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S-1 Near-field exposure assessment 

The calculation of direct chemical mass transfer fractions from the consumer product to 

environmental and human compartments requires physiochemical properties as input, 

including molecular weight, vapor pressure, water solubility, and air-water and octanol-water 

partition coefficients, obtained from various sources (e.g. Sobanska & Le Goff 2014, 

Williams et al. 2017), with a preference for experimental data when available. Enthalpies of 

vaporization, predicted using the ACD/Labs Percepta Platform, are available from Williams 

(2011). Further required inputs including diffusion coefficients in solid materials, material-air, 

material-water partition coefficients, and skin permeation coefficients are obtained from 

quantitative property-property relationships (QPPRs) (see Table S1), as well as material-dust 

partition coefficients (set to 1, assuming surface dust originates in abrasion of solid materials). 

We recommend to use empirical data, specifically in cases where QPPR predictions are not 

available or applicable, such as for per- and polyfluoroalkyl substances (PFAS). 

Calculating direct transfer fractions also requires input on room characteristics and exposure 

scenario settings. Characteristics of a typical OECD household are used as reference scenario 

(Little et al. 2012, Rosenbaum et al. 2015, Wenger et al. 2012), assuming two adults and one 

child per household, and with values for exposure factors (e.g. inhalation rate) for adults and 

children obtained from several sources (Csiszar et al. 2017, Little et al. 2012, US-EPA 2011). 

Additional, product-type-specific parameters (e.g. area and thickness of articles, area, 

thickness and density of products applied on skin surface) are obtained from several 

references (Bremmer et al. 2006, Cox et al. 2002, Csiszar et al. 2017, Csiszar et al. 2016, 

Isaacs et al. 2014, Meesters et al. 2018, US-EPA 2011, Wenger et al. 2012). For details on 

reference scenario settings and product-related parameters for all models calculating direct 

transfer fractions see Tables S2 and S3. 

 

Table S1. Key physicochemical properties, corresponding property-property relationships 

(QPPR) and their input parameters, as input to models calculating direct transfer fractions. 

Property QPPR used Input parameters  

Diffusion 

coefficient 

 

Huang et al. (2017) is used to derive the chemical 

diffusion coefficients in different building materials 

from molecular weight, temperature and the material 

type (𝑅adj
2 = 0.93): 

   log 𝐷𝑚 −
𝜏−3486

𝑇
= 6.39 − 2.49 × log 𝑀𝑊 + 𝑏                                 

𝐷𝑚 [m2/s] is the diffusion 

coefficient, 𝑀𝑊 [g/mol] is the 

molecular weight, 𝑇 [K] is 

temperature, 𝑏 and 𝜏 are 

material-specific coefficients 

available for 32 materials 

Material-air 

partition 

coefficient 

Huang and Jolliet (2019a) is used to derive the 

material-air partition coefficient 𝐾𝑚a of target 

chemicals in different building materials from 

octanol-air partition coefficient, enthalpy of 

𝐾oa is the dimensionless 

octanol-air partition coefficient 

derived from EPISuite, 𝑅 =
8.314 J/mol/K is the ideal gas 
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Property QPPR used Input parameters  

vaporization, temperature and the material type 

(𝑅adj
2 = 0.93): 

   log 𝐾𝑚a = −0.38 + 0.63 × log 𝐾oa + 0.96 ×

                        ×
∆𝐻𝑚a

2.303×𝑅
× (

1

𝑇
−

1

298.15
) + 𝛽  

A more generic but slightly less accurate relationship 

can be used to derive 𝐾𝑚a for materials without 

available 𝛽 coefficient (𝑅adj
2 = 0.84): 

   log 𝐾𝑚a = −0.37 + 0.75 × log 𝐾oa + 1.29 ×

                        ×
∆𝐻𝑚a

2.303×𝑅
× (

1

𝑇
−

1

298.15
)  

constant, 𝛽 is a material-

specific coefficient available 

for 22 materials, ∆𝐻𝑚a 

[kJ/mol] is the enthalpy of 

phase change between material 

and air, and is derived from 

the enthalpy of vaporization 

∆𝐻v [kJ/mol] by (𝑅adj
2 =

0.78): 

∆𝐻𝑚a = 1.37 × ∆𝐻v − 14  

Packaging-

food and 

material-

water 

partition 

coefficients 

Huang and Jolliet (2019b) is used to derive the 

packaging-food partition coefficient 𝐾pf (with 

material-water partition coefficient being a particular 

case of 𝐾pf) of target chemicals in different packaging 

materials from octanol-water partition coefficient, 

food/water ethanol equivalency, temperature and the 

material type (𝑅adj
2 = 0.93): 

   log 𝐾pf = −1.36 + 1.06 × log 𝐾ow − 0.014 ×

                      × EtOHeq − 0.0066 × log 𝐾ow   

                      × EtOHeq + 866 × (
1

𝑇
−

1

298.15
) + 𝛽  

A more generic but slightly less accurate relationship 

can be used to derive 𝐾pf for materials without 

available 𝛽 coefficient (𝑅adj
2 = 0.9): 

   log 𝐾pf = −1.96 + 1.16 × log 𝐾ow − 0.059 

                      × EtOHeq − 0.0079 × log 𝐾ow   

                      × EtOHeq + 805 × (
1

𝑇
−

1

298.15
)  

𝐾ow [L/L] is the octanol-water 

partition coefficient derived 

from EPISuite, EtOHeq [%] is 

the ethanol equivalency of 

food expressed as a percentage 

of ethanol in water in terms of 

volume/volume ratio whose 

value ranges from 0% to 100% 

(0% for water) 

