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Abstract

Applications of omics technologies in the postgenomics era swiftly expanded from rare monogenic disorders
to multifactorial common complex diseases, pharmacogenomics, and personalized medicine. Already, there are
signposts indicative of further omics technology investment in nutritional sciences (nutrigenomics), environ-
mental health/ecology (ecogenomics), and agriculture (agrigenomics). Genotype—phenotype association stud-
ies are a centerpiece of translational research in omics science. Yet scientific and ethical standards and ways to
assess and communicate risk information obtained from association studies have been neglected to date. This
is a significant gap because association studies decisively influence which genetic loci become genetic tests in
the clinic or products in the genetic test marketplace. A growing challenge concerns the interpretation of large
overlap typically observed in distribution of quantitative traits in a genetic association study with a poly-
genic/multifactorial phenotype. To remedy the shortage of risk assessment and communication tools for asso-
ciation studies, this paper presents the concept of edge effect. That is, the shift in population edges of a multi-
factorial quantitative phenotype is a more sensitive measure (than population averages) to gauge the population
level impact and by extension, policy significance of an omics marker. Empirical application of the edge effect
concept is illustrated using an original analysis of warfarin pharmacogenomics and the VKORC1 genetic vari-
ation in a Brazilian population sample. These edge effect analyses are examined in relation to regulatory guid-
ance development for association studies. We explain that omics science transcends the conventional labora-
tory bench space and includes a highly heterogeneous cast of stakeholders in society who have a plurality of
interests that are often in conflict. Hence, communication of risk information in diagnostic medicine also de-
mands attention to processes involved in production of knowledge and human values embedded in scientific
practice, for example, why, how, by whom, and to what ends association studies are conducted, and standards
are developed (or not). To ensure sustainability of omics innovations and forecast their trajectory, we need in-
terventions to bridge the gap between omics laboratory and society. Appreciation of scholarship in history of
omics science is one remedy to responsibly learn from the past to ensure a sustainable future in omics fields,
both emerging (nutrigenomics, ecogenomics), and those that are more established (pharmacogenomics). An-
other measure to build public trust and sustainability of omics fields could be legislative initiatives to create a
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multidisciplinary oversight body, at arm’s length from conflict of interests, to carry out independent, impar-
tial, and transparent innovation analyses and prospective technology assessment.

“Toto, I've a feeling we're not in Kansas anymore . . . It's not a place you can get to by a boat or a train. It’s far, far away—Dbehind
the moon—beyond the rain. Somewhere, over the rainbow, way up high.”

Introduction: Omics Science and the New Decade
Of Measurements

MOTHER NATURE is not always known for her generos-
ity. Scientists, particularly physicists have painfully
accepted the paucity of information available to them in ex-
periments, and that nature imparts information and under-
standing with stubborn reluctance (Naylor and Cavanagh,
2004). To remedy shortage of experimental data, omics tech-
nologies such as proteomics and genomics were introduced
over the past 3 decades, starting with the two-dimensional
gel electrophoresis for global protein analyses in 1970s and
high-throughput DNA sequencing methodologies in 1990s
(Anderson and Anderson, 1977, 1996; Kolker et al., 2006;
McNally and Glasner, 2006; O’Farrell, 2008; Ozdemir et al.,
2006). According to one etymological analysis, the suffix
“ome” is derived from the Sanskrit OM (“completeness and
fullness”) (Lederberg and McCray, 2001). By combining
“gene” and “ome,” Hans Winkler created the term genom(e),
referring to “the haploid chromosome set, which, together
with the pertinent protoplasm, specifies the material founda-
tions of the species. . .. ” (Lederberg and McCray, 2001; Win-
kler, 1920). Alternatively, the Oxford English Dictionary sug-
gests that Winkler used genom(e) as a portmanteau of gene
and chromosome (Gregory, 2005). Victor McKusick and Frank
Ruddle added “genomics” to the scientific lexicon as the title
for the new journal they cofounded in 1987, with emphasis on
linear gene mapping, DNA sequencing, and comparison of
genomes from different species (McKusick and Ruddle, 1987).
An account of the events that led to the creation of the word
genomics is offered by Thomas H. Roderick (Kuska, 1998).

Omics technologies and various neologisms that define
their application contexts, however, are more than a simple
play on words. They substantially transformed both the
throughput and the design of scientific experiments. The
omics technologies allow the generation of copious amounts
of data at multiple levels of biology from gene sequence and
expression to protein and metabolite patterns underlying
variability in cellular networks and function of whole organ
systems (Suarez-Kurtz and Cascorbi, 2008; Wilke et al., 2008).
In fact, this led to overabundance of data in biomedical ex-
periments recently (Nicholson, 2006). While the 1990s was
named as the “decade of the brain,” we are now in the
“decade of measurements.” As Judy Garland indicates in her
1939 film, this signals a new era—in how we approach to
scientific inquiries. That is, the arrival of “big biology” and
a systems (integrative) approach to scientific practice with
global measurements of molecular pathways in health and
disease (Baccini et al., 2008; Kaput et al., 2006; Naylor et al.,
2008; Nicholson and Lindon, 2008; van Ommen, 2004).

In addition to amplified throughput, the process of re-
search is fundamentally altered in “omics science.” Ordi-
narily, scientists have accustomed to hypothesis-driven
research wherein a clearly articulated scientific question/

—Dorothy Gale (Judy Garland) in “The Wizard of Oz” (1939)

hypothesis would be posed. Subsequently, experiments
would be carried out to obtain data in order to test the study
hypothesis. With the omics approach, asking an initial re-
search question is not always necessary or a prerequisite.
Genome or proteome-wide data can be collected in an omics
experiment without an existing hypothesis, followed by gen-
eration and testing of biological hypotheses. This reversal
from the “first hypothesize-then-experiment” tradition to
“first experiment-then-hypothesize” mode of operation of-
fers the promise to discover unprecedented pathophysio-
logical mechanisms of disease as well as response and tox-
icity to drugs and nutrition. The high-throughput omics data
obtained in parallel from successive organizational hierar-
chies of cellular biology also help discern, in real time, the
“system level” predictive value of an omics biomarker test,
over and above the built-in molecular redundancies pre-
served in biology during the course of human evolution. Ul-
timately, it is thought that the omics science and technolo-
gies will markedly improve the simplistic and reductionist
experimental models that offer merely a temporal snap shot
of the much more complex, longitudinal, and dynamic na-
ture of biological networks (and their fluctuations in re-
sponse to social/environmental exposures) that fundamen-
tally govern human health and disease.

Statement of the Problem: Rapid Transition in Omics
Science from Monogenic to Multifactorial Phenotypes

Bearing in mind the promises noted above, can we be con-
fident that the touted omics biotechnologies will bring about
major scientific innovations, personalized medicines, knowl-
edge-based economies, and other anticipated benefits for the
society (Burgess et al., 2008; Gurwitz and Lunshof, 2008;
Knoppers and Joly, 2007; Lunshof et al., 2006; Motulsky,
2002; Nightingale and Martin, 2004; Smart and Martin, 2006;
Zika et al., 2006)? In this regard, the very recent confluence
of understanding of pharmacogenomics variability in phar-
macokinetic and pharmacodynamic pathways for the oral
anticoagulant warfarin is a notable positive example (Cooper
et al., 2008; Daly and King, 2006; Gage et al., 2008; Nakai et
al., 2007; Ozdemir et al., 2008; Perini et al., 2008). Yet the fu-
ture is still undecided for many of the omics biotechnology
applications such as pharmacogenomics, nutrigenomics, and
agrigenomics (Brown, 2003; Godard and Ozdemir, 2008;
Hedgecoe, 2004; Hopkins et al., 2006; Khoury et al., 2008;
McGuire and Burke, 2008; Millstone, 2000; Montpetit et al.,
2006; Ozdemir and Godard, 2007). While incremental ad-
vances are being achieved, the high expectations from ge-
nomics medicine have not been translated to an increase in
research products or drug development in a manner that is
proportional to the vast R&D investment made in omics
biotechnologies thus far (Gurwitz and Motulsky, 2007; Ibar-
reta, 2008; Nightingale and Martin, 2004; Ozdemir et al.,
2007; Wood, 2006). Even after considering the expected lag
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time of 5 to 10 years from R&D investment to emergence of
scientific products, there appears to be a disconnect between
what has been promised from genomics technology revolu-
tion and its actual impact in the clinic and society (Ibarreta,
2008; Nightingale and Martin, 2004; Ries and Caulfield,
2006). Consistent with this, it was acknowledged in an in-
novation analysis that “the applied sciences needed for med-
ical product development have not kept pace with the
tremendous advances in the basic sciences. The new science
is not being used to guide the technology development process
in the same way that it is accelerating the technology dis-
covery process” (Food and Drug Administration, 2004).

