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Abstract

The field of nutrigenomics shows tremendous promise for improved understanding of the effects
of dietary intake on health. The knowledge that metabolic pathways may be altered in individuals
with genetic variants in the presence of certain dietary exposures offers great potential for
personalized nutrition advice. However, although considerable resources have gone into
improving technology for measurement of the genome and biological systems, dietary intake
assessment remains inadequate. Each of the methods currently used has limitations tliat may be
exaggerated in the context of gene x nutrient interaction in large multiethnic studies. Because of
the specificity of most gene x nutrient interactions, valid data are needed for nutrient intakes at the
individual level. Most statistical adjustment efforts are designed to improve estimates of nutrient
intake distributions in populations and are unlikely to solve this problem. An improved method of
direct measurement of individual usual dietary intake that is unbiased across populations is
urgently needed.
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INTRODUCTION

Genetic variation does not always affect individual disease risk directly, but rather the
potential is expressed only in the presence of certain dietary conditions. Genetic up- or
down-regulation of specific metabolic pathways may also explain variation in individual
requirements for certain vitamins and minerals. The field of genomics often struggles to
replicate consistently observations of relationships between genetic variants and health
outcomes. It is likely, however, that at least some of these disparate results are due to
unmeasured differences in population nutrient intake that are interacting with genes to allow
or block their expression (65, 66, 93). As more of these important interactions are identified,
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it becomes clear that many efforts in nutritional epidemiology to identify direct dietary
effects on health outcomes are weakened by this underlying “noise” that makes it difficult to
get solid and replicable results. The result of any single diet and health outcome study
represents the average effect within a range of dietary responses due to unmeasured genetic
variation in regulation. Because of this variability—not only in individuals, but also in
populations—studies attempting to replicate an association between a specific genetic
polymorphism and health outcomes may or may not find it, depending on the overall level
of intake of a moderating dietary factor. Future research combining an understanding of
genetic variation and dietary intake, therefore, promises to clarify many previously
controversial or conflicting results on diet and health. Furthermore, we expect that this
research will lead to more effective personalized nutrition information that is based on
improved understanding of individual requirements for specific nutrients or sensitivity to
others. In many cases, however, these associations may not be identified because of
substantial error in the dietary assessment.

Genomic methods are advancing rapidly, and studies of gene-by-diet interaction are
proliferating, with great promise for improving our understanding of how nutrition
influences metabolic pathways and how this regulation may affect the development of diet-
related disease (25, 27, 28, 34, 39, 56, 70, 73, 81, 90, 113). However, although the
measurement and analysis approaches used for describing the genome are rapidly
improving, the measurement of dietary intake has remained cumbersome and error prone
and is lagging behind this new technologic revolution. At the simplest level, most individual
gene x diet interactions reflect effects of up- or down-regulation of specific metabolic
pathways that lead to accumulated health effects over time. It is therefore important to
recognize that dietary variables used in population-based studies should, in most cases,
reflect long-term usual intake of the specific individual nutrient that may modify the effect.
This requires careful attention to the selection of the dietary method and its validity. At the
same time, future research will need to deal with increasing complexities, including multiple
simultaneous gene x gene, nutrient x nutrient, and gene x nutrient interactions. This will
require the continued development of new complex computational methods. Again, we are
much further ahead in developing new methodologies for the analysis of massive amounts of
genomic data than for the dietary data that may be linked with them.

The rapid growth of consortia seeking to combine genomewide association studies (GWAS)
in differing populations in order to gain sufficient power to identify these interactions
illustrates the limitations of existing phenotypic data and underscores the critical need for
improved measures, particularly of diet. Available dietary data are measured with different
methods and with differing precision and sources of error, leading to complications and
uncertainties in these large efforts. In this article, we review the state of the art and current
strengths and limitations of various measurement methods, and we discuss progress in
improving dietary assessment along with research needs to advance this important area.

NUTRIGENOMICS

Variation in dietary response among individuals has been recognized for a long time, but our
understanding of the specific contribution of genetic variation to those differences, other
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than in clear cases of inborn errors of metabolism, is quite recent (81). One source of
variability in response to diet is the difference in allelic frequency of particular variants
between populations of different ethnicities (60). The interactions between genetic and
dietary factors are complex and may appear at different stages of life and under differing
circumstances (53, 67). Although many environmental factors interact with genes to affect
disease risk, food intake is of particular importance, as it is a regular exposure that has been
important to human development throughout evolution. With accelerating global migration
and changes in the food supply, it is expected that some individuals as well as populations
will have greater responses to specific dietary choices than others. In many cases, this
genetic variation expressed in response to dietary intake is seen with intermediate markers of
health, such as blood pressure, plasma lipids, glycemic response, and obesity (1, 27, 57).

As an example, one of the earliest genetic polymorphisms to gain widespread
acknowledgment as a modulator of disease risk is apolipoprotein E (APOE), including risk
of cardiovascular disease (CVD), cognitive decline and neurological disorders (19, 22, 46,
61, 64, 71), cancer (117), osteoporosis (2, 23), and earlier mortality (92). Epidemiologic
studies have repeatedly shown that low-density lipoprotein (LDL) cholesterol (LDL-C) and
apolipoprotein B concentrations are highest in individuals with the E4 polymorphism,
intermediate in those with E3, and lowest in those with E2 alleles (82). However, it has been
further noted that among those with the E4 polymorphism, LDL-C is particularly high in the
presence of a diet that is high in fat, particularly saturated fat (21, 81, 83, 93). Thus, in many
and perhaps most cases, the risk associated with genetic polymorphisms for the chronic
conditions we see in epidemic proportions today may be expressed primarily in conditions
of imbalance in dietary exposures relative to individual requirement.

Because our basic genetic structure has not changed in the past 30 years (epigenetics aside),
the exponential growth in chronic conditions, including obesity, type 2 diabetes, CVD, and
certain cancers, must be related to environmental exposures, and leading the list of important
chronic exposures is dietary intake. Within the population, the distribution of risk is unequal,
based on individual genetic response to the diets we are consuming and to the variation in
the imbalances in dietary quality. This combination is likely to explain some of the major
disparities in health risk seen across subpopulations. Despite progress in identifying
important gene x diet interactions, studies often show conflicting and inconclusive
associations with disease outcomes. Due to valid concern about false positive associations,
the field is increasingly demanding replication of results across studies, and in many cases
this has been more difficult than originally anticipated (48, 74, 78). The same is true for
gene x diet interactions (21). Some heterogeneity is expected due to differences in
prevalence of genetic polymorphisms and population differences in range of dietary intake.
However, a major limitation and current barrier to progress in this area is the limited validity
of the dietary phenotypes, as measured.

