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Executive Summary
This report presents a human health risk assessment (HHRA) of potential exposures to
polychlorinated dibenzo(p)dioxins and polychlorinated dibenzofurans (PCDD/Fs) in soil
for current and future residential land use areas (Residential Areas) at the Former Domtar
Edmonton Wood Processing Plant (Site). Also included is the derivation of risk-based sitespecific remedial objectives (SSROs). The SSROs, in the form of PCDD/F toxicity
equivalence (TEQ) soil concentrations, are intended to be protective of human health from
potential exposure experienced by residents (adult or toddler) and construction workers
(adult) to soil associated with current and proposed residential land use in Parcel C and
Parcel Y.
The HHRA is performed in a manner consistent with Health Canada guidance for detailed
quantitative risk assessment (DQRA) (Health Canada, 2010b). The HHRA primarily uses
default assumptions from the Canadian Council of Ministers of the Environment (CCME,
2006) and Health Canada (Health Canada, 2012) for risk model input values, with sitespecific assumptions used where supporting data are available.
Potential exposure pathways considered in the HHRA and development of the SSROs
include:
1. From direct soil contact: incidental soil ingestion, dermal soil contact, and
particulate inhalation (residents and construction workers)
2. Indirect exposure via root uptake into homegrown produce (residents only).
Direct soil contact pathways for residents will involve near-surface soils, and for workers,
will involve soils at reasonably anticipated excavation depths. Indirect exposure via root
uptake will involve soils within the root zone.
Results from the HHRA indicate planned residential areas of the Site where potential
exposures related to PCDD/Fs in soil are predicted to result in noncancer hazard quotients
(HQs) above the acceptable goal of one (1). Because the risk assessment indicates that
remediation may be required, SSROs are derived for use in remedial decisions about these
areas.
The SSROs are in units of nanograms of PCDD/F TEQ per kilogram of soil (parts per
trillion; ng/kg = ppt). The estimated daily intake (EDI) resulting from background (nonsite-related) exposure to PCDD/Fs in soil, air, water, food, and consumer products is
incorporated into the SSROs to ensure that the combined site-related and non-site-related
exposure will not exceed the tolerable daily intake (TDI).
SSROs are derived using both deterministic risk assessment (DRA) and probabilistic risk
assessment (PRA) methods, also consistent with Health Canada guidance for DQRA
(Health Canada, 2010b). The DRA method uses point-estimate values for risk model inputs
to back-calculate point-estimate SSROs. DRA methods are relatively straightforward and
useful for screening purposes. But, as stated in Health Canada guidance for DQRA (Health
8

Canada, 2010b), DRA methods do not provide a measure of probability that risk or hazard
will exceed a regulatory level of concern or a level of confidence in the risk estimate. Thus,
to explicitly address confidence in risk-based remediation at the Site, a PRA method was
also used to derive SSROs. The PRA method for calculating SSROs quantitatively
incorporates the variability and uncertainty in risk model inputs (exposure factors and
toxicity factor) into the development of SSROs, resulting in SSRO probability
distributions. As stated in Health Canada’s DQRA guidance (Health Canada, 2010b): “The
resulting distribution provides not only a description of the variability and uncertainty in
the calculated risk, but also a basis for selecting a risk estimate for decision-making
purposes whose likelihood of exceedance can be quantified.” DRA methods demonstrated
that protection of residential toddlers would also protect residential adults. Therefore,
residential land-use SSROs based on PRA methods were developed only for toddlers.
The SSROs developed for the Residential Areas of the Site are presented in Table ES-1.
These SSROs are based on the PRA and correspond to a 95% probability that the SSRO
will result in an HQ of less than or equal to 1. Thus, these SSROs will provide at least 95%
likelihood that the population will have intake of PCDD/Fs from all on-site media and offsite background media that remains less than or equal to the TDI established to prevent
adverse health effects.
When using PRA methods, Health Canada recommends setting a value for the SSRO at
the 95th percentile level of the SSRO distribution (Health Canada, 2010b). By comparison,
the SSROs derived by the DRA correspond to the 97th–98th percentile (residential toddler)
and 98th–99th percentile (construction worker) of the PRA distributions, which are above
the recommended level of conservatism.
Table ES-1. SSROs for PCDD/F TEQ in soil—Former Domtar Edmonton wood
processing facility, residential areas
Receptor

SSRO*
(ng/kg or ppt)

Residential (toddler)

883 ppt

Construction worker

3,784 ppt

* SSROs based on PRA and corresponding to a 95% probability that the SSRO will result in an HQ of less
than or equal to 1

As further evidence of the protectiveness that the SSROs provide to children, a separate
analysis was performed, assuming lifetime exposure corresponding to a site soil
concentration similar to the calculated residential SSRO and including a potential acute
exposure as a result of a child pica event. The analysis showed (1) no significant PCDD/F
blood-level changes due to pica behavior over a 30¬year time period and (2) blood levels
below PCDD/F concentrations known to cause adverse effects.
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This report incorporates a number of changes in response to regulatory agency comments
and requests for additional information. Where appropriate, this additional information has
been included in the main body of the report. The remainder is presented in the following
appendices attached to this report:
•

Appendix A. Comparison of Exposure Inputs
o Comparison of input values used in this assessment to those used in the
Site-Specific Risk Assessment prepared by Chemistry Matters, Inc.
(Chemistry Matters, 2019)

•

Appendix B. Soil Data Used in Residential HHRA
o Soil data used to calculate an exposure point concentration for the risk
assessment

•

Appendix C. Example SSRO Calculation
o Step-by-step depiction of the derivation of the residential toddler SSRO
(645 ppt) for direct contact pathways (soil ingestion, dermal contact, and
particulate inhalation), using the deterministic approach

•

Appendix D. PBPK Modeling of Toddler Soil Ingestion Including Pica Event
o Estimated exposures at the SSRO are compared with exposures reported
in the literature to be associated with adverse effects. To convert
external dose (e.g., ingested dose) to internal dose (e.g., lipid-adjusted
serum concentrations), physiologically based pharmacokinetic (PBPK
modeling was used
o PBPK modeling was performed for a 30-year time period, including
intake from breast feeding and a toddler pica event, assuming a
residential (toddler) SSRO of 645 ppt
o Additional PBPK modeling was performed to separate summer and
winter exposures, and thereby evaluate the effect of amortization on the
risk assessment

•

Appendix E. Supplemental Information: Key Issues on the Derivation of a
Site-Specific Soil Remediation Guideline for Dioxins and Furans
o In response to a request by Alberta Environment and Parks for
additional information for key issues regarding derivation of SSROs,
this supplemental information report was provided.
o Issues expanded upon in the Supplemental Information include
estimated dietary intake (EDI), relative absorption factor (RAF,
including a congener analysis and soil characteristics), tolerable daily
intake (TDI), consideration of developmental toxicity in exposure
amortization, choice of PBPK model and effect of maternal soil
exposure on child breastfeeding dose, and the role of probabilistic
derivation of SSROs
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1 Purpose
Polychlorinated dibenzo(p)dioxins and polychlorinated dibenzofurans (PCDD/Fs) have
been detected in soils associated with the Former Domtar Edmonton Wood Processing
Plant (Site). There is current and planned future residential land use in Parcel C and Parcel
Y at the Site. This report presents (1) a human health risk assessment (HHRA) assuming
that residents (adult and child receptors) and construction (adult workers) are exposed to
PCDD/Fs in Parcel C and Parcel Y soils, and (2) the development of risk-based site-specific
remedial objectives (SSROs), in the form of PCDD/F toxicity equivalence (TEQ) soil
concentrations, intended to be protective of health for these receptors.
Results from the HHRA (presented in Section 2) are used to determine whether current or
planned residential areas of Parcel C and Parcel Y will experience potential exposures
related to PCDD/Fs in soil that are predicted to result in unacceptable human health risks,
as indicated by an estimated noncancer hazard quotient (HQ) above one. HQ estimates
from the HHRA are developed using a deterministic risk assessment (DRA) method that
assumes point-estimate values for risk model inputs.
The HHRA indicates that the estimated HQ exceeds one in some areas of the Site;
therefore, SSROs are derived for use in making remediation decisions about these areas.
As presented in Section 3, SSROs are developed using two methods, consistent with Health
Canada (2010b) guidance: deterministic risk assessment (DRA) and probabilistic risk
assessment (PRA). The SSROs are developed for PCDD/F TEQ across all PCDD/F
compounds detected. SSROs are in units of nanograms of PCDD/F TEQ per kilogram of
soil (parts per trillion [ppt]). The estimated daily intake (EDI) resulting from background
(non-site-related) exposure to PCDD/Fs in soil, air, water, food, and consumer products is
incorporated into the SSROs to ensure that the combined site-related and non-site-related
exposure will not exceed the tolerable daily intake (TDI).
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2 Human Health Risk Assessment
2.1 Conceptual Site Model
Assessment of human health risks potentially associated with Residential Areas of the
Site is based on the exposure pathways and receptors indicated on the conceptual site
model (CSM) in Figure 2-1.

Figure 2-1. Conceptual site model (CSM)
As indicated in Figure 2-1, exposure pathways include direct contact and uptake from soil
into homegrown produce that becomes a portion of the resident’s diet (adult and toddler
resident) and direct contact by construction workers involved in activities that expose them
to soil (e.g., excavation or grading).

2.2 Exposure Pathways and Receptors
2.2.1 Adult and Toddler Resident
It is assumed that adult and toddler residents are exposed via the following pathways:
1. Incidental ingestion of soil
2. Dermal contact with soil
3. Inhalation of resuspended soil particulate (dust)
4. Ingestion of homegrown garden produce (root vegetables, leafy vegetables,
and fruit) that contains chemicals as a result of root uptake from soil.
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The adult receptor is assumed to be 20 years old or older. The toddler receptor is assumed
to be 7 months to 4 years old (CCME, 2006).
2.2.2 Construction Worker
It is assumed that a worker is involved in construction-related activities, such as excavation
or grading of soil, and is exposed via the following pathways:
1. Incidental ingestion of soil
2. Dermal contact with soil
3. Inhalation of resuspended soil particulate (dust).
The construction worker is assumed to be 20 years old or older (CCME, 2006).
2.2.3 Excluded Pathways and Receptors
Pathways involving exposure via consumption of milk and meat produced on-site are
excluded. While potentially relevant to agricultural land use, the Site is in an urban area.
In addition, backyard hens are infeasible at current and future residential land use areas of
the Site. The Residential Areas are relatively high density, with an extent of yard space that
effectively prohibits having backyard hens. Typical single-family lots are approximately 9
meters wide, with a 6-meter-wide house, leaving approximately 1.5 meters on either side.
The lots are approximately 14 meters deep, containing the house, a deck, and a driveway
(required by the city), which leaves minimal open space behind the house. The HHRA and
SSRO’s assume that within this limited space is a backyard garden and fruit trees, from
which the resident consumes produce and fruit. In addition, some lots contain multi-family
units (e.g., duplexes), again with very limited available yard space.
The City of Edmonton Urban Hen Keeping Procedures and Guidelines
(https://www.edmonton.ca/documents/Urban_Hen_Procedures_Guidelines_Updated_Jun
e_2018.pdf ) state: “Coops may only be located in backyards of properties that are
completely fenced and secured. Some properties, due to the smaller size of a backyard or
other situational factors, may not be deemed suitable for urban hen keeping through the
application process.” It is likely that the yards in the Residential Areas would be deemed
unsuitable by the city.
In addition, the guidance references the following setback requirements for a hen accessory
structure that are outlined in the Zoning Bylaws:
•
•
•
•

a minimum of 0.9m from a side property line,
a minimum of 18.0m from a front property line,
a minimum of 0.6m from the rear property line, and,
a minimum of 0.9m from any other buildings on the site.

Given the dimensions of the residential properties, these setback requirements cannot be
met for constructing a chicken coop in the yards in the Residential Areas. Therefore,
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backyard hens and related exposures via egg consumption are not a viable exposure
pathway in the Residential Areas of the Site.
Contributions from the milk, meat, and egg consumption pathways to background exposure
are, however, inherent to the estimated daily intake (EDI) used in the derivation of SSROs
(see Section 3.3.2).
Infants are not included in soil exposure pathways as a receptor. They are considered too
young to be involved in soil contact and produce consumption pathways.
The exposure scenario of a toddler exhibiting pica soil ingestion behavior is not included
but is evaluated separately, as discussed in Section 5.3.1.
First Nation members are not included. The Site is in an urban area being developed for
residential use, with no assumed significant presence of a First Nation subpopulation.
PCDD/Fs have low solubility in water and low volatility. Therefore, leaching from soil to
groundwater and vapor intrusion to indoor air are excluded from this assessment. In
addition, residents obtain drinking water from the city and not from wells at or near the
site.

2.3 HHRA Hazard Quotient Estimation Equations
The HHRA calculates human health risk as a noncancer hazard quotient (HQ) that is,
generally speaking, the ratio of estimated chemical intake from onsite soils (direct soil +
homegrown produce pathways) to a tolerable daily intake (TDI) of PCDD/Fs plus the ratio
of estimated daily intake (EDI) from background (non-site-related) sources of PCDD/Fs.
This is represented by this equation:
HQ = HQDCS + HQproduce + HQBG
Where:
HQ
HQDSC
HQproduce
HQBG

= total hazard quotient for receptor
= hazard quotient from direct soil contact pathways (Site-related)
= hazard quotient from homegrown produce
= hazard quotient from background sources

TDI is defined as the amount of a substance that can be ingested daily over a lifetime
without appreciable health risk (WHO, 2008). The goal is to keep the HQ at or below one
from exposures to PCDD/Fs related to Site soils (direct contact + homegrown produce
ingestion) plus background (non-site-related) sources of intake. This background intake
(EDI) represents the average Canadian daily intake of dioxins and furans from background
(non-site-related) media, including soil, air, water, food, and consumer products. Further
information regarding the TDI and EDI is provided below in Section 2.4.10 and Section
2.4.11, respectively.
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2.3.1 Direct Soil Contact Pathways (HQDSC)
The HQ for direct-contact exposure pathways (inadvertent ingestion, dermal contact, and
particulate inhalation of soil) is calculated as follows.
!"#$%!"#$ ×'#%&' ()(#$%%&( ×'#%&( ×+#%" ×,-) ))(#$%*+", ×/#)0×,--

HQDSC = Csoil× "

-1'×/$%×23

#

Where:
Csoil
TDI
BW
SAF
RAForal
IRing
RAFinh
IRinh
PAir

=
=
=
=
=
=
=
=
=

concentration of PCDD/F TEQ in soil (mg/kg)
tolerable daily intake (mg/kg bw/day)
body weight (kg)
soil allocation factor (unitless)
relative absorption factor from the gastrointestinal tract (unitless)
soil ingestion rate (kg/day)
relative absorption factor by inhalation (unitless)
air intake (inhalation) rate (m3/day)
particulate concentration in air (kg/m3) {Typically specified as a
default value}
= soil exposure rate = days per week/7 × weeks per year/52
= particulate exposure rate = hours per day/24 hours
= relative dermal absorption factor (unitless)
= dermal contact rate (kg/day) =

ET1
ET2
RAFderm
SR

[($%!"#$% × $'!"#$% ) + ($%&'!() × $'&'!() )] × +,*
Where:
SAhands
SLhands
SAother
SLother
ET3

=
=
=
=
=

surface area of hands exposed for soil loading (m2)
soil loading rate to exposed skin of hands (kg/m2/event)
surface area exposed other than hands (m2)
soil loading rate to exposed skin other than hands (kg/m2/event)
dermal exposure frequency (events/day).