Why is this gap? Several technical and nontechnical factors
have been suggested to explain the difficulties in down-
stream uptake of omics innovations in the clinic, in particu-
lar, the diagnostic tests that predict future disease suscepti-
bility or health intervention outcomes (e.g., toxicity /efficacy)
associated with drug treatment and nutrition. These include,
for example, lack of cost-effectiveness analysis and inade-
quate clinical validation of genomics tests, balancing the
need for scientific innovation and commercialization with
appropriate evidence thresholds for moving technology into
health care, criteria for scientific validity that differ between
disciplines, education of health professionals, and health
technology assessment under a vision that includes both in-
dustrialized and developing world (Caulfield, 2003; Com-
pagni et al., 2008; Daar et al., 2007; Frueh and Gurwitz, 2004;
Gurwitz et al., 2005; Gurwitz and Motulsky, 2007; Hopkins
et al., 2006; Khoury et al., 2008; Morin, 2009; Ozdemir et al.,
2007; Pang, 2003; Singh and Daar, 2008).

Successful translation of omics innovations from the lab-
oratory bench to the clinic also relies on commensurate de-
velopment of risk assessment and communication tools to
appropriately regulate and engage omics innovations with
diverse user groups in society. A specific area of omics sci-
ence where the need for risk assessment and communication
frameworks is most prominent concerns the genotype-phe-
notype association studies that deal with multifactorial phe-
notypes such as common human cancers and responses to
drugs and nutrition. In terms of the “risk” identified by a
genotype—-phenotype association study, this paper refers to
differences in phenotypic distributions in populations de-
fined by genotypic variants or other types of omics bio-
markers (e.g., proteomics, metabolomics, etc.) (Figs. 1 and 2).
As omics technologies rapidly transitioned from study of
monogenic (Fig. 1) to multifactorial phenotypes (Fig. 2) over
the past decade, the existing risk assessment and communi-
cation frameworks—originally developed for rare mono-
genic diseases—became no longer adequate. A current chal-
lenge is how to interpret the large overlap typically observed
in distribution of quantitative traits in an association study
concerning a multifactorial and polygenic phenotype (Fig.
2), as a contrast to monogenic phenotypes that tend to sep-
arate into distinctly discernible groups (Fig. 1).

Establishing robust genotype—phenotype associations is cen-
tral to translation of omics science to clinical applications. Yet
scientific and ethical standards and ways to assess and com-
municate the risk information derived from association stud-
ies have been neglected to date. This is a significant regulatory
vacuum because association studies may decisively influence
which genetic loci become a genetic test in the clinic or a prod-
uct in the genetic test marketplace (McGuire and Burke, 2008).
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Aims of the Paper and the Knowledge Gap
to be Addressed

To remedy the shortage of risk assessment and commu-
nication tools for omics marker associations with multifac-
torial phenotypes, this paper presents the concept of edge ef-
fect. That is, the shift in population tails of a multifactorial
quantitative trait is a more sensitive measure (than popula-
tion averages) to gauge the population level impact and by
extension, policy significance of an omics marker. A case
study of the empirical application of the edge effect concept
is presented using the recent example of warfarin pharma-
cogenomics and the VKORCI genetic variation in a Brazil-
ian population sample. These edge effect analyses are ex-
amined in relation to future regulatory guidance and policy
development for association studies in omics science, and di-
agnostic (predictive) medicine more generally.

As omics fields rapidly proliferate from pharmacoge-
nomics to nutrigenomics and ecogenomics, it is important
to bear in mind that the scientific practice gains an increas-
ingly significant social dimension. Science and technology
markedly impact society, culture, and ways we live and
relate to others in the community, with both intended and
unintended consequences (UNESCO, 2000). Science is in-
herently value laden and embedded in a social, ethical, and
political context (Master and Ozdemir, 2008). Thus, closing
the gap between the omics laboratory and society is crucial
for prospective assessment and anticipatory governance
of omics science and to forecast its diverse downstream ap-
plications in society. While the edge effect analyses and the
risk assessment/communication frameworks presented in
this paper contribute toward these objectives, they will not
materialize unless a deeper understanding of the omics his-
tory is established, nor will the omics science and its prod-
ucts be sustainable unless certain nontechnical factors are
taken into account, in parallel with scientific considerations.
Hence, in addition to the concept of edge effect, this paper
addresses the following hitherto neglected issues in the lit-
erature.

¢ Building on an interdisciplinary analysis of the omics his-
tory and diagnostic medicine (see next section), we explain
why and how risk assessment/communication frame-
works will benefit the association studies that drive trans-
lational research and innovations from the omics labora-
tory to society.

o Tertiary care hospitals and formularies are discussed as a
potential avenue for proof-of-concept studies of the edge
effect analyses.

¢ Nontechnical factors such as human values embedded in
scientific practice and the past lessons from omics history
are contextualized, as they relate to future sustainability
of emerging omics fields (nutrigenomics) and considera-
tions (in addition to risk assessment/communication
tools) to effectively bridge the gap between the omics lab-
oratory and society.

Tracing the “Omics Origins” in Diagnostic Medicine
from Ancient Times to the Postgenomics Era

While omics technologies forge ahead with yet another ap-
plication in nutritional sciences, as illustrated under the over-
arching vision of nutrigenomics in this second special con-
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FIG. 1. Example of a genotype—phenotype association for a monogenic phenotype. Histograms and cluster analysis pres-
ent the CYP2D6 activity (phenotype), as measured with dextromethorphan as a probe drug. CYP2D6 activity is expressed
as the log of the urinary metabolic ratio of dextromethorphan/dextrorphan log(DM/DX). The red lines in A indicate the
four population clusters identified by mclust, the blue line represents the summary line. Mean log(DM/DX) are as indi-
cated for each cluster (arrows). Population histograms are shown for all subjects (B), Caucasians (C) and African Ameri-
cans (D), respectively. Subjects with discordant genotypes were excluded. The mean log(DM/DX) was —1.912 for all sub-
jects, —1.989 for Caucasians and —1.800 for African-Americans. The gray box highlights the activity range for intermediate
metabolizers (—1.52288 = log(DM/DX) < —0.52288 or 0.03 = DM/DX < 0.3). Reprinted by permission from Macmillan
Publishers Ltd: [Gaedigk et al., Clin Pharmacol Ther 2008; 83, 234-242].
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FIG. 2. Example of a genotype-phenotype association for
a multifactorial phenotype. As a phenotype, standardized
normal distributions of catalytic activity of a hypothetical
metabolic pathway (subject to multifactorial regulation) are
presented (Population A: fast metabolism; Population B: slow
metabolism). X, reflects the threshold activity below which
drug or food toxicity is observed. Note that an overlapping
phenotypic distribution is a mainstay occurrence in associa-
tion of a multifactorial phenotype with an omics marker.
Reprinted by permission from Bentham Science Publishers:
[Ozdemir et al., Curr Pharmacogenomics Person Med 2005;
3, 53-71].

secutive issue of the OMICS, it is essential to recall the ori-
gins of omics science, the individuals who pioneered the key
concepts, as well as the human values and sociotechnical fac-
tors that decisively shaped the field. As we trace the “omics
origins” deeper in the archives of technoscience history,
some threads of commonality will thus become apparent.
This could shed light on how best to prepare for a sustain-
able future in nutrigenomics by surfacing the embedded fac-
tors—beyond the laboratory bench—that might limit or fa-
cilitate the innovations in the postgenomics era across
transdisciplinary boundaries (Maienschein et al.,, 2008;
Maienschein and Smith, 2008; Motulsky, 2002).

Diagnostic medicine in ancient times

Omics science has a strong motive to characterize indi-
vidual and population differences in biology. In this sense,
the focus of omics science on biological “variability ques-
tions” is rooted in diagnostic medicine. In fact, long before
the introduction of omics technologies and the present pop-
ularity of diverse omics fields, understanding (and diagnos-
ing) individual differences in health and disease have been
a preoccupation since ancient times. Early diagnosticians not
only lacked the microarrays that the modern-day genomics
scientists now possess, but they were also limited in access
to tissue specimens. In ancient times, patients could be ob-
served and touched by physicians, but it was illegal to prac-
tice invasive procedures. Access to diagnostic tissue speci-
mens was essentially limited to those that were naturally
passed from the body such as urine. The Babylonians and
Sumerians thus utilized urine to diagnose the health status
of individuals as early as 4000 BCE, whereas Hippocrates
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(460—ca. 370 BCE, the Island of Cos, Greece) suggested the
presence of bubbles in the urine as an indication of chronic
kidney disease (White, 1991).

Pythagoras in Croton (Calabria region), Italy noted in 510
BCE that the ingestion of fava beans resulted in a potentially
fatal reaction in some, but not all, individuals (Nebert, 1999;
Pirmohamed, 2001). Pythagoras considered beans as sacred,
and prohibited their consumption, as well as walking
through the bean fields (Detienne, 1972; Mahlknecht and
Voelter-Mahlknecht, 2005). The scientific basis of this ad-
verse reaction to food, that is, favism, was inherited defi-
ciency of glucose-6-phosphate dehydrogenase (Carson et al.,
1956), one of the early documented accounts of metabolic ge-
netic polymorphism.

