Environment-wide Association Studies (EWAS)
for a more complete view of disease risk
7/10/2014

Chirag J Patel
chirag@hms.harvard.edu
@chiragjp

Tuesday, July 15, 14

1

Published
Genome-Wide Associations through 12/2012
About
me...
-8
P

for 17 trait categories

environmental exposure informatics

http://cbmi.harvard.edu

environment + genome = health

NHGRI GWA Catalog
www.genome.gov/GWAStudies
www.ebi.ac.uk/fgpt/gwas/
Tuesday, July 15, 14

2

Complex disease is a function of genes and environment...

dad

mom

me

... and we’re exposed to many environmental factors...
and lack methods and data to comprehensively and
systematically connect the environment with disease.
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... and the case is different with genetics (e.g., genomics)!
over 1,400
Genome-wide Association Studies
(GWAS)
NHGRI GWAS Catalog
https://www.genome.gov/
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autism

type 2 diabetes
heart disease

asthma

obesity

Alzheimer’s

kidney disease
cancer

arthritis
preterm birth

...but, much disease risk may be due to differences in
environment1,2,3.
1. Willett WC, Science. (2002)
2. Lichtenstein P., NEJM. (2000)
3. Lindorff et al., PNAS. (2009)
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... but we lack a search engine to discover new exposures in disease.
(see: GWAS!)
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Big Environmental Exposure:
Human Exposome1 Project to “E”WAS?
PERSPECTIVES

External environment
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how to measure?

some (telomere) length in
peripheral blood mononuclear cells responded
Reactive electrophiles
to chronic psychological
Metals
stress, possibly mediated
Endocrine disrupters
Immune modulators
by the production of reacReceptor-binding proteins
tive oxygen species (15).
Characterizing the
exposome represents a technological challenge like that of
the human genome project, which
began when DNA sequencing
Internal
was in its infancy (16). Analytichemical
cal systems are needed to proenvironment
cess small amounts of blood from
Xenobiotics
thousands of subjects. Assays
Inflammation
should be multiplexed for meaPreexisting disease
suring many chemicals in each
Lipid peroxidation
class of interest. Tandem mass
Oxidative stress
spectrometry, gene and protein
Gut flora
chips, and microfluidic systems
offer the means to do this. Platforms for high-throughput assays
should lead to economies of scale,
again like those experienced by
the human genome project. And
because exposome technologies
would provide feedback for therapeutic interventions and personalCharacterizing the exposome. The exposome represents
ized medicine, they should motithe combined exposures from all sources that reach the
vate the development of commerinternal chemical environment. Toxicologically important
cial devices for screening imporclasses of exposome chemicals are shown. Signatures and
tant environmental exposures in
biomarkers can detect these agents in blood or serum.
blood samples.
ruptors and can be measured through serum
With successful characterization of both
biomarkers. Immune modulators trigger the exposomes and genomes, environmental
production of cytokines and chemokines that and genetic determinants of chronic diseases
also can be measured in serum. Chemicals can be united in high-resolution studies that
that bind to cellular receptors stimulate the examine gene-environment interactions.

Exposome

how to analyze in relation to health?
wnloaded from www.sciencemag.org on October 21, 2010

what to measure?

ritical entity for disease etiRADIATION
logy (7). Recent discussion
as focused on whether and
ow to implement this vision
8). Although fully characrizing human exposomes
STRESS
daunting, strategies can be
eveloped for getting “snaphots” of critical portions of
person’s exposome during
LIFE-STYLE
ifferent stages of life. At
ne extreme is a “bottom-up”
rategy in which all chemials in each external source
f a subject’s exposome are
INFECTIONS
measured at each time point.
lthough this approach would
ave the advantage of relatng important exposures to
e air, water, or diet, it would
DRUGS
equire enormous effort and
ould miss essential compoents of the internal chemial environment due to such
DIET
actors as gender, obesity,
nflammation, and stress. By
ontrast, a “top-down” stratgy would measure all chemals (or products of their
POLLUTION
ownstream processing or
ffects, so-called read-outs
r signatures) in a subject’s
lood. This would require
nly a single blood specimen
each time point and would relate directly
o the person’s internal chemical environment. Once important exposures have been
dentified in blood samples, additional testg could determine their sources and meth-

“A more comprehensive view of
environmental exposure is
needed ... to discover major
causes of diseases...”

