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Dietary intake and biological measurement of folate:
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Folate is a nutrient of major health significance, but its dietary intake assessment is particularly
complex to quantify through traditional approaches. Attempts have been made to validate
dietary instruments for assessing folate intake against circulating concentration biomarkers.
However, this requires careful attention on various methodological issues. We conducted a
qualitative review of 17 recently published validation studies to identify these issues. The
majority of the tested instruments were self-administered food frequency questionnaires while
the biomarker most frequently used was serum/plasma folate. Seasonality was not considered
in most studies. Little attention was given to using updated food composition databases based
on reliable chemical methods and including fortified foods and dietary supplements. Time
sequence of the test instrument and the reference biomarker used was often ambiguous, and
reference periods did not always match. Correlation coefficient was the metric most commonly
used, and correlations between dietary folate intake and blood folate concentration varied from
weak to moderate (r = 0.05–0.54). The correlations were stronger when dietary supplement
use was considered, and when serum/plasma rather than red blood cell folate was used. This
review summarises issues that need to be considered in future studies intending to validate
instruments for dietary folate assessment against concentration biomarkers.
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1 Introduction

Folate, a water-soluble B vitamin, plays an important role
in one-carbon metabolism [1]. Inadequate folate intake has
been linked to the risk of anaemia [2], neuropsychiatric dis-
orders [3] and neural tube defects [4]. It has also been shown
that inadequate dietary intake of folate is associated with el-
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evated plasma homocysteine concentrations, a factor that is
associated with cardiovascular disease [5–7]. Furthermore, fo-
late deficiency leads to misincorporation of uracil instead of
thymine into human DNA and to an increased frequency of
chromosomal breaks, causing disruption of DNA synthesis,
repair and methylation [8], which may increase the risk to
develop some cancers, in particular colorectal cancer [9]. Im-
portant food sources of folate include vegetables, especially
green leafy vegetables, cereals, fruits, nuts and seeds and liver
and its derived products [10,11]. In comparison with naturally
occurring food folate, folic acid refers to the synthetic folate;
it is chemically stable and rarely found in natural food, yet
widely used for the purpose of food fortification and dietary
supplements [12, 13].

Multiple instruments have been used to assess di-
etary folate intake, with the food frequency questionnaire
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(FFQ) being the most commonly used method in large
epidemiological studies due to its cost-effectiveness in use
and convenience in administration [14]. Another dietary in-
strument that is commonly used is the 24-h dietary recall
(24HDR) that may provide more accurate estimates of in-
take for a specific recalled day [15]. Dietary folate intake has
also been estimated using other instruments, such as dietary
records (food diaries), weighed food records and dietary his-
tory methods [16]. Given the complexities in capturing dietary
exposures, however, all these dietary assessment methods are
associated with measurement errors [17]. In the absence of
a good standard method that provides a true measure of di-
etary intake, the relative validity of a test dietary method has
long been assessed by using a more intensive but presum-
ably more accurate dietary reporting method [18, 19]. To be
a valid reference instrument, errors in the reference method
should be independent of those in the test method and also
with the true intake [19,20]. However, it is unlikely that these
requirements are entirely fulfilled for the available reference
dietary methods [19].

For this reason, biochemical markers (biomarkers) have
been increasingly used in validation studies as a surrogate
for actual dietary intake. These biomarkers may reflect recent
or longer term intake and the bioavailability of the actual
nutrient. Besides, their measurement errors are independent
of those associated with self-reported dietary intake [17, 21].

The majority of biomarkers of diet/nutrient intake iden-
tified so far are based on the concentration of a specific sub-
stance in biological fluids or tissues [20]. For the case of folate,
most studies have used the concentration of folate in blood
(i.e., serum/plasma or red blood cell folate) as a biomarker of
dietary folate, with the assumption that they are responsive
to dietary intake in a dose-dependent manner [22]. Unlike
recovery biomarkers such as doubly labeled water, urinary
nitrogen/potassium, which provide an estimate of absolute
quantitative intake levels of certain nutrients [21], the use of
these concentration biomarkers does not allow direct valida-
tion of the dietary intake measured by other dietary instru-
ments, but only provides a correlate of dietary intake level [23],
as the quantitative relationship between these markers and
dietary intake level is influenced by a number of physiological
and environmental factors [20, 21, 24].

Nevertheless, there have been a few studies that ‘validated’
a dietary folate intake assessment method (predominantly
FFQ) against these concentration biomarkers of folate, such
as folate levels in serum/plasma or erythrocytes. Conven-
tionally, these studies have relied on correlations between
measures obtained by test and reference instruments and
reported them as evidence of validity [19, 25]. However, not
many studies paid careful attention to methodological and
other critical issues like study design, use of food composition
database, choice of the particular biomarker as a reference
for the dietary intake, consideration of seasonal variation,
analytical and laboratory issues and appropriateness of the
statistical methods used. In this paper, we critically appraised
recent studies that compared folate intake assessed by FFQ,

24HDR or other dietary instruments with folate concentra-
tion biomarkers, with the ultimate aims to provide sugges-
tions for future studies that intend to compare dietary folate
intake against concentration biomarkers to improve their de-
sign and facilitate the interpretation of their main outcomes.