20th Century diagnostic medicine and Archibald Garrod:
The rise of human biochemical genetics and
personalized medicine

Biological individuality is a fundamental property of all
living organisms. This individuality, and its reciprocal corol-
lary—individual differences—form the very basis of modern
day attempts to develop molecular diagnostics with omics
technologies for common complex diseases or to forecast re-
sponse to pharmaceuticals and foodstuff. While these re-
search efforts are now relatively well accepted, this was not
always so at the beginning. Despite the early hints of inter-
est in diagnostic medicine in ancient times, until the end of
19th century, “biological variability questions” were not a le-
gitimate component of the mainstream scientific inquiries.
In the early 20th century, Archibald Garrod (1857-1936) sug-
gested the chemical individuality of humans as a basis for
certain inborn errors of metabolism such as alkaptonuria
(Garrod, 1902, 1909). Garrod did not use the term genetics
(this was coined by his colleague William Bateson), but he
presciently foresaw the role of human chemical individual-
ity and genetic factors in most human diseases. While his
initial thoughts centered on rare familial inborn errors of me-
tabolism (Garrod, 1902), he later broadened the concept of
human biochemical genetics to include majority of human
diseases (Garrod, 1931):

. substances contained in particular foods, certain
drugs, and exhalations of animals or plants produce in
some people affects wholly out of proportion to any
which they bring about in average individuals. Some ef-
fects vary from a slight and temporary discomfort or
morbid syndromes which amount to severe or fatal ill-
ness.

Following Garrod'’s early insights on biological variability
questions, the concept of human biochemical genetics was
advanced by J.B.S. Haldane (1892-1964), further cementing
the roots of contemporary diagnostic medicine.

Study of taste perception is another area that catalyzed
research interest in person-to-person differences in human
biology (Blankeslee and Salmon, 1931; Snyder, 1931). Taste
is a nutritional gatekeeper for the body influencing which
foodstuff is ingested or rejected (Tepper, 2008). Strong bit-
ter taste is universally rejected, and often serves as an in-
dicator of contamination of food with toxins. Moderate
bitter taste can be appealing and desired in certain food



Downloaded by 78.175.62.122 from www.liebertpub.com at 05/10/20. For personal use only.

48

such as wine, beer, and cheese. In 1931, A.L. Fox acciden-
tally discovered that the ability to taste the synthetic com-
pounds phenylthiocarbamide (PTC) and 6-n-propylth-
iouracil (PROP) varied markedly among humans (Fox,
1932). PTC powder accidentally escaped into the laboratory
air while synthesizing nonnutritive sweeteners. Fox did not
perceive anything but his colleagues complained from mod-
erately to intensely bitter taste on their lips. Subsequent test-
ing showed that PTC was tasteless to about 30% of Cau-
casians, with marked population-to-population variability
in frequency of the nontaster phenotype (Fox, 1932; Kim and
Drayna, 2004; Tepper, 2008; Wooding, 2006). The mode of
transmission was initially thought to be simple Mendelian
recessive inheritance (Blankeslee and Salmon, 1931; Snyder,
1931;). Further research indicated that multiple alleles or
genes are involved (Guo and Reed, 2001; Kim and Drayna,
2004; Tepper, 2008).

These advances in human biochemical genetics in the first
half of the 20th century set the stage for the idea (role of ge-
netic factors in drug effects) proposed by Arno G. Motulsky
(Seattle), in his seminal article in October 1957, with the pro-
grammatic title “Drug Reactions, Enzymes and Biochemical
Genetics,” indicating the confluence of biochemistry and ge-
netics within the specific context of pharmacology (Motul-
sky, 1957). Two years later, the term pharmacogenetics was
coined by Friedrich Vogel of Heidelberg, Germany (i.e., long
before “pharmacogenomics” became a popular term and re-
search topic) (Vogel, 1959). The first book on pharmacoge-
netics was published by Werner Kalow (Toronto), which de-
finitively established the field of pharmacogenetics (Kalow,
1962). These events coincided with the report on acetylator
polymorphism (Evans et al., 1960).

After the field of pharmacogenetics was defined by the
three pioneers Motulsky, Vogel, and Kalow from 1957 to
1962, the progress towards understanding the genetic basis
of drug efficacy and toxicity remained sluggish. Skepticism
initially prevailed on the extent to which heredity played a
role, if any, in determining drug treatment outcomes, given
the multitude of environmental factors that can confound
drug action in humans. This concern was addressed in part
by Elliot S. Vesell in Hershey, Pennsylvania, in studies of
monozygotic and dizygotic twins (Vesell and Page, 1968).
These series of twin studies firmly indicated a genetic basis
for individual differences in drug metabolism and phar-
macokinetics. Subsequently, the sparteine/debrisoquine
(CYP2D6) monogenic polymorphism was identified by
Eichelbaum in Germany (Dengler and Eichelbaum, 1977;
Eichelbaum et al., 1975a, 1975b, 1979) and Smith in England
(Mahgoub et al., 1977).

Long before the launch of the Human Genome Project and
the present popularity of genomics research, Norman G. An-
derson and N. Leigh Anderson, a father and son team, at-
tempted to develop an index of all human proteins (the Hu-
man Protein Index, or HPI) in 1970s, at a scale that could be
considered as one of the very first investigations with an
“omics” vision (Anderson and Anderson, 1977, 1996; An-
derson et al., 2001). The Andersons were ahead of their time;
the proposal for the HPI remained unfunded initially. In
hindsight, the Andersons provide the following personal ac-
count: “ . . . because DNA sequencing technology is inher-
ently simpler and more scalable than protein analytical tech-
nology, and because the finiteness of genomes invited a spirit
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of rapid conquest, the notion of genome sequencing has dis-
placed that of protein databases in the minds of most mo-
lecular biologists” (Anderson et al., 2001). This insight (on
the origins of proteomics science) is noteworthy because it
provides a grounded historical perspective well beyond the
genocentric representations of human biology in omics sci-
ence. It also underscores the nonlinear, ostensibly chaotic,
and often unpredictable ways in which novel ideas may (or
may not) turn into innovations and diagnostic products in
the clinic and marketplace.

The two decades after the initial proposal for the HPI, the
1980s and the 1990s, were defined and shaped by advances
in molecular biology applications to decipher the genetic ba-
sis of inter-individual and population-to-population varia-
tion in key drug metabolizing enzymes such as CYP2D6 and
phase I and phase II drug metabolism pathways (Gonzalez
et al., 1988; Masimirembwa et al., 1993, Masimirembwa et
al., 1996; for a review see: Flockhart, 2007; Gunes and Dahl,
2008; Ingelman-Sundberg et al., 2008; Owen et al., 2008).
Early hints supported the idea that cytochrome P450s also
contribute to metabolism of endogenous compounds in hu-
mans and possibly, of neurotransmitters, thereby potentially
influencing behavior and personality (Bertilsson et al., 1989;
for recent findings on the latter subject, see Gonzalez et al.,
2008; LLerena et al., 2009). The first peer-reviewed journal
dedicated to the field of pharmacogenetics was established
in 1991 (presently, Pharmacogenetics and Genomics) that cre-
ated a formal publication platform to report on the study of
drug—gene interactions. Genomics research on drug trans-
porters and drug targets (e.g., receptors) followed the work
on drug metabolizing enzymes, providing a much needed
integrative insight to understand individual variability in
drug intervention outcomes (Chinn and Kroetz 2007; Giaco-
mini et al., 2007). In parallel, the last 2 decades of the 20th
century witnessed the rise of population approaches and re-
lated mathematical models to describe and forecast inter-
and intraindividual variability in pharmacokinetics and
pharmacodynamics in clinical pharmacology by the seminal
works of Lewis B. Sheiner and others (Blaschke and Giaco-
mini, 2004). Regrettably, despite their shared focus on vari-
ability questions in biology, the population pharmacoki-
netic-pharmacodynamic modeling and pharmacogenomics
approaches did not intersect appreciably to this date. None-
theless, the intellectual momentum and the lore established
by these advances in the 20th century collectively created a
solid foundation for in-depth investigations towards per-
sonalized health interventions (drugs, nutrition, vaccines)
using omics technologies in the first decade of the 21st cen-
tury in the postgenomics era (Poland et al., 2008; Ozdemir
et al., 2009).

Human variability in gene—environment interactions: The
conceptual thread shared by pharmacogenomics,
nutrigenomics, and ecogenomics

An event overlooked in the archives of technoscience his-
tory, diagnostic medicine, and nutrigenomics is the early hint
provided by Roger J. Williams (1893-1988, the discover of
pantothenic acid) on differences between healthy individu-
als, particularly in the context of nutrition and metabolism
(Davis et al., 2008; Motulsky, 2002; Williams, 1956). A nutri-
tional biochemist in Austin, Texas, Williams suggested in the
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1950s the role of heredity in person-to-person variability in
response to external milieu or the environment (e.g., food,
drugs), although he did not engage directly with the tech-
nology of biochemical genetics (Motulsky, 2002; Williams,
1956). Notably, Williams considered variability among liv-
ing organisms as a “given,” and that all members of the pop-
ulation are biological deviants (e.g., from the population
mean value of a given phenotype), and thus unique. In this
sense, Willliams’ thoughts offered wisdom to understand in-
dividual differences in response to nutrition and pharma-
ceuticals, but his ideas on human biological variability re-
mained in relative obscurity initially.