1. Rappaport S, Smith M. Science (2010)
2. Patel CJ, Ioannidis JPA. JAMA (2014)
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... but there is no “microarray” for environmental exposure...
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In lieu of an exposome chip:
National Health and Nutrition Examination Survey1

•
• Reproductive history and sexual behavior
• Respiratory disease (asthma, chronic bronchitis, emphysema)
• Sexually transmitted diseases
• Vision

An advanced computer system using highend servers, desktop PCs, and wide-area
networking collect and process all of the
NHANES data, nearly eliminating the need
for paper forms and manual coding operations.
This system allows interviewers to use notebook computers with electronic pens. The staff
at the mobile center can automatically transmit
data into data bases through such devices as
digital scales and stadiometers. Touch-sensitive computer screens let respondents enter
their own responses to certain sensitive questions in complete privacy. Survey information
is available to NCHS staff within 24 hours of
collection, which enhances the capability of
collecting quality data and increases the speed
with which results are released to the public.

since the 1960s: 50 years!
now biannual: 1999 onwards
10,000 participants per survey

The sample for the survey is selected to represent
the U.S. population of all ages. To produce reliable statistics, NHANES over-samples persons 60
and older, African Americans, and Hispanics.
Since the United States has experienced dramatic
growth in the number of older people during this
century, the aging population has major implications for health care needs, public policy, and
research priorities. NCHS is working with public
health agencies to increase the knowledge of the
health status of older Americans. NHANES has a
primary role in this endeavor.

In each location, local health and government
Households in the study area receive a letter
from the NCHS Director to introduce the
survey. Local media may feature stories about
the survey.

hundreds of exposure measures

All participants visit the physician. Dietary interviews and body measurements are included for
everyone. All but the very young have a blood
sample taken and will have a dental screening.
Depending upon the age of the participant, the
rest of the examination includes tests and procedures to assess the various aspects of health listed
above. In general, the older the individual, the
more extensive the examination.

NHANES is designed to facilitate and encourage participation. Transportation is provided
to and from the mobile center if necessary.
Participants receive compensation and a report

many clinical measures & health
assessments

All information collected in the survey is kept
public laws.

Survey Operations
Health interviews are conducted in respondents’
homes. Health measurements are performed in
specially-designed and equipped mobile centers,
which travel to locations throughout the country.
The study team consists of a physician, medical
and health technicians, as well as dietary and health
interviewers. Many of the study staff are
bilingual (English/Spanish).

Uses of the Data
Information from NHANES is made available
through an extensive series of publications and

NHANES’ partnership with the U.S. Environmental Protection Agency allows continued
study of the many important environmental

data users and researchers throughout the world,
survey data are available on the internet and on
easy-to-use CD-ROMs.
Research organizations, universities, health
survey information. Primary data users are
federal agencies that collaborated in the design and development of the survey. The
National Institutes of Health, the Food and
Drug Administration, and CDC are among the
agencies that rely upon NHANES to provide
data essential for the implementation and
evaluation of program activities. The U.S.
Department of Agriculture and NCHS cooperate in planning and reporting dietary and
nutrition information from the survey.

1 http://www.cdc.gov/nchs/nhanes.htm
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NHANES ascertains >300 exposures in serum and urine!

Nutrients and Vitamins
e.g., vitamin D, carotenes

Infectious Agents
e.g., hepatitis, HIV, Staph. aureus

Plastics and consumables
e.g., phthalates, bisphenol A
Pesticides and pollutants
e.g., atrazine; cadmium; hydrocarbons
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Physical Activity
e.g., steps
10

Environmental exposures are associated with Type 2 Diabetes?
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EWAS in Type 2 Diabetes visualized in a Manhattan Plot

β-carotene
OR=0.6,0.6

γ-tocopherol (vitamin E)
OR=1.8,1.6
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Fasting Blood Glucose ≥ 126 mg/dL?
BMI, SES, ethnicity, age, sex
N=500-2000 per cohort