2 Materials and methods

A search in the MEDLINE (http://www.ncbi.nlm.nih.
gov/pubmed) and the Web of ScienceSM (http://apps.
isiknowledge.com) databases was conducted up to Septem-
ber 2011 by using a combination of MeSH terms: Diet; ‘Nu-
tritional status’; ‘Nutrition Assessment’; ‘Nutritive Value’;
‘Validation studies as topic’; ‘Reproducibility of Results’;
‘Folic acid’; ‘Vitamin B complex’; ‘Biological markers’ and
related key words in titles or abstracts: ‘dietary intake’; fo-
late; ‘folic acid’; ‘folic acid’; (substance); validation; validity;
‘validation studies’ (publication type); biomarkers and ‘bio-
chemical markers’. Reference lists of relevant articles were
checked to identify any additional studies from the Web of
ScienceSM using the general search, related records search
and cited reference search functions. Relevant articles were
included in this review if they reported on ‘validation studies’
of FFQ, 24HDR, food records or other forms of approach as-
sessing dietary folate intake with folate-related biomarkers as
a reference method.

We included articles written in English published since
2000 to conduct an in-depth review of more recent articles,
which may reflect more recent analytical development, hence
an improved precision in both dietary and biochemical assess-
ment of folate. Studies of diseases and folate status, studies
dealing with relative validation, studies in diseased, institu-
tionalized persons, or pregnant women and reports only on
statistical methodology were excluded. Figure 1 illustrates our
search strategies, and selection and exclusion criteria.

Information extracted from each study included the first
author, year, country where the study was conducted, charac-
teristics of study participants, FFQ or test method validated,
reference dietary method used (if applicable), food compo-
sition database, reference biomarker used, consideration of
dietary supplement use in the study, main statistical method
applied and main results on dietary folate assessments com-
pared against reference dietary methods and biomarkers.
Throughout the paper, a test method (often FFQ) is denoted
as Q, while a reference dietary method is denoted as R and a
biomarker as M. If a study used two biomarkers, they are de-
noted as M1 and M2, respectively. For convenience, the term
‘red blood cell (RBC) folate’ is used for erythrocyte folate.

3 Results

The initial search retrieved 363 articles. We identified a total
of 29 relevant articles through cited reference search and
hand search. After applying the exclusion criteria, 17 articles
[26–42] published in the past 10 years were included (Fig. 1).
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Figure 1. Flow chart of study selection and
exclusion for the review of validation stud-
ies of dietary instruments for assessing fo-
late intake against circulating concentra-
tion biomarkers.

We summarised characteristics of included studies in Table 1
and discussed each study more in detail in terms of choice of
reference method, study administration, statistical analysis,
main findings and limitations in Table 2.

3.1 Study participants

Sample sizes ranged from 28 [42] to 1281 [40]. The age
of participants ranged between 18 and 87 years with four
studies being conducted in women of childbearing age
(18–35 years) [26, 30, 38, 41] and one study being conducted
in elderly participants (50–75 years) [40]. Six studies were car-
ried out in women only [26, 27, 30, 41–43] while two studies
included men only [32, 33]. The majority of the studies were
conducted in North America and Europe while few studies
were conducted in Asia [32,37] and Latin America [26]. While
most of the studies explored validation of dietary instruments
for folate intake only, few studies [30, 32, 34, 38, 39, 41] inves-
tigated folate together with other B vitamins or nutrients.

3.2 Test methods

3.2.1 Food items

Most of the validation studies used a FFQ as a test method,
as summarised in Table 1. Exceptions to this were three stud-
ies that investigated the validity of newly developed instru-
ments, namely Food Choice Map (FCM) [38], Folate Intake
Tool (FIT) [31] and a focused recall [42]. While some studies
tested existing general FFQs including more than 100 food
items to assess folate intake, others tested simplified versions

of FFQ [27, 28, 36, 40] or folate-focused instruments [31, 42],
which were specifically developed to measure folate intake
only. These folate-focused instruments had less number of
items, ranging from 19 to 90, and it was not always clear how
the food items were selected and to what extent those selected
items covered the average dietary folate intake in the study
population [27, 28, 42].

3.2.2 Frequency and portion size estimation

In most cases, test methods had the questions on pre-defined
frequency and standard food portion size, while for the folate-
specific recall approach, participants answered to open ques-
tions [42]. Although some of the food sources of folate are
seasonally consumed, none of the test instruments included
in the current review had a separate section addressing sea-
sonality. Only a study by Shai et al. [37] collected three FFQs
over 13 months and adjusted for seasonality by considering
availability during the year (Table 2). Portion size estimation
in the test instruments was often aided by either photo books
or food models [26–28, 33, 36, 38].