2.3.2 Ingestion of Homegrown Produce Pathways (HQproduce)
The HQ for residential exposure by ingestion of homegrown produce subject to chemical
uptake from soil is calculated as follows.
HQproduce = Csoil × $

#$%.!!* ×'#/"!*01+ ×,-2
-1'×23

%

Where:
RAFfood
IRprod
IRroot
IRleaf

=
=
=
=

relative absorption factor from food (unitless)
produce intake (kg/day) = -./)&&' + ./+(", + ./,)-.' 1 × 2+&/"+
root vegetable intake (kg/day) = 345)&&' × (1 − 84)&&' ) × 24)&&'
leafy vegetable intake (kg/day) = 345+(", × -1 − 84+(", 1 × 24+(",
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IRfruit
BCFroot
WCroot
PCroot
BCFleaf
WCleaf
PCleaf
BCFfruit
WCfruit
PCfruit
Plocal
ET4

=
=
=
=
=
=
=
=
=
=
=
=

fruit intake (kg/day) = 345,)-.' × -1 − 84,)-.' 1 × 24,)-.'
root biotransfer factor (kg soil/kg plant)
water content of below-ground produce (fraction)
homegrown root produce consumption rate (kg/day)
leaf biotransfer factor (kg soil/kg plant)
water content of above-ground produce (fraction)
homegrown leafy produce consumption rate (kg/day)
fruit biotransfer factor (kg soil/kg plant)
water content of fruit (fraction)
homegrown fruit consumption rate (kg/day)
proportion of produce intake from local sources (unitless)
homegrown produce exposure rate = days per week/7 × weeks per year/52.

2.3.3 Background Intake (HQBG)
The HQ for exposure to background sources of PCDD/F is calculated as follows:
,1'

HQBG = -1'

This factor adds into the total HQ the contribution from non-site related background
sources of PCDD/F including soil, air, water, food, and consumer products.

2.4 HHRA Model Input Assumptions
The HHRA equations use single point values primarily from the following Canadian risk
assessment guidance documents:
•

Table 3 of Federal Contaminated Site Risk Assessment in Canada, Health
Canada Part I: Guidance on Human Health Preliminary Quantitative Risk
Assessment (Health Canada, 2012)

•

Appendix I of A Protocol for the Derivation of Environmental and Human
Health Soil Quality Guidelines (CCME, 2006)

•

Table 3 of Federal Contaminated Site Risk Assessment in Canada, Part II:
Toxicological Reference Values (TRVs) and Chemical-Specific Factors,
Version 2.0 (Health Canada, 2010a).

These resources present default values for residential and construction worker scenarios.
The specific input values used in the HHRA to calculate HQs are presented below. In
Appendix A, these values are summarized and compared to those used in the Site-Specific
Risk Assessment prepared by Chemistry Matters, Inc. (2019) for other chemicals of
potential concern at the Site. If the exposure assumptions in this report differed from those
utilized by Chemistry Matters, Inc. (2019), the rationale for the difference is also presented
in Appendix A.
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2.4.1 Exposure Time Factors (ET1, ET2, ET3, ET4)
In the equations used to calculate HQs (see Section 2.3), each pathway has a corresponding
exposure time factor, designated as ETn, that represents the ratio of time exposed to time
available for exposure. The exposure time factors used to calculate HQs are shown in
Table 2-1. Note that, for the resident scenario, the adult and toddler exposure time factors
are assumed to be the same.
Table 2-1.
Exposure
Frequency
Parameter

Exposure time factor assumptions

Name

Units

Resident (adult
and toddler)

Construction
Worker
(adult)

ET1

Direct-soil-contact
pathways exposure
rate

(days per week/7) ×
(weeks per year/52)

7/7 × 33.7/52 =
0.648

5/7 × 33.7/52 =
0.463

ET2

Particulate exposure
rate

hours per day/24 hours

1.5/24 = 0.0625

10/24 = 0.42

ET3

Dermal exposure rate

events/day

1/1 = 1

1/1 = 1

ET4

Produce exposure rate

(days per week/7) ×
(26 weeks per year/52)

7/7 × 26/52 = 0.5

Not applicable

In estimating variable ET1, Health Canada guidance allows for site-specific considerations
(Health Canada, 2012, p. 12) in assumptions about the number of weeks per year. For
development of a Canada-wide risk assessment or guideline, it may be appropriate to use
a default value of 52 weeks/year, but for Edmonton, where soil is frozen, the guidance
accounts for site-specific adjustment. Furthermore, Health Canada guidance on detailed
quantitative risk assessment (Health Canada, 2010b, p.103) states: “Factors governing
time-dependent chemical or biological processes, such as biodegradation rates, and other
processes that may be affected by meteorological conditions or seasonal phenomena may
be assessed based on a combination of published information, site-specific data, and
historical records (in the case of meteorological data)” (underline added for emphasis).
Among these “other processes” are those by which soils adhere to skin, resuspend into
particulates, and adhere to footwear as a transport mechanism to indoors. All of these are
minimized or eliminated by frozen soil conditions.
Therefore, as shown in Table 2-1, ET1 for direct-soil-contact pathways assumes that
exposure is limited to 33.7 weeks out of 52 weeks in the entire year. This assumption is
based on the fact that frozen ground eliminates the soil incidental ingestion, dermal contact,
and particulate inhalation pathways during the time that the soil is frozen. This is also
consistent with recent USEPA guidance that states, “During conditions of deep snow cover,
extreme cold, or extreme heat, children could be expected to have minimal contact with
outside soil” (USEPA, 2017, p. 5-45). Meteorological data provided by Alberta Agriculture
and Forestry, Alberta Climate Information Service (ACIS)1, was used to determine the
1

https://agriculture.alberta.ca/acis/ (retrieved November 2018).
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average number of weeks per year when the ground is not frozen and thus is available for
soil exposures. Located approximately 8 km from the Site, Oliver AGDM is the nearest
weather station that records daily temperature measurements for the upper 5 cm of soil. For
2007 to 2017, the average number of weeks per year with soil temperature exceeding 0°C
was 33.7. If in the future, the ground is frozen less frequently, then the estimated PCDD/F
dose from the site would increase. The most conservative assumption of no frozen soil for
an entire year (an unlikely occurrence) would result in the dose being estimated to increase
approximately 35%. This risk assessment utilizes conservative exposure assumptions and
toxicity criteria that already been modified with uncertainty factors that should address any
future warming and increased exposure. Importantly, the meteorology data used in this risk
assessment are site-specific and apply to Edmonton, not other areas of Alberta.
Accounting for frozen ground during the winter and no exposure by humans during this
time period is appropriate. This assumption has little impact on the long term PCDD/F
blood concentration of breastfed infants. As demonstrated by the PBPK modeling
presented in Appendix D, the dose an infant receives from breastfeeding is orders of
magnitude larger than the dose received by a pregnant female from the site and
subsequently passed on to an infant. Additional PBPK modeling was performed to separate
summer and winter exposures, and thereby remove the amortization portion of the
evaluation (see Appendix D). These modeling results indicate that exposure amortization
has little to no effect on the risk assessment of soils at the SSRO concentration. The model
indicates that site soils contribute insignificantly to this pathway compared to breast-milk
levels from background sources in Canada. Additionally, the toxicity criteria utilized in
this risk assessment are based on developmental effects in rodents and calculated in a
manner to be protective of humans.
For the reasons outlined above, adjusting for days when exposure cannot occur (i.e., when
the ground is frozen and covered with snow) is appropriate and health protective. This
seasonal adjustment is applicable to PCDD/Fs and Edmonton and may not be appropriate
for other contaminants or areas of Alberta.
For ET4, the homegrown produce exposure rate, it was assumed that home garden produce
was grown and consumed for half of the year (26 weeks), corresponding roughly to May
through October.
2.4.2 Body Weight (BW)
Default values are used for body weight. These are 16.5 kg for a toddler and 70.7 kg for an
adult (CCME, 2006).
2.4.3 Soil Ingestion Rate (IRing)
Default values for soil ingestion rates are used for the resident scenario (toddler and adult).
The adult soil ingestion rate is 0.00002 kg/day, and the toddler soil ingestion rate is
0.00008 kg/day (CCME, 2006). The construction worker soil ingestion rate is also a default
value of 0.0001 kg/day (Health Canada, 2012).
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2.4.4 Inhalation Rate (IRinh)
Default values for air inhalation rates are used for the resident scenario (toddler and adult).
The adult inhalation rate is 16.6 m3/day, and the toddler inhalation rate is 8.3 m3/day
(Health Canada, 2012). The construction worker hourly inhalation rate is also a default
value of 1.4 m3/hr (Health Canada, 2012) and is applied to the number of hours worked on
the site, as characterized by ET2.
2.4.5 Particulate Concentration in Air (PAir)
Residents are assumed to be exposed to the default value for average air concentration of
respirable particulate matter, 0.76 µg/m3 (CCME, 2006). For construction workers,
elevated particulate matter exposures are considered by using a value of 250 µg/m3 (Health
Canada, 2012), which represents dust created from vehicle traffic on unpaved roads.
2.4.6 Exposed Skin Surface Areas (SAhands, SAother)
Default values for exposed skin surface areas are used for all scenarios (CCME, 2006).
These include:
•

Toddlers: hands = 0.043 m2; other (arms, legs) = 0.258 m2

•

Adults:

hands = 0.089 m2; other (arms) = 0.250 m2.

2.4.7 Soil Loading Rates (SLhands, SLother)
Default values for soil loading rates are used for all scenarios (CCME, 2006, for residents;
Health Canada, 2012, for construction workers). These include:
•

Toddlers: hands = 0.001 kg/m2/event;
other (arms, legs) = 0.0001 kg/m2/event

•

Adults: hands = 0.001 kg/m2/event;
other (arms) = 0.0001 kg/m2/event

•

Construction Worker: hands = 0.01 kg/cm2/event;
other (arms) = 0.001 kg/cm2/event.

2.4.8 Produce Intake Rates (IRroot, IRleaf, IRfruit)
The intake rate of PCDD/F by produce consumption is a function of the soil-to-plant (dry)
biotransfer factor (BCFplant), plant water content (WCplant), and plant consumption rate
(PCplant) for each type of produce (root, leaf, and fruit).
Measured values for the biotransfer factor (BCF) for TCDD could not be identified;
therefore, estimated TCDD values from the USEPA 2005 Human Health Risk Assessment
Protocol (HHRAP) for Hazardous Waste Combustion Facilities Companion Database
(USEPA, 2005) are used. These are:
•

BCFroot = 0.0103 kg soil/kg plant (dry)
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•

BCFleaf = BCFfruit = BCF (above-ground vegetables) = 0.0045 kg soil/kg plant
(dry).

The BCFleaf and BCFfruit values were determined in USEPA (2005) by using the Travis and
Arms (1988) correlation equation with a log octanol-water coefficient (Kow) of 6.8.
The biotransfer factor for root vegetables (BCFroot) is calculated as:
BCFroot = Brroot * VGrootveg
Where
Brroot = plant-to-soil transfer factor for below ground produce = RCF/Kds
RCF = root concentration factor
Kds = soil-to-water partitioning coefficient
VGrootveg = empirical correction factor = 0.01.

VGrootveg is an empirical correction factor that accounts for chemical loss due to peeling,
cooking, and cleaning, and for lipophilic compounds where Kow>4. VGrootveg is
recommended by USEPA to be 0.01 (USEPA, 2005).
Application of a VGag correction approach for fruit and leafy vegetables was not adopted,
due to uncertainty about the degree of chemical loss for these types of vegetables stated in
the HHRAP (USEPA, 2005) as follows:
Assuming correction approach for legumes and leafy vegetables may
underestimate concentrations because these species often have a higher ratio
of surface area to mass than other bulkier fruits and fruiting vegetables, such
as tomatoes.
Values for plant water content are the same as those used in a recently completed risk
assessment for the green belt near the Site (Intrinsik, 2018). These are:
•

WCroot = 0.85

•

WCleaf = 0.85

•

WCfruit = 0.77.

Default values are used for root and leaf vegetable consumption rates (Health Canada,
2012), as shown in Table 2-2; however, this guidance document did not have recommended
values for fruit ingestion. For this pathway, values recommended in an earlier Health
Canada document are used (Health Canada, 1994), consistent with the recent green-belt
risk assessment (Intrinsik, 2018).
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In calculating HQs and SSROs, these rates are multiplied by 0.1 (Plocal) to adjust for the
proportion (10%) of this consumption that originates from homegrown gardens (CCME,
2006).
Table 2-2.