Patel CJ, et al. PLoS ONE (2010)
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EWAS has had utility in searching for exposures in disease
Epidemiology and Prevention
A Nutrient-Wide Association Study on Blood Pressure
Ioanna Tzoulaki, PhD;* Chirag J. Patel, PhD;* Tomonori Okamura, MD, PhD; Queenie Chan, PhD;
Ian J. Brown, PhD; Katsuyuki Miura, MD, PhD; Hirotsugu Ueshima, MD, PhD; Liancheng Zhao, MD;
Linda Van Horn, PhD; Martha L. Daviglus, MD, PhD; Jeremiah Stamler, MD;
Atul J. Butte, MD, PhD; John P.A. Ioannidis, MD, DSc; Paul Elliott, MB BS, PhD
Int. J. Epidemiol. Advance Access published March 15, 2012
Background—A nutrient-wide approach may be useful to comprehensively test and validate associations between nutrients
(derived
from
and supplements)
and
blood
pressure
in an
unbiased manner.
This
is an Open
Accessfoods
article distributed
under the terms
of the
Creative
Commons (BP)
Attribution
Non-Commercial
License (http://creativecommons.org/licenses/
by-nc/3.0),
which
permits
unrestricted
non-commercial
use,
distribution,
and
reproduction
in
any
medium,
the originalInternational
work is properlyStudy
cited. of Macro/
Methods and Results—Data from 4680 participants aged 40 to 59 years in the provided
cross-sectional
Published by Oxford University Press on behalf of the International Epidemiological Association
International Journal of Epidemiology 2012;1–16
Micronutrients and Blood Pressure (INTERMAP) were stratified randomly into training and testing sets. US National Health and
! The Author 2012; all rights reserved.
doi:10.1093/ije/dys003
Nutrition Examination Survey (NHANES) four cross-sectional cohorts (1999–2000, 2001–2002, 2003–2004, 2005–2006) were
used for external validation. We performed multiple linear regression analyses associating each of 82 nutrients and 3 urine
electrolytes with systolic and diastolic BP in the INTERMAP training set. Significant findings were validated in the INTERMAP
testing set and further in the NHANES cohorts (false discovery rate !5% in training, P!0.05 for internal and external validation).
Among the validated nutrients, alcohol and urinary sodium-to-potassium ratio were directly associated with systolic BP, and dietary
phosphorus, magnesium, iron, thiamin, folacin, and riboflavin were inversely associated with systolic BP. In addition, dietary folacin
and riboflavin were inversely associated with diastolic BP. The absolute effect sizes in the validation data (NHANES) ranged from
0.97 mm Hg lower systolic BP (phosphorus) to 0.39 mm Hg lower systolic BP (thiamin) per 1-SD difference in nutrient variable.
Inclusion of nutrient intake from supplements in addition to foods gave similar results for some nutrients, though it attenuated the
Chirag J Patel,1,2 Mark R Cullen,3 John PA Ioannidis4,5,6 and Atul J Butte1,2*
associations of folacin, thiamin, and riboflavin intake with BP.
1
Conclusions—We
identified
significant
inverse
associations
betweenSchool
B vitamins
and BP,
relationships
Department of Pediatrics,
Division
of Systems
Medicine,
Stanford University
of Medicine,
Stanford,
CA, USA, hitherto poorly
2
3
investigated.
Our
analyses
represent
a
systematic
unbiased
approach
to
the
evaluation
and
validation
of nutrient-BP
Lucile Packard Children’s Hospital, Palo Alto, CA, USA, Department of Medicine, Division of General Medical Disciplines,
4
Stanford
University
School
of
Medicine,
Stanford,
CA,
USA,
Department
of
Medicine,
Stanford
Prevention
Research
Center,
associations. (Circulation.
2012;126:2456-2464.)
Int. J. Epidemiol.
Advance Access
published December 16, 2013
5

Circulation, 2012

Systematic evaluation of environmental
factors: persistent pollutants and nutrients
correlated with serum lipid levels

! The Author 2013; all rights reserved.

doi:10.1093/ije/dyt208

*Corresponding author. Department of Pediatrics, Stanford School of Medicine, 1265 Welch Road, Stanford, CA 94305, USA.
E-mail:
abutte@stanford.edu
ietary
habits have long been related to complex diseases,
few associations at a time, an environment-wide association