Skin 

permeation 

coefficients 

 

The methods from ten Berge (2009) as applied by 

Csiszar et al. (2017) are used to derive the skin 

permeation coefficient via aqueous solution 𝐾p-aq 

[m/s] and the total gaseous-skin permeation 

coefficient 𝐾p-gas [m/s]: 

   𝐾p-aq = 2.78 × 10−6 × (
0.043

𝑀𝑊1.361 +

                  100.7318×log 𝐾ow−0.00683×𝑀𝑊−2.59)  

   𝐾p-gas =
1

𝐾aw,𝑇
𝐾p-aq

+
1

𝑣a

  

𝑣a is the air flow rate over the 

body surface area, which is set 

to 0.00278 m/s by default, 

𝐾aw,𝑇 is the dimensionless air-

water partition coefficient at 

the specified temperature, 𝑀𝑊 

[g/mol] is the molecular 

weight 

 

Reference household characteristics, exposure factors and product-type-specific exposure 

scenario settings are constructed from a set of representative nominal values listed in Table 

S2, while stochastic modelling could also be applied to determine parameter and results 

distributions and quantify related uncertainties. 
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Table S2. Default household characteristics, exposure factors and exposure scenario settings 

for different product types. 

Parameter Value Unit Reference 

Indoor configuration 
   

Room volume (V) 236 m3 Rosenbaum et al. (2015) (OECD countries) 

Room air renewal rate (n) 0.79 h-1 Rosenbaum et al. (2015) (OECD countries). 

Convective mass-transfer coefficient (hm, hs) 0.0024 m/s Wenger et al. (2012) (Table 1) 

Total suspended particle concentration (TSP) 20 µg/m3 Little et al. (2012) (Table S1) 

Density of airborne particles (ρpart) 1E+12 µg/m3 Little et al. (2012) (Table 1) 

Density of settled dust (ρdust) 1E+09 mg/m3 Little et al. (2012) (Table 1) 

Exposure factors 
   

Number of children (N_child) 1 - Own assumption 

Number of adult (N_adult) 2 - Own assumption 

Inhalation rate, 2-3 year old (inhR_c) 8.9 m3/d US-EPA (2011) (Table 6-1) 

Inhalation rate, adult (inhR_a) 16 m3/d US-EPA (2011) (Table 6-1) 

Body weight, 2-3 year old (BW_c) 13.8 kg US-EPA (2011) (Table 8-1) 

Body weight, adult (BW_a) 70 kg Rosenbaum et al. (2011) (Table S3) 

Dust ingestion rate, 2-3 year old (ingR_c) 59.34 mg/d Little et al. (2012) (Table 2) 

Dust ingestion rate, adult (ingR_a) 60 mg/d Little et al. (2012) (Table 2) 

Time spent at home, 2-3 year old (f_indoor_c) 979 min/d US-EPA (2011) (Table 16-1) 

Time spent at home, 18-65 years adult (f_indoor_a) 948 min/d US-EPA (2011) (Table 16-1) 

 

Product-related data that are used as input to models calculating direct transfer fractions are 

summarized in Table S3, provided in a separate file. 

 

 

S-2 Supplement for product-related models 

S-2a Article interior partition-limited model with indoor sorption 

In this model, we assume that the chemical is always evenly distributed inside a given product 

and sorption material, i.e. there is no concentration gradient through the materials. The mass 

balance equations are as follows: 

𝑑𝑚𝑚(𝑡)

𝑑𝑡
= −(

𝑚𝑚(𝑡)

𝐴𝑚∙𝐿𝑚
/𝐾𝑚𝑎 −

𝑚𝑎(𝑡)

𝑉∙(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)
) ∙ ℎ𝑚 ∙ 𝐴𝑚         (S1) 

𝑑𝑚𝑠(𝑡)

𝑑𝑡
= (

𝑚𝑎

𝑉∙(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)
−

𝑚𝑠

𝐴𝑠∙𝐿𝑠
/𝐾𝑠) ∙ ℎ𝑠 ∙ 𝐴𝑠          (S2) 

where 𝑚𝑚 is the chemical mass in a given product material (µg), 𝑚𝑠 is the chemical mass in a 

sorption material (µg), 𝐴𝑠 is the area of sorption surfaces (m2), 𝐿𝑠 is the thickness of indoor 

surface materials (m), 𝐾𝑠 is the chemical’s sorption material-air partition coefficient (−), ℎ𝑠 is 

the convective mass-transfer coefficient on the sorption surfaces (m/s). Since the kinetic of 
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indoor air is much faster than the kinetic from emitting and adsorbing surfaces, it equilibrates 

between these masses and we assume a quasi-steady-state for the chemical in indoor air: 

𝑑𝑚𝑎(𝑡)

𝑑𝑡
= (

𝑚𝑚(𝑡)

𝐴𝑚∙𝐿𝑚
/𝐾𝑚𝑎 −

𝑚𝑎(𝑡)

𝑉∙(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)
) ∙ ℎ𝑚 ∙ 𝐴𝑚 − (

𝑚𝑎

𝑉∙(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)
−

𝑚𝑠

𝐴𝑠∙𝐿𝑠
/𝐾𝑠) ∙ ℎ𝑠 ∙ 𝐴𝑠  − 𝑛 ∙ 𝑚𝑎 ≈ 0   (S3) 

thus, 𝑚𝑎(𝑡) = (
𝑚𝑚∙ℎ𝑚

𝐿𝑚∙𝐾𝑚𝑎
+

𝑚𝑠∙ℎ𝑠

𝐿𝑠∙𝐾𝑠
) ∙ (𝑛 +

ℎ𝑠∙𝐴𝑠+ℎ𝑚∙𝐴𝑚

𝑉∙(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)
)

−1

         (S4) 

where 𝑚𝑎 is the chemical mass in indoor air gas and particle phases (µg), and 𝑛 =  𝑄/𝑉 is 

the air renewal rate (s−1), with 𝑄 as ventilation rate (m3/s) and 𝑉 as room volume (m3). 