Roger J. Williams’ ideas (and of other pioneers noted
above), however, had fundamental implications beyond per-
sonalized medicine. Human variation, conferred in part by
genetics, environmental, and sociocultural factors, is of rel-
evance as a “population insurance mechanism” for survival
of the populations or the species in the event of environ-
mental catastrophes. While a genetic polymorphism may be
neutral or insignificant in terms of the general reproductive
advantage of a given person, upon exposure to environ-
mental hazards (e.g., consider population level exposure to
radiation in cases such as the Chernobyl nuclear disaster),
those with “variant” biology and resistance to radiation, tox-
ins, or devastating infections may ensure survival of the pop-
ulation. That is, beyond its relevance to individualize nutri-
tion and drug treatment, human variation can determine the
survival and thus evolution of populations of living organ-
isms (Kalow, 2002). This broader vision of gene-environment
interactions was first articulated by Haldane, a polymath bi-
ologist with astute mathematical insights, by the suggestion
that “potter’s bronchitis” might be caused due to innate in-
dividual differences (Haldane, 1938). Later, Brewer coined
the term “ecogenetics” to broaden the concept of gene-en-
vironment interactions from drugs and nutrition to include
environmental agents in general (Brewer, 1971). Nutrige-
nomics and pharmacogenomics are thus subspecialties of the
broader field of ecogenetics/ecogenomics. The historical ori-
gins and the conceptual thread running across pharmacoge-
nomics—nutrigenomics—ecogenomics were endorsed and
sealed definitively in a key gathering of the early contribu-
tors (Wendell W. Weber, Werner Kalow, Robert L. Smith,
Arno G. Motulsky, Bert N. La Du, and others) of these fields
in October 3-6, 1999 in Ann Arbor, Michigan, under the aus-
pices of the ASPET, the American Society for Pharmacology
and Experimental Therapeutics (Kalow, 2001; Weber and
Smith, 2001).

Genotype—phenotype association studies are significant
drivers of innovations by answering key biological variabil-
ity questions across the omics fields ranging from pharma-
cogenomics, nutrigenomics and ecogenomics and looking
further, in agrigenomics research. They serve as a centerpiece
of the scientific activity in diagnostic medicine that moves
the omics data from the laboratory to society in the 21st cen-
tury. On the other hand, given the very real challenges in
omics science expressed by scientists who are cognizant of
the early origins of research on human biological variability
(De Leon, 2008; Nebert et al., 2003, 2008) as summarized
above, the nascent field of nutrigenomics (being addressed
in this second special issue of the OMICS) cannot be left to
random drifts, if we are to meaningfully bridge the nutrige-
nomics laboratory with society. This calls for development
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of risk assessment and communication tools on geno-
type—phenotype associations for multifactorial traits, for ex-
ample, the host response to nutritional interventions.

Genotype—Phenotype Associations: A Centerpiece
of Translational Research in 21st Century
Diagnostic Medicine

Genotype—phenotype association studies are an essential
component of the innovation path from gene discovery on
the bench-side to commercially available genetic test in the
clinic. Association studies have a dual impact on prioritiz-
ing basic genomics discoveries (e.g., focusing bench research
on certain candidate genes) as well as translational medicine.
There are three essential components of an association study.
These include:

(1) the molecular genetic analysis of person-to-person dif-
ferences in the human genome,

(2) the ascertainment of phenotypes (e.g., measurement of
beneficial and toxic response to drugs or food) and,

(3) the bioinformatics analysis to evaluate the relationship
between (1) and (2); that is, genome—phenotype statisti-
cal association analysis.

The genotype—phenotype association studies are rapidly
proliferating in the bioscience literature (McGuire and Burke,
2008). With the decreasing costs of genotyping, it is antici-
pated that this trend will accelerate further in the coming
years. The exponential increase in representation of associa-
tion studies is not limited to the scientific literature; we of-
ten encounter in the popular media and news on the dis-
covery of genes that predict response or toxicity to a
pharmaceutical agent or foodstuff (Edelson, 2008).

An objective and balanced interpretation of omics marker
associations with phenotypes is important—not only be-
cause of their proliferating numbers—but also because they
determine future public and private investments in omics
fields such as pharmacogenomics and nutrigenomics and im-
portantly, which “genetic locus” may become a “genetic test”
in the clinic. An incorrect evaluation of the association find-
ings may thus adversely impact translational omics research
and the development of downstream innovations and ap-
propriate policy on genetic tests. More worrisome would be
the meta-analyses that rely on biased or substandard asso-
ciation studies that may carry forward these inaccuracies to
the realm of policy and commercialization of diagnostic tests
based on omics technologies. The association studies thus in-
fluence which omics test may be included in hospital for-
mularies, or reimbursed by insurers.

At present, there are approximately 1,700 genetic tests:
nearly 1,400 available clinically and another 300 available on
a research basis (Gene Tests, 2008). The latter tabulation of
genetic tests concerns primarily disease susceptibility related
phenotypes (Gene Tests, 2008). Conceivably, the actual num-
ber of genetics tests including pharmacogenomics and nu-
trigenomics tests is substantially larger. While some genetic
associations may involve apparently innocuous phenotypes
and human traits, for example, the type of earwax (Yoshiura
etal., 2006), others deal with serious and life-threatening con-
ditions such as susceptibility to common human cancers and
effects of drugs with a narrow therapeutic window. In the
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absence of a widely adopted regulatory framework to inter-
pret and communicate data, genetic association findings
could mislead patients as well as researchers by diversion of
their valuable time, future research efforts, and limited
health care resources.

Omics technologies are increasingly applied to pheno-
types subject to regulation by polygenic and multifactorial
mechanisms. This is a sharp contrast compared to a decade
ago when the phenotypes of interest concerned mostly
monogenic traits. A topical example is the genetic studies of
the normal variation in human height. Nearly 80% of the
phenotypic variation in height can be explained by genetic
factors (Preece, 1996, Weedon and Frayling, 2008). Height is
therefore a highly heritable classic polygenic trait. Recent
large-scale genome-wide association studies (GWAS) iden-
tified more than 40 independent genetic loci that strongly in-
fluence the normal variation in height (for an in-depth re-
view, see Weedon and Freyling, 2008). However, many of
the common genetic variants identified in GWAS confer only
a small effect. Although height has 80% heritability, these
common variants explain about 5% of this variation, with
many more independent loci estimated to be discovered in
the very near future (Weedon and Freyling, 2008). A natural
consequence of the statistically significant but small genetic
effects conferred by individual variants is that the pheno-
typic subpopulations defined by each genetic marker will
overlap substantially (Fig. 2). This creates a challenge—how
do we make sense from the overlapping phenotypic distri-
butions of multifactorial quantitative phenotypes in an as-
sociation study, beyond statistical significance? What are the
additional criteria that should be considered to make an in-
formed decision on which genetic locus and association find-
ing are ready for “prime time” applications in the clinic, or
deserve the financial investment for further large scale
prospective trials? This is particularly relevant given that the
existing risk assessment and communication frameworks
from genetic association studies still rely, to a large extent,
on distinct bimodal phenotypic separations observed in
monogenic phenotypes. Regulatory frameworks from the ge-
netics age are ill-suited for genomics and the whole genome
based approaches to gene discoveries for polygenic/multi-
factorial phenotypes (Prainsack et al., 2008). There is a need
for innovation in socio-ethical analysis (Lunshof, 2008; Lun-
shof et al., 2008), risk assessment/communication and pol-
icy-making processes in the post-genomics era. Hence, the
next section outlines the concept of edge effect and suggests
ways in which it can serve as a risk assessment and com-
munication tool in relation to genotype associations with
multifactorial phenotypes.

Edge Effect: A Risk Assessment and Communication
Tool Based on Shifts in Population Edges in
Association Studies

Genotype associations with multifactorial quantitative
phenotypes have two notable aspects:

1. There is marked overlap in phenotype distributions be-
tween genotypic groups in an association study.

2. There is greater range of phenotypic variation within each
genotypic group, compared to the difference in mean val-
ues between subpopulations (Fig. 2).
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As a general rule, population tails (edges) represent the
individuals who are either most responsive or refractory to
health interventions. Hence, insofar as the nutrigenomics
risk assessment is concerned, it makes sense to evaluate the
impact of genetic factors on the tails of a phenotypic distri-
bution. Any change in the proportion of individuals who re-
side in population tails is more likely to translate into clini-
cally meaningful events in the form of food toxicity or lack
of efficacy of nutritional interventions.