3.2.3 Mode of administration

The majority of test instruments were self-administered
(76%) while some instruments were based on either
telephone/e-mail [42] or face-to-face interviews [33, 38, 39].
Apart from the study by van de Rest and colleagues [40], no
studies that used self-administered test instruments reported
on controlling for completeness and consistency. The FCM
administered on an in-person interview required 50 min to
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complete for each participant [38] while the focused recall
administered in young women either by telephone or e-mail
required 5–10 min [42]. The reproducibility of the test in-
struments was reported in some studies where the same test
instruments were administered on the same participants at
least twice [31, 33, 36, 37, 40].

3.2.4 Food composition database

All studies indicated that dietary folate intake was calcu-
lated with different software programmes based on vari-
ous food composition databases (Table 1). While the major-
ity used locally available food composition databases, some
applied data from other countries with adding regionally
obtainable information [26, 31–33, 37]. It was not always
clearly stated when the folate content was last updated in
the database, especially with regard to recently introduced
folic acid-fortified foods and dietary supplements containing
folic acid [27–29, 31, 36–38, 40, 41].

3.2.5 Dietary supplement use

Quite a few studies collected information on dietary supple-
ments and considered them in the analysis [27, 28, 31, 34–
38, 42]. Some studies excluded any dietary supplement users
or asked participants to cease any supplement use before the
blood collection [26,30,33,40,41]. Altogether, eight of 17 stud-
ies did not take dietary supplement use into account in their
analyses [26, 29, 30, 32, 33, 39–41].

3.2.6 Mode of folate expression

Most studies expressed daily dietary folate values in micro-
grams. Several studies used Dietary Folate Equivalents (DFE)
justified by inequities in bioavailability between folic acid and
naturally occurring food folate [27–30]. Except for one study
where DFE was not clearly defined [30], studies calculated the
DFE values according to the procedure suggested by the US
Institute of Medicine, i.e., 1 DFE is regarded as being equiv-
alent to 1 �g of folate from the diet, 0.6 �g folic acid from
fortified foods and 0.5 �g folic acid from supplements [44,45].

3.3 Test versus reference dietary method

Nine of 17 studies [26,30,34–38,41,42] evaluated the validity of
one dietary instrument against both dietary reference method
and biomarkers, while eight studies [27–29, 31–33, 39, 40] as-
sessed validity of a dietary method only against biomarkers.
We explored in this section the former nine studies that
compared the test instrument against the dietary reference
method (i.e., relative validity) additionally to the comparison
between the test instrument and biomarkers.

3.3.1 Types of reference dietary methods

The most commonly chosen dietary reference method among
those nine studies was 24HDRs. The 24HDRs were repeated
at least twice [30] to maximum ten times [34], administered
mostly by a telephone interview. Few studies chose other
self-administered methods such as a 3-day food record [38],
a 5-day weighed food record [26] and a 7-day weighed food
record [36].

3.3.2 Time frame of the test instrument and the

dietary reference method administration

As suggested by Cade and colleagues in their review that
provides guidance on the development, validation and use
of FFQs [46], the test instrument should be administered
prior to the assessment of the reference measure. In addi-
tion, the test instrument and the reference method should
assess diet over the same time span [46]. Only few studies
reported to have their test and reference dietary assessments
conducted within the time period of 1–3 months [26, 30, 42]
and 1 year [34]. In some studies, the reference time period
of the test instrument did not correspond to one of the ref-
erence methods that covered a shorter time period [35, 36],
or time period was simply not reported [26, 37] even though
both methods were actually administered within a relatively
short period of time.

3.3.3 Statistical methods (test versus reference

dietary method)

Under reporters for energy intake were considered for the
analysis in only few studies [30, 36, 41]. Most studies that
used general FFQs were able to adjust for energy intake [30,
34, 35, 37, 38, 41] while it was not possible for studies that
used folate-focused instruments [36, 42] to consider energy
adjustment when comparing the test instrument with the
reference dietary method.

The predominantly used statistical method to compare
the test instrument and the dietary reference method assess-
ing folate intake was the correlation coefficient as shown in
Tables 1 and 2. The use of Bland–Altman plot (graphs of the
differences between the test and reference measurements
against the mean of the two [47] with limits of agreement cal-
culated as the mean difference plus and minus two standard
deviations [48]) has been recommended when investigating
validity as it assesses the agreement graphically between the
methods across the range of intakes [46, 49]. However, in
this review, only one study [30] reported a small dispersion
in folate values between the two dietary methods using the
Bland–Altman method (Table 2).

When the correlation coefficients were used, some
studies were able to report deattenuated correlation co-
efficients considering for both intra- and inter-individual
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variance using the repeated reference dietary method
[34, 37, 41] while one study reported deattenuated corre-
lation coefficients adjusting for random intra-individual
variance [35].

Participants were often classified into categories of fo-
late intake by the test instrument and the reference method,
and the percentage of participants was calculated that cor-
rectly fell into the same category or were misclassified into
the opposite category (Table 2). In this case, additional
use of the Kappa or weighted Kappa statistics, which test
the degree of agreement between folate intakes measured
by the test and the reference dietary method in the pre-
defined categories [50, 51] would be informative [46, 52],
but none of the studies used this approach for the cross-
classification.