Produce consumption rates used in HRRA

Parameter

Description

Value (kg/day)

PCroot-t

Root produce consumption rate — toddler

0.105

PCleaf-t

Leaf produce consumption rate — toddler

0.067

PCfruit-t

Fruit produce consumption rate — toddler

0.039

PCroot-a

Root produce consumption rate — adult

0.188

PCleaf-a

Leaf produce consumption rate — adult

0.137

PCfruit-a

Fruit produce consumption rate — adult

0.044

2.4.9 Relative Absorption Factors (RAF)
In conducting human health risk assessments, it is standard practice to adjust the
concentration term in an intake equation to account for the bioavailability of a chemical.
In the context of human health risk assessment, bioavailability is the fraction of the total
amount of a chemical in contact with a body portal of entry (e.g., lung, skin, gut) that enters
the systemic circulation (i.e., blood) and is then available to the target tissues (internal
dose). There are two types of bioavailability—absolute bioavailability and relative
bioavailability. Absolute bioavailability is the ratio of the amount of chemical entering the
blood via a particular route of exposure (e.g., ingestion) to the total amount administered
by this route of exposure (e.g., amount of chemical ingestion with soil). However, because
the conditions in studies used to develop toxicity criteria (e.g., administration via corn oil
gavage) are often different from those being quantified in a site-specific risk assessment
(e.g., ingestion of soil), it is necessary to account for this difference in estimating
bioavailability. This is termed relative bioavailability and represents the absorbed fraction
of a chemical from a particular exposure medium relative to the fraction absorbed from the
dosing vehicle used in the toxicity study that serves as the basis for the toxicity criterion
being used in the risk assessment.
In this human health risk assessment, default values are used for relative absorption factors
(RAFs) corresponding to the inhalation (RAFinh = 1) (Health Canada, 2010a) and dermal
(RAFderm = 0.03) exposure routes (USEPA, 2004). Relative bioavailability is the ratio of
oral absorption of PCDD/F from soil relative to oral absorption from the dose vehicle used
in the PCDD/F toxicity studies (i.e., relative bioavailability = oral absorption from soil/oral
absorption from dose vehicle in the toxicity studies). In January 2010, the United States
Environmental Protection Agency (EPA) Office of Superfund Remediation and
Technology Innovation (OSRTI) released a report titled, “Bioavailability of Dioxins and
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Dioxin-Like Compounds in Soil” (USEPA, 2010). This report presents a comprehensive
assessment of all the published literature available at the time that provided information
concerning relative bioavailability estimates for PCDD/Fs in soil. In this report, USEPA
identified nine studies from the published literature that were determined to be relevant for
estimating the relative bioavailability of dioxin in soil. The soil test materials examined in
these nine studies included samples collected from various environments that had been
contaminated with dioxins in situ, largely from anthropogenic sources, as well as test
materials prepared by introducing dioxins into test soil in the laboratory (spiked soil).
Ultimately, six studies were selected by USEPA for use in developing relative
bioavailability estimates based on the quality and relevance of information provided in
each study: Bonaccorsi et al., 1984; Budinsky et al., 2008; Finley et al., 2009; Lucier et al.,
1986; Shu et al., 1988; and Wittsiepe et al., 2007. All six studies selected provided relative
bioavailability adjustment (RBA) estimates for PCDD/Fs in test materials consisting of soil
contaminated with dioxins in situ. Of the nine studies originally identified as relevant, the
USEPA study authors excluded the following: (1) all studies of spiked soil materials, based
on information suggesting that aging of contaminated soil may decrease the bioavailability
of dioxins in soil (Poiger and Schlatter, 1980; Ruby et al., 2002; Umbreit et al., 1986); and
(2) all studies with administered dose levels of dioxins that were clearly toxic (guinea pig
studies by McConnell et al., 1984; Umbreit et al., 1986; Wendling et al., 1989). For
purposes of this human health risk assessment, all six studies used by USEPA to develop
relative bioavailability estimates, including the study conducted in rabbits (Bonaccorsi et
al., 1984) were utilized even though the rabbit is not a standard model for assessing
bioavailability, and much less is known about the relevance of the anatomy and physiology
of the gastrointestinal tract to humans. It should be noted that inclusion or exclusion of the
rabbit study has little to no effect on the relative bioavailability estimates used in this
human health risk assessment, because the relative bioavailability estimates are within the
range of the other relative bioavailability estimates developed by USEPA. Details
concerning the six studies used to develop the bioavailability estimates for this human
health risk assessment are described in Table 2-3.
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Table 2-3.
Reference

Summary of RBA studies of dioxins in soil (rats, swine, and rabbits
only); table adapted from USEPA (2010)
Test Material

Species/Number Methods

RBA

Budinsky
Source: TM1: urban
et al., 2008 soil,
Michigan
(sieved to <250 µm)
PCDD/F: 264 pg
TEQ/g (ppt)
Source: TM1:
floodplain soil,
Michigan
(sieved to <250 µm)
PCDD/F: 651 pg
TEQ/g

Swine (Sus
scrofa, sex
and weight not
given),
5/group

ID Metric: liver plus adipose
PCDD/F content
TM Dose: 122, 313 pg
TEQ/kg- bw/day
TM Dosing: 5 g soil placed in
moistened feed, twice/day, 30
days
RM Dosing: corn oil/acetone
(99:1 v:v) in gelatin capsule,
placed in moistened feed,
twice/day, 30 days

23% (urban)
27%
(floodplain)
(TEQ-weighted)

Budinsky
Source: urban soil,
et al., 2008 Michigan (sieved to
<250 µm) PCDD/F:
264 pg TEQ/g (ppt)
Source: floodplain
soil,
Michigan
(sieved to <250 µm)
PCDD/F: 651 pg
TEQ/g (ppt)

Rat (SpragueDawley,
female, 250
g), 10/group

ID Metric: liver plus adipose
PCDD/F content
TM Dose: 577, 2100 pg
TEQ/kg bw/day
TM Dosing: 5% w/w soil-feed
mixture, 30 days
RM Dosing: corn oil/acetone
(99:1, v:v), oral gavage, 30
days

37% (urban)
66%(floodplain)
(TEQ-weighted)

Finley et
al., 2009

Rat (SpragueDawley,
female, 251–
321 g),
6/group

ID Metric: liver PCDD/F
content TM Dosing: aqueous
suspension, oral gavage,
single dose
TM Dose:
TM1: 30,000 pg TEQ/kg
bw/day TM2: 90,200 pg
TEQ/kg bw/day TM3: 590 pg
TEQ/kg bw/day TM4: 560 pg
TEQ/kg bw/day TM5: 290 pg
TEQ/kg bw/day
RM Dosing: corn oil, oral
gavage, single dose

TM1: 16.7%
TM2: 48.4%
TM3: 37.7%
TM4: 46.5%
TM5: 33.3%
(TEQ
Weighted)

Source:
Operating
U.S.
industrial
facility
(sieved to
<250 µm)
PCDD/F
Concentrations:
TM1: 15.0 ng
TEQ/g soil
TM2: 45.0 ng
TEQ/g soil
TM3: 36.8 ng
TEQ/g soil
TM4: 2.8 ng
TEQ/g soil
TM5: 0.53 ng
TEQ/g soil
(ppb)
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Reference

Test Material

Lucier et
al., 1986

Source: Minker/Stout
site,
Missouri
(sieved 60 gauge)
TCDD: 880 ng/g (ppb)

Rat (SpragueDawley,
female),
6/group

ID Metric: liver TCDD
concentration
TM Dose: 1.1, 5.5 µg
TCDD/kg-bw
TM Dosing: aqueous
suspension, oral gavage,
single dose
RM Dosing: corn oil, oral
gavage, single dose

22% (1.1 µg/kg)
45% (5.5
mg/kg)

Shu et al.,
1988

Source: Times Beach
soil,
Missouri
(sieved through 40
mesh screen)
TCDD: 1.9 to 723
ng/g (ppb)

Rat (SpragueDawley
derived, 180–
250 g),
4/group

ID Metric: liver TCDD
concentration
TM Dosing: aqueous
suspension, oral gavage,
single dose
TM Dose: 3.2, 7.0, 40, 37,
175,1450 ng TCDD/kg
RM Dosing: corn oil, oral
gavage, single dose

44% (3.2 ng/kg)
49% (7 ng/kg)
38% (40 ng/kg)
43% (37 ng/kg)
45% (175
ng/kg)
37% (1450
ng/kg)

Wittsiepe
Source: Surface soil
et al., 2007 near Hamburg,
Germany
PCDD/F: 5.3 ng
TEQ/g (ppb)

Species/Number Methods

RBA

Swine
(Goettingen
mini-pig,
males and
females, 6975
g), 4/group

ID Metric: PCDD/F content of 28.4±9.9 (SD)
tissues (adipose, blood, brain,
(total congener)
liver, muscle)
TM Dosing: 0.5 g soil/kg
bw/day placed in moistened
feed
TM Dose: 2.3 ng TEQ/kg
bw/day, 28 days
RM Dosing: hexane/acetone
(1:1, v:v), placed in moistened
feed, 28 days
Bonaccorsi Source: Seveso, Italy Rabbit (Albino, ID Metric: liver TCDD
32%
et al., 1984 soil
male, 2.6±0.3 concentration
(200–400 mesh)
kg), 5–16/group TM Dose: 0.02 to 0.08 μg
TCDD/day; 7 days
TCDD Concentration:
TM Dosing: aqueous suspension,
81 ng/g (ppb)
oral gavage, single dose
RM Dosing: oral gavage in
50% ethanol, single dose
ID
internal dose
NR
not reported
PCDD/F polychlorinated dibenzo-p-dioxin/dibenzo furan
ppb
parts per billion
pg
pictogram
ppt
parts per trillion
RM
reference material
SD
standard deviation
TCDD
tetrachloro-p-dibenzodioxin
TEQ
toxic equivalent
TM
test material
µm
micron
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Based on their review of the six published studies that they relied upon, the USEPA authors
concluded the following: “Collectively, at this time these results support the conclusion
that the RBA for dioxin in the soils evaluated in these studies is less than, and likely to be
substantially less than 100%, as compared to a lipid or organic solvent vehicle as the
reference material (e.g., corn oil).” This conclusion was further echoed and supported by
the external peer review panel charged with reviewing their bioavailability report. The
external peer reviewers included:
•

Dr. Michael DeVito, National Toxicology Program, National Institute of
Environmental Health Science

•

Dr. Michael Honeycutt, Texas Commission on Environmental Quality

•

Dr. Stephen Roberts, University of Florida

As noted in the summary of findings provided in the USEPA report titled, “Bioavailability
of Dioxins and Dioxin-Like Compounds in Soil. Peer Review Report” (USEPA, 2011a),
“Each of the reviewers [all three] agreed that the RBA of dioxin in soils is less than 100%.”
In fact, one of the peer reviewers (Dr. Michael DeVito) went on to state, “Since EPA
concludes that RBA in soil is less than 100%, then using 100% is inappropriate.”
However, despite this conclusion, which was developed based on the overwhelming body
of scientific evidence and supported by independent peer review, the USEPA authors
concluded, “Available estimates of soil dioxin RBA are not adequate and sufficient to
estimate a value for RBA for use in risk assessment as an alternative to 100% or sitespecific values.” This conclusion is not supported by sound scientific justification. Further,
it is important to note that USEPA developed this review of the published studies, provided
their conclusions, and conducted an expert panel review of their effort without any public
input or chance for stakeholders to provide technical commentary in support or rebuttal of
the Agency’s decision.
It is well established that chemicals are generally less well absorbed in the gut from soil
than they are from vegetable oils used in many animal toxicity studies. With respect to
PCDD/Fs, while some variability is reported in the scientific literature, it is generally
believed that about 80 percent of a TCDD dose administered in corn oil is absorbed
(Diliberto et al. 2001; Rose et al. 1976). Therefore, one would expect the oral
bioavailability of PCDD/Fs from soils to be less than 80%. Further, the six studies relied
upon by USEPA and summarized in Table 1 of their bioavailability report (USEPA, 2010)
(and reproduced in Table 2-3 above represent oral relative bioavailability estimates for
PCDD/Fs from a wide variety of soil types and circumstances. Nonetheless, these studies
are remarkably consistent when viewed from a weight-of-the-evidence perspective, with
the vast majority PCDD/F oral relative bioavailability all being less than 50%.
In addition, it is well known that oral bioavailability of persistent compounds from the
lumen of the intestinal tract across the surface of the gut wall is governed by the process
known as liberation (from the acronym LADME, or liberation, absorption, distribution,
metabolism and elimination [Ritschel, 1980]). Liberation is partially controlled by the
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matrix (soil) but is more dependent on intestinal factors, including bile acids, proteins,
carbohydrates, gastric motility, surface area, first-pass effect, biliary-hepatic recycling, and
unique species’ differences in these parameters. For this reason, the relevance of the animal
model is more important than are the characteristics of the soils at the contaminated site
under investigation. While the USEPA study authors state that the RBA estimates
considered in their analysis do not represent a statistical sample of soil in any particular
geographic region that is representative of all soil in the U.S., and may or may not
adequately represent the variability expected over a wider range of soil types and
compositions, this becomes much less important for persistent compounds such as
PCDD/Fs, where liberation in the gut lumen depends on a host of intestinal factors.
As noted further in the USEPA dioxin bioavailability report (2010), when assessing
differences in relative bioavailability between rats and swine, the USEPA study authors
note that potential contributing factors to the differences between the relative
bioavailability observed in swine and rats include physiological differences between swine
and rats (e.g., gastrointestinal pH, gastric and small-intestinal transit times) and/or
differences between the assay protocols (e.g., dose levels, multiple dosing vs. single dose,
dosing in food vs. gavage dosing). However, they go on to state that, as noted previously,
“Congener dose was not a significantly influential variable for RBA in swine or rats over
the dose ranges for the three studies. Furthermore, whether the dosing regimen was a single
gavage dose or multiple doses does not appear to be an important factor based on results
reported in Budinsky et al. (2008).”
The USEPA (2010) report authors go on to describe some of the important parameters that
affect bioavailability for PDCD/Fs, and to explain some of the important differences for
those parameters between rats and swine. For example, the USEPA (2010) report authors
note, “Gastrointestinal transit times could limit the absorption of materials that are more
slowly released from the soil matrix; a limitation that could be more pronounced in rats
that have faster transit times than swine (Rivest et al., 2000; Tuleu et al., 1999). In all of
the studies, reference materials were administered in a corn oil vehicle and, as noted in
Budinsky et al. (2008), differences in absorption of dioxin congeners from the corn oil
vehicle may contribute to the observed differences in RBA estimates based on the swine
and rat assays.” In addition, the USEPA (2010) report authors also note, “Swine and rats
also differ in the distribution of absorbed PCDD/Fs, swine accumulate higher levels in
adipose tissue relative to liver, whereas, the distribution in rats tends to show an opposite
trend (Budinsky et al., 2008; Thoma et al., 1989, 1990). A larger fraction of the absorbed
dose delivered to the liver in rats could contribute to a stronger dose-dependence of
metabolic clearance in the rat compared to swine. This has potential implications on the
RBA estimates if liver doses achieved with the reference and test materials are not
sufficiently similar to ensure similar metabolic clearances following dosing with each
material.” These differences further underscore the importance of assessing the relevance
of the animal models used to assess bioavailability from the gastrointestinal tract.
In their bioavailability report (USEPA, 2010), the USEPA study authors concluded that
“…swine have been extensively used to predict RBA of arsenic and lead in humans based
on the similarities between the physiology and anatomy of the swine and human
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gastrointestinal tracts (USEPA, 2007).” However, they go on to state that a “comprehensive
evaluation is necessary before determining whether one or more animal models are
appropriate for characterizing RBA of PCDD/Fs in soil.” To this end, there is a substantial
body of evidence in the scientific literature to support such an assessment concerning the
relevance of animal models to humans with respect to the function of gastrointestinal tract.
First, it should be noted that, in their dioxin bioavailability report, the USEPA authors note,
“While it is not the objective of this report to evaluate a preferred model, swine have been
extensively used to predict RBA of arsenic and lead in humans based on the similarities
between the physiology and anatomy of the swine and human gastrointestinal tracts
(USEPA, 2007).”
Second, it is well established that swine have comparable anatomy and physiology and, as
such, have been used successfully as models for gastrointestinal function of humans
(Dodds, 1982), Miller and Ullrey, 1987; Weis and Lavelle, 1991). Some of the key
parameters known to influence the oral bioavailability of persistent, lipophilic chemicals
such as PCDD/Fs include:
1. Anatomy of the gastrointestinal tract (GIT)
– Stomach compartments
– Size of various gastrointestinal compartments—surfaces and capacity
– Presence of a gall bladder
2. Physiological parameters
– Membrane physiology and transport processes (passive, active, and/or
carrier-mediated)
– Gastric emptying rate, intestinal motility and transit times
– pH, bile secretion, pancreatic juice, mucus composition
– Presence of microflora, extent of fermentation
3. Behavior parameters
– Flood type and volume
– Eating behavior
– Water intake
Rats, swine, and humans can be compared with respect to anatomical, physiological, and
behavioral parameters that would affect gastrointestinal absorption. Details with respect to
such a comparison are provided in Table 2-4. As is evident from Table 2-4, the overall
weight of the evidence in terms of anatomical, physiological, and behavioral parameters
indicates that swine are a much better model for assessing oral bioavailability in humans
than are rats. Chief among this evidence is the fact that, unlike humans, rats have a
forestomach and lack a gall bladder. Given the role of bile acids in governing the uptake
of lipophilic compounds such as PCDD/Fs, the presence of a gall bladder is a critical
parameter. Feeding behaviors in swine are also more similar to humans (periodic vs.
continuous in rats), and swine have limited coprophagy (i.e., ingestion of feces), which
potentially results in double dosing in rats.
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Table 2-4.