Figure 2 shows two populations with an overlapping
quantitative trait, catalytic function of a metabolic pathway
that plays a role in clearance of foodstuff or pharmaceuti-
cals. Each population is represented by a standardized nor-
mal distribution with a mean of 0.0 and a standard devia-
tion (SD) of 1.0. It is assumed that clinically manifested drug
(or food) toxicity is observed when the catalytic function de-
creases below a threshold value of X,. It is notable that even
though the mean enzyme activity is modestly different be-
tween the two populations with considerable overlap in their
distributions, the proportion of patients with toxicity is
markedly higher in population B than population A (Fig. 2).

A graphical comparison of the relative changes in the area
under the frequency distribution curve (AUC) at population
tails exemplifies this point further (Fig. 3). Evidently, the de-
gree of changes in population means underestimates the rel-
ative increase in toxicity in population B that has a slower
catalytic activity. Importantly, the lower the toxicity thresh-
old X, (i.e., the rarer an adverse drug reaction) is, the more
it will be affected by changes in population mean values
(Fig. 3).

The idea of using changes in population tails to gauge the
impact of population differences in quantitative phenotypes
was earlier named as the “edge effect” (Kalow, 1992). We
herein develop this concept further quantitatively and in the
new context of innovation analysis in omics science. We rea-
son that this idea has fundamental implications for inter-
pretation of the clinical significance of multifactorial pheno-
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FIG. 3. Ratio of AUCs at two population edges (B/A) as a
function of differences in population means when the tox-
icity threshold is positioned at the 10th, 5th, or the 1st per-
centile in the reference population A. Note the upward con-
cavity and the nonlinear increase in the ratio of edge AUCs
(population B/population A) (ordinate) with linear incre-
ments in the difference between population means (abscissa).



Downloaded by 78.175.62.122 from www.liebertpub.com at 05/10/20. For personal use only.

ASSOCIATION STUDIES, GENOMICS, AND SOCIETY

type assocations with omics markers. It can usefully serve as
a guidance to omics scientists, research sponsors, diagnosti-
cians, policy makers, and the biotechnology /pharmaceutical
industry in making informed decisions and setting priorities
on which association finding is worthy of future translational
research and policy intervention. Social scientists and
bioethicists, too, will be better equipped in their analyses to
guide the development and implementation of genetics tests
in a manner that reflect scientific nuances.

As an example of forward applications, subpopulations
identified by a nutrigenomics biomarker test may presumably
be catalogued into different risk categories by considerations
of the degree of change in edge AUCs. Risk categories may
reflect, for instance, a small (less than twofold), moderate
(two- to fivefold) or high/marked (more than fivefold) in-
crease in edge AUC in the variant population (e.g., Popula-
tion B) relative to the index reference population (e.g., Popu-
lation A) (Fig. 2). To this end, there is regulatory precedence
set by the FDA favoring a graded risk assessment for phar-
maceuticals. For instance, using the increments in plasma drug
AUC values for the CYP3A substrates, new therapeutic can-
didates are classified as a strong CYP3A inhibitor when there
is “...a = 5-fold increase in the plasma AUC values or more
than 80% decrease in clearance of CYP3A substrates (not lim-
ited to midazolam, a sensitive CYP3A substrate) in clinical
evaluations” (CDER, 2006). A moderate CYP3A inhibitor is one
that caused “ . . . a = 2-but < 5-fold increase in the AUC val-
ues or 50-80% decrease in clearance of sensitive CYP3A sub-
strates when the inhibitor was given at the highest approved
dose and the shortest dosing interval in clinical evaluations”
(CDER, 2006). A weak inhibitor is one that caused a =1.25 -
but less than twofold increase in the AUC values or 20-50%
decrease in clearance of sensitive CYP3A substrates (CDER,
2006). This regulatory guidance benefits the drug labels such
that varying levels of risk for drug interactions can be pre-
sented on the label for a drug found to inhibit CYP3A sub-
family. Conceivably, a graded risk assessment approach might
also benefit scientists in communication of significance of
overlapping subpopulations identified by omics markers to
regulators, research sponsors, policy makers, and various user
groups for genetic tests.

Table 1 illustrates the data presented in Figure 3 in a nu-
merical form and with the additional assignment of various
risk levels to changes in edge AUCs. For example, note that a
small 25% SD difference in mean catalytic activity between
population A and population B may be reflected by an 89%
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increase in toxicity when the X, is set at 1% (Table 1). The
threshold values for assignment of the risk into different cat-
egories (low, moderate, high) shown in Table 1 may, of course,
differ depending on the severity and the nature of clinical end-
point (e.g., food or drug toxicity) in the clinic. In contrast to
monogenic traits with bimodal distributions (Fig. 1), it is thus
clear that risk assessment for polygenic and multifactorial phe-
notypes requires population-based considerations to comple-
ment decision making on clinical relevance of omics diag-
nostic tests. The edge effect concept offers additional guidance
to expand the regulatory tools available for translation of
omics research findings from the laboratory bench and the
clinic to the realm of omics policy and society.

An Empirical Case Study of Edge Effects
in Warfarin Pharmacogenomics

In this section we present a real-life example of the con-
cept of edge effect, using data from a recent study of war-
farin pharmacogenomics in 390 Brazilian cardiovascular pa-
tients under chronic anticoagulation therapy (Perini et al.,
2008). The pharmacological phenotype used in the present
new analysis is the stable warfarin dose, defined as the pre-
scribed warfarin weekly dose associated with three consec-
utive readings of the international normalized ratio of pro-
thrombin time (INR) within the optimal target range (2-3.5)
(Perini et al., 2008).

For the analysis of edge effects, the study sample was
first catalogued into three groups according to the VKORC1
genotype at 3673G>A (rs9923231) (Fig. 4). The VKORCI
3673G>A genetic variation proved to be the most important
predictor of warfarin dose requirement in the multiple re-
gression modeling of the original data (Perini et al., 2008).
Accordingly, the warfarin weekly dose decreased signifi-
cantly (p < 0.00001, ANOVA) from the wild-type VKORCI
3673GG genotype (mean warfarin dose = 37.9 mg/week;
SD = 13.6 mg/week; N = 170 subjects), to the GA (28.8, 10.3,
180) and the AA (18.0, 6.2, 40) genotypes. As pointed out in
the original publication (Perini et al., 2008), despite these sta-
tistically significant group differences in the mean warfarin
dose required to achieve the target INR, there was consid-
erable overlap in the distribution of warfarin dose among
the three VKORCI genotypic groups. This is evident in the
histograms shown in Figure 4. Hence, while large-scale
prospective clinical trials are being planned to assess the sig-
nificance of genetic factors in routine warfarin therapy, it is

TaBLE 1. EDGE EFFECTS IN OVERLAPPING PHENOTYPES IDENTIFIED BY OMICS MARKERS

Decrease in mean
enzyme activity

Ratio of subjects with toxicity in population B versus population A

(SD units)

l Xo <10% Risk category Xo < 5% Risk category Xo <1% Risk category
0.25 1.51 Low 1.63 Low 1.89 Low

0.5 217 Moderate 2.52 Moderate 3.39 Moderate
1 3.89 Moderate 5.19 High 9.24 High

X, represents the threshold catalytic activity below which clinical toxicity is experienced. Relative toxicity risk is calculated by the ratio of
the number of individuals who display a catalytic activity below X, in population B (slower activity) versus population A (faster activity).
Risk categories were assigned based on the relative increase in AUC at the edges of population B versus population A. Low risk = less than
twofold increase in edge AUC, moderate risk = two-to fivefold increase; high risk = greater than fivefold increase. Splus 4.5 (MathSoft, WA)
was used to evaluate the normal and inverse normal cumulative distribution functions and the AUCs.
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FIG.4. Frequency histograms of the stable warfarin weekly
dose required to achieve an international normalized ratio
of prothrombin time (INR) within the optimal target range
(2-3.5) in Brazilian patients with cardiovascular disease. The
VKORC1 3673G>A polymorphism (rs9923231) was used to
stratify the study sample into three genotypic groups. The
histogram presents the variability in warfarin dose in the
three VKORC1 genotypes: GG (N = 170), GA (N = 180), and
AA (N = 40). Data are expressed as percent of the individu-
als with different warfarin dose requirements in each geno-
typic group. Note the marked overlap in distribution of war-
farin dose among the three VKORCI genotypes.

essential to have additional criterion and decision aids. This
would allow an informed investment on the substantial tech-
nical, financial, and human resources that will be necessary
to carry out the anticipated clinical pharmacogenomics stud-
ies of warfarin in the near future.