This becomes even more important when a pathway involves very specific and generally
less well measured nutrients. As an example, proinflammatory leukotrienes, derived from
arachidonic acid in the 5-lipoxygenase (5-LO) pathway, appear to be atherogenic. In a US
population of adults (n = 470), a 5-LO promoter polymorphism, seen in about 6% of the
sample, was significantly associated with intima-media thickness of the carotid artery.
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Importantly, however, the effect was significantly stronger among those with high intakes of
arachidonic and linoleic acids and was weakened among those with high intakes of n-3 fatty
acids (31). In contrast, a study in a Spanish population without dietary information did not
detect a relationship between 5-LO variation and risk of myocardial infarction (MI) (42).
However, the latter did not assess dietary intake, and it is possible that underlying dietary
variation may have masked an association by having differential effects in subsets of the
population. This gene was then tested in a Costa Rican population in relation to risk of Ml
(3). As in the Spanish study, and in contrast to the earlier US study, the allelic frequency did
not differ significantly between cases and controls. Importantly, however, there was a gene
x diet interaction similar to the one reported in the US study: Variant alleles were associated
with 1.3 times higher Ml risk in those with high (=0.25 g/d) dietary arachidonic acid intake
and 23% lower risk in those with lower (<0.25 g/d) arachidonic acid intake.

This illustrates both the importance of considering dietary factors when identifying genetic
risk and of having detailed measures of usual intake. In the first study that found the
interaction, fatty acid intake was measured with six detailed nonconsecutive 24-hour recalls
(24HRs) over a period of 1.5 years, with detailed questions on foods consumed and types of
preparation (31). Furthermore, these intakes were validated in a subset against plasma fatty
acids. Six recalls over time provide a strong measure of usual dietary intake for most
nutrients (excluding those with very high intraindividual variability, such as vitamin A), but
this either is prohibitively expensive for very large studies, requiring six contacts with
participants and extensive staff time to conduct the recalls, or is dependent on volunteer
completion of a tool such as the National Cancer Institute’s Automated Self-Administered
24-Hour Recall (ASA24) on multiple occasions, with likely missing days and
noncompliance by large numbers of participants. In addition, the loss of data when using
self-administered assessment tools is not likely to be random; those without access to
computers and/or with low education levels are likely to be excluded.

In the Costa Rican study, dietary intake was measured with a carefully designed food
frequency questionnaire (FFQ), with deliberate consideration in the design for the
measurement of fatty acid intake (54). This is an excellent option for studies conducted
within cultural groups, but the same questionnaire will not necessarily be valid for other
populations without considerable revision. Most existing questionnaires have not focused
specifically on the validity of individual fatty acids, and the detail collected is highly
variable. Therefore, it is possible that another study, using a less sensitive FFQ, may not
replicate the clear finding in Costa Ricans. Many questionnaires lack sufficient detail on the
types of oils and fats used in cooking and added to salads or other foods, leading to
substantial misclassification of intake of specific fatty acids. To the extent that the types of
oil most frequently used differ by ethnic/culinary subgroup and are not captured, the data
may not be simply diluted but the results also potentially biased. This example points to the
ability to successfully detect true gene x diet interactions when sufficient attention to the
validity of the dietary data is given. Unfortunately, most studies do not have such high-
quality dietary measures of usual intake.
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DIETARY ASSESSMENT METHODS

The validity of dietary data assessment varies by method and, within method, by nutrient,
depending on the detail required and the time period of interest. At the simplest, dietary
patterns may be assessed with a checklist of frequency of food group intakes. Although this
is useful for ranking dietary quality, it is clearly inadequate for use with gene x diet
interaction studies where metabolic pathways are affected by individual nutrients. Because
genetic polymorphisms affect only a subset of any population, it is critical that nutrient
intake be precise at the individual level. Otherwise, the extent of misclassification for use in
interactions may attenuate the ability to detect true associations. Often, all nutrients that will
be of potential interest in a large study are not identified at baseline, and in most cases,
relative estimates improve with adjustment for total energy intake. Therefore, the ideal
method will capture the full diet, including total energy intake. The latter is important to
standardize nutrient exposure relative to total energy requirement and considers variation in
needs that correlate with energy requirement, including, to some extent, body size and
activity level (118).

The investigation of gene x diet interaction almost always requires large sample sizes to be
able to achieve stability in relatively small subsets that may have both the polymorphism of
concern and the dietary condition that reacts with it. The most commonly used approaches
for collecting data at the population level include the FFQ and the 24HR, as in the examples
noted above. A third method, weighed diet records, is often used in smaller human studies
with educated and compliant volunteers but is less often used in large epidemiologic studies
because of recognized limitations (37).

Diet Records

For many years, the weighed diet record was considered the gold standard for dietary intake
assessment. This method continues to be used successfully in controlled metabolic studies
with motivated trained volunteers. It has been used less frequently in large epidemiologic
studies because of the high participant burden and the cost of data entry. One study that did
use this method for many years is the Baltimore Longitudinal Study of Aging, a longitudinal
study that began with a highly educated sample of volunteers (95). Selected European
studies continue to favor the seven-day diet record. The Norfolk site of the European
Prospective Investigation into Cancer and Nutrition (EPIC), for example, reported that they
were able to obtain 93% completion of records from 25,000 participants attending their
health-check day and that these records were generally of high quality due to instruction
from trained nurses (for details, see http://www.srl.cam.ac.uk/epic/about/baselinell.shtml).
Because of the cost of data entry and processing for this huge number of diaries, the study
has been analyzing them only for cancer cases and matched controls, as needed. This
success with diet records in a large study is unusual, however, and most of the other 23
EPIC centers chose to use only a FFQ for estimation of intake (41).

