systematic review suggested that there are three
kinds of phenolic biomarker groups: (a) biomarkers with a high
urinary recovery (12−37%) and a high dose response
(Pearson’s correlation coefficients = 0.67−0.87), such as
daidzein, genistein, glycitein, enterolactone, and hydroxytyr-
osol; (b) biomarkers with a very low urinary recovery (0.06−
0.2%) and a high dose response (Pearson’s correlation
coefficients = 0.80−0.95), such as anthocyanidins; (c)
biomarkers with a low urinary recovery (1−7%) and a weak
dose response (Pearson’s correlation coefficients = 0.21−0.52),
such as hesperidin, naringenin, epicatechin, and quercetin. The
last group is the most abundant. However, there have not been
many clinical studies assessing the same phenolic biomarker
(fewer than five studies for each phenolic compound), and
most of these were carried out on only a few subjects (fewer

Table 2. continued

food biomarker sample N food survey correlation (r) P ref

lignans 0.49 <0.05

soy and soy products isoflavones 24 h urine 60 FFQ 0.5 <0.001 85
isoflavones, equol, and O-DMA 48 h urine 312 FFQ 0.30−0.60 <0.01 52
isoflavones 24 h urine 98 FFQ/5 days dietary recall 0.39 <0.001 53

boiled soy isoflavones 24 h urine 19 3 days dietary recall 0.76 <0.001 84
lignans 0.85 <0.001

soy products isoflavones 24 h urine 19 3 days dietary recall 0.59 <0.01 84

soy protein isoflavones morning urine 3 days dietary recall 0.61 <0.001 86

soy and soy products daidzein and genistein plasma 80 FFQ/7 food diary 0.28−0.78 <0.05 72

integrals wheat and rye alkylresorcinols plasma 30 weighted 3 days dietary record 0.58 <0.001 51

rye bran flakes alkylresorcinol metabolites plasma 16 weighted record NA <0.001 87
24 h urine

cereal fiber alkylresorcinol metabolites 24 h urine 56 3 days dietary recall 0.37−0.41 0.002−0.005 88
plasma 0.26−0.41 0.001−0.052
plasma 56 5 days record 0.41−0.46 <0.002 88
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than 10 subjects for each study), with the exception of
isoflavones.
Table 1 summarizes studies assessing phenolic metabolites in

plasma as biomarkers of phenolic intake in humans. Plasma
levels of isoflavones, lignans, and their metabolites were widely
used as biomarkers of phytoestrogen intake in several clinical
and epidemiological studies, although the correlation coef-
ficients between both measures are usually weak (r = 0.3−0.5).
Furthermore, some flavan-3-ol monomer metabolites were also
evaluated as possible biomarkers of phenolics from tea or
chocolate intake. Meanwhile, the remaining plasma biomarkers
were tested in only small clinical studies with little to moderate
success.
However, most phenolic metabolites were assessed as

biomarkers of phenolic-rich food intake (Table 2). There are
usually some phenolic biomarkers present in any food intake.
For example, wine consumption was related to the urinary
levels of resveratrol metabolites, gallic acid, 4-O-methylgallic
acid, and caffeic acid.23,34,35 Despite the relatively high number
of phenolic biomarkers, only a few of them have been validated
in different studies and populations and these by assessing a
large number of subjects. The classic example is isoflavones and
their metabolites as biomarkers of soy consumption. In
addition, resveratrol metabolites, alkylresorcinols, and epigallo-
catechins are useful biomarkers of wine, whole cereals, and tea,
respectively.
Untargeted or Metabolomic Approach. Metabolomics

aims to provide a comprehensive picture of the chemical
composition of a biological sample (metabolome).36 The
metabolome (i.e., human metabolome) is influenced by several
factors, both intrinsic, such as gender, genotype, and age, and
extrinsic, such as stress, physical activity, and diet.37 Among
these, diet has been highlighted as a particularly important
factor to consider in metabolomic studies due to its impact on
the biochemical modifications of different biofluid and tissue
metabolomes.38 Such dietary modifications are related to the
exogenous metabolites from dietary food components or from
the microbiota metabolism.37 The part of the metabolome that
is related to diet has been defined as the “nutrition
metabolome” or “food metabolome”.37,39,40 Inside this
particular portion of the metabolome would be all those
metabolites from dietary phytochemicals. An important
challenge for nutritional metabolomics is to develop new
biomarkers or biomarker patterns that allow the intake of
dietary components such as phenolics or phenolic-rich foods to
be monitored.
In this context, Van Dorsten et al. applied metabolomics to

