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“Intensive lifestyle” over multiple domains (diet + 
physical activity), weight loss, and reduction in T2D 

incidence

4
What is “lifestyle”? DPP NEJM 2002


Tuomilehto et al NEJM 2001



We may never find the single exposure 

(e.g., smoking) that causes disease (e.g., lung cancer)…



(Most) phenotypes/diseases are polygenic 
and multifactorial 

P = G + E
Gene expression

Type 2 Diabetes


Cancer

Alzheimer’s

Phenome Genome

Variants

Exposome

Infectious agents

Nutrients

Pollutants


Drugs



Characterizing healthy lifestyles with the exposome:

the complex array of internal and external exposures 

humans encounter from birth to death
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The exposome is shared and non-shared!

Small particles in air pollution Differing “lifestyle” among individuals

👪 👪

shared non-shared



Who is the smoker?

https://www.businessinsider.com/how-smoking-ages-the-face-of-identical-twins-2013-11



non-shared E

random chance



Non-shared exposome (and dietary intake) is temporally complex:  
when (and at what frequency) do we measure? 

Athersuch Bioanalysis 2012

Cumulative (cadmium, PCB)

Constant, but  excreted (phenols)

Intervention (drugs)

Seasonal (allergen)

In-utero

Not shown: Diurnal



Exposomic research for precision medicine: 
Measuring variance explained and accelerating discovery

E G

1

GxE
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σ2P = σ2G + σ2E 
… 



σ2G 
σ2P H2  =

Heritability (H2) is the range of phenotypic 
variability attributed to genetic variability in a 

population

Indicator of the proportion of phenotypic 
differences attributed to G.



What about E?

? 
σ2P “E2”  =



E2
Combination of shared and non-shared exposome

σ2E = σ2shared + σ2non-shared + error



🏠

σ2shared 
σ2P C2  =

Shared E (C2) is the range of phenotypic variability 
attributed to shared household or geography 

(but not genetics)

Air pollution, seasonality, shared socioeconomic factors



Deconvolving mixture of genetics, shared E (C2),  
and indicators of shared E (air pollution, weather, and economics) in 

real-world data

+ Disease (ICD9/ICD10),

 procedures, drugs, labs


N ~ 45M

insurance claims

Weather

Air Pollution

Census SES



Amassing (the largest) twin and sibling cohort 
in the US to estimate G and E in ~500 P

• Assume familial relationships in subscriber 
groups


• Subscriber group less than 15 members 

• Both members are child of primary 
subscriber (e.g., employed individual)


• Same date of birth 

• Year of birth occurs on or after 1985


• Member enrollment greater than 36 
months

Same Sex - 
Female 17,919

Same Sex - 
Male 17,835

Opposite 
Sex 20,642

total 56,396

Largest collection of twins in US (next largest has ~28k pairs)Largest collection of twins in US (next largest has ~28k pairs)

724K siblings!

Lakhani et al., Nature Genetics 2019



Where do we get E indicators?

Exposome Data Warehouse (~1TB) 

Geographical information system-enabled 
 database to map individuals to E



h2 and c2 estimates for 560 phenotypes versus statistical significance : 
326/560 traits (>50%) have a heritable and 180/560 (32%) had a shared exposome 

component!

r=0.817

Lakhani et al., Nature Genetics 2019



… but air pollution, climate, and SES played a 
modest role in total shared environment (c2) 

r=0.817

Lakhani et al., Nature Genetics 2019



Lakhani et al., Nature Genetics 2019 http://apps.chiragjpgroup.org/catch/

Patient cohorts in the “real-world” : 
overall heritability (0.32) and shared environment (0.09)

CaTCH: Claims analysis of Twin Correlation and Heritability
US-based, ages < 25

st
at

is
tic

Phenotype category

Overall (0.09) Endocrine (0.1) 

Metabolic (0.06) Cognitive (~0) Psychiatric (0.01) 
Neoplasms (0.05) 

Developmental (0.4) 

Respiratory (0.2) 

c2



56K twins and 700K siblings in a massive health insurance cohort 
point to complex and elusive variation in 560 phenotypes

56
0 

ph
en

ot
yp

es

http://apps.chiragjpgroup.org/catch/

h2=0.3

c2=0.1 (🏠)

?

https://rdcu.be/boZeV
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Exposomic research for precision medicine: 
Measuring variance explained and accelerating discovery



Exposome-wide association studies:  
Data-driven discovery


Address multiplicity (False Discovery Rate)

Contextualize over multiple domains 


(e.g., is X >> Y)?



Adjusted Hazard Ratio
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EWAS (re)-identifies factors associated with all-cause mortality:

Volcano plot of 200 associations, incl. serum nutrients

age (10 years)

income (quintile 2)

income (quintile 1)male

black income (quintile 3)

any one smoke in home?