In addition to nonrandom loss of data due to respondent burden, the diet record has been
shown to alter actual consumption because individuals focus on what they are eating and
may consume smaller portion sizes or avoid complex foods that are difficult to weigh or
describe (43). Thus, even when highly accurate for the day recorded, the weighed record
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tends to underestimate and misrepresent usual intake. Data quality depends on individual
effort at recording the details required, and this varies by education level, making the diet
record a poor choice for populations low in literacy.

Twenty-Four-Hour Dietary Recall

A frequently used method of dietary assessment in large studies is the 24HR. Recent
advances in data entry, such as the United States Department of Agriculture (USDA)
automated multiple pass system, have greatly improved the validity of this measure for
estimating actual previous day’s intake (72). The USDA companion food model booklet
(13) or other measuring aids help to improve portion size estimation (24). The open-ended
nature accommodates diverse dietary patterns, making it the most valid method currently
available for assessing recent intake of multiethnic groups or newly investigated
populations. 24HRs are optimally administered in person by an interviewer, but direct entry
by an interviewer over the phone has also been shown to have excellent validity at a reduced
cost (14, 17). New computer technologies, such as the ASA24, allow direct individual input
at minimal cost (100). To the extent that participants are willing and able to complete this
assessment on their own, it provides a cost-effective option for large-scale data collection.

A major limitation of the 24HR is the day-to-day variability inherent in dietary intake (7, 8).
Although this source of random error is not a threat to the validity of group mean intakes,
the misclassification of individuals can be serious, attenuating the ability to detect true
associations with outcome variables. Furthermore, intra/interindividual intake varies
considerably by nutrient (8, 118). For nutrients dispersed in limited or infrequently
consumed specific foods, intraindividual variation exceeds between-person variation to such
an extent that many nonconsecutive days are needed to stabilize the within-person estimate
of usual intake. Using data from a Finnish population, for example, one group concluded
that 7-14 days are generally adequate to classify most nutrients, but that nutrients with high
variability, such as vitamin A, will require 21 days or more to obtain a stable estimate (45).

To the extent that the error is truly random, statistical corrections may be used when at least
two recalls, on nonconsecutive days, are available to estimate intra/interindividual variation.
Correction for intraversus interindividual variation allows projection back (or deattenuation)
to the true likely association in linear models with continuous outcome variables (7, 62).
With dichotomous outcome variables, validation studies on a subset may be performed to
provide measures of sensitivity and specificity for use in adjustment (36). However,
straightforward corrections are not available for more complex analyses with categorical
variables, such as those often used when studying gene x nutrient interaction.

One approach to improve the estimates of recalls with respect to high day-to-day variability
is to use mixed methods, with two 24HRs supplemented by a propensity (frequency)
questionnaire to capture exposure to episodically consumed foods (such as liver) that can be
used in the regression equation separately as a control variable when relating individual
nutrient intake to an outcome [e.g., vitamin A assessed from the average of the two recalls,
holding frequency of liver intake constant (never, seldom, frequently.. .)]. The National
Cancer Institute (NCI) has developed a two-step model to first estimate the probability of
intakes using data from two recalls and incorporating portion size information, and then
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fitting a model with the transformed recall data, adjusted for intake of episodically
consumed foods from the FFQ (107). This helps to improve estimates of intake distributions,
as it was designed to do, but this approach is not sufficient for assigning total intakes to
individuals for precise categorization. A limitation of correcting for intra/interindividual
variation is that day-to-day variability is not constant across populations. Thus, the use of
the deattenuation formulas in multiethnic samples will calculate only the average variability
and will not consider the differences in the extent of random variability across subsets. This
weakens validity, particularly if the risk of the outcome or the prevalence of a genotype of
interest also varies by ethnicity. An example may be rice, for which intra/interindividual
variation may be low in some groups, such as Puerto Ricans, with regular daily intake, but
high in populations where consumption is much less frequent (109).

Another concern, even within fairly homogeneous populations, is that underreporting on the
24HR is not, in fact, random (68), with evidence for greater underreporting by women than
men (79), by obese versus nonobese individuals (52, 79, 108), by smokers versus
nonsmokers (52), and among those concerned with providing socially desirable responses
(79) or with restrained eating behavior (5, 6). Although the NCI is actively working on
statistical algorithms to adjust for nonrandom error focused on national distribution
estimates (30), these will not compensate for the different sources of bias among populations
with different eating patterns, cultural attitudes toward dietary reporting, and underlying
behaviors that may be associated with genotypic variation.

Food Frequency Questionnaires

FFQs have long been the method of choice for assessing dietary intake in large
epidemiologic studies because of their efficiency and ability to assess usual intake in a
single administration. However, FFQs may contain substantial systematic measurement
error due to the finite food list, set portion sizes, weighting of contributions of individual
foods to line items using overall assumptions, and lack of recipe detail, limiting their
precision. However, FFQs have been shown to rank intakes successfully (118) provided they
are carefully developed and validated within the population for which they are being used
(49, 112). Most FFQs have been developed and validated either for a defined population,
e.g., health professionals, or to be nationally representative, based on data from the National
Health and Nutrition Examination Survey (11, 101). FFQs have shown relatively poor
results in minority groups, however, including non-Hispanic blacks and Hispanics (4, 10,
99). For example, validity coefficients for energy intake in the multiethnic questionnaire
used by Block in studies of mothers participating in the Women, Infants, and Children
program were 0.44 for non-Hispanic white women but only 0.14 for Hispanic women (10);
in a multiethnic cohort in Hawaii and Los Angeles, energy coefficients for non-Hispanic
white, Hispanic, and non-Hispanic black men were 0.48, 0.33, and 0.16, respectively (99);
and the Insulin Resistance Atherosclerosis Study showed energy validity coefficients for
urban non-Hispanic whites of 0.61, relative to 0.37 for urban non-Hispanic blacks, and 0.27
for rural Hispanics (69). One study (4) reported weaker correlations between reported
intakes of carotenoids from the NCI Diet History Questionnaire and plasma carotenoids for
non-Hispanic blacks compared with non-Hispanic whites (r = 0.21 versus 0.47 for lutein +
zeaxanthin and 0.17 versus 0.31 for p-carotene, respectively). It is likely that the adapted
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FFQ failed to include sufficient detail on recipes and portion sizes that differ across groups
owing to the compromises required to ensure that the FFQ was a reasonable length. FFQs
that have been carefully designed for a specific population can be valid for that population
(16, 84, 109). However, the use of different FFQs for different populations introduces
additional biases. In some questionnaires, such as the Harvard FFQ, portion sizes are
assumed at standard levels (121). In others, portion sizes are presented as small, medium, or
large categories (11) or are presented from photographs (44). However, portion sizes are
often culturally determined, and the lack of this quantification in mixed ethnicities is another
source of bias (109).