DSystematic

evaluation of environmental and
behavioural factors associated with all-cause
mortality in the United States National Health
and Nutrition Examination Survey

such as cancer and cardiovascular diseases, but the role of
study evaluates multiple environmental factors for association,
Accepted
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many nutrients and food groups
in disease5 merits
further
with proper adjustment for multiplicity of comparisons. The
investigation despite intensive Background
research efforts.1–3
Epidemiologemerging significant
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are then
validated across difBoth genetic and environmental
factors
contribute
to triglyceride,
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low-density lipoprotein-cholesterol (LDL-C), and high-density
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diet), which are
(HDL-C) levels.
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EWAS and searching for GxE in disease:
EWAS-identified exposures + GWAS-identified SNPs
= greater risk for disease?
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Screening all possible EWAS-GWAS interactions:
OR for rs13266634 (SLC30A8) stratified by E
+30-40% vs. no E
marginal OR=1.1
OR (95% CI)

rs13266634(SLC30A8)
trans-β-carotene (low(-1SD))
trans-β-carotene (mean)
trans-β-carotene (high(+1SD))

1.8 [1.3,2.6]
1.1 [0.79,1.5]
0.65 [0.4,1.1]
p-value:5e-05
N(cases):1702(164)
FDR=2%

rs13266634(SLC30A8)
γ-tocopherol (low(-1SD))
γ-tocopherol (mean)
γ-tocopherol (high(+1SD))

0.82 [0.52,1.3]
1.1 [0.87,1.5]
1.6 [1.3,2]
p-value:0.0094
N(cases):2925(274)
FDR=18%
0

0.5 1 1.5 2
Per risk allele OR

2.5

Adjusted for race, sex, BMI, age
Patel CJ, et al. Human Genetics. 2013
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Opinion

Opinion Viewpoint
VIEWPOINT
Chirag J. Patel, PhD
Center for Biomedical
Informatics, Harvard
Medical School,
Boston, Massachusetts.
John P. A. Ioannidis,
MD, DSc
Stanford Prevention
Research Center,
Department of Health
Research and Policy,
Department of
Medicine, Stanford
University School of
Medicine, Stanford,
California, Department
of Statistics, Stanford
University School of
Humanities and
Sciences, Stanford,
California, and
Meta-Research
Innovation Center at
Stanford (METRICS),
Stanford, California.

Studying the Elusive Environment in Large Scale
It is possible that more than 50% of complex disease risk
is attributed to differences in an individual’s environment.1
Air pollution, smoking, and diet are documented environmental factors affecting health, yet these factors are but
a fraction of the “exposome,” the totality of the exposure
load occurring throughout a person’s lifetime.1 Investigating one or a handful of exposures at a time has led to a
highly fragmented literature of epidemiologic associations. Much of that literature is not reproducible, and selective reporting may be a major reason for the lack of reproducibility. A new model is required to discover
environmental exposures associated with disease while
mitigating possibilities of selective reporting.
To remedy the lack of reproducibility and concerns of
validity, multiple personal exposures can be assessed simultaneously in terms of their association with a condition or disease of interest; the strongest associations can
then be tentatively validated in independent data sets
(eg, as done in references 2 and 3).2,3 The main advantages of this process include the ability to search the list
of exposures and adjust for multiplicity systematically and
report all the probed associations instead of only the most
significant results. The term “environment-wide association studies” (EWAS) has been used to describe this approach (an analogy to genome-wide association studies). For example, Wang et al4 screened more than 2000
chemicals in serum to discover endogenous exposures associated with risk for cardiovascular disease.
There are notable hurdles in analyzing “big” environmental data. These same problems affect epidemiology
of 1-risk-factor-at-a-time, but in EWAS their prevalence becomes more clearly manifest at large scale. When studying hundreds and thousands of exposures, tens and hundreds of associations often emerge that pass conventional
statistical thresholds. Yet most of these seemingly statisticallyrobustassociationsarecorrelatesonly,notcausalassociations. Reverse causality and confounding may underlie most of the observed strong correlations.