3.4 Test instruments versus reference biomarkers

3.4.1 Types of reference biomarkers

The most frequently chosen biomarker (94%) was serum or
plasma folate [26–34, 36–42]. More than half of the studies
used both serum or plasma and RBC folate [26–30,33,36,40,
41]. Biochemical assays used in studies include automated
immunoassay, radioassay method, and microbiological assay
(Table 1). However, information on the within- and between-
run coefficients of variation of the biochemical assay used was
often lacking and only few studies gave a detailed description
of the assay performance [29, 31, 34].

3.4.2 Time frame of the test instrument and the

reference biomarker administration

It is important that the biomarker information is collected
on days that are representative of time period of the test
instrument [46]. However, the majority of studies did not
clearly report time period for administration of the test instru-
ment, reference dietary method and for the blood sampling.
Even though the test instruments and reference biomarkers
in some studies were administered within a relatively short
period of time, quite often the time period of the test instru-
ment was unknown [26, 32, 37] or the year preceding enrol-
ment [34,36,39] and therefore prior to blood collection. Only
few studies assessed dietary and blood level of folate within a
relatively short time span [30, 40, 42].

None of the studies made repeated blood collections with
consideration of seasonal variation, except the study by Iso
et al. [32] that collected blood samples twice, both in winter
and summer. However, dietary intake was assessed only once
by FFQ without special consideration of seasonality; therefore
analyses of the intake in relation to blood levels across seasons
were not made [32].

3.4.3 Statistical methods (test instrument versus

reference biomarkers)

In terms of the statistical analyses, correlation coefficients
were the main methods chosen in all studies as shown
in Tables 1 and 2. When the data were not normally dis-
tributed, studies either applied Spearman rank correlation
coefficients [30, 34, 40] or Pearson correlation coefficients af-
ter the variables were logarithmically transformed [26, 29,
35, 37, 38, 41]. Correlations were deattenuated [26, 35, 37, 41],
energy-adjusted [30, 32, 35] or multivariable adjusted [33, 39].
Other methods include linear regression [39, 40], compar-
ison of biomarker values across categories of FFQ intake
[27, 28, 32, 39, 40], principal component analysis [27, 28], va-
lidity coefficient using the method of triads [36–38, 41] and
use of t-test or analysis of variance for tests of differences in
means [29, 40].

3.5 Principal findings

The correlation coefficients between different instruments
varied greatly (Table 1). The correlations between folate in-
take based on the test instrument and serum/plasma folate
concentrations ranged from 0.06 [29] to 0.54 [31] with me-
dian values of 0.35 from five studies in women, 0.25 from
three studies in men and 0.41 from seven studies in men
and women combined. The correlations between folate intake
based on the test instrument and RBC folate concentration
ranged from 0.05 [40] to 0.36 [28], with median values of 0.34
from three studies in women, 0.25 from five studies in men
and women combined and 0.33 in one study in men [33].
Three studies that examined both plasma or serum folate
and RBC folate concentrations, reported the correlations be-
tween the two biomarkers as 0.41 [36], 0.52 [26] and 0.63 [29],
respectively.

The correlations between folate intake based on the test
instrument and the reference dietary method, on the other
hand, showed a range from 0.01 [30] to 0.98 [41] with median
values of 0.64 from four studies in women, 0.49 from two
studies in men and women combined and 0.41 in one study
in men [33].

Overall, folate intake assessed by the test instrument and
the blood folate concentration were statistically significant,
but relatively moderately correlated while it showed higher
correlation with the reference dietary method [26, 34, 36, 41].
Studies conducted in women generally showed higher corre-
lations than the one study conducted only in men. For both
men and women, correlations for the test instrument were
better with plasma or serum folate than with RBC folate. Cor-
relation coefficients with biomarkers were neither shown to
be particularly related to the reference period of the test in-
strument nor with the number of food items included in the
test instrument (Supporting Information Figure S1). How-
ever, we noted that the data from the test instrument and the
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reference method tended to correlate better when dietary sup-
plement use was included in the analyses [27,28,31,34–38,42].

There were studies that reported the validity coefficients
of folate intake measured by the test instrument, estimated
from a triangular comparison between questionnaire, refer-
ence and biomarker measurements with the method of tri-
ads [53]. The validity coefficients of folate intake based on
the test instrument and the unknown ‘true intake’ were 0.97
with the FCM [38], 0.94 with the 121-item FFQ [41], 0.72 with
the 126-food group FFQ [37] and 0.85 for men and 0.69 for
women with the 90-item folate FFQ [36], when plasma or
serum folate concentration was used as biomarkers. When
both plasma/serum and RBC folate levels were available, the
validation coefficients for the test instrument (FFQ) were
higher when plasma/serum folate was the biomarker than
when RBC folate was the biomarker.

