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Is there a  
“mixture effect”? 



What is a “mixture effect”? 
▶  Relevant environmental exposures may result in the phenomenon of … 

“something from nothing” (Silva, Rajapakse, Kortenkamp (2002) Env Sci Tech)  
–  Individual components may be at exposures well below an effect level 
–  Joint action of the components produce significant effects 
–  Ignoring joint action of compounds may lead to significant underestimation of risk 

▶  How do we measure the mixture effect? 
–  WQS regression* measures the mixture effect using an empirically-weighted index 

of quantiles of components under the assumption of additivity 
•  The index is a 1st degree approximation in the presence of interaction 

4 * Carrico et al 2014, JABES 



Weighted Quantile Sum (WQS) regression for 
identifying mixtures of exposures linked to health effects 
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Final WQS index is a weighted average across the ensemble step samples using a ‘signal 
function’ 
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WQS regression: Ensemble step 
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▶  Bootstrap samples of observations 
–  Why? 
–  How many samples? 
–  Distribution of weights 

▶  Random subset of components  
–  Subsets of size, say, √𝑐  for c components 
–  1000 random subsets 
–  Average across full set 
–  Works when c > N 

Two Strategies 

WQS bootstrap: Carrico et al, JABES, 2014;  
WQS random subset: Curtin et al, Comm in Stat – Sim & Comp, 2019 



Analysis of environmental chemical mixtures and NHL risk in the NCI-
SEER NHL Study (Czarnota et al, EHP 2015) 

▶  Population based case-control study of NHL in four NCI-SEER centers: Detroit, Iowa, LA, Seattle 
▶  Study design described in Colt et al 2004 

–  Eligible Cases:  
•  20-74 yrs old; diagnosed with a first primary NHL between 1998-2000; N=1321  
•  2248 potentially eligible: 14% died before interview; 6% not located; 1% moved; 3% refused 
•  1728 remaining cases – 1321 (76%) participated 

–  Controls: 
•  >64 yrs old were selected from Medicare files; <65 yrs old were selected with random digit dialing 
•  Frequency matched to cases by sex, age, race and study site 
•  2409 potentially eligible 2046 were located and contacted; 1057 (52%) participated 

▶  27 chemicals measured in house dust (from vacuum cleaners and where > half of their rugs were 
owned for more than 5 years) 
–  5 PCBs; 7 PAHs; 15 pesticides 

▶  N=1180 subjects with complete dust analysis results and covariate values (43% controls; 57% cases) 
▶  Covariates: sex, age at diagnosis (cases) or selection date (controls); race (White vs Not white); 

education level (<12, 12-15, >=16 yrs); and study site in overall model 
8 



27 chemicals and NHL risk (continued) 
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27 chemicals and NHL risk (continued) 
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WQS regression: 
•  Chemical concentrations quartiled 

using some imputation of analyte 
values (due to LOD, etc; Colt et al) 

•  Primary analysis based on one 
randomly selected imputation dataset 

•  B=100 bootstrap samples 
•  Due to the subset analyses, the data 

were not split as the estimated 
weights were not stable 
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Discussion 
▶  We used WQS regression to model the association of a mix of 27 correlated environmental 

chemicals measured in house dust and risk of NHL in a case-control study of 4 study centers. 
▶  We estimated weights associated with increasing the risk of NHL; constraints in the opposite 

direction are possible. 
▶  The chemicals most heavily weighted in the site-specific mixture indices varied by site. 
▶  In overall single chemical analyses, only PCB180 was significant and gamma-chlordane was 

marginally significant – indicating a mixture effect measured by the weighted index. 
▶  Our findings also show that chemicals identified as important based on a site-specific WQS index may not 

be identified as important in an index derived from the full data set. Similarly, chemicals identified as 
important in the index developed from the full data set may not be identified as important in all site-specific 
indices.  
–  These differences are due, in part, to different concentration ranges across sites and overall, to different 

sources of the chemicals across study sites, or differences in correlations with unmeasured exposures or 
other factors.  

▶  Limitations:  
–  the potential for exposure misclassification from the use of chemical concentrations in house dust as a 

measure of past exposures. But chemical concentrations in carpet dust may reflect integrated chemical 
exposure over the time. 

13 



Acknowledgments –  
“A team is what we need…” 

14 

v  Caroline Carrico, PhD, original bootstrap WQS regression (2014, 
JABES) 

v  Ghalib Bello, PhD, lagged WQS regression (2017, Env Res; 
recently revised Gennings et al, 2020 Env Res) 

v  Paul Curtin, PhD, Random subset WQS regression – rsWQS 
(2020, Comm and Stat) 

v  Eva Tanner, PhD, MPH, Repeated holdout validation (2019, 
Methods X) 

v  Stefano Renzetti, MSc, PhD candidate, R package for gWQS 
v  Elena Colicino, PhD,  Bayesian WQS Regression - BWQS  

Funding Sources:  
T32ES0007334; R01ES028811; U2CES026555; P30ES023515   