Figure. Correlation Interdependency Globes for 4 Environmental Exposures (Cotinine, M
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(Figure, D) seems a futile exercise given its complex relaother nutrients and pollutants. B Serum total mercury
Ationship
C Serum
Serumwith
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42 Total correlations
68 Tot
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may also help. This is in stark contrast with the current
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•evaluate new ‘omics technologies
•new informatics methods
•longitudinal and linkable health data
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ENVIRONMENT-WIDE ASSOCIATION STUDY (EWAS) FOR TYPE 2 DIABETES IN THE
MARSHFIELD PERSONALIZED MEDICINE RESEARCH PROJECT BIOBANK
MOLLY A. HALL
Center for Systems Genomics, Department of Biochemistry and Molecular Biology, The Pennsylvania State
University, 512 Wartik Lab, University Park, PA 16802, USA
Hall et al,
Email: mah546@psu.edu

Proc Symp Biocomputing (2013)
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314 self-report E (PhenX toolkit)
University, 512 Wartik Lab, University Park, PA 16802, USA
Email: sud23@psu.edu ~2000 cases and controls

T2D via eMERGE algorithm
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https://www.phenxtoolkit.org/
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We assessed whether inclusion of 40 lipid-adjusted variables compared to only using their whole weight counterparts
could influence the results of the scan. While the lipid-adjusted
point effect sizes were different than their whole-weight counterparts (Fig. S1A), they still had high p-values (Fig. S1B). The
p-value range for the whole weight variables was 0.11–0.9 versus
0.05–1 lipid-adjusted variables (Fig. S1B). The FDR for the whole
weight variables ranged from 70 to 100% while the FDR for the
lipid-adjusted variables were 60–100%. Inclusion of lipid-adjusted
variables would not have changed the reported findings.

nally higher in individuals that gave
that did not; however, we did not
completely validate the correlation in
gation. The geometric mean of bisphe
preterm birth versus those that did n
respectively (Mann–Whitney one-sid
normalized mean of bisphenol A wa
individuals that gave preterm birth
(Mann–Whitney one-sided p = 0.01).
bisphenol A after adjustment for m
and gestational age of sample collec
CI: [0.73, 17.00]). However, the one-s

Searching for maternal exposures associated with preterm birth
Mothers in NHANES and attending Stanford Clinics

4. Discussion

Enabled by publicly-available heal
ronmental factors in mothers, we
tentatively associated with self-repo
extended the original scanning meth
top finding in an external cohort.
presented here are exploratory and
ultimately ascertained after pregnan

Screened 253 exposures in >100 mothers (NHANES)

Fig. 2. Top 5 biomarkers of exposure (p ≤ 0.02) associated with self-reported
preterm birth. OR = odds ratio, CI = confidence interval, SD = standard deviation of
exposure. Box sizes proportional to standard error.

Bruce Ling
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Ting Yang
Atul Butte
Patel CJ, et al. Reprod Tox 2013
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Searching for maternal exposures associated with preterm birth:
Mothers in NHANES and attending Stanford Clinics

/15/2013 Andy Hu

One+tailed&Mann+Whitney&U&test&p&value
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BPA(µg/g)

0.2857&&&&&&&&&&&&0.0145&&&&&&&&&0.0754&&&&&&&&&&&&&0.0061

16 moms with preterms
21 moms with normal births
collected urine during gestation
identified via EHR

Control&&Case&&&&&&&&&&&&&Control&&&Case&&&&&&&&&&&&&Control&&&Case&&&&&&&&&&&Control&&&&Case&&&&

&&<=28&&&&&&&&&&&&&&&28+32&&&&&&&&&&&&&&&&&&&>32&&&&&&&&&&&&&&&&&Overall
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Bruce Ling, Ph.D.

Patel CJ, et al. Reprod Tox 2013
Tuesday, July 15, 14

19

Location, location, location:
Exposure assessment via geolocation of patients

(latitude, longitude)

Income/SES
Air pollution (e.g., PM 2.5)
“Green space”
Climate

John Brownstein
Tuesday, July 15, 14
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EWAS can enable a comprehensive view of exposures in disease
by studying the environment...
...and feasible to capture this view in the EHR
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Understanding the role of the exposome will lead to a more precise
medicine.
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