Multivariate cox (age, sex, income, education, race/ethnicity, occupation [in red])

serum and urine cadmium

[1 SD]

past smoker?
current smoker?serum lycopene


[1SD]

physical activity

[low, moderate, high activity]*  

*derived from METs per activity and categorized by Health.gov guidelines27 IJE 2012



Querying 85 nutrients across INTERMAP and NHANES in 
blood pressure: multiple factors emerge, but modest size

mm Hg per 1 SD

Range of 0.9-2 mm Hg per 1 SD change of a nutrient levels

Circulation 2012

-lo
g1

0(
pv

al
ue

)



PLOS ONE 2010

ORs: 1.4-4 per 1 SD

4 identified (2%)

Nature Communications 2020 
HRs: 0.9-1.3 per 1 SD


38 identified (10%)

IJE 2012 
HDL-C: 1-3 mg/dL per 1 SD

LDL-C: 8-10 mg/dL  per 1 SD

Triglycerides: 13-55 mg/dL per 1SD

~ 29 identified (10%)

IJE 2017 
0-0.03 years (per 1SD)


21 identified (5%)

IJE 2013 
HRs: 0.7-2.8 (per 1SD)


7  identified (3%)

Modest association sizes/variance for 500 E factors illuminates the 
need for consideration of exposome in aggregate

262 E

249 E

374 E 

461 E

188 E

Env Int 2018  
128 E 

0 identified (0%)



Correlation structure between E factors:

Correlation “globes” for 4 factors is dense…

JAMA 2014



Pac Symp Biocomput. 2015 
JECH 2015

… but modest: spearman 
correlation of < 0.3 among 

575 E factors 

(82k correlations)



A maze of associations is one way to a fragmented literature 
and Vibration of Effects

Young, 2011

univariate

sex

sex & age

sex & race

sex & race & age

JCE, 2015See also: Gelman and Loken, 2013



Distribution of associations and p-values due to model choice:

Estimating the Vibration of Effects (or Risk)

JCE, 2015

http://bit.ly/effectvibration
See also: Gelman and Loken, 2013


Young, 2011



The Vibration of Effects: shifts in the effect size distribution due 
to select adjustments (e.g., adjusting cadmium levels) with 

smoking status)

JCE, 2015



JCE, 2015

Janus (two-faced) risk profile

Risk and significance depends on modeling scenario -  
Where variation is smallest may be the most robust

The Vibration of Effects: beware of the Janus effect

(both risk and protection?!)

“risk”“protection”

“significant”

Brittanica.com

http://bit.ly/effectvibration



pcb

b-carotene

C-reactive proteincotinine

http://bit.ly/effectvibration



Khera et al, Nature Genetics 2018

The polygenic risk score (PRS) has emerged as a 
way of summarizing additive genetic risk for time-

invariant screening

See also:

Choi et al, Nat Protoc 2020


Vilhjálmsson et al, AJHG 2015



Figueroa et al. JAMA 2020



Building a Poly-eXposure Risk Score (PXS)

N=111 
Accommodations


Air pollution

Alcohol


Diet

Early life factors


Education

Employment


Income

Lifestyle/Exercise


Sociodemographics

Sleep


Smoking

Sound pollution


 
Yixuan He


Diabetes Care 2021



Filter & Select 
XWAS

Lasso


P value thresholds

N=111 
Accommodations


Air pollution

Alcohol


Diet
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Building a Poly-eXposure Risk Score (PXS)

Diabetes Care 2021



N=12 
Alcohol intake


Comparative body size at age 10

Major dietary changes in past five years


Household income

Insomnia

Snoring


Milk type used (skim, whole, etc.)

Dietary restriction  (eggs, diary, wheat, etc)


Spread type used (butter, etc)

Tea intake per day


Own or rent accommodations

Past tobacco usage


 

Filter & Select 
XWAS

Lasso


P value thresholds

N=111 
Accommodations


Air pollution

Alcohol


Diet

Early life factors


Education

Employment


Income

Lifestyle/Exercise


Sociodemographics

Sleep


Smoking

Sound pollution


 

Building a Poly-eXposure Risk Score (PXS)



PXS: C statistics of 0.762 (0.749, 0.775) 

PGS: C statistic of 0.709 (0.696, 0.722)


PXS may have utility in reclassification improvement of T2D 

beyond classical risk factors (BP, glucose, A1C, lipids) 

0.225

Diabetes Care 2021

PXS+classical risk factors: C statistic of 0.850

Noble et al.: AUC 0.6-0.9 (BMJ, 2011)

Meigs et al.: C-index 0.9 (NEJM, 2008)



How interchangeable are E factors in 
diagnosed T2D risk? Contextualizing 134 

variables in LIFELINES (Netherlands, n=95k)

43 Diabetologia 2021Tom van der Meer



44

134 variables; 

40% replicated (green) 



Comparing potential risk factors 
against BMI


~= 3 SDs of modifiable factors or 
higher

Diabetologia 2021



Equal feature importance of most E and P variables point 
to their interchangeability

Diabetologia 2021

Glucose, A1C%, family history contribute uniquely

All others variables are interchangeable 



Risk prediction of T2D satiates after the inclusion of a limited 
number of E and P variables 


(risk is dominated by a few key players and plateaus quickly)

• Full and non-invasive models satiate after the inclusion of 4 
variables


• Removing key non-invasive variables leads to larger models with 
similar prediction

Diabetologia 2021



Nature 2018



47 metagenomic studies

24 GWASs


Overall metagenomic AUC: 0.79

Overall genomic AUC: 0.67

Braden Tierney
https://doi.org/10.1101/2019.12.31.891978



• Promises 

• Mapping of E onto P (discovery of new biology)


• Measurement: E at scale with low error through time via mass-spec and ‘omics 

• Decoupling shared and non-shared E and time course 

• Polyexposure scores: Solving the architecture of mixtures of E-P 

• Challenges 

• “Real-world”/observational estimates are small  

• Dense correlation: everything correlated with everything else 

• Uncertainty of models and black box predictors 

• Multiplicity: unclear how to prioritize needles among needles of factors for experiments 

• Outlook: 

• Consideration of the massive expanse of E needed to describe variation 

• Predictive advances with new big data approaches will be rare: last mile of AUC and R2 as 
risk factors may be interchangable

Architecture of phenotype-exposome associations:

New discovery vs. utility
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