Species comparisons

Parameter

Human

Swine

Rat

70

15–90a

0.5

Dietary Classification

Omnivore with
carnivorous tendency

Omnivore with
herbivorous tendency

Herbivore

Feeding Habits

Periodic feeding, no
coprophagy

Periodic feeding, limited
coprophagy

Continuous feeding,
routine coprophagy

1,400

2,800–20,000
(based on BW)

40–60

Non-keratinized
squamous epithelium

Non-keratinized
squamous epithelium

Predominantly
keratinized,
squamous epithelium

Salivary pH

6.5–7.5

>8

8.0–8.6

Transit Time

seconds

seconds

seconds

~33%

~33%

~10%

Glandular compartment

Aglandular diverticulum
within glandular
compartment

Aglandular
forestomach and
glandular
subcompartments

1.4–2.1 (fasting)
4.3–5.4 (meal)

0.8–3.0 (fasting)
<2 (meal)

5.0 (forestomach)
3.3 (glandular)

Basal Acid Output
(μEq/h)b

2,000–5,000d

2,800–10,000d

10–92

Peak Acid Output
(μEq/h)c

18,000–34,500

30,100 ± 2,200

110–312

~ 2.0
(complete emptying)

>3–24
(incomplete emptying)

~2.0
(incomplete
emptying)

General
Body Weight (kg)

Daily Water Intake
(g/day)
Oral Cavity
Distinctive Feature

Stomach
Fraction of GIT
Distinctive Feature

pH

Emptying Half-Time
(h)e
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Parameter

Human

Swine

Rat

Fraction of GIT

~33%

~33%

~30%

pH

5.0–9

6.0–7.5

6.9–7.8

Length (m)
(% of total)

6.3
(79)

14–18
(78)

0.13–0.82
(64)

5

2.5–3.5

0.3–0.5

Finger shaped

Finger shaped

Tongue shaped

3–5

4

1.5

~33%

~33%

~60%

Colonic fermentation

Colonic and cecal
fermentation

Cecal fermentation

5.5–7.0

6.3–6.8

7.4–8.0

Small Intestine

Duodenum Diameter
(cm)
Villi
Transit Time (hr)
Large Intestine
Fraction of GIT
Distinctive Feature
pH
a

b
c
d
e

Pitman Moore and Gottingen minipig (15–25 kg)
Yucatan micropig and Sinclair minipig (35–55 kg)
Yucatan and Hanford minipig (70–90 kg)
Basal acid output rates standardized to μEq/h.
Peak acid output rates standardized to μEq/h.
Outlier value (0 mEq/h) not included.
Mean value of gastric emptying time for solids.

In conclusion, the available data concerning the oral bioavailability of PCDD/Fs
overwhelmingly demonstrate that relative bioavailability in soils is substantially less than
100%. The USEPA (2010) report authors noted that the studies upon which they relied
represent oral relative bioavailability estimates for PCDD/Fs from a wide variety of soil
types and circumstances. Nonetheless, these studies are remarkably consistent when
viewed from a weight-of-the-evidence perspective, with the vast majority of PCDD/F oral
relative bioavailability values all being less than 50%. In fact, the upper-bound estimate
(i.e., 90th percentile) from the distribution of oral relative bioavailability estimates provided
in Table 2-3 above is 0.48. It is well established in the scientific literature that, for
persistent, lipophilic compounds such as PCDD/Fs, liberation in the gut lumen depends on
a host of intestinal factors, and soil characteristics are much less important. This
underscores the importance of using an animal model that has a gastrointestinal tract and
feeding behaviors that are more similar to humans. While the USEPA (2010) study authors
noted that it was not the objective of their report to evaluate a preferred animal model, such
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an assessment has been undertaken here as described in detail above. As detailed above,
the assessment conducted herein demonstrates that the overall weight of the evidence
indicates that swine are a much better model for assessing oral bioavailability in humans
than are rats, based on similarities in anatomical, physiological, and behavioral parameters.
As outlined in Table 2-3 above, oral relative bioavailability estimates for swine (23%–
28%) were generally less than those for rats (17%–66%). Nonetheless, in the interest of
being conservative, for the purposes of this human health risk assessment, oral relative
bioavailability data from both rats and swine were used to develop the relative absorption
factors (RAFs) used in the both the deterministic and probabilistic risks assessments for
the Domtar site. Appendix E (Supplemental Information: Key Issues on the Derivation of
a Site-Specific Soil Remediation Guideline for Dioxins and Furans) contains additional
information regarding the basis of the RAF, including a congener analysis and a discussion
of soil characteristics.
2.4.10 Toxicity Factor (TDI)
TDIs are based on the WHO/JECFA-recommended provisional tolerable monthly intake
(PTMI) for 2,3,7,8-TCDD is 70 pg/kg (WHO/JECFA, 2002). This value is based on
developmental effects observed in rats following exposure during pregnancy alone or
during pregnancy and lactation (Ohsako et al., 2001, and Faqi et al., 1998, respectively, as
cited in WHO/JECFA, 2002). Converted to a daily dose, this is a TDI of 2.3 pg/kg/day or
2.3E-09 mg/kg/day. As noted previously, WHO defines a TDI as the amount of a substance
that can be ingested daily over a lifetime without appreciable health risk (WHO, 2008).
WHO/JECFA also concluded that it was not appropriate to establish an acute reference
value for PCDD/Fs due to the long half-lives of these compounds (WHO/JECFA, 2002).
Consistent with Alberta guidance on primary sources for selecting toxicity reference values
(AEP, 2017), Health Canada (2010a) also recommend the same value as the TDI for
PCDD/Fs. Accordingly, a TDI of 2.3E-09 mg/kg/day is used. Appendix E (Supplemental
Information: Key Issues on the Derivation of a Site-Specific Soil Remediation Guideline
for Dioxins and Furans) contains additional information regarding the selection of the TDI,
as well as consideration of developmental toxicity in exposure amortization.
2.4.11 Estimated Daily Intake (EDI)
The EDI represents the average Canadian daily intake of dioxins and furans from
background (not site-related) media, including soil, air, water, food, and consumer
products. Receptors are exposed both through contaminated soil at the Site and through
background (not site-related) exposures to the contaminant in typical soil, air, water, food,
and consumer products. The HHRA adds to the total hazard quotient a hazard quotient
associated with background intake (i.e., EDI/TDI). The SSROs account for both exposures
by subtracting background exposure (the EDI) to the chemical from the TDI to determine
a residual tolerable daily intake (RTDI). The RTDI represents the maximum intake from
soil pathways (direct contact and homegrown produce consumption) at the Site that will
keep the dose below the TDI.

30

The most recent source of data on dietary exposures to dioxins and furans is a 2018
publication by the European Food Safety Authority (EFSA, 2018). This study presents a
statistical analysis of chronic dietary exposure data for 17 PCDD/Fs across multiple
European dietary surveys. The data analysis shows that the median dietary exposure (pg
WHO2005-TEQ/kg bw per day) for a toddler ranges from 0.51 to 0.75, where the lower
value (0.51) is calculated assuming that non-detects are zero, and the upper value (0.75) is
calculated assuming that non-detects are equal to the limit of detection. While standard
practice is to use one-half of the detection limit in calculating statistics for risk assessment
purposes, for conservatism, the upper value of 0.75 pg WHO2005-TEQ/kg bw per day will
be utilized in this HHRA for dietary background exposure.
Dietary intake is widely believed to contribute up to 95% of human exposure to DLCs (see
Section 2.4.12 below). Because dietary intake is 95% of human exposure to DLCs, the
dietary intake estimate of 0.75 pg WHO2005-TEQ/kg bw per day is divided by 0.95 to derive
an EDI that accounts for all potential sources. This results in an EDI value of 7.9E10 mg/kg/day (0.79 pg/kg/day). Appendix E (Supplemental Information: Key Issues on the
Derivation of a Site-Specific Soil Remediation Guideline for Dioxins and Furans) contains
additional information regarding the basis of the EDI.
2.4.12 Soil Allocation Factor (SAF)
Receptors are exposed both through contaminated media at a site and through background
(non-site-related) exposures to the contaminant in typical soil, air, water, food, and
consumer products. As explained in guidance (CCME, 2006), the SAF allows for the
residual tolerable daily intake (RTDI) that remains after subtracting out background
exposure from other media (EDI), to be reserved for potential exposure via other media
(i.e., food, air, water, and consumer products) in the future. According to the CCME
protocol: “Depending on their physical and chemical properties, some soil contaminants
may not normally be present in all four of the remaining media (air, water, food, and
consumer products). For example, high-molecular-weight hydrocarbons exhibit very low
solubility and volatility, and as a result, the contribution of air and water to overall human
exposure may be insignificant. If defensible, contaminant-specific evidence exists
demonstrating that the contaminant does not occur in a given medium, the RTDI can be
distributed among fewer media, and the soil allocation factor can be increased from 20%
to a value given by:
SAF = 100% / (number of applicable exposure media).
PCDD/Fs are not normally present in air, water, and consumer products and can be
eliminated as potential exposure media. The basis for doing so is as follows.
1. Dioxin is not volatile, nor is it present at appreciable levels in background air, and thus,
exposures to airborne dioxin do not represent a pathway of concern for the general
public.
Background air is not a significant source of dioxin exposure, because inhalation of dioxin
vapor is considered a “negligible” exposure pathway for the general public (INSERM,
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2000). Exposure to dioxin via air is considered an insignificant contributor to the general
public, for two reasons.
First, TCDD and higher-chlorinated dioxins have very low vapor pressures, with an
experimental value of 1.5 x 10-9 mmHg reported for TCDD (ATSDR, 1998; USEPA,
2019), and even lower vapor pressures predicted for the penta-, hexa-, hepta- and
octachlorinated dioxins (ATSDR, 1998). The World Health Organization (WHO) simply
considers these vapor pressures to be “negligible” from a safety perspective (WHO, 2003).
This position is consistent with the conclusion of the Canadian Council of Ministers of the
Environment (CCME), who emphasized the low volatility of all 2,3,7,8-substituted dioxins
and furans when they stated that ambient background soil concentrations of PCDD/Fs
(i.e., 4 ng/kg soil) “…cannot produce indoor air concentrations that pose a significant
health risk” (CCME, 2002).
The second reason that dioxin air exposures do not represent a significant exposure route
for the general public is that dioxins are present in the air only at extremely low levels
(WHO, 2010). This observation is consistent with the low volatility of dioxin. For example,
the USEPA’s 2013 National Dioxin Air Monitoring Network (NDAMN) report found an
overall average dioxin TEQ of approximately 11 fg/m3 across the United States, with
TCDD constituting only 5% (i.e., <1 fg/m3) of this average (USEPA, 2013). Indeed, the
lack of inhalation toxicity reference values for dioxin derived by regulatory and science
advisory agencies (e.g., no USEPA RfC or ATSDR inhalation MRL)—including Health
Canada (2010a)—is notable and reflects the irrelevance of dioxin air exposures in risk
assessment for the general public.
2. Dioxin is not soluble in water, and thus is not a health risk via the drinking-water
route of exposure.
Another well-established physicochemical characteristic of dioxin is that it is highly
lipophilic, and thus is highly soluble in oils, fats, and non-polar solvents, and not soluble
in water. This is illustrated by dioxin’s n-octanol/water partition coefficient (Kow), a
physicochemical parameter that describes the equilibrium ratio of a compound’s
concentration in n-octanol (a surrogate for biotic lipid) vs. water. The Kow for TCDD is
greater than 10,000,000 (logKow = 6.8) (ATSDR, 1998; USEPA, 2012), demonstrating the
extremely high chemical preference for lipids over water. It follows then that dioxin is also
a very hydrophobic compound, exhibiting very low solubility in water (reported solubility
values range from 0.0079 to 0.32 µg/L; ATSDR, 1998). For practical purposes, the
National Toxicology Program describes dioxin as insoluble (NTP, 2006). When dioxin is
released into water, it strongly adsorbs to suspended matter and sediments (ATSDR, 1998;
USEPA, 2003). As a result, dioxins are generally not detected at appreciable levels in
water, and thus, drinking water is not considered a significant source of dioxin exposure in
the general population (OEHHA, 2010).
3. Consumer products do not represent a significant pathway for the general public to
be exposed to dioxins.
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Dioxins are generally not found in consumer products. However, there are several products
that deserve discussion. Consumers of cigarettes and cigars are exposed to dioxins on
inhalation, with estimates indicating mainstream and side smoke generating up to 1 and
2 pg TEQ/cigarette, respectively (ATSDR, 1998). However, dioxins represent just a few
of a multitude of chemicals of concern to which consumers of tobacco products habitually
expose themselves, including potent carcinogens such as tobacco-specific N-nitrosamines
and aromatic amines (IARC, 2004; USDHHS, 2010). Importantly, smoking of cigarettes
and cigars has been on the decline across all population demographics for the past several
decades in North America (USDHHS, 2014; Kann et al., 2018; Wang et al., 2018).
Additionally, in the past, dioxins were formed during chlorinated pulp bleaching and as a
by-product of the chemical synthesis of pentachlorophenol—a preservative used in wood
and cotton treatment. As a result, dioxins were detected in consumer products such as milk
and juice cartons, tampons, diapers, and other sanitary products (ATSDR, 1998; Devito
and Schecter, 2002). Empirical studies have shown that very little of the dioxins present in
these products were those considered most toxicologically potent (e.g., TCDD) (ATSDR,
1998). Moreover, dioxin exposures from such products were considered minimal, because
dioxins demonstrated poor to negligible transfer rates from the product materials to either
the media consumed by humans (e.g., milk, juice) or to dermal-contact surfaces
(e.g., tampons, diapers). Importantly, the manufacturing approaches that generated dioxins
have been largely replaced with procedures that do not generate PCDD/Fs. Health Canada
has stated, “The amount of dioxins detected in paper-based products (disposable diapers,
tissue) is considered insignificant” (Health Canada, 1998). Thus, consumer products do not
represent a significant source of dioxin exposure.
4.