Many compromises are made in designing the FFQ food list. Similar foods are grouped
together, and the resulting nutrient content is based on a weighted average of these in the
larger population. FFQs in epidemiologic studies have been shown to have excellent validity
for ranking individual nutrient intakes— provided that the population evaluated is the same
as that for whom the FFQ was designed (12, 89, 121). Unfortunately, many studies limit the
time allotted to dietary data collection and select shorter instruments. However, short
instruments should be used with caution, as validity is likely to be compromised. An
example is the FFQ used by the Jackson Heart Study (15). By limiting the data collection
time to 20 minutes, an existing questionnaire developed for the southern United States was
shortened by collapsing food line items (112). Validation against four 24HRs (16) and
plasma carotenoids (103) showed few differences in macronutrient assessment between the
long and short forms, but better estimation of most micronutrients with the long form.

For nutrigenomic studies, these limitations may be exaggerated, as ethnicity may be related
to genotype prevalence, risk of certain health outcomes, and considerably different dietary
habits. If commonly used foods are not on the food list, then calories and associated
nutrients are automatically underestimated. If portion sizes of commonly consumed foods
are differentially misestimated by ethnicity, this will lead to further nonrandom
misestimation of calories and associated nutrients. Further, recipe assumptions can have a
dramatic effect. As an example, Puerto Ricans tend to eat large amounts of rice on most
days and usually cook rice with oil (109). If not accounted for, this leads to a systematic
underestimation of fatty acid intakes for this group. Without consideration of the ubiquitous
use of tomato paste with beans, lycopene intake is seriously underestimated (110).
Importantly, these errors are nonrandom and can lead to invalid conclusions, not merely
attenuation in results. This bias could lead to more complex invalidity when considering
gene x diet interactions.

Recalls or Records Versus Food Frequency Questionnaires

The 24HR has been promoted in recent years following observations from the Observing
Protein and Energy Nutrition (OPEN) study that estimates of energy and protein intake
assessed by multiple 24HRs were more strongly correlated with recovery biomarkers for
energy and protein than were those of the NCI FFQ (94, 102). Further support for
quantitative assessment was obtained when nutrient estimates from seven-day diet records
versus FFQs were compared with doubly labeled water and urinary nitrogen in the UK
component of the EPIC study (26). This was reinforced by findings of a significant
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association between dietary fat intake and breast cancer when assessed by seven-day diet
records but not by FFQs in EPIC-Norfolk (9) and in a subset of the Women’s Health
Initiative (WHI) nonintervention cohort (35).

Together, these observations led some to question the validity of the FFQ (58) and to
endorse more quantitative methods. It is important to note some limitations of these findings
(119, 120). First, concurrent measures of energy and protein intake would be expected to
relate more to multiple 24HRs taken at the same time point than to the longer-term estimate
made by the FFQ. Further, because of the semiquantitative nature of FFQ responses, most
analyses are adjusted for total energy intake to improve the proportional ranking of nutrient
intakes. This was evident in the protein measures, which, although presented both ways,
were clearly improved for the FFQ following adjustment for total energy intake (94).
Similar improvements would be expected with micronutrients, which could be more valid
for usual intake with the FFQ than with a few 24HRs, which are likely to miss episodically
consumed foods high in specific nutrient content. Comparisons of intake estimates from
FFQs with biochemical indicators of nutrient status have shown good results for several
micronutrients (51, 110, 111), suggesting that FFQs have the capability of accurately
ranking them. A more recent study compared a four-day food record, three 24HRs, and a
FFQ from 450 postmenopausal women in the WHI prospective cohort study with doubly
labeled water and urinary nitrogen (87). As in the earlier studies, the food record showed a
stronger association with energy and protein biomarkers than did the FFQ, with intermediate
results for the 24HR. However, differences across methods were nonsignificant for protein
density, and further, equations that included body mass index, age, and ethnicity
substantially improved the estimates and reduced the differences in methods, suggesting that
at least within the population studied, “any of the assessment procedures may yield suitable
consumption estimates for epidemiologic study purposes” (87, p. 591).

Although expensive and thus unlikely to be used uniformly for large studies, two 24HRs
plus a propensity questionnaire is likely the best option currently available for complex
populations. This option is being used in the current National Heart, Lung, and Blood
Institute Hispanic Community Health Study/Study of Latinos, as no validated FFQs have
been demonstrated to cover all Hispanic groups without bias (97). FFQs remain the least
expensive option for large studies and therefore are most widely used. However, as
discussed below, FFQs differ considerably across studies, making it difficult to calibrate
intakes across groups in large consortia analyses. Discussion on and investigation of the
utility of the FFQ continues (58, 86), and it is clear that more work is needed to continue to
better understand the properties of measurement error, particularly for diverse subsets of the
population.

USING DIETARY DATA FROM DIVERSE STUDIES IN GENOMEWIDE
ASSOCIATION STUDY CONSORTIA

The limitations in both quality and consistency of dietary data present great challenges to
members of large consortia groups, who are increasingly attempting to examine diet x gene
interactions in combined data sets across multiple studies or by conducting meta-analyses.
The rationale for multistudy analyses of genetic and dietary factors in combination is
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compelling. First, to reduce false positive results and increase scientific credibility, genetic
relationships detected in a single population must be replicated in one or more independent
populations; criteria for replication have been established (18). Additionally, in light of the
very large sample sizes estimated to be necessary for detecting gene x diet interactions (47),
meta-analyses represent one of the few effective ways to ensure adequate power. Genetic
studies have derived tremendous benefits from consortia efforts that have detected novel
genetic associations. However, for consortium-based interaction studies, now in their
infancy, considerable challenges remain. The inherent heterogeneity of studies that span
diverse geographic, age, and socioeconomic groups across the United States and multiple
European countries is compounded by imprecision in dietary data. The extent to which
reported dietary differences across cohorts reflect actual differences in intake versus
imprecision in measurement of nutrients, foods, or food groups is unknown. The use of
different FFQs or even completely differing methodologies of dietary data collection makes
it difficult to be sure that data from different studies are on the same quantitative scale. The
use of qualitative quintile cutoffs for assigning intakes to low, medium, and high levels is
sometimes used, but these can have differing meanings in different populations, adding
further distortion to the comparisons.