Replacing 𝑚𝑎(𝑡) in equations S1 and S2, the mass balance equation can be expressed in 

matrix notation as follows: 

𝑴′(𝑡) = 𝐀𝒌 𝑴(𝑡)             (S5) 

with 

𝑴(𝑡) = [
𝑚𝑚(𝑡)
𝑚𝑠(𝑡)

], and 

𝐀𝒌 = [
−

ℎ𝑚

𝐿∙𝐾𝑚𝑎
+

ℎ𝑚
2 ∙𝐴𝑚

𝐿∙𝐾𝑚𝑎
∙

1

𝑄∙(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)+ℎ𝑚∙𝐴𝑚+ℎ𝑠∙𝐴𝑠

ℎ𝑚∙𝐴𝑚∙ℎ𝑠

𝐿𝑠∙𝐾𝑠
∙

1

𝑄∙(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)+ℎ𝑚∙𝐴𝑚+ℎ𝑠∙𝐴𝑠

ℎ𝑠∙𝐴𝑠∙ℎ𝑚

𝐿∙𝐾𝑚𝑎
∙

1

𝑄∙(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)+ℎ𝑚∙𝐴𝑚+ℎ𝑠∙𝐴𝑠
−

ℎ𝑠

𝐿𝑠∙𝐾𝑠
+

ℎ𝑠
2∙𝐴𝑠

𝐿𝑠∙𝐾𝑠
∙

1

𝑄∙(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)+ℎ𝑚∙𝐴𝑚+ℎ𝑠∙𝐴𝑠

]  

The solution of equation S5 is: 

𝑴(𝒕) = 𝑐1𝑒𝜆1𝑡𝐮𝟏 + 𝑐2𝑒𝜆2𝑡𝐮𝟐           (S6) 

[
𝑐1

𝑐2
] = [𝒖𝟏 𝒖𝟐]−1 𝑴(𝟎) = [𝒖𝟏 𝒖𝟐]−1  [

𝑚𝑚(0)
𝑚𝑠(0)

]         (S7) 

where 𝜆1 and 𝜆2 are the two eigenvalues of matrix 𝐀𝒌, 𝒖𝟏 and 𝒖𝟐 are the respective 

eigenvectors of 𝐀𝒌, and 𝑐1 and 𝑐2 are constants. After obtaining 𝑚𝑚(𝑡) and 𝑚𝑠(𝑡) by equation 

S6, the direct transfer fraction from a given material to indoor air from time zero to time 𝑡 (s) 

is given by: 

𝑇𝐹𝑚𝑎 = 1 −
𝑚𝑚(𝑡)

𝑚0
             (S8) 

 

S-2b Rate constants for the skin surface layer model 

𝑘ℎ𝑚 = −𝐹𝑄ℎ𝑚 ∙ ln (1 − 𝑇𝐸ℎ𝑚); 𝑘𝑝𝑎 = (
1

𝑣𝑖𝑤
+

1

𝑣𝑎∙𝐾𝑎𝑤_𝑇
)

−1

∙
1

𝐿
; 𝑘𝑝𝑠 = (

1

𝑣𝑖𝑤
+

1

𝐾𝑝_𝑎𝑞
)

−1

∙
1

𝐿
 

where 𝑘ℎ𝑚 is the hand-to-mouth rate constant (hr
−1

), 𝑘𝑝𝑎 is the product-air transfer rate 

constant (hr
−1

), and 𝑘𝑝𝑠 is the product-skin transfer rate constant (hr
−1

), with 𝐹𝑄ℎ𝑚 as hand-

to-mouth contact frequency (events/hr), 𝑇𝐸ℎ𝑚 as hand-to-mouth removal efficiency (assumed 

to be 0.5), 𝑣𝑖𝑤 as water-side mass transfer coefficient (cm/hr), 𝑣𝑎 as air flow rate over the 

body surface area (1000 cm/hr), 𝐾𝑎𝑤_𝑇 as air-water partitioning coefficient at specified 
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temperature (−), 𝐿 as product material thickness (cm), and 𝐾𝑝_𝑎𝑞 as aqueous dermal 

permeation coefficient (cm/hr). 

 

S-2c Rate constants for the object surface model 

𝑘𝑁𝑆→𝑁𝐴 =
𝜑water-air

𝐿𝑂𝑆
; 𝑘𝑁𝑆→skin =

𝐾𝑝

𝐴𝑅

1000
 ∙ 

𝐴𝑁𝑃
𝐴skin

; 𝑘𝑁𝑆→𝐹𝑆 =
1

𝑡app ∙ 
𝐴𝑁𝑃
𝐴total

; 𝑘𝑁𝑆,deg = 𝑘deg,surf 

where 𝑘𝑁𝑆→𝑁𝐴 is the near-person surface to near-person air transfer rate constant (hr
−1

), 

𝑘𝑁𝑆→skin is the near-person surface to skin transfer rate constant (hr
−1

), 𝑘𝑁𝑆→𝐹𝑆 is the near-

person surface to far-person surface transfer rate constant (hr
−1

), and 𝑘𝑁𝑆,deg is the near-

person surface degradation rate constant (hr
−1

), with 𝜑water-air as mass transfer velocity from 

water to air (m/hr), 𝐿𝑂𝑆 as thickness of the liquid layer of a product on the object surface (m), 

𝐴𝑅 as application rate of a product (L/m2), 𝐴𝑁𝑃 as near-person area (0.5 m2) (Earnest & Corsi 

2013), 𝐴skin as dermal contact area during product application (m2), 𝐴total as total area of the 

product application (m2), 𝑡app as duration of the product application (hr), and 𝑘deg,surf as the 

chemical’s surface degradation rate constant (hr−1). 