Food is the Primary Source of Human Exposure to Dioxins

There is a clear consensus in the scientific community that diet is the primary route of
exposure to dioxins among the general public (USEPA, 2003; ATSDR, 1998; WHO,
2016). This is consistent with the physicochemical characteristics of dioxin
(e.g., lipophilic, persistent) and food-chain bioaccumulation (ATSDR, 1998). Estimates
vary slightly, but most dioxin risk assessments consider food consumption to account for
90%–95% of the total background exposures to dioxin. Specifically, exposure estimates
developed by the USEPA in support of their Dioxin Reassessment (2003) indicate that
approximately 93% of adult human daily intake of dioxin-like compounds (of a total
~0.3 pg TCDD/kg bw/day) are from consumption of fats present in beef, pork, poultry,
other meats, as well as dairy, eggs, milk, and fish (USEPA, 2003; Lorber et al., 2009).
Figure 2-2 breaks down the USEPA estimates of dioxin exposure sources.
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Vegetable fat
ingestion
2.20%
Other meat
ingestion
10.09%
Poultry
ingestion
5.59%

Soil ingestion
Soil dermal contact
1.10%
0.30%

Freshwater fish and
shellfish ingestion
13.89%

Marine fish and
shellfish ingestion
5.89%
Inhalation
3.70%
Water ingestion
0.10%

Pork ingestion
10.09%

Milk ingestion
7.39%

Beef ingestion
20.98%

Dairy ingestion
15.48%

Eggs ingestion
3.20%

Figure 2-2. Estimated PCDD/PCDF mean background exposures for adults in the
United States, as reported by USEPA (2003)
Most striking is how little non-food sources contribute to overall dioxin exposures in the
general public, with inhalation, soil, and water exposures representing only about 5% of
total dioxin exposures. While these USEPA estimates represent PCDD/F concentrations,
application of 1998 WHO TCDD toxic equivalency factors (TEFs) does not affect the
relative contribution of non-dietary dioxin exposures to overall background exposure (see
Table 4-32 in USEPA, 2003). Lorber et al. (2009) estimates that application of the later
2005 WHO TEFs would have resulted in a slightly lower overall food exposure TEQ
(reduced by ~7%), which if also applied to the already minute non-food-source exposure
estimates, would not have affected the overall source attribution to human background
exposure. Notably, whereas fish, pork, and beef constituted the primary TEQ source
contributors in the USEPA (2003) dioxin exposure assessment, the updated exposure
analysis by Lorber et al. (2009) indicates that exposures due to pork ingestion were
reduced, although fish and beef continued to represent large dioxin exposure contributors.
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Overall, background dioxin exposures in the general population are clearly driven by food
consumption, particularly animal and fish products, with non-dietary sources (inhalation,
soil, water) only contributing a combined 5% to total dioxin exposure.
It is also a well-documented observation that industrial dioxin emissions have been
substantially reduced over the past 30 years, with reduction estimates as high as 90%
(NIEHS, 2017). This is attributed to regulatory controls on major industrial sources, and
the effects are apparent and consistent across several exposure parameters. In the U.S. food
dioxin exposure assessment by Lorber et al. (2009), reductions in PCDD/Fs and DL-PCBs
intake estimates were observed across all meat, fish, and dairy product consumption
metrics between the mid-1990s and early 2000s. More recently, in a survey conducted in
2013 by the USDA, decreasing trends in pg TEQ/g lipid values were reported over the
prior decade for domestic meat and poultry (USDA, 2015) (Table 2-5).
Table 2-5.

PCDD/F/PCB TEQ trends based on median pg TEQ/g Lipid %
percent change, as reported by USDA (2015)

Animal Class

2002–2003 vs.
2007–2008 surveys

Market Hogs

0%

2007–2008 vs.
2012–2013 surveys
–31 %

Steers/Heifers

–14 %

–9.5 %

Young Chickens

–25 %

–33 %

Young Turkeys

–6 %

–35 %

Similar declines in dietary dioxin intakes resulting from reductions in food dioxin
concentrations also have been reported in European dietary intake studies (OEHHA, 2010;
EFSA, 2018).
The reduction in food dioxin levels and dietary dioxin intakes has manifested itself as
reductions in human body burdens, as reported in biomonitoring studies over the past
several decades. Lorber (2002) reviewed the available dioxin body-burden data and found
that, during the 1970s, mean TEQs (PCDD/Fs) ranged from ~70 to 90 ppt lipid (with one
small sample outlier approximating 130 ppt in 1976), and fell to 30–50 ppt lipid during the
1980s, and then again to 20–30 ppt lipid during the 1990s (Figure 2-3).
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Figure 2-3. Predicted adult population body concentration of TEQs, pg/g lipid
(solid lines) compared against the measured population body
concentrations of TEQs, pg/g lipid (squares), as reported by Lorber
(2002)
In the United States, more recent assessments of the biannual National Health and Nutrition
Examination Survey (NHANES) have reported incremental reductions in serum dioxin and
TEQ levels since the late 1990s. LaKind et al. (2009) reported such a decline between the
1999/2000 and 2003/2004 NHANES cohorts. A broader analysis examining the
2001/2002–2007/2008 NHANES cohorts reported a similar trend in reduced serum dioxin
body burdens with time (Bichteler et al., 2017) (see Figure 2-4). It is notable that these
trends appear to depend on age, as Bichteler et al. (2017) reported that serum TEQ
reductions were most apparent in older versus younger population cohorts.
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Figure 2-4. Decreasing TEQ over time, as reported by Bichteler et al. (2017)
As with serum body burdens, similar trends in dioxin concentration reductions have been
observed in international studies of breast milk. LaKind (2007) compiled breast-milk
dioxin concentration data for samples evaluated between 1975 and 2005, noting an
observable decline in PCDDs/Fs levels in human milk globally (Figure 2-5). A more recent
international breast-milk dioxin analysis conducted using WHO/UNEP survey data for
2000–2010 reported an apparent decline in PCDD, PCDF, and PCB human milk levels for
several countries (van den Berg et al., 2017).

Figure 2-5. Adopted from LaKind (2007): Concentrations of PCDDs/Fs (WHOTEQs, ppt, and lipid basis) in human milk from 1975 to 2005. Data
represented by circles were compiled earlier in LaKind et al. (2001),
whereas data represented by the + are original to LaKind (2007). The
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data represent areas with both background PCDD/F levels and those
with point sources of PCDDs/Fs.
Overall, these observations demonstrate a consistent and dramatic decrease in dioxin
concentrations in U.S. and European food and human body burdens over the last several
decades. It is expected that these concentrations will continue to decrease over time, further
indicating that background dioxin exposures do not represent a public health hazard
priority for the general population.
In summary, air, water, and consumer products can be eliminated as media associated with
potential PCDD/F exposure. Food has been found to constitute 95 percent of PCDD/F
background exposure; however, there are strong and continuous trends of decreasing
exposure. It is unlikely that any of the RTDI will be needed for future exposures. Based on
these points, the SAF is assumed to be 1.
Finally, it should be noted that the SAF for other substances has not strictly followed the
formula specified for the SAF:
SAF = 100% / (number of applicable exposure media)
Aromatic C>21-C34 has an SAF of 0.6 and Aromatic C>34 has an SAF of 0.8 – both of

these values are impossible to derive using the formula above. Thus, deviation from the
formula must be possible in some instances.
2.4.13 Soil concentration (Csoil)
The PCDD/Fs TEQ concentration (Csoil) for the residential HHRA is assumed to be
2,244 pg/g (ppt). This value was obtained from soil data for an assumed future 0.5-acre
area on Parcel Y presented by Thurber (2019) and shown in Figure 2-6. Surface soil
PCDD/Fs concentrations within the top 1.5 meters (CCME, 2006) were combined. The
Csoil value of 2,244 ppt is the 95% Adjusted Gamma upper confidence limit (UCL) of the
mean, which is the value recommended by USEPA’s ProUCL. The data used and the
ProUCL output are provided in Appendix B.
The Parcel Y soil data used to calculate the representative Csoil for use in the HHRA were
selected by choosing a 0.5-acre area with elevated PCDD/F TEQ concentrations. The 0.5¬acre size was selected, because that is a higher end residential lot size for homes at the
Site, such that a resident could move randomly across the area on a regular basis. Further,
only the surface soil samples in this area (down to 1.5 m depth) (i.e., those potentially
available for residential contact), were included in the calculation.
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Figure 2-6. Soil DLC concentrations at assumed 0.5-acre residential area on Parcel
Y (source: Thurber, 2019)

2.5 HHRA Results
Using the equations and inputs presented in Section 2.3 and Section 2.4, an HQ of 2.6 was
calculated for the residential toddler scenario. The hazard calculation used a PCDD/F TEQ
concentration (Csoil) of 2,244 pg/g (ppt). Because the calculated residential toddler HQ of
2.6 exceeds the acceptable HQ of 1, it was concluded that unacceptable hazards are
potentially associated with the site; therefore, SSROs are calculated. This calculation was
performed to establish that PCDD/F concentrations in soil at some areas of the Site can
result in an HQ exceeding 1 (estimated hazard of 2.6), therefore there is a need for
determination of SSROs.
2.5.1 Sensitivity Analysis
Table 2-3 shows the relative contribution from each on-site soil pathway to the total
PCDD/F intake by the resident toddler. As indicated, site-related intake is mostly from
homegrown produce (32%) and soil ingestion (64%).
Table 2-6.

Percent contribution from on-site soil pathways to
residential toddler PCDD/F intake
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Soil Ingestion

Dust Inhalation

Dermal

Homegrown
Produce

64.4%

0.001%

3.5%

32.2%

Homegrown produce intake depends on several parameters that may vary across individual
residential receptors. These include plant consumption rates (root, leaf, and fruit produce)
and percent of produce consumed that is from a home garden. Default values for these
parameters, as recommended by Health Canada (2012) and CCME (2006), are used in the
HHRA.
Estimated HQs may be most sensitive to uncertainty about the toxicity of PCDD/Fs. This
toxicity is represented in the calculations by the TDI. Recommended TDIs are based on
toxicology studies that incorporate uncertainty factors (UFs) in developing toxicological
reference values (TRVs) for chemicals. These UFs are incorporated to account for key
uncertainties when using data from toxicity testing to develop human TRVs. The UFs are
intended to ensure that TDIs are conservatively low enough to provide a high likelihood of
no health effects at or below those levels of intake.
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3 Risk-Based SSROs
The SSROs equate to the concentration of PCDD/F TEQ in soil that will result in a total
chronic dose summed across all relevant exposure pathways that is equal to the TDI after
accounting for average Canadian EDI from background media (air, water, food, soil, and
consumer products). This derivation is performed in this report for the residential and
construction worker receptors. For residential land use, the most protective SSRO between
the adult and toddler receptors is selected.
The equations and methods used to derive SSROs are from the following guidance
documents:
1. Federal Contaminated Site Risk Assessment in Canada, Health Canada Part V:
Guidance on Human Health Detailed Quantitative Risk Assessment (DQRACHEM),
(Health Canada, 2010b).
2. A Protocol for the Derivation of Environmental and Human Health Soil Quality
Guidelines, Canadian Council of Ministers of the Environment (CCME, 2006).
SSROs are developed in this report using two methods, consistent with Health Canada
(2010b) guidance: deterministic risk assessment (DRA) and probabilistic risk assessment
(PRA). The DRA method primarily uses default assumptions from the Canadian Council
of Ministers of the Environment (CCME, 2006) and Health Canada (Health Canada, 2012)
for risk model input point-estimate values to back-calculate a point-estimate SSRO. The
PRA method quantitatively incorporates the variability and uncertainty in risk model
inputs, primarily from the Canadian Exposure Factors Handbook (Richardson and Stantec,
2013), into the development of SSROs, resulting in SSRO probability distributions.
DRA methods are relatively straightforward—basically back-calculated from the HHRA
equations—and are useful for screening purposes. But, as stated in Health Canada guidance
for DQRA (Health Canada, 2010b), DRA methods do not provide a measure of probability
that risk/hazard will exceed a regulatory level of concern or a level of confidence in the
risk estimate. The 2013 Canadian Exposure Factors Handbook (Richardson and Stantec,
2013) includes the observation that default values recommended by Canadian regulatory
guidance are a combination of average, typical, central-tendency, and upper-bound values
that result in an estimated exposure dose that “significantly exceeds a reasonable worstcase dose (such as, say, the 99th percentile dose for the hypothetical population),” especially
when combined with upper-bound soil concentrations.
To explicitly address confidence in risk-based remediation at the Site, a PRA method was
also used to derive SSROs. The PRA method for calculating SSROs quantitatively
incorporates the variability and uncertainty in risk model inputs (exposure factors and
toxicity factor) into the development of SSROs, resulting in SSRO probability
distributions. As stated in Health Canada’s DQRA guidance (Health Canada, 2010b): “The
resulting distribution provides not only a description of the variability and uncertainty in
the calculated risk, but also a basis for selecting a risk estimate for decision-making
purposes whose likelihood of exceedance can be quantified.”
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3.1 SSRO Equations
The residential land-use category includes potential chemical intake by exposure pathways
from direct contact with soil (incidental ingestion, dermal contact, and particulate
inhalation) plus potential chemical intake by eating homegrown produce containing
chemicals as a result of root uptake from soil. The SSRO to protect for these combined
exposure pathways is calculated as follows.
SSRORES = !
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Where:
SSRORES
TDI
EDI
SAF
BW
RAForal
IRing
RAFinh
IRinh
PAir
ET2
RAFderm
SR

= risk-based site-specific remedial objective for combined residential
pathways (mg/kg)
= tolerable daily intake (mg/kg bw/day)
= estimated daily intake (mg/kg bw/day) {background intake from air,
water, food, soil, consumer products}
= soil allocation factor (unitless)
= body weight (kg)
= relative absorption factor from the gastrointestinal tract (unitless)
= soil ingestion rate (kg/day)
= relative absorption factor by inhalation (unitless)
= air intake (inhalation) rate (m3/day)
= particulate concentration in air (kg/m3) {Typically specified as a
default value}
= particulate exposure rate = hours per day/24 hours
= relative dermal absorption factor (unitless)
= dermal contact rate (kg/day) =
[($%!"#$% × $'!"#$% ) + ($%&'!() × $'&'!() )] × +,*

Where:
SAhands = surface area of hands exposed for soil loading (m2)
SLhands = soil loading rate to exposed skin of hands (kg/m2/event)
SAother = surface area exposed other than hands (m2)
SLother = soil loading rate to exposed skin other than hands (kg/m2/event)
ET3
= dermal exposure frequency (events/day)
ET1
= soil exposure rate = days per week/7 × weeks per year/52
BSC
= background soil concentration (mg/kg).
RAFfood = relative absorption factor from food (unitless)
IRprod
= produce intake (kg/day) = -./)&&' + ./+(", + ./,)-.' 1 × 2+&/"+
IRroot
= root vegetable intake (kg/day) = 345)&&' × (1 − 84)&&' ) × 24)&&'
IRleaf
= leafy vegetable intake (kg/day) = 345+(", × -1 − 84+(", 1 × 24+(",
IRfruit
= fruit intake (kg/day) = 345,)-.' × -1 − 84,)-.' 1 × 24,)-.'
BCFroot = root biotransfer factor (kg soil/kg plant)
WCroot = water content of below-ground produce (fraction)
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PCroot =
BCFleaf =
WCleaf =
PCleaf =
BCFfruit =
WCfruit =
PCfruit =
Plocal =
ET4
=
BSC =

homegrown root produce consumption rate (kg/day)
leaf biotransfer factor (kg soil/kg plant)
water content of above-ground produce (fraction)
homegrown leafy produce consumption rate (kg/day)
fruit biotransfer factor (kg soil/kg plant)
water content of fruit (fraction)
homegrown fruit consumption rate (kg/day)
proportion of produce intake from local sources (unitless)
homegrown produce exposure rate = days per week/7 × weeks per year/52.
background soil concentration.