4 Discussion

We examined 17 published studies that assessed validation of
dietary folate intake against folate concentration biomarkers,
published between 2001 and 2011. In this review, we observed
that the majority used self-reported FFQ to ascertain dietary
folate intake and to be validated against biomarkers while
24HDR was often chosen as a reference dietary method. Cor-
relation coefficients were the most frequently used statistical
measure in the studies reviewed. Correlations between folate
intake assessed by the test instrument and the blood folate
concentration were statistically significant, but the strength
varied from weak to moderate (r = 0.05–0.54). These valida-
tion studies varied greatly in terms of study characteristics,
such as the study population, sample size, the procedure of
data collection, the consideration of dietary supplement use,
the procedure of biochemical analysis and the time frame of
study administration.

Studies often recruited participants on a voluntary basis
within a confined study setting, e.g., university community,
with a limited number being involved. Participants who vol-
unteer to take part in studies are considered to be self-selected,
and may therefore have different characteristics in respond-
ing to FFQs than non-volunteers [18, 46]. In addition, the
majority of the included participants were highly educated
and relatively young. Because participants with higher edu-
cational level tended to report higher folate intake [11], it is
not possible to rule out the potential that different estimates
would have been observed in other populations. This has little
implication on the internal validity of the studies, nonethe-
less care should be taken when generalising these results to
other contexts.

Furthermore, the small sample size that was seen in a
few studies may have resulted in the limited statistical power
for their analyses. For example, studies conducted among 28
women [42] and 34 women [26] had non-significant corre-
lation coefficients, which may have been due to inadequate
study power. We observed that the vast majority of the FFQ

used as a test instrument were self-administered and incom-
pleteness can therefore also be a substantial source of er-
rors [46]. The completeness of the test instrument was sel-
dom checked or was not reported, in contrast to the reference
dietary method that was often checked for completeness by
interviewers or study administrators.

In validation studies that compare the test instrument with
different reference methods, it is crucial that they measure
similar parameters over the same time span [16, 18, 46]. At
the same time, recording of dietary data must not interfere
with participants’ usual dietary habits that may lead to corre-
lated errors in reference and test instruments [54]. However,
in many studies that we reviewed, information on the time
period of assessment was often lacking. Moreover, reference
biomarker measures that are based on a single blood sam-
ple and without consideration of within-individual variability
may not reflect the blood concentration during the total time
frame of the FFQs. This can have even more profound impact
if there is a seasonal variation in the folate intake. Vegetables
are a major source of folate in the diet and there is some
seasonal variation in the consumption of vegetables [55, 56].
Although seasonal variation in folate content of foods ap-
peared to be low due to wide availability of the food items
throughout the year [57], it should be pointed out that there
were some variations observed in actual dietary folate intake
from food sources especially in southern European countries
with higher intake being reported in spring and winter [11].

The issues related to the choice of a test instrument need
careful consideration. We found a few studies that tested
folate-focused instruments against biomarkers [27,28,31,36,
40, 42]. These instruments can be efficient, rapid, and cost-
effective in folate intake assessment. However, when using
that approach, it is neither possible to adjust for energy in-
take nor to consider under-reporting as these instruments list
only foods rich in folate. Besides, the long list of folate-rich
food items may result in overestimation of folate intake as
in the case of fruit and vegetable consumption [58]. Thus,
the advantages and disadvantages of the use of folate-specific
methods need to be taken into account when diet–disease
relationships are investigated.

Another important point that needs cautious attention is
the use of food composition databases for calculation of fo-
late intake. Previous inventories found that there was lack
of agreement in folate databases especially in quantification
methods, definitions, mode of expressions, analytical meth-
ods and terminologies used across different countries [59,60].
In this review, we have noted that some studies used data from
multiple sources that are not necessarily comparable even
within the same table. Moreover, some studies employed rel-
atively old data that referred to more than 15 years before the
study time period. These data may well be based on outmoded
analytical techniques for folate calculation.

Additionally, not all studies reported whether the food
composition data appropriately reflected the nutrient con-
tribution from folic acid fortified food products especially
in countries where mandatory or voluntary fortification was
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introduced [30, 35]. This review also showed that half of the
studies did not consider dietary supplement use in their anal-
yses. Failure to include these different sources may lead to an
underestimation of overall folate consumption, notable mis-
classification of individuals regarding the total folate intake
and obscure the true relationship between dietary and blood
level of folate [61–63].

Few studies discussed appropriateness of the particu-
lar biomarkers as reference measures of dietary intake. As
pointed out before, the most important question is the as-
sociation of the biological marker with actual dietary expo-
sure [46,64]. Studies that we reviewed did not always consider
to what extent the concentration biomarker actually reflects
dietary folate exposure. The evidence that serum/plasma fo-
late and RBC folate concentrations are responsive to intakes
of either natural food folate [65,66] or supplements and/or for-
tified food [67–70] has been available from a few intervention
studies. Furthermore, the dose–response relationship with
folic acid supplementation appeared to be linear for serum as
well as RBC folate [71]. However, the magnitude of the effect
and the time required to reach steady state concentrations of
serum or RBC folate by dietary folate intervention varied in
those studies.