 

S-2d Indoor sorption model 

For indoor sorption as process relevant for all product-specific models, we assume that once 

the chemical is adsorbed on indoor sorption materials, it will always be evenly distributed 

inside the sorption materials, i.e. there is no concentration gradient through the materials. The 

mass balance equations are as follows: 

𝑑𝑚𝑎(𝑡)

𝑑𝑡
= − (

𝑚𝑎

𝑉∙(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)
−

𝑚𝑠(𝑡)

𝐴𝑠∙𝐿𝑠∙𝐾𝑠
) ∙ ℎ𝑠 ∙ 𝐴𝑠 −

𝑚𝑎

𝑉∙(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)
∙ 𝐾𝑝,gas,total ∙ (𝐴skin,gas,𝑎 ∙ 𝑁adult +

                  𝐴skin,gas,𝑐 ∙ 𝑁child) − 𝑛 ∙ 𝑚𝑎           (S9) 

𝑑𝑚𝑠(𝑡)

𝑑𝑡
= (

𝑚𝑎

𝑉∙(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)
−

𝑚𝑠(𝑡)

𝐴𝑠∙𝐿𝑠∙𝐾𝑠
) ∙ ℎ𝑠 ∙ 𝐴𝑠        (S10) 

where 𝑚𝑎 is the chemical mass in indoor air (µg), 𝑚𝑠 is the chemical mass in the sorption 

material (µg), 𝐴𝑠 is the area of indoor sorption surfaces (m2), 𝐿𝑠 is the thickness of indoor 

sorption materials (m), 𝐾𝑠 is the chemical’s sorption material-air partition coefficient (−), ℎ𝑠 is 

the convective mass-transfer coefficient on indoor sorption surfaces (m/s), 𝐾𝑝,gas,total is the 

total gaseous-skin permeation coefficient (m/s), 𝐾𝑝𝑎 is the chemical’s particle-air partition 

coefficient (m3/µg), 𝑇𝑆𝑃 is the total suspended particle concentration (µg/m3), 𝐴skin,gas,𝑎  is the 

skin gaseous uptake area for adults (m2), 𝐴skin,gas,𝑐 is the skin gaseous uptake area for children 

(m2), 𝑁adult is the number of considered adults, 𝑁child is the number of considered children, and 
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𝑛 is the air renewal rate (s−1). The above two mass balance equations equation can be 

expressed in matrix notation as follows: 

𝑴′(𝑡) = 𝐀𝒌 𝑴(𝑡)           (S11) 

with 

𝑴(𝑡) = [
𝑚𝑎(𝑡)
𝑚𝑠(𝑡)

], and 

𝐀𝒌 = [
−

ℎ𝑠∙𝐴𝑠

𝑉(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)
−

𝐾𝑝_𝑔𝑎𝑠_𝑡𝑜𝑡𝑎𝑙

𝑉(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)
∙ (𝐴𝑠𝑘𝑖𝑛,𝑔𝑎𝑠,𝑎 ∙ 𝑁𝑎𝑑𝑢𝑙𝑡 + 𝐴𝑠𝑘𝑖𝑛,𝑔𝑎𝑠,𝑐 ∙ 𝑁𝑐ℎ𝑖𝑙𝑑) − 𝑛

ℎ𝑠

𝐿𝑠∙𝐾𝑠

ℎ𝑠∙𝐴𝑠

𝑉(1+𝐾𝑝𝑎∙𝑇𝑆𝑃)
−

ℎ𝑠

𝐿𝑠∙𝐾𝑠

]  

The solution of equation S11 is: 

𝑴(𝒕) = 𝑐1𝑒𝜆1𝑡𝐮𝟏 + 𝑐2𝑒𝜆2𝑡𝐮𝟐         (S12) 

[
𝑐1

𝑐2
] = [𝒖𝟏 𝒖𝟐]−1 𝑴(𝟎) = [𝒖𝟏 𝒖𝟐]−1  [

𝑚𝑎(0)
𝑚𝑠(0)

]       (S13) 

where 𝜆1 and 𝜆2 are the two eigenvalues of matrix 𝐀𝒌, 𝒖𝟏 and 𝒖𝟐 are the respective 

eigenvectors of 𝐀𝒌, and 𝑐1 and 𝑐2 are constants. 𝑚𝑎(0) is the initial chemical mass in indoor 

air and is assumed to be 100 mg (an arbitrary value, which does not influence the calculation 

of transfer fractions), and 𝑚𝑠(0) is the initial chemical mass in indoor sorption material, 

which is zero. Finally, the direct transfer fraction from indoor air to indoor sorption materials 

from time zero to time 𝑡 (s) is given by: 

𝑇𝐹sorption =
𝑚𝑠(𝑡)

𝑚𝑎(0)
           (S14) 

 

 

S-3 Human dose-response modelling 

S-3a Identifying points of departure (POD) 

If for a given chemical, regulatory assessment-based data are not available, the next 

POD source is experimental animal data. Specifically, with the emergence of large 

experimental animal databases both in the U.S. (e.g. ToxValDB) and the EU (e.g. REACH 

dossiers), it is possible to obtain experimental animal-based PODs for a large number of 

chemicals, following careful data curation where needed (Fantke et al. 2020), or apply a 

statistical approach across data from different animals to directly derive a human-based POD. 