study the differences between the consumption of black tea and
green tea, finding that compounds derived from the colonic
microbial metabolism of phenolics such as hippuric acid and
1,3-dihydroxyphenyl-2-O-sulfate were important markers of the
consumption of both types of tea.41 Walsh et al. investigated
the influence of the acute consumption of phytochemicals in
the human urinary metabolic profile.42 The authors concluded
that acute changes in the metabolomic profile occurring after
the consumption of dietary phytochemicals could be based on
the excretion of hippuric acid. When applying metabolomics for
the study of the metabolism of phenolic compounds by the
intestinal microbiota, Grün et al. identified 10 metabolites that
significantly increased in concentration after the consumption
of 800 mg of red wine and grape juice phenolics for 4 weeks.43

Llorach et al. applied metabolomics to explore urinary
metabolome modifications after cocoa powder intake, an

important source of procyanidin (polymers of (epi)catechin),
in a randomized, crossover, and controlled trial with 10
volunteers.44 An important part of the metabolome mod-
ifications was related to the phenolic metabolites, both human
metabolites and, mainly, those produced by gut microbiota
such as hydroxyphenylvalerolactones and hydroxyphenylvaleric
acids. Another important source of procyanidins is almonds,
mainly in the skin of these fruits. Llorach et al., applying
metabolomics in an experiment with two groups (placebo and
single dose of almond skin extract) identified (putatively) 34
metabolites (biomarkers) related to almond skin extract intake,
including host and, in particular, phenolic microbiota derivative
metabolites.45

Recently, Tulipani et al. applied metabolomics to study the
urinary changes in volunteers with metabolic syndrome
following 12 weeks of nut consumption.46 The metabolomic
approach revealed 20 potential markers of nut intake including
serotonin and fatty acid metabolites, phase II, and microbial-
derived phenolic metabolites. The authors concluded that the
detection of urinary markers was related to phenolic gut
microbial metabolism and phase II metabolism of nut
phenolics, thereby reinforcing the need to fully elucidate the
bioavailability of these compounds before future interpretations
regarding the health effects of nut consumption. Again recently,
van Duynhoven et al. reviewed the metabolic fate of phenolics
in the human superorganism, highlighting the growing interest
in applying metabolomics (among other approaches) to the
study of the metabolic impact of phenolic consumption in
humans.47

■ FUTURE OF PHENOLIC BIOMARKERS
So far, many biomarkers have been established in small clinical
trials, especially in studies assessing a high single dose and,
usually, using 24 h urine samples. In the near future, it would be
advantageous to apply these biomarkers in epidemiological
studies, with chronic nutritional doses, using the usual biofluids
collected in epidemiological studies, such as plasma or morning
urine.
Due to the improvement in the sensitivity and specificity of

the analytical techniques employed, studies assessing phenolic
biomarkers can reduce doses to nutritional levels, particularly
with phenolic-rich foods. For example, the first studies with
resveratrol were carried out with a single dose of 25 mg
(around 0.357 mg/kg).48,49 However, later studies reduced this
amount to 5.4 mg (around 0.077 mg/kg), consumed in 250 mL
of red wine.50 Nowadays, most studies are already being carried
out with doses at nutritional levels.
Another consideration is to provide biomarkers of chronic

intakes, because phenolics and phenolic-rich foods are generally
consumed almost daily. In the case of wine and resveratrol,
after 28 days of dietary supplementation with 300 mL/day of
sparkling wine (0.357 mg/day), 200 mL/day of white wine
(0.398 mg/day), or 200 mL/day of red wine (2.56 mg/day),
statistically significant urinary levels of resveratrol metabolites
were found among all treatments (the three wine supplemen-
tations and the wash-out periods).34 Another example is the
ability of plasma alkylresorcinol biomarkers to discern between
two treatments with refined cereals or integral cereals after an
intervention of 6 weeks.51