Our conceptual analysis presented in Figure 3 showed
markedly larger increases in the ratio of edge AUCs compared
to differences between population means, when the threshold
(X,) defining the edge AUC was placed at 10th, 5th, or 1st
percentiles of the phenotype distribution in the reference pop-
ulation A. The present empirical case study of warfarin phar-
macogenomics (Fig. 5), using real-life clinical pharmacoge-
nomics data from a Brazilian population sample (Perini et al.,
2008), lends further experimental support to the edge effect
concept. We characterized the changes in the ratio of edge
AUC:s (i.e., the relative percentage of individuals with an “ex-
treme/edge warfarin phenotype” in a variant and reference
population) as a function of the threshold defining the edge
AUC in the wild-type VKORC1 3673GG reference genotypic
group. Figure 5 displays these edge effect analyses in two pop-
ulation pairs: (1) VKORCI GA versus GG and, (2) AA versus
GG genotypic groups. Accordingly, the ratio of individuals
with an edge warfarin phenotype in the VKORCI GA/GG
and AA/GG groups increased as the threshold defining the
edge phenotype moved farther away from the reference pop-
ulation VKORC1 3673GG mean phenotypic value (for calcu-
lations, see the legend for Fig. 5). For example, the edge sub-
population that is located two standard deviations from the
mean phenotypic value in the reference VKORC1 GG geno-
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type was “enriched” substantially in the VKORCI AA geno-
type—by almost 47-fold (Figs. 4 and 5).

Taken together, our edge effect analyses based on con-
ceptual (Fig. 3, Table 1) and empirical data (Figs. 4 and 5)
underscore two salient points:

1. In an association study of polygenic/multifactorial trait,
the influence of an omics marker on the population edges
of a quantitative phenotypic distribution is more pro-
found than that on the population mean values (Figs. 3
and 5). Policy makers, ethicists, and those engaged in
omics diagnostic test evaluation would be advised to con-
sider the individuals at population edges who may be im-
pacted substantially by an otherwise (apparently) modest
shift in the mean value for a phenotype.
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FIG. 5. The ratio of edge AUCs for the warfarin phenotype
(dose required to reach an optimal INR in Brazilian cardio-
vascular patients) in VKORC1 3673GA versus GG and, (2) AA
versus GG genotypes. The change in the ratio of edge AUCs
(ordinate) in these paired genotypic groups is presented as a
function of the threshold (abscissa) defining the edge for the
warfarin phenotype (expressed as the distance in SD units from
the mean phenotypic value of the VKORCI 3673GG reference
genotype: 37.9 mg/week). The thresholds for the edge AUCs
were located 0.4 SD to 2.0 SD distance from the GG group mean.
For the edge effect analysis in paired contrasts (GA vs. GG; and
AA vs. GG), we used the pooled the SD for each genotype pair
(11.9 and 12.5, respectively). The nonlinear increase (with up-
ward concavity) in the ratio of edge AUCs indicates that the
edge effect is more pronounced with more extreme phenotypic
edges. The following exercise exemplifies the edge effect cal-
culations further: For the GA and GG genotypic contrast, the
threshold defining an edge AUC that is 0.8 SD distance from the
reference VKORCI 3673GG group mean (37.9 mg/week war-
farin dose) = 37.9 — (0.8 pooled SD for the GA and GG pair) =
379 — (0.8*11.9) = 28.4 mg/week. Accordingly, at this thresh-
old defining the phenotype edge for the GG reference geno-
type, the edge effect = (percent of individuals within the GA
group requiring warfarin doses equal to, or smaller than 28.4
mg/week)/(percent of individuals within the reference GG
group requiring warfarin doses equal to, or smaller than 28.4
mg/week). The edge effect calculations are subsequently re-
peated for threshold values defining different edge AUCs by
thresholds located from 0.4 SD to 2.0 SD distance from the ref-
erence VKORC1 3673GG group mean (37.9 mg/week).
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2. The edge effect will increase with phenotype edges that
are located farther away from the population mean phe-
notypic value (Figs. 3 and 5).

Because individuals who reside at population edges are the
ones with extreme phenotypes, the edge effect analysis can
be a useful guidance to set priority levels for a targeted im-
plementation of omics diagnostic tests, particularly in the
context of limited healthcare resources. For example, in the
case of the warfarin pharmacogenomics, individuals with the
VKORC1 3673AA genotype may warrant more intensive clin-
ical monitoring and interventions to adjust (decrease) war-
farin dose as this subgroup includes a greater percentage of
the patients who require markedly lower warfarin doses.

Edge Effect and Hospital Formulary Decisions

Hospital formularies have particular advantages and disad-
vantages compared with community settings to carry out field
tests for omics diagnostics. It is here that the “proof of con-
cept” for omics technologies and tests can be evaluated prior
to implementation in the community where inherent logistical
problems may hinder introduction of diagnostic services. In
addition, diagnostic services tend to be close at hand and less
expensive in a tertiary teaching hospital setting than at private
commercial services. The interpretation of an omics diagnos-
tic test can be more readily performed in a tertiary care hos-
pital, because the infrastructure and expertise usually reside in
such centers. In many technologically advanced countries’
wards, clinical pharmacists and applied pharmacologists are
in a position to play a key role in not only patient identifica-
tion but also ensuring all pertinent phenotypic data, pathology
reports, and environmental factors are recorded, thereby al-
lowing for almost complete data assessment, and hence, mak-
ing the omics diagnostic test results more easy to interpret.
These considerations position tertiary care hospitals as a model
setting, and place the hospital formulary decision makers and
those involved in diagnostic test reimbursement in a respon-
sible leadership position to assess, recommend or reject omics
diagnostic testing. However, most hospital formularies contain
a restricted list of medicines that would not completely reflect
community practice. As a result, clinical evaluation of omics
testing in hospitals would not truly reflect the outside com-
munity omics testing which is the ultimate place for such test-
ing. Also, when cost-benefit analyses are conducted, the result
can only reflect that of the hospital and its formulary and can-
not be used by regulatory bodies and health service providers
to make a valued judgment. On the other hand, patients in ter-
tiary care hospitals usually have more severe illness, are treated
with multiple medications with inherent drug—drug interac-
tions and tend to represent a broader range of ages. These fac-
tors may all result in a larger spread of the phenotypic distri-
butions, and by extension, a greater percentage of individuals
with extreme or edge phenotypes. Thus, despite the limitations
to generalize results, university tertiary care teaching hospitals
may serve as an ideal context to evaluate the proof of concept
for omics diagnostics using edge effect analyses.

Future Outlook: 21st Century Diagnostic
(Predictive) Medicine

Poised at the threshold of a new application of omics tech-
nologies in nutritional sciences (i.e., nutrigenomics) in the
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postgenomics era, what lessons can we learn—now—from
the early observations of the Babylonians, Sumerians and
Pythagoras, and the works in the 20th century by Garrod,
Haldane, Motulsky, Vogel, Kalow, Williams, Vesell, Weber,
Brewer, and other pioneers of predictive medicine, if we are
to achieve a measured, mature and balanced entry into the
field of nutrigenomics with realistic expectations?

First, nutrigenomics does not represent the end of omics
applications. It is merely a passage from pharmacogenomics
to broader omics-es such as agrigenomics and ecogenomics
(Dunwell, 2009; Ozdemir et al., 2009; Select Biosciences,
2008).

Second, despite the promissory and often positively hyped
representations in the media, the “nutrigenomics future”
is yet undecided, awaiting multiple future trajectories
(Ozdemir and Godard, 2007). Thus, success toward person-
alized nutritional interventions cannot be taken for granted.
Looking back over the past 100 years, it is interesting to note
that Garrod’s vision of biochemical genetics attracted little
attention from his peers, despite holding a Chair at the Ox-
ford University (for a review, see: Motulsky, 2002). Pharma-
cogenetics remained initially as a fringe intellectual acade-
mic curiosity for nearly 40 years (until the 1990s) since the
first introduction of the idea by Motulsky in October 1957.
Applied social science research and prospective technology
assessment will be essential to understand the technical and
nontechnical factors that can influence the uptake of nu-
trigenomics and other omics innovations in diagnostic (pre-
dictive) medicine.

Third, perceptions on the value of new ideas and innova-
tions tend to be fluid. Perceptions on the promise of phar-
macogenetics, too, shifted with the sands of time. The avail-
ability of genomics and other omics technologies, together
with the perceived promise of knowledge-based national
economies endorsed by governments, brought pharmacoge-
netics into the mainstream scientific practice in late 1990s.
Yet there are risks associated with both premature rejection
of an innovative idea as well as its overendorsement to the
point of hype with unsustainable claims—the latter is occa-
sionally observed in the present day genomics literature and
its representations by different user groups and stakehold-
ers. Importantly, the genomics research in polygenic/multi-
factorial complex diseases and pharmacogenomics did not
bring about the same degree of success achieved formerly in
monogenic diseases. In the meantime, social scientists aptly
cautioned for the “hype fatigue” experienced overtly or im-
plicitly by investors and various stakeholders in genomics
(Nightingale and Martin, 2004). At this new intersection of
genomics and nutritional sciences in 2009 (the focus for the
present issue of the OMICS), it is therefore all the more im-
portant to reflect and learn constructively from the past his-
tory of diagnostic medicine, in order to discern what is re-
alistically achievable in use of omics technologies toward the
goal of nutrigenomics and personalized nutritional inter-
ventions.