Consortia Example

Most large studies continue to use the FFQ as the only cost-effective, feasible method for
large numbers of individuals. However, as discussed above, different FFQs are used, with
different food lists, with or without portion sizes, and including or omitting specific ethnic
foods. It remains unclear how combining food or nutrient intake data from these different
questionnaires may affect analytic results. Collapsing data from a questionnaire designed to
include Latino or Asian foods with a Harvard or Block questionnaire, for example, may lead
to systematic biases that misclassify one group relative to the other. For this reason,
consortia have approached these analyses carefully, and to date, have mostly limited
analyses to single ethnic groups.

An example is the Cohorts for Heart and Aging Research in Genomic Epidemiology
(CHARGE) consortium, which was originally formed with five well-described longitudinal
cohort studies in the United States and Europe to facilitate GWAS meta-analyses of genetic
variation and health (88). Since then, further studies have been added, with a recent analysis
using data from 15 cohorts with dietary measures. Examples of the range of dietary
instruments and estimates of dietary fats data obtained through a variety of instruments in
one CHARGE-based study are shown in Table 1 (adapted from Reference 96). Table 1
shows a range of estimated total fat intake (from 28.4% of total energy in the Framingham
Heart Study to 36.3% in the Rotterdam Study) and polyunsaturated fat intake (3.4% of total
energy in the Invecchiare in Chianti Study to 8.7 % in the Health, Aging, and Body
Composition Study). In addition, the same FFQ used in the Framingham Study estimated
higher total fat intake in the Nurses Health Study (33.4%). Although the various dietary
instruments are likely to rank nutrient intakes relatively accurately within individual
populations, the extent to which differences in fat intakes in these studies are real or are due
to differences in assessment methods or the validity of assessment methods for the specific
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population remains unknown. It remains unlikely, therefore, that such diverse data sets can
achieve the precision required for valid combined analyses across global populations.

Three additional manuscripts from these early efforts examining gene x diet interaction in
large numbers of individuals from diverse populations are illustrative of the need for
detailed and accurate dietary data. One study examined whole-grain intake in interaction
with 18 genetic loci associated with fasting glucose and/or insulin in 14 cohorts totaling
more than 48,000 individuals (76). As noted in Table 1, these cohorts cover diverse
populations, from the US-based Framingham Heart and Cardiovascular Health Studies to
studies in Italy, Sweden, the Netherlands, Iceland, and Greece. Dietary assessment methods
were diverse, including a 108-item Block FFQ, a 99-item version of the NCI FFQ, the 126-
item Harvard FFQ, modified 66-item and 130-item Harvard FFQs, a 30-item dietary practice
questionnaire, a diet history with a seven-day record and 168-item FFQ, a seven-day food
record, a 236-item Italian FFQ, two nonconsecutive 24HRs, a two-step Dutch FFQ, and a
55-item Greek FFQ. As can be seen from this list of very different assessment methods, the
detail and precision of estimates are likely to vary considerably. From these assessments,
whole-grain intake estimates were obtained at each site. Available whole-grain information
ranged from one line item (in the Italian FFQ) to eight (in the 126-item Harvard and the
Dutch FFQs); these were expressed as number of servings per day. Findings showed that
greater whole-grain intake was associated with lower fasting glucose, but no gene x diet
interactions met the assigned significance criteria. One interaction, between whole-grain
intake and the rs780094 variant in the glucokinase regulatory protein (GCKR) gene,
approached significance, suggesting that whole-grain intake was associated with a smaller
protective association with fasting insulin in the presence of the insulin-raising allele. It is
possible that clearer results showing more interactions may have been seen had the quality
of the dietary data been more consistent and detailed across cohorts.

A second analysis focused on the effect of zinc intake on the relationship between zinc
transporter SLC30A8 and fasting glucose concentration (55). Dietary zinc was calculated
from the same data sources, using the country- or study-specific nutrient databases. Only 5
of the 14 studies had data on zinc intake from supplements. Data were analyzed separately
by study and presented as meta-analyses. Total zinc was associated with lower plasma
glucose in four of the five studies with supplement information available, and in the meta-
analysis of the five studies, but no association was seen when examining dietary zinc intake
alone. Similarly, an interaction with the rs11558471 SLC30AS8 variant was seen only in the
studies with total (diet + supplement) zinc intake. This emphasizes the importance of
complete information when estimating nutrient exposure and calls into question the validity
of the dietary zinc estimates. When zinc supplements are included, the distribution is
extended, more clearly identifying those with higher exposure.

Most recently, Nettleton et al. (75) published a meta-analysis examining a dietary quality
score in interaction with the same 18 genetic loci previously identified by GWAS to
influence fasting glucose and/or insulin in 15 international cohorts with 51,289 persons
without diabetes (75). Because of the diversity of dietary methodology, they determined
study-specific quartile rankings for intakes of whole grains, fish, fruit, vegetables, and nuts/
seeds (favorable quality) and red/processed meats, sweets, sugared beverages, and fried
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potatoes (unfavorable); these were combined to form a healthy diet score. Data were
analyzed first with linear regression within studies and then by inverse-variance-weighted
meta-analysis. As expected, the diet score was significantly inversely associated with fasting
glucose and fasting insulin after adjustment for demographic factors, lifestyle, and body
mass index, demonstrating that this semiquantitative ranking is sufficient for main effect
associations, as has been demonstrated previously with dietary pattern analyses in many
studies (29, 32). In contrast, however, no interactions were detected with the genetic loci.
Nettleton et al. (75) conclude that focusing on genomic regions without, rather than those
with, highly statistically significant associations from main effect GWAS may be more
fruitful in identifying diet x gene interactions.

An alternative explanation for the lack of findings with dietary patterns is that gene x diet
interactions may be difficult to see in general patterns because each pathway is associated
with specific nutrients. The limited findings with whole grains and zinc also point to the
likelihood that the size of the study may be less of a limiting factor than is precision of
dietary intake measures. Together, these large efforts have been disappointing but clearly
illustrate that approximate dietary measures will be unlikely to provide the information we
need in order to discover gene x diet interactions. To understand and document these
important interactions, it is necessary to invest in the detail required to obtain estimates with
good precision at the individual level.

