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We all have chemicals in our bodies… 

The balance between exposure and 
elimination determines how much!

Exposure Concentration Elimination



A 1-box pharmacokinetic model…
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Characterized as a 
first - order process 
using an estimated 
elimination half-life

A 1-box pharmacokinetic model…
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• Model representative individuals born every 
year for a century to create a population-
based pharmacokinetic model…

9 individuals, one born every 10 years starting in 1931
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Complete information



Kato et al. EST2011
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Men > Women

NHANES = National Health and Nutrition Examination Survey

PFOS (Perfluorooctane sulfonate) is the most 
abundant POP measured in humans



 2014:  Research Question:

Could loss of PFOS by menstruation explain the 
different body burdens in women and men?



Our populat ion - based model is based 
on an int r insic eliminat ion rat e 

const ant  (kelim)

• Chemical specific 
• Constant regardless of one’s sex, age, body 

weight, ongoing exposure, and physiology



Men 
(Gmbl = 0)

Add a new process t o t he model...

• Introduce a new term to describe losses with menstrual 
blood (Gmenstrual blood loss /  VD) 

• VD –  Volume of distribution (mL/kg) 
– Cwhole-body (ng/kg) /  Cblood (ng/mL)

Menstruating women 
(Gmbl ¹ 0)

Non-menstruating women 
(Gmbl = 0)



PK Model
• 5 years of cross-

section data on 
PFOS in men and 
women in the US 
• Intake function 

for PFOS based 
on product use 
data

INPUT OUTPUT

ke

Refined
intake

function

NHANES = National Health and Nutrition Examination Survey

Population  -  based  
Pharmacokinetic Model



Results – PFOS in the US population
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Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled – HL 5.5 years
Women (non-menstruating), modeled – HL 4.3 years
Women (menstruating), modeled – HL 4.9 years



4 5 6

PFOS half-lives in the US population (years)

When menstruation is modeled as a sex & age 
specific loss process the difference in kelim
between women and men is almost gone! 

Men (intrinsic)

5.5 yrs

Women (intrinsic)

4.9 yrs
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Could loss of PFOS by menstruation explain the 
different body burdens in women and men?

Yes. 
Assuming the same body - weight normalized intake, 
the model fits data for women just as well as for 
men when menstruation is included  
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 2014:  Research Question:

Could loss of PFOS by menstruation explain the 
different body burdens in women and men?

Yes. 
Assuming the same body - weight normalized intake, 
the model fits data for women just as well as for 
men when menstruation is included  

But… 
Modeled kelim for women still did not convincingly 
overlap with kelim for men… 





2022 – Update PFOS & model 
other PFAS

1) New NHANES data for 2011, 2013 and 2015, 
and 1999 data retracted (!) 

2) Assume menstrual blood loss accounts for 
difference between men & women and treat 
VD as a fitting parameter



PFOS Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled 

Women, modeled 

Intrinsic elimination 
half - life 

Men:  4.3 years 
Women:  4.0 years 

VD:  256 mL/kg
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VD:  256 mL/kg

0.990



PFOA Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled 

Women, modeled 

Intrinsic elimination 
half - life 

Men:  3.5 years 
Women:  3.1 years 

VD:  261 mL/kg



PFOA Men, empirical US NHANES
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Men, modeled 
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Intrinsic elimination 
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PFNA Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled 

Women, modeled 

Intrinsic elimination 
half - life 

Men:  4.1 years 
Women:  3.8 years 

VD:  305 mL/kg



PFNA Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled 

Women, modeled 

Intrinsic elimination 
half - life 

Men:  4.1 years 
Women:  3.8 years 

VD:  305 mL/kg



PFDA Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled 

Women, modeled 

Intrinsic elimination 
half - life 

Men:  5.0 years 
Women:  5.0 years 

VD:  590 mL/kg



PFDA Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled 

Women, modeled 

Intrinsic elimination 
half - life 

Men:  5.0 years 
Women:  5.0 years 

VD:  590 mL/kg



PFUdA Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled 

Women, modeled 

Intrinsic elimination 
half - life 

Men:  4.9 years 
Women:  5.2 years 

VD:  412 mL/kg



PFUdA Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled 

Women, modeled 

Intrinsic elimination 
half - life 

Men:  4.9 years 
Women:  5.2 years 

VD:  412 mL/kg



PFHxS Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled 

Women, modeled 

Intrinsic elimination 
half - life 

Men:  4.3 years 
Women:  3.9 years 

VD:  84 mL/kg



PFHxS Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled 

Women, modeled 

Intrinsic elimination 
half - life 

Men:  4.3 years 
Women:  3.9 years 

VD:  84 mL/kg



Summary - VD

Compound Modeled human volume of 
distribution (VD ) 
mL/kg

Reported volume of distribution (VD), study 
mL/kg

PFOS 256 230 human (Thompson, et al., 2010)

274 (+/- 28) female  monkeys, (Chang et al. 2012)

PFOA 261 170 human (Thompson, et al., 2010)

198 (+/- 69) female monkeys (Butenhoff et al. 2004)

PFNA 305 243 (+/-49)  female rat ( Ohmori et al. 2003) 
46 (+/- 4)  female rat (Kim et al. 2019)

PFHxS 84 213 (+/- 28) female monkeys. (Sundström et al, 2012)

PFDA 591 441 (+/- 55) female rats (Ohmori et al. 2003) 

PFUdA 412 250 (+/- 80) female rats (Fuji et al. 2015)
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Summary - VD

Compound Modeled human volume of 
distribution (VD ) 
mL/kg

Reported volume of distribution (VD), study 
mL/kg

PFOS 256 230 human (Thompson, et al., 2010)

274 (+/- 28) female  monkeys, (Chang et al. 2012)

PFOA 261 170 human (Thompson, et al., 2010)

198 (+/- 69) female monkeys (Butenhoff et al. 2004)

PFNA 305 243 (+/-49)  female rat ( Ohmori et al. 2003) 
46 (+/- 4)  female rat (Kim et al. 2019)

PFHxS 84 213 (+/- 28) female monkeys. (Sundström et al, 2012)

PFDA 591 441 (+/- 55) female rats (Ohmori et al. 2003) 

PFUdA 412 250 (+/- 80) female rats (Fuji et al. 2015)

Highly uncertain – No “signal” to model

Also a modeling study!



2022 – Model CARES 
Biomonitoring Data

1) 2018  –  LA County 400  
serum samples 

2) 2019 – Southern California 
350 serum samples 



PFOS Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled 

Women, modeled 



PFHxS Men, empirical US NHANES

Women, empirical US NHANES

Men, modeled 

Women, modeled 



Modeling CARES Data

• We assumed VD and kelim from the NHANES 
population would also apply to the CARES 
populations 

• Tested the hypothesis that intake of PFAS 
by the CARES populations was different 
than NHANES… 
– No obvious evidence of that!  



Conclusions

• New population - based pharmacokinetic 
modeling of NHANES biomonitoring data for 
6 PFAS provides estimates of 
– Intake levels and trends 
– Intrinsic elimination half-lives (kelim) 
– Volumes of distribution (VD)
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Even better with the correct 
composition of menstrual blood!
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