Fourth, omics science, including nutrigenomics, is not only
about high-throughput measurements of complex biological
systems in response to environmental perturbations such
as food, pharmaceuticals or toxins. The concepts and em-
bedded professional values in “scientific laboratory” were
fundamentally transformed with omics research, and soci-
eties that increasingly rely on knowledge-based national
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economies. The metaphor of a scientist as a person wearing
a white coat at the laboratory bench is no longer adequate
to capture the complex realities of research with omics tech-
nologies, and their promiscuous application contexts in hu-
man diseases, pharmacology, nutriscience, ecology, and agri-
culture. As evident in the primary focus of the journal
OMICS, “integration” will be the key ingredient of success
in the postgenomics era to move from a “parts list” offered
by the Human Genome Project to the complex biological, en-
vironmental, economic, and social realities of the living or-
ganisms that are inseparable. A transdisciplinary approach
to omics science and attendant innovations is important for
their future sustainability and to understand downstream
and lateral impacts on society and various user groups.

Metaphors are tenacious and powerful human constructs
that resist change. The actual practice of omics research in
the first decade of the 21st Century increasingly takes place
in hitherto unprecedented social, economic and political
spaces and consortiums (Gottweis, 2005; McNally and Glas-
ner, 2006; Pohlhaus and Cook-Deegan, 2008; see also: Hard-
ing, 1998), replacing what was once described by the previ-
ous scientific metaphors of the 20th century—that scientific
practice is (or ought to be) a value-free intellectual activity
often limited to the physical confines of the laboratory space
(Merton, 1942a; Merton, 1942b). Fueled by the rapid transi-
tion of scientific practice with the introduction of omics tech-
nologies, and their applications shifting from monogenic to
multifactorial phenotypes, a growing gap emerged between
the actual practice of science in the 21st century, and the ways
in which it continues to be perceived by the society drawing
on the metaphors of the past. This creates de facto a ‘social
double-vision” (i.e., social diplopia) conflicted with the ac-
tual realities and motivations of omics scientific practice, and
perceptions endorsed by enduring metaphors. To under-
stand the lived experience in practice of the 21st century di-
agnostic medicine and the attendant values of scientists and
society, this gap has to be bridged.

There is a growing need for “recalibration” of human
values, expectations, and public understanding of omics sci-
ence. That is, omics research extends well beyond the labo-
ratory space, and includes numerous user groups and stake-
holders such as governments, private consortiums, charities,
insurers, and nongovernmental organizations (NGOs). The
multiplicity of human (e.g., “big science research groups”)
and nonhuman actors (e.g., technologies, microarrays) en-
gaged in omics innovations, and the complex ways in which
they cooperate and compete for representation in the future
(Brown et al., 2000), demand transparency and standardiza-
tion efforts in omics fields, and the evidence base support-
ing the public health value of products emerging from omics
applications (e.g., nutrigenomics tests in the marketplace).

Fifth, to the extent that nutri-genomics aims to predict nu-
tri-gene interactions and associated health risks (e.g., benefit
and harm from bioactive food constituents), we need to ac-
knowledge that foodstuff is much more complex than well-
defined and measurable units of pharmaceuticals. Discerning
the “exposure—-gene-health outcome” relationships will be
substantially more difficult in nutrigenomics than pharma-
cogenomics. This predicament is further compounded by the
present lack of frameworks for interpretation and communi-
cation of results from genotype associations discovered in the
“omics laboratory” to the larger society.

OZDEMIR ET AL.

Sixth, one could suggest that a deeper appreciation of
human variability (as illustrated by the history of diagnos-
tic medicine and omics science and its broad ramifications
for evolution—reviewed earlier) can offer lateral gains to-
ward participatory democracy in society. It could serve as
an essential starting point to earnestly work toward a civil
society that is not only tolerant of differences but keenly ap-
preciative of human diversities, whether genetic, environ-
mental, social, and/or cultural. Facing the deep fault lines
that separate and fracture the 21st century human civiliza-
tion and communities that stand on an increasingly unsus-
tainable precarious pedestal, remembrance of the origins of
omics technologies in “human variability questions” posed
by pharmacogenomics, nutrigenomics, and ecogenomics
(and their importance for population survival and sustain-
ability) may thus offer wisdom beyond personalized medi-
cine: toward reconciliation among human populations, cul-
tures, ways of living and knowing, to build a more hopeful
future for the global civil society (de Bernieres, 2004; Havel,
1999; Pamuk, 2005; Power, 2008).

Reconnecting Omics Science and Society

Innovations resemble teenagers and the culinary art of
wine making; they need to be tended. When left unattended,
they may (potentially) turn sour or stop thriving and un-
dermine those who conceived and invested in them. Nu-
trigenomics, the confluence of genomics and nutritional sci-
ence, promises innovations in our understanding of the
mechanisms of nutri-gene interactions, if not the elusive goal
of personalized diets. Nutrigenomics future, however, is still
uncertain. It demands careful anticipatory governance to cul-
tivate a conceptual framework on how nutrigenomics data
are interpreted and communicated from the nutrigenomics
laboratory to society. This makes risk assessment and com-
munication tools on laboratory findings an essential prereq-
uisite, for nutrigenomics science to meaningfully and trans-
parently engage with its complex set of actors and user
groups in society. Because the genotype-phenotype associa-
tion study design is the translational bedrock on which nu-
trigenomics and many other omics innovations rest, risk
assessment and communication frameworks need to be de-
veloped specifically for the association studies.

In the final days of the 20th century, the United Na-
tions Educational, Scientific, and Cultural Organization
(UNESCO) in cooperation with the International Council for
Science (ICSU), and the Government of Hungary, organized
the World Conference on Science from 26 June to 1 July 1999,
in Budapest. The conference was attended by over 1,800 del-
egates from 155 countries, including 28 intergovernmental
organizations, and more than 60 international NGOs. The
aims of this conference were “to help strengthen the com-
mitment of ICSU and UNESCO member states and other ma-
jor stakeholders to science education, research and develop-
ment, and to define a strategy that would ensure that science
responds better to society’s needs and aspirations in the
twenty-first century” (UNESCO, 2000). While this com-
mendable conference recognized the important role science
played in society, there remains a gap between omics sci-
ence, particularly genotype—phenotype association studies,
and society. With the very rapid transition from monogenic
to multifactorial phenotypes in genomics over the past
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decade, risk assessment and communication concepts are un-
fortunately still driven, to a large extent, by what was avail-
able from previous studies of monogenic phenotypes. This
“carryover effect” creates an expectation for distinctly sepa-
rated phenotypic subpopulations in omics marker associa-
tions with multifactorial phenotypes. This is an unrealistic
expectation in the context of polygenic/multifactorial phe-
notypes (Weedon and Frayling, 2008), and indeed, could be
misleading, in interpretation of the merit of new nutrige-
nomics tests.

There appears to be an “asymmetrical progress” in the re-
cent history of omics innovations: high-throughput technolo-
gies are extremely well developed and increasingly available
in many parts of the world, but ways to interpret and com-
municate the research output from omics technology appli-
cations severely lagged behind, particularly in a policy con-
text. Edge effect analyses presented in this paper may benefit
the development of future risk assessment and communica-
tion strategies on association studies in nutrigenomics sci-
ence and other omics fields. Undoubtedly, edge effect anal-
ysis is only one of the many other conceivable approaches
that will be necessary to interpret and communicate the risk
information obtained from association studies to society.
This could permit moving from hindsight to foresight in
biotechnology evaluation (Einsiedel, 2009), prevent the cre-
ation of a “nutrigenomics straw-man,” and ultimately, facil-
itate prospective policy development for future applications
of omics technologies as well (e.g., ecogenomics and agrige-
nomics).

Empiricism and the scientific method transformed human
curiosity into technological breakthroughs that enormously
benefited the society over the past four centuries. This also
contributed to framing of science as an invariably and uni-
formly ‘useful” and objective activity (e.g., captured in the
enthusiastic aphorism ‘knowledge is power’) (Harrison,
2001). The legitimacy of a body of knowledge is now con-
sidered to rely upon following a strict set of experimental
procedures dictated by the standards of a given discipline
(e.g., genomics, pharmacology). While the importance of ex-
perimental integrity cannot be denied, the process of acqui-
sition of knowledge starts much earlier, including which
research question is being asked and later, how data are
interpreted and communicated. In addition to experimental
accuracy, integrity of scientific knowledge thus relies heav-
ily on awareness of the ethical issues that may arise before an
experiment is conducted (e.g., why and how a certain re-
search question is asked or not asked at all) as well as after
the empirical experiments are completed (e.g., how the pri-
mary data and covariates in an association study are ana-
lyzed, reported or suppressed). Fault lines in this entire pro-
cess of scientific inquiry and acquisition, interpretation or
communication of new knowledge can have ethical signifi-
cance (Birmingham, 2001; De Vries and Lemmens, 2006; Fish-
man, 2004; Guston et al., 2009; Healy, 2007; Landefeld and
Steinman, 2009; Lemmens and Miller, 2006; Lexchin, 2008;
Mintzes et al., 2005; Rhodes and Strain, 2004; Turner et al.,
2008). Development of risk assessment and communication
standards for data generated in genotype-phenotype associ-
ation studies would contribute to integrity in omics science.
For this vision to materialize, a broad awareness of the fol-
lowing issues is needed within the omics research commu-
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1. The knowledge (e.g., generated in the omics laboratory) and
the knower (e.g., a scientist) are not separable (Harrison,
2001). Knowledge is embedded in the values of its pro-
ducer. That is, the human values and social responsibili-
ties of scientists are of paramount importance and could
impact which data are generated, reported or suppressed,
in much the same way as being an innovative and curi-
ous scientist. Interpretation of the data, too, can be im-
pacted by the values and set of prejudices of each person
who reviews a body of evidence, whether they are scien-
tists, policy-makers or the public (Choi, 2005; Marrot,
2004). This recognition predicts that the relationship be-
tween evidence and policy is not linear and that govern-
ments and policy-makers often balance multiple compet-
ing interests—beyond scientific evidence—in forming
policies (Marmot, 2004). This also highlights that science
and scientific practice cannot be neatly separated from
their political underpinnings.