3.2 Deterministic SSRO Equation Input Values
The DRA method for calculating SSROs uses the same input value assumptions from the
HHRA (Section 2.4). The only additional parameter is background soil concentration
(BSC). According to Canadian Soil Quality Guidelines (CCME, 2002), a concentration of
4 ng TEQ/kg (using WHO toxic equivalency factors [TEFs]) is considered representative
of the mean background concentration of PCDD/Fs in Canadian soils. Nevertheless, more
recent guidance from Alberta Environment and Parks (AEP) for Tier 2 soil and
groundwater remediation (AEP, 2019) sets the BSC to zero. Therefore, a BSC of zero is
assumed.

3.3 Deterministic SSRO Results
Remedial objectives (SSROs) back-calculated by DRA for each receptor scenario to
achieve a hazard quotient less than or equal to one (HQ £1) are shown in Table 3-1. An
example calculation is presented in Appendix C. The DRA results indicate that an SSRO
of 645 ppt PCDD/F TEQ (residential toddler) is protective of residential land use.
Construction workers are protected by an SSRO of 2,693 ppt.
Table 3-1.

Summary of DRA-based SSROs
(ppt PCDD/F TEQ)

Receptor

SSRO
(HQ = 1)

Residential
Toddler
Adult

645 ppt
3,568 ppt

Construction
Construction Worker

2,693 ppt
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4 Probabilistic SSROs
The PRA method for calculating SSROs quantitatively incorporates the variability and
uncertainty in risk model inputs (exposure factors and toxicity factor) into the development
of SSROs, resulting in SSRO probability distributions. As stated in Health Canada’s
DQRA guidance (Health Canada, 2010b), “The resulting distribution provides not only a
description of the variability and uncertainty in the calculated risk, but also a basis for
selecting a risk estimate for decision-making purposes whose likelihood of exceedance can
be quantified.”
The 2013 Canadian Exposure Factors Handbook (Richardson and Stantec, 2013) includes
the observation that default values recommended by Canadian regulatory guidance are a
combination of average, typical, central-tendency, and upper-bound values that result in an
estimated exposure dose that “significantly exceeds a reasonable worst-case dose (such as,
say, the 99th percentile dose for the hypothetical population),” especially when combined
with upper-bound soil concentrations. The results of a PRA can be used to examine the
level of protectiveness (conservatism) inherent in the point-estimate SSROs developed in
Section 3. Specifically, the percentile from the PRA SSRO probability distribution
associated with the DRA-derived SSRO point estimate can be determined. This value can
be compared to an SSRO on the distribution at a selected percentile, such as the
5th percentile, that would ensure that at least 95% of the receptor population receives a total
dose less than or equal to the TDI.
The PRA in this report uses an iterative forward-calculation procedure to parameterize the
relationship between the SSRO and the total HQ for various percentiles from a stochastic
simulation. From these results, a distribution is formed of the probability of not exceeding
an HQ of 1 for different levels of SSROs. The software Crystal BallÒ was used to run the
simulation using Monte Carlo analysis.
The PRA does not include adult residential SSRO calculation, because the results from the
DRA (see Section 3.3) demonstrated that SSROs based on toddler exposures are
consistently lower and thus more protective of the general residential populations. Thus,
this PRA evaluates a toddler residential exposure scenario and a construction worker
exposure scenario. Appendix E (Supplemental Information: Key Issues on the Derivation
of a Site-Specific Soil Remediation Guideline for Dioxins and Furans) contains additional
information regarding the role of probabilistic derivation of SSROs.

4.1 Exposure Factor Variability Distributions
Variability inherent to factors affecting the predicted PCDD/F intake by the receptor
populations is characterized by the variability distributions summarized in Table 4-1
(toddler resident) and Table 4-2 (construction worker) and discussed below.
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Table 4-1.

Summary of exposure factor variability distributions — toddler resident

Parameter

Description

Unit

DRA

Distribution
Type

Distribution Parameters

BW

body weight
surface area hands

kg

16.5

Lognormal

Mean = 15.2, SD = 3.2

m2

0.043

Lognormal

Mean = 0.046, SD = 0.003

m2

0.258

Lognormal

Arms: Mean = 0.099, SD = 0.02
Legs: Mean = 0.189, SD = 0.022

SAhands
SAother

surface area other

SLhands

soil loading rate hands

kg/m2event

0.001

Lognormal

Geomean = 0.0015, GeoSD = 0.021

SLother

soil loading rate other

kg/m2event

0.0001

Lognormal

Arms: Geomean = 0.00031, GeoSD = 0.018
Legs: Geomean = 0.00023, GeoSD = 0.012

IRinh

air intake rate

m3/day

8.3

Lognormal

Mean = 8.31, SD = 2.19

IRing

soil ingestion rate

kg/day

0.00008

Lognormal

Mean = 2.00E-05, SD = 2.6E-05

ET1

soil exposure rate

unitless

0.65

Normal

Mean = 0.65, SD = 0.05; Lower Limit = 0,
Upper Limit = 1

RAForal

relative
absorption factor

unitless

0.48

Empirical

Sampling from rat, swine and rabbit oral
RAFs (n=919)

TDI

tolerable daily
intake

mg/kgbw/day

2.30E-09

Uniform

Lower bound = 2.47E-09, Upper bound =
3.43E-09
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Table 4-2.

Summary of exposure factor variability distributions — construction worker

Parameter

Description

Unit

DRA

Distribution
Type

Distribution Parameters

BW

body weight
surface area hands
surface area other
soil loading
rate - hands
soil loading
rate - other

kg

70.7

Lognormal

Mean = 76.5, SD = 15.8

m2

0.089

Lognormal

Mean = 0.0953, SD = 0.0094

m2

0.25

Lognormal

Arms: Mean = 0.2701, SD = 0.0284

0.01

Lognormal

0.001

Lognormal

Geomean = 0.0024,GeoSD = 0.015
Arms: Geomean = 0.00098,GeoSD =
0.015

IRinh

air intake rate

3

m /hr

1.4

Lognormal

Mean = 1.4, SD = 0.51

IRing

soil ingestion
rate

kg/day

0.0001

Pair

particulate
concentration
in air

kg/m3

2.50E-07

Uniform

Lower bound = 7.6E-10, Upper bound
= 2.5E-07

ET1

soil exposure
rate

unitless

0.65

Normal

Mean = 0.65, SD = 0.05; Lower Limit
= 0, Upper Limit = 1

RAForal

relative
absorption
factor

unitless

0.48

Empirical

Sampling from rat, swine and rabbit
oral RAFs (n=919)

TDI

tolerable daily
intake

mg/kgbw/day

2.30E-09

Uniform

Lower bound = 2.47E-09, Upper bound
= 3.43E-09

SAhands
SAother
SLhands
SLother

kg/m2-event
2

kg/m -event

none; used DRA value
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4.1.1 Adjustment for Frozen Ground Distribution (ET1)
As explained in Section 2.4.1, it is assumed that soil ingestion, dermal contact, and
particulate inhalation are incomplete exposure pathways when the ground is frozen.
Meteorological data from Alberta Agriculture and Forestry, Alberta Climate Information
Service (ACIS) for 2007 to 2017 at the Oliver AGDM weather station were used to develop
a distribution representing the variability in weeks of the year when the ground is not frozen
and is thus available for soil exposures. As in the DRA, this factor is used in the calculation
of ET1 and is not applied to produce consumption pathways, because home-grown produce
may be preserved for year-round consumption. The distribution used is:
Weeks of unfrozen ground:

normal distribution
mean = 33.7 weeks
standard deviation = 2.6.

It should be noted that distribution fitting could not be performed on the weeks-ofunfrozen-ground data in Crystal Ball®, because to do so requires a minimum of 15 data
points (and the number of data points in the period of record was 10, corresponding to the
years 2007 to 2017). Therefore, normality tests in Prism 7.0 were used to determine
whether the data were inconsistent with a Gaussian (normal) distribution. The D’AgostinoPearson Omnibus K2 (p-value = 0.3673) indicated that the data were not inconsistent with
sampling from a normal distribution; therefore, a normal distribution was selected to
represent this parameter in the PRA.
4.1.2 Body-Weight Distribution
Distributions to characterize variability in body weight are as presented in the Canadian
Exposure Factors Handbook (Richardson and Stantec, 2013). These are:
Toddler:

lognormal distribution
mean = 15.2 kg
standard deviation = 3.2

Adult:

lognormal distribution
mean = 76.5 kg
standard deviation = 15.8.

4.1.3 Soil Ingestion Rate Distribution
The distribution for soil ingestion rate variability used in the PRA is defined as
recommended in the Canadian Exposure Factors Handbook (Richardson and Stantec,
2013). Only a toddler soil ingestion rate distribution is needed for the residential scenario
in the PRA. The distribution used is:
Toddler:

lognormal distribution
mean = 2E-05 kg/day
standard deviation = 2.6E-05.
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The default point-value soil ingestion rate is used in the PRA for the construction worker
SSRO calculation, because no data or recommended distributions were found to serve as
a basis for a distribution.
4.1.4 Inhalation Rate Distribution
The distribution for air inhalation rate variability used in the PRA is defined as
recommended in the Canadian Exposure Factors Handbook (Richardson and Stantec,
2013). Again, based on results from the DRA, only a toddler air inhalation rate distribution
is needed for the residential scenario in the PRA. The distribution used is:
Toddler:

lognormal distribution
mean = 8.31 m3/day
standard deviation = 2.19.

The Canadian Exposure Factors Handbook (Richardson and Stantec, 2013) also
recommends a distribution for construction worker air inhalation rate. The distribution used
is:
Construction Worker:

lognormal distribution
mean = 33.6 m3/day
standard deviation = 12.24.

4.1.5 Particulate Concentration in Air Distribution (Construction Workers)
The default value used in the DRA for particulate concentration in air was used in the PRA
for residents. The default value used for construction workers in the DRA (250 µg/m3)
assumes that the worker is exposed to dust created by vehicle traffic on unpaved roads
(Health Canada, 2012). It is reasonably assumed that this is characteristic of a higher-end
level of dust within the variable levels associated with construction work. Therefore, in the
PRA, the variability of dust levels to which a worker may be exposed at the site is
represented by the following distribution:
Particulate Concentration (Construction):

uniform distribution
lower bound = 7.6E-10 kg/m3
upper bound = 2.5E-07 kg/m3.

4.1.6 Exposed Skin Surface Area Distributions
Distributions characterizing variability in exposed skin surface area are used in the PRA.
These are defined as recommended in the Canadian Exposure Factors Handbook
(Richardson and Stantec, 2013):
Toddler hands:

lognormal distribution
mean = 0.046 m2
standard deviation = 0.003
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Toddler arms:

lognormal distribution
mean = 0.099 m2
standard deviation = 0.02

Toddler legs:

lognormal distribution
mean = 0.189 m2
standard deviation = 0.022

Adult hands:

lognormal distribution
mean = 0.0953 m2
standard deviation = 0.0094

Adult arms:

lognormal distribution
mean = 0.2701 m2
standard deviation = 0.0284.

4.1.7 Soil Loading Rate Distributions
Distributions characterizing variability in soil loading onto skin were defined using postactivity dermal solids loading statistics presented in Table 7-20 of USEPA’s Exposure
Factors Handbook (USEPA, 2011b). In particular, the following activities were used:
•

Toddler (resident): Daycare Kid No. 1b

•

Construction worker: Construction worker

The distributions used are:
Toddler hands:

lognormal distribution
Geometric mean = 0.0015 kg/m2/event
Geometric standard deviation = 0.021

Toddler other is defined as the average of the following:
Toddler arms:

lognormal distribution
Geometric mean = 0.00031 kg/m2/event
Geometric standard deviation = 0.018

Toddler legs:

lognormal distribution
Geometric mean = 0.00023 kg/m2/event
Geometric standard deviation = 0.012

Construction Worker hands:

lognormal distribution
Geometric mean = 0.0024 kg/m2/event
Geometric standard deviation = 0.015
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Construction Worker arms:

lognormal distribution
Geometric mean = 0.00098 kg/m2/event
Geometric standard deviation = 0.015.

4.1.8 Relative Absorption Factor Distributions
Like the DRA, the RAFs for inhalation and food are assumed to be 1 in the PRA, and the
RAF for dermal is assumed to be 0.03. The RAF for the oral route is based on data reported
in a study prepared for USEPA (USEPA, 2010). Results from all rat, swine and rabbit
values (n=19) are used to form a custom distribution of RAForal values that are sampled in
the Monte Carlo analysis.
4.1.9 Toxicity Factor Distribution (TDI)
The WHO/JECFA-recommended PTMI (and Health Canada default value) is based on four
estimates (44, 66, 74, and 103 pg/kg) from the literature (WHO/JECFA, 2002). Two of
these estimates (44 and 66 pg/kg) are from a study that involved a TCDD dose administered
by injection (Ohsako et al., 2001), which is not relevant to environmental exposure
pathways. The remaining values represent two different dose-response models—linear and
nonlinear—for data presented in Faqi et al. (1998). The linear model results in a PTMI of
74 pg/kg, and the nonlinear model results in a PTMI of 103 pg/kg.
In the PRA, a probability distribution for TDI is used that characterizes this model
uncertainty as a uniform probability distribution, with a lower end of 74 pg/kg and an upper
end of 103 pg/kg (2.47E-09 mg/kg/day to 3.43E-09 mg/kg/day). A representative of AEP
recently testified in a hearing that they also used only Faqi et al. (1998) when developing
provisional guidance values for TCDD (i.e., did not consider Ohsako et al., 2001).
The fact that each of these estimates was derived using uncertainty factors adds additional
conservatism to this model uncertainty range. Health Canada guidance for PRAs (2010b)
states:
However, from the risk assessor’s standpoint, the probabilistic treatment of
other variables in the risk assessment model permits site conditions and
population characteristics to be represented more realistically while still
maintaining a certain ‘margin of safety’ afforded by the conservative TRV.