PhenX Recommendations

Several groups have thought about these issues, but further consideration is clearly needed
to move the field forward. One of the groups that has been working to provide
recommendations is the National Institutes of Health PhenX (Phenotypes and eXposures)
working group, which has developed a tool kit to encourage standardized questionnaires or
methods for obtaining phenotype data in large projects (98). Developed with support for the
National Human Genome Research Institute, the group began its work to assist consortia in
harmonizing data across studies. They developed a tool kit in 2006 and continue to refine it
(http://www.phenxtoolkit.or g). The stated goal of the program is “to identify and catalogue
15 high-quality, well-established, and broadly applicable measures for each of 21 research
domains for use in GWA studies and other large-scale genomic research” (http://
www.genome.gov/27541903).

One of those domains is nutrition and dietary supplements. The difficulty in arriving at ideal
measures is illustrated by the group’s selection of 12 measures for this domain. These
include specific questions to define breastfeeding (3 questions), caffeine intake (13
frequency questions), calcium intake (18 frequencies), dairy food servings (2 frequencies,
only milk and cheese), use of dietary supplements (18 frequencies), fiber intake (17
frequencies), fruit and vegetable intake (9 frequencies), percent energy from fat (16
frequencies and formula), selenium (from serum), sugar intake (4 frequencies), vitamin D
(serum), and total dietary intake (ASA24 and two 24HRs more than a week apart, one on a
weekday and one on a weekend day). Measures specifically related to dietary intake
assessment are listed in Table 2. The rationale for the recommendation of the ASA24 for
this purpose is stated as:
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The 24-hour recall has long been regarded as the optimal methodology for
collecting total dietary intake because it provides the highest-quality and least
biased dietary data for a single day. This method allows collection of detailed
intake and portion sizes. Because the data collection occurs after consumption, this
method does not affect an individual’s food choices on a given day. (PhenX
Toolkit; https://www.phenxtoolkit.org/index.php?
pageLink=browse.protocols&id=51200)

However, it is unclear whether the short-frequency screeners are valid for most populations.
First, short-frequency screeners provide only a very rough approximation and population
ranking for the targeted nutrients. As an example, the questionnaire that is supposed to
provide percent energy from fat was selected because it has been validated and has low
burden. A look at the questionnaire, however, shows a food list that is limited (https://
www.phenxtoolkit.org/index.php?pageLink=browse.protocoldetails&id=50801). The only
meats included are hot dogs, bacon, and sausage—no luncheon meats, hamburgers, or fried
chicken; use of skim milk is included as protective, but use of whole milk or cream is not
requested, etc. The questionnaire was developed from nationally representative data using a
regression approach that maximally explained variance in percentage of energy from fat
intake; thus, certain foods, such as fried chicken, were not included because at the time, and
in the population tested, they did not explain large proportions of the variance (104).
Estimates of percentage of energy from fat were computed from respondent-reported
frequency responses in a nationally representative sample and assigned sex- and age-specific
portion sizes and sex-specific regression coefficients using the USDA’s 1994-1996
Continuing Survey of Food Intakes by Individuals. These types of equations, although
useful in a similar population, are highly questionable when exported to different
populations or even different time periods. Importantly, the equation assumes that the
variation in these behaviors will correlate equally with the excluded foods for all members
of the population. In fact, although this screener was validated against two nonconsecutive
24HRs in an older population (n = 401) that was 91% non-Hispanic white and where 72%
had more than high school education (104), it did not hold up when used, as originally
intended, to measure change in intake with intervention in a multisite diverse population,
where differences between the screener and 24HRs were much greater at the site that
included African American men and women. The screener significantly underestimated fat
intake in African Americans in Georgia and approached significance for overestimating fat
intake in Latinos in Boston (105). The positive predictive value for classifying women as
consuming <30% energy from fat was 0.15 for African American women in Georgia versus
0.72 for non-Hispanic white women in Rhode Island. This finding is very important, as
many gene x diet interaction analyses use this type of cutoff point. It is therefore
questionable to recommend this fat screener for use in nutrigenomic studies.

The other short-frequency screeners all likely suffer from similar biases based on the
populations from which they were developed and are unlikely to provide unbiased estimates
across differing population groups. As such, their use is likely to obscure rather than inform
a field in which it is clear that more—not less—precision is needed. As another example, the
calcium questionnaire specifically states not to include small amounts of milk in coffee but
does not allow for large amounts of whole milk in coffee, as used by Puerto Ricans; it also
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does not include intake of small flsh, a major source of calcium in Asian populations. The
dairy foods questionnaire asks only about milk and cheese and does not include yogurt or
other dairy products. Finally the fruit and vegetable questionnaire, which should be more
straight-forward, overestimated intake, particularly for African Americans in the multiethnic
intervention study described above (85). The authors concluded, “Findings suggest multiple
24HR at multiple time points in adequate sample sizes remain the gold standard for FV
reports. Biases in FVS estimates may reflect participants’ lifestyles and sociodemographic
characteristics and require further examination in longitudinal samples representative of
diverse populations” (85, p. 218S). A recent review further describes the limitations and
challenges of using the NCI and other screeners for estimating fruit and vegetable intake
(92).

Finally, although two ASA24 recalls is a reasonable recommendation, there is no discussion
of the limitations of this approach for usual intake assessment or loss of participant data/
poor quality data due to the requirement for self-administration. To date, only preliminary
studies with educated beta testers have been completed. Although these are reported to show
acceptable face validity (http://riskfactor.cancer.gov/tools/instruments/asa24/respondent/
validation.html), no studies have been reported to show general population completion rates
or quality of completion in differing ethnicities or literacy levels with use of the ASA24.

The PhenX group’s decisions reflect the efforts of an expert committee, illustrating the
limitations in choices available to them. Although the group’s work presents a thoughtful
approach to beginning to think about standardization, more work is needed to develop
approaches that are uniform and valid across populations and reasonably cost-effective.