The next step is the validation of these biomarkers in large
clinical trials or small controlled epidemiological studies. In
these kinds of studies a large number of participants are
required, more than 50 subjects, to provide a wide range of
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phenolic intakes for accurate assessment of the dose−response
curves. To our knowledge, only the well-known isoflavones52

and lignans,53,54 and the more recent resveratrol24 and total
phenolics,55,56 have been validated as biomarkers at an
epidemiological level. In a validation study, the phenolic
biomarker is compared to the classical gold standard. However,
there are no available gold standards for phenolic or phenolic-
rich food intakes, and for this reason, nutritional biomarkers are
usually compared to self-reported questionnaires. Despite
efforts to estimate the intake of phenolics accurately using
the best dietary questionnaires, such as multiple 24 h recalls, 3
day records, and validated food frequency questionnaires, these
still present some methodological limitations and contain
measurement errors.8−10 Therefore, a weak correlation between
biomarker and dietary intake could be due to biological and
analytical variabilities, dietary measurement errors, or the weak
association between the two.
When the biomarker is validated, it is frequently converted to

the gold standard and used to validate FFQs in large
epidemiological studies. In the phenolic field, both isoflavone
and lignan biomarkers have already been used.12,57 However,
one of the limitations of the use of phenolic biomarkers at
epidemiological level is the biological specimen used. Most of
the phenolic biomarkers have used 24 h urine samples, but this
is not practical in large-scale studies.18 Therefore, new
biomarkers should be discovered in plasma or morning urine.
In the near future, more metabolomic studies at small/

moderate epidemiological levels will be needed. Untargeted
approaches can discover new biomarkers that can be validated
and, later on, used in large epidemiological studies. One of the
advantages of metabolomic studies is that any biological sample
can be used. A combination of both an untargeted and targeted
approach is necessary because an untargeted approach could
produce new biomarkers (often producing qualitative concen-
trations) and a targeted approach allows us to obtain a “real”
quantification of these biomarkers. Therefore, these biomarkers
can be easily applied in epidemiological studies.
Biomarkers show great promise in providing a more accurate

and objective measure of dietary intake; however, phenolic
metabolites have a short half-life, and the analytical methods
used are relatively expensive. Moreover, in cohort studies
biological samples are usually collected only at baseline, even
though the long-term dietary intake is to be evaluated. For
these reasons, other strategies for quantifying nutrient
exposures have recently been developed, using data from self-
reported questionnaires together with nutritional biomarkers.
Combining both methods can prove to be a powerful tool,
because the errors associated with each are more likely to be
reduced.58 There are a couple of strategies to help deal with
these variables, depending on whether data about the
biomarker are available for the entire sample or only for a
subsample.
First, the exposure is measured twice (via questionnaire and

biomarker) in the whole population, but typically these two
types of data are not used together because of collinearity
problems. Therefore, statistical approaches for multiple
measures of an exposure would be useful.18 For example, the
method of triads is a typical methodology used for assessing
measurement errors and estimating real intake using combined
data from FFQs, 24 h recalls, and biomarkers.59,60 Another
possibility is to use Howe’s score,61,62 in which participants are
ranked from lowest to highest value for reported dietary intake
and biomarker level. The two scores are then added and the

quantiles created. To our knowledge, this has not yet been
applied in the field of phenolic compounds.
Second, data from the questionnaires of all participants and

biomarkers of only a subsample are made available. This
situation is more common than the previous one because
biomarkers are usually expensive. In this case, biomarkers are
used to calibrate and/or validate nutrient consumption from
self-reported questionnaires. FFQs are calibrated to correct for
measurement bias in estimated measures of diet−disease
association.63 FFQs are typically validated/calibrated using a
24 h recall, but the errors in FFQs may be correlated with
errors in 24 h recalls.64 Therefore, the use of nutritional
biomarkers becomes important because biomarker measure-
ment errors are independent from the errors associated with
self-reported data.20 This is the best approach to take advantage
of both questionnaires and biomarkers. Any combination of
both methods provides a more effective analysis of the true
exposure than one method used on its own.18,65 In the near
future, the challenge is to develop or adapt biostatistical
methods to combine both kinds of data effectively.

■ CONCLUSIONS
Although self-reported questionnaires are not the most precise
method for estimating dietary phenolic intake, they are still
widely used in nutritional epidemiology. Nutritional phenolic
biomarkers offer a more accurate exposure, but they are
expensive and few are available. For these reasons, more
accurate analytical methods for the identification and
quantification of the phenolic compounds and new biomarkers
of both phenolics and phenolic-rich foods are still needed. The
untargeted and targeted approaches can provide new
biomarkers that can fulfill the criteria to be established as
validated ones. Moreover, it is also important to highlight the
fact that two independent assessment methods (biomarkers and
questionnaires) provide a more accurate estimation than only
one. Therefore, the challenge is to combine the data from both
estimations to increase our understanding of the association
between diet and the risk of disease.
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