Several other explanations exist for the discrepancies
found in results of the validation studies apart from vari-
ous study design-related aspects. Intervening factors such
as personal lifestyle characteristics as well as physiological
factors can influence the level of concentration biomarkers,
making the quantitative relation between dietary intake and
biomarker substantially different between individuals [20,72].
Different features of RBC folate and serum or plasma folate
as indicators of folate status should also be considered. While
RBC folate is considered to reflect average concentration over
the erythrocyte life span (about 120 days) and therefore longer
term folate status, folate concentration in serum or plasma
is a responsive indicator of more recent folate intake [29, 73].
Intuitively, one would think that RBC folate therefore would
show higher correlations with dietary intake assessed over a
longer period. Surprisingly, in our review, we observed that
correlations for the test instrument were slightly better when
plasma or serum folate was the biomarker compared with
the ones when RBC folate was the biomarker. This may be
attributable in part to the fact that the test instrument, e.g.,
FFQ, often asked about consumption over the previous 12
months, whereas in reality, it may have reflected more recent
consumption. It may also be that the erythropoiesis process
itself determines the folate concentration in RBC, a process
that is dependent on environmental factors such as erythro-
poietin production and the availability of iron, vitamin B12
and zinc [74].

Both analytical variability and preanalytical factors may
attenuate statistical estimates in the studies. It has been ob-
served that the analysis of serum samples with microbio-
logical methods or radioassay yielded similar folate concen-
trations, while different results were obtained for RBC folate
concentrations [75]. The precision of methods for whole blood

folate is usually lower than that of methods that measure fo-
late in serum or plasma [76, 77]. This might be related to
the fact that folate in RBC is present as polyglutamates, and
complete deconjugation is required for determination of fo-
late concentration [78]. Large between-laboratory differences
have been reported for folate measurement [79], attributable
to different analytical technologies but also to preanalytical
factors. Folate species are unstable compounds that are de-
graded during sample handling and storage even in frozen
samples [80]. Substantial degradation is observed during pro-
longed storage, at high temperature, in the presence of EDTA,
and in the absence of stabilizer, like ascorbic acid [80,81]. The
use of certified reference material, pooled control samples,
(partial) duplicate analyses and participation in ring testing
is crucial for obtaining reliable folate concentration data.

We found that correlations between reported intake and
biomarker measures were higher in studies when dietary
supplement use was taken into account in the analysis. The
reason for this may be that supplement use substantially con-
tributes to the total amount of folate intake [82]. Supplement
use also expands the range of its biomarker measures partly
because bioavailability of folic acid is superior to that of natu-
rally occurring food folate [73]. A few studies calculated DFE
values adjusting for these differences in bioavailability based
on the assumption that the bioavailability of folate from food
is 50% lower than that of folic acid [44,45]. However, the exact
relative bioavailability is uncertain, in particular with regards
to mixed diets [12, 57, 59, 73, 83]. DFE values should there-
fore be used with caution as they may introduce imprecision
in food composition databases and may potentially lead to
misclassification of intake information [59].

Biomarkers are objective measurements that can be used
as a surrogate for actual dietary intake, and the precision and
accuracy of the estimates are independent of the participants’
ability to report foods consumed [20]. However, concentra-
tion biomarkers only allow discrimination between substan-
tial differences in intake level, and may therefore serve as a
tool to evaluate if a test instrument is suitable for ranking
persons according to their consumption [18, 40]. As previ-
ously discussed [23, 46], and as we also found in the stud-
ies included in this review, that validity was mostly inferred
from statistically significant correlation coefficients between
the test instrument and the concentration biomarkers. How-
ever, caution needs to be exercised as these concentration
biomarkers cannot be translated into absolute intakes on a
valid scale, i.e., they cannot provide valid reference measure-
ments [20, 23].

More recently, a few dietary validation studies considered
the method of triads [53, 84]. This method assumes that the
measurements are linearly related to true intake and have
independent random errors [53]. However, these assump-
tions may not be fully met in most cases. Questionnaires
and the reference measurements may have some common
sources of error even though the random errors of the bio-
chemical marker data are independent of those of two di-
etary measurements [53]. Violation of the underlying model
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assumptions may cause the occurrence of Heywood cases
(estimated validity coefficient > 1), which further complicate
interpretation of the results [53, 85]. The estimates should
therefore be prudently interpreted considering the possibility
of biased estimates of validity coefficients related to violation
of those assumptions.

It has been suggested that checking agreement between a
measurement and its reference measure should be a manda-
tory step when investigating validity [49]. Agreement can
be graphically assessed by the Bland–Altman plots. These
plots can also be used when the dietary and biomarker mea-
surements are estimated on different scales, with a conver-
sion factor recalibrating the two variables [86]. The degree
of agreement between the measurements in the pre-defined
categories can be tested by Kappa or weighted Kappa statis-
tics [50]. Although these statistical methods can provide fur-
ther information on the acceptable levels of bias and limits
of agreement between the measurements and therefore have
been encouraged to be applied in validation studies [46], we
found that the application of these methods was still not com-
mon. Nonetheless, more discussions and development on the
appropriate statistical methods for comparing various dietary
instruments and concentration biomarkers are required.