The main challenge is to derive a POD that most closely mimics one that would be selected in 

a regulatory assessment. Since regulatory PODs are intended to be protective of all adverse 

effects, the estimate should be at the lower end of the distribution of available PODs. Paul 

Friedman et al. (2020), for example, selected the 5th percentile of the distribution of in vivo 
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PODs. As shown in Figure S1, we found that their choice of the 5th percentile is a fairly 

accurate surrogate for regulatory PODs, with a median interquartile range ratio of 1 [0.83, 

1.19], though with wide tails (geometric standard deviation, GSD = 2.8), and adopted this 

choice in our hierarchy. 

If for a given chemical there are also no experimental animal data available, then we 

estimate PODs from New Approach Methods (NAMs), such as in vitro and in silico models. 

There has been much interest in using high-throughput in vitro screening data as surrogates 

for in vivo experimental animal data (e.g. Paul Friedman et al. 2020, Wang 2018, Wetmore et 

al. 2013), but the predictive power of in vitro-based NAMs in terms of PODs is still lacking. 

For instance, although Paul Friedman et al. (2020) suggest that NAM-based PODs may serve 

as ‘conservative’ surrogates of traditional PODs, their actual correlation is quite poor with 

𝑅2 ≤ 0.02 (see Figure S2). On the other hand, the Conditional Toxicity Value (CTV) 

predictor Quantitative Structure-Activity Relationship (QSAR) model developed by Wignall 

et al. (2018) was specifically designed to predict regulatory PODs based on chemical 

structure, and has been demonstrated to make more accurate and precise regulatory POD 

predictions than other NAM-based methods. We extended this comparison to the traditional 

PODs analyzed by Paul Friedman et al. (2020), finding that the QSAR-based predictions of in 

vivo PODs are not only less biased, with ratios to traditional values closer to one, but also 

have greater precision, with typical errors less than one order of magnitude and 𝑅2~0.3 (see 

Figure S3). 

If a given chemical is outside of the domain of applicability of CTV, we obtain a 

NOAEL as POD through use a Threshold of Toxicological Concern (TTC), multiplied by a 

factor of 100 in order to “undo” the uncertainty factor already included in the TTC (Kroes et 

al. 2005). TTCs are used as a last resort because there are only three generic values to choose 

from, representing different Cramer classes (low, intermediate, and significant toxicity), and 

are intentionally ‘conservative’ estimates of the in vivo POD (Kroes et al. 2004). Thus, TTC-

based PODs are flagged to facilitate sensitivity analysis as to the impact of their inclusion or 

exclusion. 

After PODs are identified based on our suggested data selection hierarchy, auxiliary 

information in addition to the POD values themselves must be considered in order to derive 

appropriate dose-response factors. The full meta-data needed are listed in Tables S4 and S5. 
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Figure S1. Comparison of various statistics of the in vivo point of departure (POD) 

distributions from Paul Friedman et al. (2020) with regulatory (conditional toxicity value, 

CTV) PODs compiled by Wignall et al. (2018). For Pearson and Spearman rank correlations, 

all p-values are ≪ 0.01. Ratios of median interquartile ranges are obtained as log of 5th %-ile, 

minimum and median POD minus log of respective regulatory POD. All statistics refer to log 

scale data. 
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Figure S2. Comparison between 50th and 95th %-iles of new approach method (NAM) point of 

departure (POD) and traditional POD from Paul Friedman et al. (2020). For Pearson and 

Spearman rank correlations, all p-values are < 0.05. Ratios of median interquartile ranges are 

obtained as log of 50th %-ile and 95th %-ile NAM POD minus log of respective traditional 

POD. All statistics refer to log scale data. 
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Figure S3. Comparison between conditional toxicity value (CTV) predictions from Wignall et 

al. (2018) and traditional points of departure (POD) from Paul Friedman et al. (2020). For 

Pearson and Spearman rank correlations, all p-values are ≪ 0.01. Ratios of median 

interquartile ranges are obtained as log of CTV NOAEL and CTV lower 95th %-ile NOAEL 

minus log of respective traditional POD. All statistics refer to log scale data. 

 

S-3b Hierarchy of toxicity data sources 

As an example for U.S.-based regulatory values, we followed the hierarchy of data sources 

for deriving a suitable point of departure (POD) developed by Wignall et al. (2014, 2018): 

1. U.S. Environmental Protection Agency (EPA) Office of Pesticide Programs (for 

pesticides only) 

2. U.S. EPA Integrated Science Assessments and Integrated Risk Information System 

(IRIS) toxicological reviews 

3. Centers for Disease Control and Prevention (CDC)/Agency for Toxic Substances and 

Disease Registry (ATSDR) toxicological profiles 
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4. U.S. EPA Provisional Peer Reviewed Toxicity Values (PPRTV) 

5. U.S EPA Health Effects Assessment Summary Tables (HEAST) 

6. Other U.S. EPA offices 

 

S-3c Meta-data for identifying points of departure (POD) 

Table S4. Documentation requirements for regulatory toxicity values and experimental 

studies. Table adapted from Chiu et al. (2018). 