4.2 SSRO Probabilistic Results
4.2.1 SSRO Percentiles
Because the DRA results demonstrate that the toddler-based SSROs are needed to achieve
an HQ of one or less where land use is residential (i.e., the toddler SSRO is lower than the
adult SSRO), the PRA does not include calculations for adult residents. Table 4-3
summarizes the results of the PRA by showing the SSROs that represent 90% and 95%
probability of not exceeding an HQ of one for residential and construction worker land-use
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scenarios. The results for each land-use scenario are presented graphically and discussed
in the following sections.
Table 4-3.

Summary of PRA results—SSRO percentiles (ppt PCDD/F TEQ)

Receptor

DRA

PRA
(90th %tile)

PRA
(95th %tile)

1,040 ppt

883 ppt

Residential
Toddler
Adult

645 ppt
3,568 ppt

—

—

2,693 ppt

4,238 ppt

3,784 ppt

Construction
Construction Worker

Notes:
1. DRA results are provided for comparison purposes.
2.

90th percentile SSRO provides 90% probability of HQ £1.

3.

95th percentile SSRO provides 95% probability of HQ £1.

4.2.1.1 Residential Land Use
The residential land use SSRO is based on the toddler receptor. Figure 4-1 shows the result
of the PRA for the toddler resident. As shown, there is a 95% probability that a PCDD/F
TEQ SSRO of 883 ppt will result in an HQ of less than or equal to 1. As explained in
Section 3.3.2, this SSRO takes into account background EDI. Of note, the SSRO values of
1,040 (90th percentile) and 883 ppt (95th percentile) are similar to the residential soil
cleanup value of 1,000 ppt utilized by the State of Texas in its Texas Risk Reduction
Program (TRRP).
Another way to examine the PRA result is shown in Figure 4-2. This plot shows the
probability of being less than or equal to the HQ value on the horizontal axis, given an
SSRO of 883 ppt. As indicated, an SSRO of 883 ppt corresponds to the 95th percentile and
to a 99% probability of an HQ no greater than 1.3. This finding demonstrates the stability
of the 95th percentile SSRO in providing a high level of health protection for residential
land use at the Site.
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Figure 4-1. PRA result for residential toddler — SSRO vs. percentile

Figure 4-2. Residential toddler HQ probability distribution for SSRO = 883 ppt
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4.2.1.2 Construction Worker
The construction land use SSRO is based on an adult worker. Figure 4-3 shows the result
of the PRA for the worker. As shown, there is a 95% probability that a PCDD/F TEQ SSRO
of 3,784 ppt will result in an HQ of less than or equal to 1. As explained in Section 3.3.2,
this SSRO takes into account background EDI.
Figure 4-4 shows a plot of the probability of being less than or equal to the HQ value on
the horizontal axis, given an SSRO of 3,784 ppt. As indicated, an SSRO of 3,784 ppt
corresponds to the 95th percentile and to a 99% probability of an HQ of no greater than 1.3.
This finding demonstrates the stability of the 95th percentile SSRO in providing a high level
of health protection for construction workers at the Site.

Figure 4-3. PRA result for construction worker — SSRO vs. percentile
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Figure 4-4. Construction worker HQ probability distribution for SSRO =
3,784 ppt

4.2.2 Probability Distribution Sensitivity Analysis
Crystal BallÒ is used to perform a sensitivity analysis of the PRA simulation to examine
the relative contribution of model input variability and uncertainty distributions to the
overall probability distributions of the relationship between SSRO and HQ. This sensitivity
analysis addresses the question of which input assumption variabilities have the greatest
effect on (1) the variability of the SSRO level predicted to achieve an HQ of one, or
(2) likewise, on the variability of the HQ predicted to result from a given SSRO.
The results of the PRA sensitivity analysis are presented as two different measures. The
first is a rank correlation coefficient. If an input variable is shown to have a high correlation
coefficient, it means that the variable has a significant impact on the predicted risk through
both its uncertainty and its model sensitivity. Rank correlation coefficients can be positive
or negative values, depending on whether an increase in the input variable increases or
decreases the model output. The larger the absolute value of the correlation coefficient, the
greater the sensitivity. The second measure is percent contribution to variance. This
indicates the relative contribution of the probability distribution (variance) of an input to
the overall probability distribution of the model output.
Table 4-3 shows the sensitivity analysis results for PRA that produced the probabilistic
results for the residential toddler depicted in Figures 4-1 and 4-2. Table 4-4 indicates that
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the PRA result is most sensitive to variability in body weight and skin surface areas that
are correlated to body weight, uncertainty about Tolerable Daily Intake, and variability in
soil ingestion rate.
Table 4-4.

PRA sensitivity analysis results — Residential toddler

Variable
Body weight
TDI
Soil ingestion rate
Surface area, arms
Surface area, legs
Surface area, hands
Soil loading, hands
RAF, oral
Meteorological factor
Soil loading, arms
Soil loading, legs
Inhalation rate

Contribution to Variance Rank Correlation
22%
-0.55
18%
-0.49
18%
0.49
13%
-0.42
13%
-0.42
12%
-0.41
2%
0.18
2%
0.15
0%
0.08
0%
0.07
0%
0.02
0%
0.01

The rank correlation coefficients show a high negative sensitivity to body weight. In the
PRA, body weight and skin surface areas are correlated (r = 0.75), as is common practice.
As a result, the surface area variables also show a relatively high negative rank correlation.
This may seem counter-intuitive, because more skin surface is related to more dermal
contact. However, higher values in the skin surface area distribution ranges are correlated
with increases in body weight, and the combined influence is net negative. The results
clearly show that variability in predicted risk from exposure to PCDD/Fs in soil is most
sensitive to body-weight variability (relative total of 60%).
Table 4-5 shows the sensitivity analysis results for PRA that produced the probabilistic
results for the construction worker depicted in Figures 4-3 and 4-4. For this land-use
scenario, the table shows that the PRA result is most sensitive to uncertainty in oral relative
absorption fraction and variability in body weight, with 29% and 23% percent contributions
to the variance in predicted risk, respectively.
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Table 4-5.

PRA sensitivity analysis results — Construction worker

Variable

ContributionToVariance RankCorrelation
RAF, oral
29%
0.59
Body weight
23%
-0.52
TDI
16%
-0.43
Surface area, hands
12%
-0.38
Surface area, arms
12%
-0.38
Meteorological factor
4%
0.22
Soil loading, arms
3%
0.18
Soil loading, hands
2%
0.14
Inhalation rate
0%
0.04
Particulate concentration in air
0%
0.01
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5 Summary and Discussion
5.1 Summary
SSROs for the PCDD/Fs TEQ in soil under residential land use are derived using DRA and
PRA methods, consistent with Health Canada, CCME, and AEP guidance. The results
show that the following SSROs are protective of human health based on residential land
use and the most sensitive receptor at the Site (i.e., toddler).
•

Residential Land Use

883 ppt

•

Construction Worker

3,784 ppt.

These SSROs will provide at least 95% likelihood that the population will have intake of
PCDD/Fs from all on-site media and off-site background media that remains less than or
equal to the TDI established to prevent adverse health effects.

5.2 Comparison of DRA and PRA Results
The results of the PRA (Figures 4-1 and 4-3) can be used to examine where the DRA
SSROs fall within the PRA distributions. As shown in Table 5-1, the DRA SSROs provide
levels of protective conservatism that exceed the 95th percentile level recommended by
Health Canada when developing SSROs using PRA (Health Canada, 2010b). As stated in
the Health Canada guidance (2010b, Section 6.4.2):
However, because probabilistic exposures represent, at best, the distribution
of exposures on any given random day (see Richardson, 1997), it is believed
that day-to-day and year-to-year variations in individual exposures over a
life stage or over a lifetime will result in the vast majority of individual risks
being essentially negligible if the 95th percentile risk estimate is essentially
negligible.”
Table 5-1.

DRA SSROs vs. PRA SSRO percentiles

Land Use
Residential (Toddler)
Construction (Worker)

DRA SSRO

PRA Percentile

645 ppt

97%–98%

2,693 ppt

98%–99%
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5.3 Use of PBPK Modeling to Evaluate the Health Protectiveness of the
SSROs
For PCDD/Fs, toxicity values in the peer-reviewed literature are most often reported as
lipid-adjusted serum concentrations, not as ingested doses. Therefore, to facilitate
comparison with literature toxicity values for PCDD/Fs, a method was required to convert
the ingested dose associated with the calculated SSROs for a toddler into an equivalent
lipid-adjusted serum concentration (LASC).
To convert external dose (e.g., ingested dose) to internal dose (e.g., LASC), physiologically
based pharmacokinetic (PBPK) modeling is used. Details of this modeling are provided in
Appendix D. Appendix E (Supplemental Information: Key Issues on the Derivation of a
Site-Specific Soil Remediation Guideline for Dioxins and Furans) contains additional
information regarding the choice of PBPK model and effect of maternal soil exposure on
child breastfeeding dose. PBPK models describe the body’s absorption, distribution,
metabolism, and excretion of a substance, and can estimate the time course of a
concentration of a substance within the body (e.g., in body lipids including blood lipids)
following one or more doses of the substance.
In Figure 5-1, modeled LASC values are compared with previously published reports of
LASC values associated with adverse effects and summarized in Table 5-2. Figure 5-1
indicates that only one study identified no-observable-adverse-effect level and/or lowestobservable-adverse-effect level (NOAEL/LOAEL) LASC values within the range of
modeled LASC values: this was Minguez-Alarcon et al. (2017). All other NOAEL/LOAEL
LASC values were well above the range of modeled LASC values. This comparison
indicates that the SSROs are protective of human health.

5.4 Uncertainty and Limitations
Much of the variability and uncertainty that can affect the derivation of the SSRO are
analyzed by the PRA. Key variabilities and uncertainties not explicitly evaluated by the
PRA are discussed below, along with limitations of the derivation.
5.4.1 Child Pica Soil Ingestion Behavior
CCME Protocol (CCME, 2006) points out that direct-contact soil quality guidelines, in
some cases, may not be protective for acute exposure of children during pica events.
Because the SSROs for residential land use developed in this report are based on a toddler
scenario, the risk associated with a pica event was assessed by comparing the dose from a
pica event to previously published reports of doses associated with adverse effects in
epidemiological studies. Because the previously published reports expressed dose in terms
of lipid-adjusted serum concentration rather than ingested dose, physiologically based
pharmacokinetic (PBPK) modeling was used to convert ingested dose to estimated lipidadjusted serum concentration. As detailed in Appendix D, PBPK modeling was performed
for a 30-year time period, including intake from breast feeding and a toddler pica event,
assuming a residential (toddler) SSRO of 645 ppt. The results indicate that the pica event
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did not elicit substantial changes in blood level of PCDD/Fs over the time period, including
acutely after the pica event. Moreover, blood levels were below levels known to elicit
adverse effects in humans.

Figure 5-1. Modeled child’s lipid-adjusted serum concentration for exposure to
DRA and PRA SSROs from birth to age 30 years. Shaped points are
literature values for LASC associated with NOAELs, LOAELs, effects,
and no effects. Numbers refer to study numbers in Table 5-2.
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Table 5-2.

Published reports of TCDD/TEQ LASCs associated with adverse
effects (see Appendix D for detailed references)

Reference

Adverse Effect

Estimated
LASC at Time
of Exposure
(pg/g lipid)

1

Mocarelli
et al.,
1991

Chloracne in children

19144a

TCDD

2

LOAEL

2

Wolfe et
al., 1995

No increased risk of
spontaneous abortion

110b

TCDD

18

NOAEL

3

Calvert et
al., 1992

No increased risk of clinical
gastrointestinal disease

1900a

TCDD

Adulti

NOAEL

3

Calvert et
al., 1992

No increased risk of clinical
hepatic disease

1900a

TCDD

Adulti

NOAEL

4

Schecter
et al.,
1993

Chloracne in 5/7 subjects

5920a

TEQD/F

Adulti

LOAEL

4

Schecter
et al.,
1993

Chloracne in 5/7 subjects

1047a

TEQD/F

Adulti

LOAEL

5

Jansing
and Korff
1994

Chloracne

2935a

TCDD

17

LOAEL

6

Tonn et
al., 1996

Immunosuppression

942b

TCDD

27

LOAEL

7

Sweeney
et al.,
1993

No increased risk for
peripheral neuropathy

2240a

TCDD

Adulti

NOAEL

8

Mocarelli
et al.,
1996

Change in sex ratio of
children (mother)

540a

TCDD

10

LOAEL

8

Mocarelli
et al.,
1996

Change in sex ratio of
children (father)

791a

TCDD

10

LOAEL

9

Egeland et
al., 1994

Increased prevalence of
high luteinizing hormone
and low testosterone levels

140b

TCDD

Adulti

LOAEL

10

Fingerhut
et al.,
1991

Increased cancer mortality
rate

1408b

TCDD

Adulti

LOAEL

11

Manz et
al., 1991

Increased cancer mortality
rate

321b

TCDD

Adulti

LOAEL

12

Alaluusa
et al.,
2004

Dental enamel
defects/missing permanent
teeth

130c

TCDD

5

NOAEL

Study
Number

LASC
Metric

Estimated
Minimum Age at
Exposure

NOAEL/
LOAEL
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Study
Number

Estimated
LASC at Time
of Exposure
(pg/g lipid)

LASC
Metric

Estimated
Minimum Age at
Exposure

NOAEL/
LOAEL

Reference

Adverse Effect

12

Alaluusa
et al.,
2004

Dental enamel
defects/missing permanent
teeth

383d

TCDD

5

LOAEL

13

MinguezAlarcon et
al., 2017

Decreased sperm
concentration

7.0e

TEQD/F

9

NOAEL

13

MinguezAlarcon et
al., 2017

Decreased sperm
concentration

10.9f

TEQD/F

9

LOAEL

14

Mocarelli
et al.,
2008

Decreased motile sperm
counts and decreased sperm
conc.