This review of the published studies on validity of dietary
folate measurements against folate concentration biomark-
ers identified a number of issues that need to be considered
in future studies that intend to validate dietary folate intake
against blood folate concentration. These include: (1) com-
pleteness of data collection should be checked and reported;
(2) appropriate food composition databases with updated in-
formation on folate values derived from reliable and vali-
dated chemical analysis should be used; (3) the contribution
from fortified food items as well as from dietary supplements
should be taken into account; (4) depending on the seasonal
and regional variations in consumption of folate-containing
food items, repeated measurements for both dietary and
biomarker are encouraged; (5) biomarker information should
be collected on (multiple) days that are representative of the
time period of the test instrument; (6) care should be given on
different features of RBC folate and serum or plasma folate
as indicators of folate status as well as the accuracy of var-
ious analytical methods; (7) quality assurance of laboratory
methods should be closely monitored and reported; (8) sam-
ple size should be carefully considered; (9) statistical analysis
should comprise more than merely a correlation coefficient
and (10) appropriateness of the use of concentration biomark-
ers as a reference measure of dietary intake should always be
considered carefully. Given the increasing recognition of the
role of folate in several diseases, biomarkers of folate can be
used as independent or complementary measures that can
greatly strengthen the investigation of diet–disease relation-
ships [87], in addition to being used in validation studies.
However, as outlined in this paper, before making inferences
about validity, care should be taken of methodological is-
sues when comparing dietary instruments with concentration
biomarkers.
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[53] Ocké, M. C., Kaaks, R. J., Biochemical markers as additional
measurements in dietary validity studies: application of the
method of triads with examples from the European prospec-
tive investigation into cancer and nutrition. Am. J. Clin. Nutr.
1997, 65, 1240S–1245S.

[54] Fraser, G. E., Butler, T. L., Shavlik, D., Correlations between
estimated and true dietary intakes: using two instrumental
variables. Ann. Epidemiol. 2005, 15, 509–518.

[55] Capita, R., onso-Calleja, C., Differences in reported winter
and summer dietary intakes in young adults in Spain. Int. J.
Food. Sci. Nutr. 2005, 56, 431–443.

[56] Cox, B. D., Whichelow, M. J., Prevost, A. T., Seasonal con-
sumption of salad vegetables and fresh fruit in relation to
the development of cardiovascular disease and cancer. Pub-
lic Health Nutr. 2000, 3, 19–29.

[57] Melse-Boonstra, A., de Bree, A., Verhoef, P., Bjørke-Monsen,
A. et al., Dietary monoglutamate and polyglutamate folate
are associated with plasma folate concentrations in Dutch
men and women aged 20–65 years. J. Nutr. 2002, 132, 1307–
1312.

[58] Krebs-Smith, S. M., Heimendinger, J., Subar, A. F., Patterson,
B. H. et al., Using food frequency questionnaires to estimate
fruit and vegetable intake: association between the number
of questions and total intakes. J. Nutr. Educ. 1995, 27, 80–85
(Abstract).

[59] Bouckaert, K. P., Slimani, N., Nicolas, G., Vignat, J. et al.,
Critical evaluation of folate data in European and interna-
tional databases: recommendations for standardization in
international nutritional studies. Mol. Nutr. Food. Res. 2011,
55, 166–180.

[60] Deharveng, G., Charrondiere, U. R., Slimani, N., Southgate,
D. A. et al., Comparison of nutrients in the food composition
tables available in the nine European countries participating
in EPIC. European prospective investigation into cancer and
nutrition. Eur. J. Clin. Nutr. 1999, 53, 60–79.

[61] Block, G., Sinha, R., Gridley, G., Collection of dietary-
supplement data and implications for analysis. Am. J. Clin.
Nutr. 1994, 59, 232S–239S.

[62] Messerer, M., Johansson, S. E., Wolk, A., The validity of
questionnaire-based micronutrient intake estimates is in-
creased by including dietary supplement use in swedish
men. J. Nutr. 2004, 134, 1800–1805.

[63] Sieri, S., Krogh, V, Saieva, C. et al., Alcohol consumption
patterns, diet and body weight in 10 European countries.
Eur. J. Clin. Nutr. 2009, 63, S81–S100.

[64] Marshall, J. R., Methodologic and statistical considerations
regarding use of biomarkers of nutritional exposure in epi-
demiology. J. Nutr. 2003, 133, 881S–887S.

[65] Brouwer, I. A., van Dusseldorp, M., West, C. E. et al., Dietary
folate from vegetables and citrus fruit decreases plasma ho-
mocysteine concentrations in humans in a dietary controlled
trial. J. Nutr. 1999, 129, 1135–1139.

[66] Appel, L. J., Miller, E. R., Jee, S. H. et al., Effect of dietary
patterns on serum homocysteine : results of a randomized,
controlled feeding study. Circulation 2000, 102, 852–857.

[67] Kondo, A., Asada, Y., Shibata, K. et al., Dietary folate intakes
and effects of folic acid supplementation on folate concen-
trations among Japanese pregnant women. J. Obstet. Gy-
naecol. Res. 2011, 37, 331–336.