All PODs: 

 Chemical identification (name, CAS RN). 

 Source 

 Point of departure type [e.g. LOAEL, NOAEL, BMDL] and units [e.g. mg/kg-d].   

- If NAM or TTC, assumed to be a NOAEL. 

- For BMDLs, benchmark response (BMR) and (if reported) BMD. 

- Type of effect (standardized to categories in Table S5) and (if reported) type of data 

(continuous or dichotomous). If NAM or TTC, assumed to be continuous effect with 

category “other.” 

- For continuous effects with a BMDL based on 1 standard deviation (SD) change, data on 

control animals (number of animals, the mean and SD or SE response). 

For experimental animal or regulatory toxicity values, also: 

 Species and (if reported) body weight. 

For regulatory toxicity values, also: 

 Source and reported value of reference dose (RfD). 

 Individual uncertainty factors (UFs) (animal-to-human, human variability, subchronic-to-chronic, 

LOAEL-to-NOAEL, database) and composite UF. 

 

 

Table S5. Standardized effect categories. Table adapted from Chiu et al. (2018). 

 body weight 

 clinical chemistry 

 enzyme activity 

 food and/or water consumption 

 hematology 

 neurotransmitter 

 organ weight 

 urinalysis 

 clinical signs 

 gross pathology 

 mortality/survival 

 non-neoplastic histopathology 

 development 

 multiple 

 neuro behavior 

 none 

 other 

 reproduction 
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Table S6. Conceptual models and magnitudes of effect for different types of 

effects/endpoints. Table adapted from Chiu et al. (2018). 

Continuous endpoints (response is variable, e.g. weight loss) 

 Description: Used when the endpoint is reported as a continuous measurement. 

 Effect categories included: body weight, clinical chemistry, development (e.g. foetal weights), 

enzyme activity, food and/or water consumption, hematology, neuro-behavior (e.g. grip strength), 

neurotransmitter (e.g. cholinesterase inhibition), organ weight, reproduction (e.g. sperm counts), 

urinalysis. Most NAM approaches and TTC would be assumed to fall into this category. 

 Magnitude of effect: If a % change is reported, then that value is used. In cases where BMD 

modelling is used and a 1 SD change from the control group mean is reported, the 1 SD change is 

converted to a % change based on the reported SD in the control group. This change is made so that 

the BMD is interpretable as a magnitude of effect in humans. If only NOAELs or LOAELs are 

reported, it is adjusted to an equivalent BMD for a 5% change. Most NAM approaches and TTC 

would be assumed to be a surrogate for a NOAEL. 
 

Dichotomous endpoints (yes/no response, e.g. cancer) 

  Quantal-deterministic (dichotomous) endpoints (response proportional to dose, e.g. alcohol intoxication) 

 Description: Used when the endpoint is reported as incidence (number or fraction affected), but is 

judged to reflect an underlying (unreported) continuous endpoint that has been dichotomized using a 

cut-point; for the purposes of dose–response data analysis, the dose corresponding to a 50% 

“response” (e.g., a BMD50, where 50% of the individuals are affected) from the incidence data would 

be used to estimate the dose at which the underlying continuous response crosses the cut-point (see 

WHO (2014) and Chiu and Slob (2015) for detailed discussions of this point). 

 Effect categories included: clinical signs, gross pathology, neuro-behavior (e.g. ataxia), non-

neoplastic histopathology. 

 Magnitude of effect: Reflected in the severity of the effect for which the incidence is reported. If the 

BMD50 for incidence is reported, it is used. Otherwise, the reported POD is adjusted to the BMD50 

(see Table S7). 
 

  Quantal-stochastic (dichotomous) endpoints (probability of response is proportional to dose, e.g. cancer) 

 Description: Used when the endpoint is reported as a dichotomous measurement (i.e. as incidence), 

but is judged to reflect a stochastic process so that the incidence is an estimate of the probability of 

the effect occurring at the individual level. 

 Effect categories included: Mortality/survival, development (e.g. skeletal variations), reproduction 

(e.g. conception rate). 

 Magnitude of effect: If an extra risk value is reported (e.g. 5% extra risk), it is used. Otherwise, the 

reported POD (i.e. NOAELs or LOAELs) is adjusted to an equivalent BMD for a 10% extra risk (see 

Table S7). 
 

Multiple endpoints 

 For reproductive or developmental endpoints that do not specify a continuous or dichotomous 

measure (e.g. reported as NOAEL), both “Continuous” and “Quantal-Stochastic” models are 

implemented, reflecting both possibilities. 

 For non-reproductive and non-developmental endpoints that do not specify a continuous or 

dichotomous measure (e.g. reported as NOAEL), both “Continuous” and “Quantal-Deterministic” 

models are implemented, reflecting both possibilities. 
 

 

 

Table S7. Extrapolation factors, uncertainty distributions assigned for POD and uncertainty 

factors. Table adapted from Chiu et al. (2018). 

NOAEL to BMD extrapolation (𝑒𝑓BMD in main text, eq. 24) 

 Purpose: Adjusts for uncertainty due to use of NOAEL instead of a BMD, based on historical data 

(i.e. what range of BMD might occur given particular NOAEL). Used only if POD is LOAEL or 

NOAEL. 