INCREASING COMPLEXITY IN ANALYSES

As a complement to dietary assessment, new approaches to complex systems are beginning
to contribute to the understanding of gene x diet interactions on health (20). Bioinformatics,
including proteomic and metabolomic data, has great potential for revealing the mechanisms
involved in gene x nutrient interactions (25, 38, 116), including the importance of specific
nutrients on cellular metabolism (59, 113). Systems biology (28, 57, 59, 90, 113) promises
to help us move beyond simple gene x nutrient interactions toward global effects, where
many genes and metabolites can be examined simultaneously (40). Although these exciting
new technologies are receiving considerable attention, it is important to not forget that they
will not be able to answer the questions we are asking without precise and accurate dietary
information. Long-term exposures, particularly of diet, remain the key factors leading to
outcomes under differing genetic environments. Advances in accurately capturing this
behavior are critically needed if we are to utilize the new technologies effectively to inform
policy and intervention.

Technological Advances in Measuring Usual Intake

Given the known limitations of current dietary assessment methods, several investigators are
working to develop new approaches for measuring dietary intake, and technological
advances are being used to reduce costs associated with collection and processing of dietary
data (106). Web-based versions of FFQs have been developed (33, 80, 115, 122), but most
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are similar to the paper version, with a defined food list. With the recognized need for
information on diet, the Genes, Environment and Health Initiative of the National Institutes
of Health has encouraged technology-driven methods to improve dietary intake, among
other exposures, for use in large-scale studies (106). Examples of funded projects include a
Web-based dietary recall for use in children, maobile phone photography to record foods
consumed, a mobile phone application to record intake with voice recognition, and a device
that can be worn to take pictures of food through image recognition (77). These innovations,
along with improvements in biomarkers of dietary intake— including metabolomics and
other techniques (63, 114)—hold promise for contributing to improved assessment through
technology, but more innovations are needed to improve assessment of long-term usual
intake for large numbers of individuals at a reasonable cost.

SUMMARY

It is clear that advances in measuring dietary intake have lagged behind the rapid growth in
sophisticated methods to characterize the diversity within the human genome. Dietary
behavior is complex, and accurate assessment requires detailed questioning that considers
the diversity in dietary patterns across populations. Combining data is challenging because
methods used both within and across populations differ greatly in approach, detail, and
timing of intake. The most open-ended approach remains the 24HR, which, provided that
accurate dietary databases are available and data are carefully collected, is unbiased in terms
of ethnicity or dietary pattern for short-term (prior-day) assessment. Because the effect of
diet on gene expression usually influences health risk over long periods of time, however,
accurate assessment of long-term usual intake is the goal. The major limitation of the 24HR
is the large misclassification that occurs because of day-to-day variation; multiple recalls are
needed to stabilize this error. Although techniques to estimate this attenuation due to random
error are available for straightforward analyses at the population level, these do not correct
for misclassification at the individual level; thus, categories used in gene x diet interactions
remain poorly specified for diet, with resulting uncertainty of estimates.

As noted in the example above with zinc, supplement use must also be measured to capture
fully nutrient intake for use in interaction analyses. The importance of specific nutrients for
individual genetically affected metabolic pathways means that great precision is needed not
only in food groups but also in nutrients. Most large studies do not currently contain good
measures of dietary intake, and fewer still account for the diversity of diets within their
populations to capture detailed differences in long-term intake at the individual level.
Improving these shortcomings is essential if we are to fulfill the promise of truly
understanding how our diets affect our metabolism and health in relation to our genome. The
only way to enhance our understanding is to recognize that dietary data are important, to
acknowledge that improving their precision will require resources and time, and to continue
to study ways to improve the representativeness and validity of usual intake assessment for
all groups without bias.

The use of two 24HRs, with the addition of a propensity questionnaire to adjust for
sporadically consumed foods with large amounts of specified nutrients, is currently the best
option for multipopulation studies. The openended nature of the recall allows for detail of
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portion sizes and recipes in different groups. The adjustment for major occasional sources of
nutrients can improve estimates, but individual rankings will still be affected. Considerably
more attention to subgroups in the population is needed to ensure validity of results and
inclusion of all appropriate high-nutrient-source foods in the propensity questionnaire.
Further investigation of the meaning of statistical adjustment for specific foods that vary in
consumption across ethnic subgroups is needed, rather than inclusion of these foods in the
total usual intake estimate.

Unfortunately, even the inclusion of two 24HRs and a propensity questionnaire is
considered too much of a respondent burden and too great a cost for many large studies.
Therefore, single administration of a FFQ is likely to remain the most cost-effective tool of
choice for large populations. It is important to note that not all FFQs are equal and
comparable, particularly in measuring diverse diets. Many consortia suffer from decisions
on how to compromise with differing measures of dietary assessment in different studies. To
the extent that these have differing levels of validity for subgroups, errors may be multiplied
and thus mask the ability to detect important associations.

CONCLUSION

Nutrition is probably the most important environmental factor that modulates the action of
genes and the phenotypes being considered. This has been known for a long time but has
been underestimated in scientific priorities (50). Accumulating data show that lack of
replication of health outcome effects with genetic polymorphisms may be due to differences
in levels of dietary exposure, allowing or suppressing the expression of the genetic tendency.
Therefore, it is of paramount importance that genetic variation is considered in the context
of dietary exposure. This paradigm constitutes the basis for nutritional genomics, with
tremendous potential to yield results that could change the way dietary guidelines and
personal recommendations are considered.

The interaction between genotype and dietary exposure—nutritional genomics—has the
potential to change dietary disease prevention and to have a major impact on public health.
It is clear that without consideration of diet, the discovery of genetic determinants of disease
will be limited. Furthermore, although we cannot change our genes, diet is a modifiable risk
factor. The promise of nutrigenomics is that personalized dietary advice, based on genotype,
will allow changes to improve the health of populations. To do this will require increased
understanding of the limitations of current dietary methodologies and the development of
better approaches to obtain unbiased assessments of long-term usual intake in diverse
groups.
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Dietary assessment and dietary fat intakes in the Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) Consortium”

frequency categories, from never
or <1 time per month to =6 times
per day. Standard portion sizes
were given as a reference.