[68] McNulty, H., Cuskelly, G. J., Ward, M., Response of red blood
cell folate to intervention: implications for folate recommen-
dations for the prevention of neural tube defects. Am. J. Clin.
Nutr. 2000, 71, 1308S–1311S.

[69] Houghton, L. A., Gray, A. R., Rose, M. C., Miller, J. C., Hurt-
house, N. A., Gregory, J. F., Long-term effect of low-dose
folic acid intake: potential effect of mandatory fortification
on the prevention of neural tube defects. Am. J. Clin. Nutr.
2011, 94, 136–141.

[70] Venn, B. J., Mann, J. I., Williams, S. M. et al., Dietary counsel-
ing to increase natural folate intake: a randomized, placebo-
controlled trial in free-living subjects to assess effects on
serum folate and plasma total homocysteine. Am. J. Clin.
Nutr. 2002, 76, 758–765.

[71] van Oort, F. V., Melse-Boonstra, A., Brouwer, I. A. et al., Folic
acid and reduction of plasma homocysteine concentrations
in older adults: a dose-response study. Am. J. Clin. Nutr.
2003, 77, 1318–1323.

[72] Schatzkin, A., Subar, A. F., Moore, S. et al., Observational epi-
demiologic studies of nutrition and cancer: the next genera-
tion (with better observation). Cancer Epidemiol. Biomarkers
Prev. 2009, 18, 1026–1032.

[73] Sanderson, P., McNulty, H., Mastroiacovo, P. et al., Folate
bioavailability: UK Food Standards Agency workshop report.
Br. J. Nutr. 2003, 90, 473–479.

[74] Bohnsack, B. L., Hirschi, K. K., Nutrient regulation of cell cycle
progression. Annu. Rev. Nutr. 2004, 24, 433–453.

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



Mol. Nutr. Food Res. 2013, 57, 562–581 581

[75] Green, T. J., Allen, O. B., O’Connor, D. L., A three-
day weighed food record and a semiquantitative food –
frequency questionnaire are valid measures for assessing
the folate and vitamin B12 intakes of women aged 16 to 19
years. J. Nutr. 1998, 128, 1665–1671.

[76] Owen, W. E., Roberts, W. L., Comparison of five automated
serum and whole blood folate assays. Am. J. Clin. Pathol.
2003, 120, 121–126.

[77] Wright, A. J. A., Finglas, P. M., Southon, S., Erythrocyte folate
analysis: a cause for concern? Clin. Chem. 1998, 44, 1886–
1891.

[78] Pfeiffer, C. M., Gregory, J. F., Enzymatic deconjugation of ery-
throcyte polyglutamyl folates during preparation for folate
assay: investigation with reversed-phase liquid chromatog-
raphy. Clin. Chem. 1996, 42, 1847–1854.

[79] Gunter, E. W., Bowman, B. A., Caudill, S. P., Twite, D. B.
et al., Results of an international round robin for serum and
whole-blood folate. Clin. Chem. 1996, 42, 1689–1694.

[80] Hannisdal, R., Gislefoss, R. E., Grimsrud, T. K., Hustad, S.
et al., Analytical recovery of folate and its degradation prod-
ucts in human serum stored at −25�C for up to 29 Years. J.
Nutr. 2010, 140, 522–526.

[81] Hannisdal, R., Ueland, P. M., Eussen, S. J. P. M., Svardal, A.
R. et al., Analytical recovery of folate degradation products

formed in human serum and plasma at room temperature.
J. Nutr. 2009, 139, 1415–1418.

[82] Jacques, P. F., Sulsky, S. I., Sadowski, J. A., Phillips, J. C. et al.,
Comparison of micronutrient intake measured by a dietary
questionnaire and biochemical indicators of micronutrient
status. Am. J. Clin. Nutr. 1993, 57, 182–189.

[83] Melse-Boonstra, A., Verhoef, P., West, C., Quantifying folate
bioavailability: a critical appraisal of methods. Curr. Opin.
Clin. Nutr. Metab. Care 2004, 7, 539–545.

[84] Kaaks, R. J., Biochemical markers as additional measure-
ments in studies of the accuracy of dietary questionnaire
measurements: conceptual issues. Am. J. Clin. Nutr. 1997,
65, 1232S–1239S.

[85] Yokota, R. T., Miyazaki, E. S., Ito, M. K., Applying the triads
method in the validation of dietary intake using biomarkers.
Cad. Saude Publica 2010, 26, 2027–2037.

[86] Mander, A., BATPLOT: Stata Module to Produce Bland–
Altman Plots Accounting for Trend. (Statistical Software
Components S448703). Boston College Department of Eco-
nomics, Boston, 2005.

[87] Freedman, L, Kipnis, V, Schatzkin, A, Tasevska, N et al.,
Can we use biomarkers in combination with self-reports to
strengthen the analysis of nutritional epidemiologic studies?
Epidemiol. Perspect. Innov. 2010, 7, 2.

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com