2. Experimental data do not speak on their own in a uniform
manner unless accompanied by scientific and ethical stan-
dards.

These are essential prerequisite insights before the need
for risk assessment and communication tools and standards
can be appreciated. A sole reliance on technical and experi-
mental integrity of science may not suffice to ensure long
term public trust in emerging omics fields such as nutrige-
nomics, and could presumably create invisible roadblocks in
uptake of future omics innovations. With this in mind, the
OMICS Nutrigenomics Special Issues also highlighted some
of the human values that can influence interpretation and
communication of data between omics laboratory and user
groups in society (for a review, see: Ozdemir et al., 2009).

Interpreting emerging scientific information that is in-
complete, uncertain, and contested is a formidable challenge
(Guston, 2007; Guston, 2008; Saltelli and Funtowicz, 2004).
The multiplicity of actors engaged in omics science, the com-
plex ways in which the omics stakeholders (hyper)-compete,
and the strong focus on product development (e.g., genetic
tests) in translational research in applied genomics (with the
attendant economic and political stakes) call for attention to
genealogy of scientific knowledge and the processes by
which knowledge is produced (Kaye, 2008). A genealogical
approach to innovation analysis would take into account
views that are both dominant and dissenting (or silenced),
and ways in which the latter did not become established and
recognized because of the institutionalization of knowledge
by those in power (Foucault, 1994; Dreyfus and Rabinow,
1982). As noted by the Editors of the Science, Technology &
Human Values “. . . great research may be published any-
where and in any language. Truly groundbreaking work
may be more likely to appear from marginal, dissident, or
unexpected sources, rather than from a well-established and
entrenched mainstream” (ST&HV Editors, 2009). Such con-
cerns apply equally well to emergence of new unprecedented
forms of art and public knowledge outside the traditional
gallery and museum system (e.g., consider the original graf-
fiti art and the chalk figures drawn by Keith Haring on New
York City subway posters in the 1980s) (Aubert, 1989). As
with arts, discourses on omics innovations cannot be com-
plete, nor balanced, unless due attention is given to a broad
range of knowledge sources in society, and how knowledge
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is processed and communicated from the laboratory to soci-
ety (and vice versa). Genealogical approach to analysis of sci-
entific knowledge would also consider notions of disconti-
nuity, and precisely what determines just what makes it into
the ostensible evidence base that supports or rejects new
ideas, clinical guidelines (George, 2003; Stevenson and Cut-
cliffe, 2006), genetic tests and innovations more generally.
Hence, the future nutrigenomics tests need to be developed
in the presence of appropriate regulatory guidance and risk
assessment/communication frameworks informed by, and
firmly grounded in the genealogy of omics knowledge and
diagnostic medicine. Additionally, legislative initiatives to
create a publicly funded multidisciplinary oversight body
could be timely to proactively build public trust in new omics
fields, and to carry out independent, impartial and inte-
grated innovation analyses across the omics fields from phar-
macogenomics to nutrigenomics and ecogenomics (Ozdemir
et al., 2009).

An unintended consequence of rapid technological ad-
vances in omics science, in the absence of commensurate de-
velopments “outside the laboratory space,” is the deep lac-
eration (discontinuity) in omics history that formed between
the past and the present-day practice of omics science, as well
as between the omics laboratory and society. For human pop-
ulations who are forcibly amputated from their past history,
it is difficult to meaningfully forecast and engage with their
future (de Bernieres, 2004; Pamuk, 2005). This is no less ap-
plicable in the case of sustainability of scientific innovations.
The modern-day representations of omics innovations are
detached from the history of diagnostic medicine, with dis-
plays of unrestricted optimism that portray scientific ad-
vances as a linear process from the laboratory bench to so-
ciety. The history of diagnostic (predictive) medicine and
omics science firmly indicates that new ideas follow a non-
linear trajectory and may remain in obscurity for some time.
Innovators in many fields of human inquiry (and their ideas)
endure rejection, ridicule, and at times, persecution. In this
regard, it may suffice to recall that many poems and novels
that are now considered as classics were considered unpub-
lishable initially or banned entirely (e.g., consider the Ulysses
by James Joyce, or the Human Landscapes from My Country by
Nazim Hikmet) (Hikmet, 2009; Joyce, 1998). For a deeper un-
derstanding of the present-day omics fields and potential fu-
ture trajectories, they need to be situated within the past his-
tory of diagnostic medicine and omics science.

Truly novel innovations (not all innovations are innova-
tive) are often cultivated by crystallization of intellectual en-
tropy in the middle of chaos: that is, at the intersection of new
ideas that struggle for survival and future representation on
the one hand, and antagonism by existing ideas, institution-
alized forms of old knowledge, and human and nonhuman
actors in science and society whose power structures may be
disrupted by innovations and novel ways of human under-
standing. Conversely, a new idea may be adopted too soon
without proactively building an appropriate evidence base
and analytical framework to evaluate their multiple intended
and unintended impacts on science and society. If left
unchecked, such diagonally opposing influences may result
in a wide range of public perceptions and responses, includ-
ing technophilia and molecular myopia on the one hand, and
technophobia on the other extreme. In a recent editorial,
Gurwitz and Motulsky make the apt observation that Octo-
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ber 1957—the date when the seminal article by Motulsky
on the idea of pharmacogenetics appeared in print—coin-
cided with the launch of the Sputnik 1. In their account,
“ ... the contrast between the slow evolution of pharmaco-
genetics over the last 50 years is striking when compared with
the amazing advance of the space program which also started
in October 1957 with the launch of the Sputnik 1”7 (Gurwitz
and Motulsky, 2007). The thoughts of Roger ]. Williams
(1893-1988) on individual differences in response to nutrition
and pharmaceuticals were not recognized by his peers im-
mediately. While one may debate whether Pythagoras is a
founder of the field of pharmacogenetics (recalling his ob-
servations on favism), he nonetheless had to leave his native
land Samos (in east Aegean Sea) for Croton, Italy, to escape
(flee) the tyrannical governance of Polycrates (Ozdemir,
2007). Innovations thus tend to follow a chaotic, ostensibly
anarchic, and unpredictable course (Smil, 2001). These lessons
from the history of diagnostic medicine and omics science
need to be reconnected with the present-day practice of omics
science in order to set realistic expectations from new biotech-
nology applications such as nutrigenomics. This is significant
not only for sustainability of new omics fields and balanced
representation of scientific advances. It also has relevance for
training of new generation of omics scientists under a vision
that acknowledges and appreciates the discontinuous and non-
linear nature of scientific innovations.

We caution the reader that the edge effect analysis does
not represent the only approach to risk assessment to inter-
pret the omics marker associations with multifactorial phe-
notypes. It is used herein as an example to illustrate the need
for developing standards over risk assessment and commu-
nication tools to support nutrigenomics and other emerging
omics innovations. The choice of phenotypic edges should
not be arbitrary. This could be guided by biological plausi-
bility and clinical relevance as well as the extent to which
different public user groups for omics diagnostic tests un-
derstand and value a phenotypic value as being ‘edge’. Def-
inition of edge phenotypes by standard deviation distances
from a mean phenotypic value is another solution to express
the edges in a quantitative phenotype distribution.

Concluding Remarks

Sustainability of omics fields, both emerging (nutrige-
nomics, agrigenomics and ecogenomics) and those that are
more established (pharmacogenomics), depends in part on
connecting these scientific inquiries with society, through
timely development of risk assessment and communication
tools and standards (both scientific and ethical) for associa-
tion studies. The history of diagnostic medicine and omics
science can enable scientists to attain a richer interdiscipli-
nary understanding and critical scholarship of the present
day omics fields, and factors that can limit and facilitate
omics innovations in the future. Importantly, recognition of
the nontechnical factors that can influence the processes by
which omics knowledge is produced, for example, social re-
sponsibilities of scientists and human values embedded in
scientific practice, can reduce the uncertainty in the omics
future. These considerations would collectively render the
anticipated journey of omics science from laboratory to so-
ciety more predictable by cultivating a sustainable and re-
sponsible conduit between them.
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