Saturated | Polyunsaturated
Total fat fat % fatty acid %

Cohort Country n Dietary assessment method % energy energy energy

Atherosclerosis USA 2,980 | Interviewer-administered 66-item 332+6.8 | 122+31 | 51+15
Risk in USA 9,189 food frequency questionnaire (FFQ) 305+75 | 11.2+32 | 45+14
Communities modified from the Willett 61-item

Family Heart FFQ. Participants were asked to
Study indicate average consumption over

the past year, with 9 frequency
categories, from never or <1 time
per month to =6 times per day.
Standard portion sizes were given as
a reference.

Cardiovascular USA 3,222 | Self-administered 99-item 323+6.0 | 103+22 | 74+22

Health Study picture-sort version of the National
Cancer Institute FFQ in 1989-90
and the 131-item Willett FFQ in
1992-93. Participants were asked to
indicate average consumption over
the past year, with 9 frequency
categories, from never to =5 times
per week (picture sort) or <1 time
per month to =6 times per day
(Willett FFQ).

European UK 2,353 | Self-administered 130-item FFQ with 323+57 | 123+32 | 6.2+£2.0
Prospective lists of foods from the average British 333+59 | 123+32 | 65+1.8
Investigation diet. Participants were asked to
of Cancer indicate average consumption over
Norfolk the past year, with 9 frequency

Fenland categories, from never or <1 per

month to =6 times per day. Portion
sizes were specified. Intakes were
estimated in grams per day.

Framingham USA 6,374 | Self-administered 126-item Willett 284+6.1 | 11.0+3.0 | 58+16
Heart Study USA 3,065 FFQ. Participants were asked to 332+56 | 11.8+25 | 6.3+1.6

Nurses Health indicate average consumption over
Study the past year, with 9 frequency

categories, from never or <1 per
month to =6 times per day.
Portion sizes were specified.

Genetics of USA 1,120 | Interviewer-administered NCI 355+6.7 | 119+27 | 7621
Lipid- 124-item Diet History Questionnaire
Lowering with questions for portion size.

Drugs and

Diet Network

Health, Aging, USA 1,499 | Interviewer-administered 108-item 329+76 | 94+25 8.7+28
and Body Block FFQ. Participants were
Composition asked to indicate average

consumption over the past year,
with 9 frequency categories, from
never to every day. Portion size
was estimated using wood blocks,
food models, standard kitchen
measures, and flashcards.

Health USA 2,326 | Self-administered 131-item Willett 328+64 | 11.3+28 | 6.1+16
Professionals FFQ. Participants were asked to
Follow-up indicate average consumption
Study over the past year, with 9
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Saturated | Polyunsaturated
Total fat fat % fatty acid %
Cohort Country n Dietary assessment method % energy energy energy
Invecchiare in Italy 1,100 | Interviewer-administered 236-item 31.0+51 | 104+22 | 3407
Chianti (Aging FFQ. Participants were asked to
in the Chianti specify the size of the portion
Area) usually consumed in comparison
to a range of portions shown in
colored photographs.
Multi-Ethnic USA 2,289 | Self-administered 120-item Block 334+72 | 11.0+£33 | 7.0+£20
Study of FFQ, modified to include
Atherosclerosis ethnic-specific foods.
Rotterdam Study Netherlands | 4,576 a.  Self-administered simple food list | 36.3+6.1 | 144+32 | 69+11
(no frequency or portion size).
b. Interviewer-administered FFQ.
Participants were asked to indicate
average consumption over the past
year, with 9 frequency categories,
from never or <1 time per month
to =6 times per day. Portion sizes
were asked.
Young Finns Finland 1,762 | Modified 131-item FFQ developed 328+48 | 118+24 | 53+11
Study by the Finnish National Institute

for Health and Welfare.

*
Adapted from (96).
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PhenX? Toolkit recommendations’

Table 2

Page 25

equations

Measure Features Validity information Limitations
5-Factor Frequency of intake for specific Indirect measurement error model MEstimation equations based on US
Screener® food items for past month versus multiple 24 HRs for 260 National Health Interview Survey
Age- and sex-specific median men and 222 women in the . .
portion sizes are assigned OPENSd | | ...eS_tImateS_ may be less _USerl for
study populations with more ethnic diets,
including Asian and possibly Latino
populations"C
Calcium Frequencies of 20 items used in Deattenuated r = 0.59 for men M Regression weights and selected foods
intake weighted regression equations and 0.44 for women likely to differ in different populations
(mg/d)
Dairy food Frequency of milk and cheese Deattenuated r = 0.64 for men M Does not include yogurt
(servings/d) intake summed and used in and women L
regression equations M Does not capture milk in coffee or tea
Fiber intake Frequencies of 20 items used in Deattenuated r = 0.52 for men
(g/d) weighted regression equations and 0.54 for women
Fruits and Pyramid portions of 9 fruit and Deattenuated r = 0.58 for men
vegetables vegetable items calculated and and 0.73 for women
(servings/d) then estimated in regression

Added sugars
(tsp/d)

Median tsp of sugar summed
from 4 items and then estimated
with regression equations

Deattenuated r = 0.68 for men
and 0.66 for women

%Energy
from fat

Questionnaire with frequencies
for 15 food items + 2 use
questions. Amount from added
solid fats is calculated and then
included with other frequencies
in weighted regression equations

r=0.52 to 0.77 among men and
0.36 to 0.59 among women in the

Bcc® study. Positive predictive
value for classification <30%
energy from fat ranged from 0.15
for women in Georgia to 0.71
for women in Rhode Island

M Does not include oils, snack chips,
most meats, fried chicken, pizza, etc.

W Regression equations likely to be
highly population specific

M “If accurate assessment of diet... is
essential, a more detailed instrument...

may be warranted”®

Caffeine
intake

Frequencies of 13 items,
including coffee, tea, and soft
drinks; with small, medium, and
large portion options

Total dietary
intake

24HR using the ASA24f

H Misclassification from day-to-day
variability likely limits use in complex
interactions

a . . .
PhenX, Phenotypes and eXposures; collaborative funded by the National Human Genome Research Institute.

b . .
Recommendations for food intake only.

CPhenX Toolkit; https://www.phenxtoolkit.org/index.php?pageLink%20=%20browse.protocoldetails&id%20=%2050202.

d

OPEN, Observing Protein and Energy Nutrition study.

eBCC, Behavioral Change Consortium (105).

fASA24, Automated Self-Administered 24-Hour Recall; http://riskfactor.cancer.gov/tools/instruments/asa24/.
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