 Value: Lognormal distribution (from WHO 2014), with P50=median and P95=95% probability 
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o Continuous endpoint, non-developmental study: P50=1/3, P95/P50=4.7 

o Continuous endpoint, developmental study: P50=1/3 (i.e. BMD = NOAEL/(1/3) = 

NOAEL×3), P95/P50=7 

o Quantal-deterministic endpoint: P50=2/9, P95/P50=5 

o Quantal-stochastic endpoint: P50=2/3, P95/P50=4.7 
 

LOAEL to NOAEL extrapolation 

(If POD is LOAEL, first extrapolate to NOAEL, then apply NOAEL to BMD extrapolation) 

 Purpose: Adjusts from LOAEL to NOAEL on a study-specific basis, including uncertainty. Used 

only if POD is LOAEL. WHO (2014) did not attempt to estimate this distribution from historical data 

because such data largely reflect dose spacing. It was therefore assumed that the reported UFL 

reflected a “best estimate” of this factor. Since choices for this factor typically vary by 3-fold (e.g. 1, 

3, or 10), the uncertainty was assigned this value. 

 Value: Lognormal distribution, P50 = reported value for UFL or expert judgment based on study; 

P95/P50=3 
 

BMDL to BMD extrapolation (𝑒𝑓BMD in main text, eq. 24) 

 Purpose: Accounts for uncertainty in the BMD. For quantal-deterministic endpoints, additional 

adjustment from reported BMD to BMD50. Used only if POD is BMDL. 

 Value: Lognormal distribution (from WHO 2014) 

o If BMDU is reported, P50 = (BMDL × BMDU)0.5 and P95/P50 = (BMDU/BMDL)0.5 

o If BMD, but not BMDU, is reported, P50=BMD, P95/P50=BMD/BMDL 

o If neither BMDU nor BMD not reported, P50=BMDL×3, P95/P50=3 

o Quantal-deterministic endpoints, if BMD50 not reported: BMD at the reported benchmark 

response (BMR) is multiplied by an additional factor of 3; additional uncertainty through 

adding 1.52 to (P95/P50)2 
 

Additional new approach method (NAM) extrapolation 

(Used only when POD is based on NAM, in addition to above extrapolation steps) 

 Purpose: Accounts for additional uncertainty due to use of NAM 

 Value: Lognormal distribution with specified P50 and P95/P50 based on analysis (e.g. comparisons 

to regulatory values) or expert judgment 
 

Exposure duration extrapolation (𝑒𝑓𝑡 in main text, eq. 25) 

 Purpose: Accounts for uncertainty in using a less than chronic study (e.g. subchronic, subacute, etc.) 

instead of a chronic one. Used only if endpoint is from a less than chronic study 

 Value: Lognormal distribution (from WHO 2014) 

o Subchronic: P50=2, P95/P50=4 

o Subacute: P50=5, P95/P50=8 
 

Interspecies dosimetric adjustment factor (𝑒𝑓BW in main text, eq. 25) 

 Purpose: Accounts for average interspecies differences due to allometry (oral) or respiratory tract 

geometry (inhalation). 

 Value: Lognormal distribution (from WHO 2014) 

o Oral: P50=(BWhuman/BWanimal)0.3, P95/P50=(BWhuman/BWanimal)0.04; BWhuman = 70 kg, 

BWanimal depends on species, from US-EPA (1988) 

o Inhalation: Use appropriate point value of dosimetric adjustment factor (DAF) based on 

Reactivity/Solubility (US-EPA 1994), without uncertainty 
 

Interspecies toxicokinetics (TK) and toxicodynamics (TD) uncertainty (𝑒𝑓TKTD in main text, eq. 25) 

 Purpose: Accounts for chemical-specific interspecies TK and TD differences after accounting for 

interspecies BW scaling. 

 Value: Lognormal distribution (from WHO 2014), P50=1, P95/P50=3 
 

Human variability at 10% response-level extrapolation (𝑒𝑓H,𝐼=0.1 in main text, eq. 26) 

 Purpose: Accounts for variability in sensitivity between the median human and the Ith %-ile human. 

 Value: Lognormal distribution (from WHO 2014), for I=10%, P50=3.49, P95/P50=2.24 
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S-3d Uncertainty of dose-response relationship 

In recognition of the uncertainties in both the population dose-response relationship as well as 

the appropriate point at which to evaluate it, we take the approach to select a metric that is 

“representative” of the range of possible values, but is also straight-forward to calculate. We 

ultimately chose the slope of the line from the 10% human population response, i.e. 𝐷𝑅𝐹 =

0.1/DLT10 (see main text, eq. 28), as the “representative” marginal slope for three main 

reasons. First, it is easily calculated using existing tools. Second, it represents a conceptually 

similar method as the original LCIA approach to take the slope from the 50% response. 

Finally, and most importantly, we found that the slope calculated from the 10% response is 

within the confidence interval for the marginal slope across exposure levels corresponding to 

a wide range of ‘background’ incidence levels. In Figure S4, we compare the median estimate 

and 90% confidence interval for the linearly extrapolated slope from the 10% response with 

the confidence intervals for the marginal slope at various levels of response for 81 chemicals 

used in the rice case study. This analysis shows that the median estimate of the linear slope is 

within the 95% confidence interval for the marginal slope from incidence levels of 0.01% to 

50%, and the 95% confidence interval of the linear slope includes the median estimate for the 

marginal slope across this entire range. Thus, given the uncertainties, the linear slope from the 

10% response appears to adequately represent the range of possible marginal slopes. 

 

 

Figure S4. Comparison of confidence intervals for linear slope from 10% response to those 

for the marginal slope at varying levels of response across 81 chemicals. Lines (grey band) 
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represent the median (95% confidence interval) for the linear slope at a 10% response. Values 

on the x-axis are the population incidence levels at which the marginal slope is calculated, and 

the y-axis represents the 𝑧-score for the linear slope at a 10% response. Dashed line represents 

the 95% confidence interval for the marginal slope. 

