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Published 
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95th 

percentile 

99th 

percentile 

DBP MBP  239 590 2,700 

BBzP MBzP  102 257 3,800 

DEHP Sum of 4 metabolites 11 35 400 

DINP Mono-carboxyoctyl phthalate (MCOP) 77 261 1,500 
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REAL LIFE CHEMICAL MIXTURES 
BASED ON URINE/SERUM LEVELS 

FROM +2,300 PREGNANT 
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Whole mixture approach 
four steps for risk assessment of chemicals  

integrating human epidemiology and  
experimental toxicology 

 
Sufficient Similarity Approach (SMACH) 
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Analysis strategy in three steps for Mixture 0 

1. Identification of bad actors for the three health domains 

– Weighted quantile sum (WQS) regression (Carrico, 2015)  
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David Barker (1938-2013) 
The fetal period is 

important for chronic 
diseases later on in life,  

e.g., hypertonia, diabetes, 
cardiovascular diseases... 
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Analysis strategy in three steps for Mixture 0 

1. Identification of bad actors for the three health domains 

– Weighted quantile sum (WQS) regression (Carrico, 2015)  

2. Estimation of serum levels of bad actors 

– Estimation of daily intake (DI) of urinary based bad actors (Koch et al., 2007) 

– Using toxicokinetic models (Fromme et al., 2007) estimating the plasma concentrations 
from DI 

– The PFASs were measured directly in serume levels  

 



Analysis strategy in three steps for Mixture 0 

1. Identification of bad actors for the three health domains 

– Weighted quantile sum (WQS) regression (Carrico, 2015)  

2. Estimation of serum levels of bad actors 

– Estimation of daily intake (DI) of urinary based bad actors (Koch et al., 2007) 

– Using toxicokinetic models (Fromme et al., 2007) estimating the plasma concentrations 
from DI 

– The PFASs were measured directly in serume levels  

3. Establishment of relevant mixtures, to be evaluated in experimental studies in 
cell and animal models 

– Estimation of mixing proportions of bad actors using serum levels in +2,300 
pregnant women in SELMA 

– The mixing proportions were calculated in molar units across the chemicals 
 



15 COMPOUNDS 
Phthalates 

Phenols 
PFASs 

Natural 
hormones 
Estrogen 
Testosterone 
Thyroids. etc. 

http://www.google.se/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=vL9mVccgsgiuwM&tbnid=x39g0J6GG44jpM:&ved=0CAUQjRw&url=http://www.k-blogg.se/2008/03/05/fmis-sokapplikation-en-blivande-pensionar/&ei=W5-CUujYIc_k4APMm4GgDw&bvm=bv.56146854,d.dmg&psig=AFQjCNFoh9BZo-uFodjHqoM5-BRKRRdTgw&ust=1384378540728263
http://stateoftheart.popphoto.com/blog/images/2008/11/20/picture_2.png
http://www.google.se/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.incapabledesetaire.com/&ei=VQ5RVImXFsn9ywODnoDABg&bvm=bv.78597519,d.bGQ&psig=AFQjCNG3tT569VHJ3HWd-AykEH4Vays18Q&ust=1414684595804534
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Identification of bad 

actors among 20 EDCs 
 

Using Weighted Quantile Sum (WQS) 
regression 
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Using geometric mean serum levels 
(mol/L) in +2,300 SELMA mothers 

Composition of a 
reference mixture 

 
Dosing 0.1X, 1X, 10X, 100X  
where 1X refers to SELMA 

DBP 2.3 E-08 33% 

BBzP 1.1 E-08 16% 

DEHP 1.5 E-08 21% 

DiNP 2.1 E-08 30% 



Test for dose-response relationship between 
Mixture S and AGD/BW in male mice 

 
With a benchmark 

response (BMR) of a 5% 
decline in AGD/BW, the 

estimated benchmark dose 
(BMD) was 0.49 on the log 

scale 
 

10^0.49 – 1 = 2.1X of 
“typical” SELMA exposure 

5% 

National and Kapodistrian University of Athens, Athens, Greece  
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4-5% (1.6-1.8 mm) reduction of AGDas in baby boys in SELMA  
Bornehag et al., 2015 



4a. Sufficient similarity 
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Chemical 1
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83% of the SELMA women 
(N=1,916 out of 2,313) had 
sufficiently similar mixing 
proportions to Mixture S 

BMD with BMR=0.95 0.49 (0.33) 

ED (0.92) 1.05 (1.30) 

Similarity Region 

Radius  
1.05-0.49=0.56 

Reference mixture 
Tested experimentally 

for dose-response 
and BMD estimated 



4b. Similar Mixture Risk Index (SMRI)  
 

For the set of sufficiently 
similar mixtures, roughly 7% of 

the SELMA women have 
concentrations extreme 

relative to the BMD (SMRI>1), 
corresponding to about 6% of 
the total population of 2,313 

pregnant women 



4c. Associaion between SMRI and AGD  
in baby boys 

 

Adjusted* AGDas was 5.9 
mm shorter in the 4th vs. 1st 

quartile of SMRI (p=0.045) 

*) Adjusted for gestational age at exposure, weight at evaulation, and creatinine 



Conclusions 
With a whole mixture approach, we could find a 
higher rate of pregnant women under risk (13%) 
when comparing with more traditionally models 

of additivity (HI) (3%), or a compound-by-
compound strategy (1.6%), which is the most 

used risk assessment procedure 
 

Bornehag, Kitraki, Panagiotidou, Stamatakis, Ruden, Shu, Lindh, Ruegg, Gennings 

A novel approach to chemical mixture risk assessment - Linking data from population based 
epidemiology and experimental animal tests by the use of new statistical tools  

Risk Analysis, in revision 
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Highligths 

We introduce a new class of models that include the regulatory concept of 
“acceptable concentration range” (ACR) 

These ACR models complement current risk assessment methods by estimating 
guideline values using human biomonitoring data 

The results suggest that chemical-by-chemical approaches underestimate risk by a 
factor that range from 1 to 100 for different chemicals 



On-going work 

Analyses of all experimental data for Mixture 0 

 

Analysis of Mixture 1 data 
54 chemicals 

Health outcomes at 7 years of age 

 

Assess generalizability 
Test for sufficient similarity in existing biomonitoring data (HB4EU) 

Development of mixture assessment factors (MAFs) using ACR 
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