S-3e Severity factors 

Table S8. Incidence-weighted DALY/incidence values for all cancer endpoints, 

reproductive/developmental endpoints, and all other non-cancer effects, based on data from 

Huijbregts et al. (2005). 

Disease Category DALY/incidence [years] Estimated uncertainty* 

Cancer effects 11.5 2.8-fold 

Reproductive/developmental 

effects** 
44.1 11-fold 

Other non-cancer effects 2.4 6.5-fold 

*Unitless, square root of the ratio of the weighted 97.5th %-ile to 2.5th %-ile of the contributing condition 

DALYs. Value for cancer directly applied and calculated from subsets as presented in Table 2 of Huijbregts et 

al. (2005). 

**Denoted in Huijbregts et al. (2005) as “congenital anomalies”. 

 

 

S-4 Rice case study 

We applied the update near-field/far-field USEtox exposure assessment framework in a life 

cycle assessment (LCA) case study on rice production and consumption along three scenarios 

(China, India and U.S.-Switzerland). The functional unit was chosen to be 1 kg of cooked 

white rice consumed at home, and the full system description and life cycle inventory of this 

case study are described elsewhere (Frischknecht et al. 2016). In addition, rice packaging was 

included into the three scenarios as presented in Table S9. 

 

For the rice case study, emission inventory data for the 115 chemicals identified along the rice 

cradle-to-gate for the three considered scenarios, the contribution of rice packaging 

manufacturing and disposal on the emission inventory, mass content of the six chemicals 

identified as constituents in rice packaging, related emission-based human intake fractions 

and product intake fractions, as well as human toxicity effect factors combining dose-

response information and effect severity are summarized in Table S10, provided in a separate 

file. 
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Table S9. Specification of rice packaging for the three rice case study scenarios. Weight 

fractions of chemicals in packaging material are based on Biryol et al. (2017, Table S3). 

Scenario China (CN) India (IN) U.S.-Switzerland (US/CH) 

Rice 

packaging 

1 recycled cardboard 

package for storing 1000 

g white rice; packaging 

mass: 37 g; packaging 

area: 750 cm² 

1 low-density 

polyethylene (LDPE) 

package for storing 1000 

g white rice; packaging 

mass: 10 g; packaging 

area: 670 cm² 

Outer package: 1 recycled 

cardboard package; packaging 

mass: 37 g; packaging area: 750 

cm². Inner package: 8 low-

density polyethylene (LDPE) 

cooking bags for storing 125 g 

white rice each; packaging mass: 

3.5 g/bag; packaging area: 300 

cm²/bag 

Storage 

conditions 

2 months storage at 20 °C 2 months storage at 20 °C 2 months storage at 20 °C; Inner 

package: 20 minutes boiling at 

100 °C 

Packaging 

chemical 

ingredient

s 

Diisobutyl phthalate (CAS 

84-69-5), weight fraction: 

0.53%; Dibutyl phthalate 

(CAS 84-74-2), weight 

fraction: 0.91%; 

Diisopropylnaphthalene 

(CAS 38640-62-9), 

weight fraction: 0.53% 

Laurolactam (CAS 947-

04-6), weight fraction: 

0.53%; 

Acetyltributylcitrate (CAS 

77-90-7), weight fraction: 

0.53%; 

Butylhydroxytoluene 

(CAS 128-37-0), weight 

fraction: 0.53% 

Outer package: chemical 

ingredients as in CN scenario; 

Inner package: chemical 

ingredients as in IN scenario 

 

Human toxicity dose-response factors (DRF) used as input to calculate human toxicity effect 

factors for all chemicals considered in the rice case study are presented for ingestion (oral) 

exposure in Figure S5 and for inhalation exposure in Figure S6. 
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Figure S5. Ingestion (oral) exposure dose-response factors (DRF) for chemicals evaluated in 

the rice case study. 

 

                

Figure S6. Inhalation exposure dose-response factors (DRF) for chemicals evaluated in the 

rice case study. 
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Final inventory and impact characterization results for the rice case study are summarized in 

Figure S7. Life cycle inventory, human exposure (expressed as intake and product intake 

fractions), toxicity effect factors, and impact scores for 6 chemicals found in rice packaging 

(top 6 chemicals) and for chemical cradle-to-gate emissions (all other chemicals) of the rice 

case study in China (CN), India (IN) and U.S./Switzerland (US/CH). Contribution bars in all 

plots are shown for the US/CH scenario. Dash symbols denote the contribution of rice 

packaging manufacturing and disposal as compared to the total cradle-to-gate. (a) Life cycle 

inventory: kg in rice package/functional unit and contribution of packaging material (top 6 

chemicals); kg emitted/functional unit and contribution of emission compartments (all other 

chemicals). (b) Human exposure: kg intake/kg in rice packaging material (top 6 chemicals) 

and kg intake/kg emitted (all other chemicals) aggregated over all contributing exposure 

routes, and contribution of exposure route. (c) Toxicity effects: DALY/kg intake, combining 

dose-response and effect severity, aggregated over and contribution of cancer, 

reproductive/developmental, and other non-cancer effects. (d) Impact scores: 

DALY/functional unit and contribution to household population versus product users (top 6 

chemicals); DALY/functional and contribution of emission compartments (all other 

chemicals). 
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Figure S7. Combined bar and scatter plots summarizing rice case study life cycle inventory 

and toxicity characterization results. 
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