68g

TCDD

1

LOAEL

15

Baccarelli
et al.,
2008

Impact on neonatal TSH
level

235h

TCDD

Adulti

LOAEL

NA = not applicable. NR = not reported.
a: Mean value
b: Minimum value (mean not available)
c: Mean value in 1st tertile of TCDD LASC
d: Mean value in 2nd tertile of TCDD LASC
e: Median value in 1st quartile of TEQ LASC
f: Median value in 2nd quartile of TEQ LASC
g: Median value in 1st quartile of TCDD LASC (lowest exposed group)
h: Regression model (adjusted for covariates) prediction of maternal TCDD LASC corresponding to
neonatal TSH level of 5 uU/mL. Maternal LASC extrapolated forward from date of measurement (close to
time of exposure) to date of delivery, using half-life 9.8 years.
i: Ages at time of exposure were not reported, but cohort is known to be adults (i.e. either an occupational
cohort, or women who gave birth). Age of 16 years assumed for comparison to modeled LASC.
j: Half-life not applicable because LASC values were measured close to the time of exposure (in the Seveso
cohort).
k: Half-life not applicable because the study cohort has ongoing environmental exposure, rather than
exposure during a defined time in the past.

5.4.2 Background Soil Concentration (BSC)
Background soil concentrations of PCDD/Fs have spatial variability and are affected by
proximity to historical or active sources of dioxins and furans. As explained in Section 3.2,
Canadian Soil Quality Guidelines (CCME, 2002) indicate that a concentration of 4 ng
TEQ/kg (using WHO TEFs) is considered representative of the mean background
concentration of PCDD/Fs in Canadian soils. Although site-specific background may be at
or above this average value, in the DRA and PRA, it is assumed that BSC is zero, consistent
with AEP (2019) guidance.
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5.4.3 Produce Intake Rates and Fraction from Home Garden
Chemical intake rates from consumption of produce are a function of soil-to-plant (dry)
biotransfer factor (BCFplant), plant water content (WCplant), and plant consumption rate
(PCplant) for each type of produce (root, leaf, and fruit). Biotransfer factors have uncertainty,
and the other parameters are variable among plants and humans. Uncertainty and variability
are addressed in the risk assessment by using default rates for these parameters
recommended by Health Canada and USEPA.
Regarding the BCF assumptions, 2011 New Zealand guidance for deriving standards for
contaminants in soil to protect human health (NZ Ministry for the Environment, 2011)
includes a comprehensive analysis of dioxin-like compound (DLC) uptake in plants.
According to this analysis, plant uptake via soil for dioxins and dioxin-like PCBs is
considered only for the cucurbits, particularly those in the genus Cucurbita (zucchini and
pumpkin), because studies show that these are the only plants for which uptake via soil has
been demonstrated conclusively. BCFs of zero are recommended for root and leaf plants.
These findings indicate that the BCF values for homegrown produce assumed in the
calculation of SSROs are likely high.
Only a portion of produce intake is from home gardens, and this also varies by household.
In the SSRO calculation, the produce intake rates are multiplied by 0.1 (Plocal) to adjust for
the proportion (10%) of this consumption that is assumed to originate from homegrown
gardens, as recommended by regulatory guidance (CCME, 2006).
5.4.4 Limitations
The SSROs developed in this report are both site-specific and PCDD/F specific, and their
applicability is limited to the Site. They are based on conditions at the Domtar site,
including:
1. Weeks of frozen ground in a year
2. Absence of exposure pathways related to surface water, such as fish ingestion
3. Absence of groundwater exposure pathways, due to low solubility of
PCDD/Fs and the use of city-supplied drinking water.
The SSROs are based on human health and not ecological risk. They are based on chronic
exposures experienced by human receptors, and therefore, are related to spatially and
temporally average soil concentrations.
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APPENDIX A

Comparison of
Exposure Inputs

Table A.1 Exposure Factors – Toddler Resident
Same Value as
Chemistry
Matters 2019?

Rationale if Different

CCME, 2006;; Health
Canada, 2012

Yes

NA

7/7 × 33.7/52
= 0.648

Site-specific

No

Chemistry Matters (2019) assumes soil exposure yearround (52 wk/year), even though ground in the area is
frozen during part of the year. Frozen ground
eliminates the soil incidental ingestion, dermal contact,
and particulate inhalation pathways during the time that
the soil is frozen. The average number of weeks per
year with soil temperature exceeding 0 deg C and
available for contact is 33.7

Particulate exposure
rate (hours per day/24
hours)

1.5/24 =
0.0625

Health Canada, 2012

Yes

NA

ET3

Dermal exposure rate
(event/day)

1/1 = 1

CCME, 2006;; Health
Canada, 2012

Yes

NA

ET4

Produce exposure rate
(days per week/7) ×
(26 weeks per year/52)

7/7 × 26/52 =
0.5

Chemistry Matters,
2019. Assumes that
garden produce is
grown and consumed
for half the year (182.5
days); roughly May to
Oct

Yes

NA

ET5

Days per week
exposed (days per
week/7)

7/7 (1)

CCME, 2006;; Health
Canada, 2012

Yes

NA

BW

Body weight (kg)

16.5

CCME, 2006;; Health
Canada, 2012

Yes

NA

IRing

Soil ingestion rate
(kg/day)

0.00008

CCME, 2006;; Health
Canada, 2012

Yes

NA

Parameter
Name

Description

Value

Reference

Age range

Age range

7 mos to 4 yrs

ET1

Direct-soil-contact
pathways exposure rate
(days per week/7) ×
(weeks per year/52)

ET2
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Table A.1 Exposure Factors – Toddler Resident

Description

Value

Reference

Same Value as
Chemistry
Matters 2019?

IRinh

Inhalation rate
(m3/day)

8.3

Health Canada, 2012

Yes

NA

PCroot

Produce consumption root vegetables
(kg/day)

0.105

Health Canada, 2012;;
CCME, 2006

PCleaf

Produce consumption other (leafy) vegetables
(kg/day)

0.067

Health Canada, 2012;;
CCME, 2006

Chemistry
Matters uses a
single vegetable
ingestion rate to
represent all
produce

The CCME (2006) approach used in the SSRO report
evaluates individual vegetable consumption, then sums
the contributions for overall produce consumption.
Note that the combined produce consumption rate used
for toddler (total = 0.211 kg/day) is higher than the
toddler produce consumption rate used in Chemistry
Matters (2019) (0.172 kg/day)

PCfruit

Produce consumption fruit (kg/day)

0.039

Health Canada. 1994;;
CCME, 2006

Plocal

Proportion of vegetable
consumption that
originates from
homegrown gardens (

0.1 (10%)

CCME, 2006

Yes

NA

SAhands

Skin surface area hands (m2)

0.043

Health Canada, 2012;;
CCME, 2006

Yes

NA

SAother

Skin surface areaother (arms and legs)
(m2)

0.258

Health Canada, 2012;;
CCME, 2006

Yes

NA

SLhands

Soil loading to exposed
skin – hands (kg/m2event)

0.001

Health Canada, 2012;;
CCME, 2006

Yes

NA

SLother

Soil Loading to
Exposed Skin – other
(arms and legs)
(kg/m2-event)
Particulate
concentration in air
(kg/m3)

0.0001

Health Canada, 2012;;
CCME, 2006

Yes

NA

7.60E-10

CCME, 2006

Yes

NA

Parameter
Name

Pair

Rationale if Different
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CCME (Canadian Council of Ministers of the Environment). 2006. A protocol for the derivation of environmental and human health
soil quality guidelines. 2006 Revision. PN 1332.
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Table A.2 Exposure Factors – Adult Resident
Same Value as
Chemistry
Matters 2019?

Rationale if Different

CCME, 2006;; Health
Canada, 2012

Yes

NA

7/7 × 33.7/52
= 0.648

Site-specific

No

Chemistry Matters (2019) assumes soil exposure yearround (52 wk/year), even though ground in the area is
frozen during part of the year. Frozen ground
eliminates the soil incidental ingestion, dermal contact,
and particulate inhalation pathways during the time that
the soil is frozen. The average number of weeks per
year with soil temperature exceeding 0 deg C and
available for contact is 33.7

Particulate exposure
rate (hours per day/24
hours)

1.5/24 =
0.0625

Health Canada, 2012

Yes

NA

ET3

Dermal exposure rate
(event/day)

1/1 = 1

CCME, 2006;; Health
Canada, 2012

Yes

NA

ET4

Produce exposure rate
(days per week/7) ×
(26 weeks per year/52)

7/7 × 26/52 =
0.5

Chemistry Matters,
2019. Assumes that
garden produce is
grown and consumed
for half the year (182.5
days); roughly May to
Oct

Yes

NA

ET5

Days per week
exposed (days per
week/7)

7/7 (1)

CCME, 2006;; Health
Canada, 2012

Yes

NA

BW

Body weight (kg)

70.7

CCME, 2006;; Health
Canada, 2012

Yes

NA

IRing

Soil ingestion rate
(kg/day)

0.00002

CCME, 2006;; Health
Canada, 2012

Yes

NA

Parameter
Name

Description

Value

Reference

Age range

Age range

≥20 yrs

ET1

Direct-soil-contact
pathways exposure rate
(days per week/7) ×
(weeks per year/52)

ET2
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Table A.2 Exposure Factors – Adult Resident

Description

Value

Reference

Same Value as
Chemistry
Matters 2019?

IRinh

Inhalation rate
(m3/day)

16.6

Health Canada, 2012

Yes

NA

PCroot

Produce consumption root vegetables
(kg/day)

0.188

Health Canada, 2012;;
CCME, 2006

PCleaf

Produce consumption other (leafy) vegetables
(kg/day)

0.137

Health Canada, 2012;;
CCME, 2006

PCfruit

Produce consumption fruit (kg/day)

0.044

Health Canada, 1994;;
CCME, 2006

Chemistry
Matters uses a
single vegetable
ingestion rate to
represent all
produce

The CCME (2006) approach used in the SSRO report
evaluates individual vegetable consumption, then sums
the contributions for overall produce consumption.
Note that the combined produce consumption rate used
for adult (total = 0.369 kg/day) is higher than the
toddler produce consumption rate used in Chemistry
Matters (2019) (0.325 kg/day)

Plocal

Proportion of vegetable
consumption that
originates from
homegrown gardens (

0.1 (10%)

CCME, 2006

Yes

NA

SAhands

Skin surface area hands (m2)

0.089

Health Canada, 2012;;
CCME, 2006

Yes

NA

SAother

Skin surface areaother (arms) (m2)

0.250

Health Canada, 2012;;
CCME, 2006

Yes

NA

SLhands

Soil loading to exposed
skin – hands (kg/m2event)

0.001

Health Canada, 2012;;
CCME, 2006

Yes

NA

SLother

Soil Loading to
Exposed Skin – other
(arms) (kg/m2-event)
Particulate
concentration in air
(kg/m3)

0.0001

Health Canada, 2012;;
CCME, 2006

Yes

NA

7.60E-10

CCME, 2006

Yes

NA

Parameter
Name

Pair

Rationale if Different
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Table A.3 Exposure Factors – Construction Worker (Adult)
Same Value as
Chemistry
Matters 2019?

Rationale if Different

CCME, 2006;; Health
Canada, 2012

Yes

NA

5/7 × 33.7/52
= 0.463

Site-specific

No

Chemistry Matters (2019) assumes soil exposure yearround (52 wk/year), even though ground in the area is
frozen during part of the year. Frozen ground
eliminates the soil incidental ingestion, dermal contact,
and particulate inhalation pathways during the time that
the soil is frozen. The average number of weeks per
year with soil temperature exceeding 0 deg C and
available for contact is 33.7. The 5 days/week
assumption is consistent with Chemistry Matters 2019

Particulate exposure
rate (hours per day/24
hours)

10/24 = 0.42

Chemistry Matters,
2019

Yes

NA

ET3

Dermal exposure rate
(event/day)

1/1 = 1

CCME, 2006;; Health
Canada, 2012

Yes

NA

ET5

Days per week
exposed (days per
week/7)

5/7 = 0.71

Health Canada, 2012

Yes

NA

BW

Body weight (kg)

70.7

CCME, 2006;; Health
Canada, 2012

Yes

NA

IRing

Soil ingestion rate
(kg/day)

0.0001

Health Canada, 2012

Yes

NA

IRinh

Inhalation rate
(m3/day)

33.6

Health Canada, 2012

Yes

NA

SAhands

Skin surface area hands (m2)

0.089

Health Canada, 2012

Yes

NA

SAother

Skin surface areaother (arms) (m2)

0.250

Health Canada, 2012

Yes

NA

Parameter
Name

Description

Value

Reference

Age range

Age range

≥20 yrs

ET1

Direct-soil-contact
pathways exposure rate
(days per week/7) ×
(weeks per year/52)

ET2
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Table A.3 Exposure Factors – Construction Worker (Adult)

Description

Value

Reference

Same Value as
Chemistry
Matters 2019?

SLhands

Soil loading to exposed
skin – hands (kg/m2event)

0.01

Health Canada, 2012

Yes

NA

SLother

Soil Loading to
Exposed Skin – other
(arms) (kg/m2-event)
Particulate
concentration in air
(kg/m3)

0.001

Health Canada, 2012

Yes

NA

2.5E-07

Professional
judgement (250
ug/m3) based on
Health Canada 2012
for unpaved roads

No

Chemistry Matters (2019) used the default Pair value
of 7.60E-10 kg/m3 for all receptors. Because
construction workers are anticipated to create more
particulate than residents, a higher particulate
concentration for construction workers was used in the
SSRO report.

Parameter
Name

Pair

Rationale if Different

References
CCME (Canadian Council of Ministers of the Environment). 2006. A protocol for the derivation of environmental and human health
soil quality guidelines. 2006 Revision. PN 1332.
Chemistry Matters. 2019. Site specific risk assessment, human health and ecological risk assessment, former Domtar Edmonton Wood
Treatment Plant. Report prepared for Cherokee Canada and 1510837 Alberta Ltd.
Health Canada. 2012. Federal contaminated site risk assessment in Canada, Part I: Guidance on human health preliminary quantitative
risk assessment (PQRA), Version 2.0. ISBN: 978-1-100-17671-0. Cat.: H128-1/11-632E-PDF
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APPENDIX B

Soil Data Used in
Residential HHRA

Soil Data Used in Residential HHRA
Raw soil sampling data were contained in a file called “Preliminary Conceptual Site Model - Dataset XLS.xlsx.” Soil PCDD/F TEQ
data were imported into ArcGIS with projected coordinate system set to NAD 1983, UTM Zone 12N. Samples were screened to identify
surface samples (i.e. “Sample Top” < = 1.5 m). For the residential risk assessment, an exposure point concentration was determined
across a one-half acre area identified as having elevated PCDD/F TEQ concentrations. Figure 2-2 shows the area as well as sample
location identifiers. This raw data was then imported into ProUCL 5.1 to calculate a representative exposure point concentration for use
in the residential HHRA: the 95% upper confidence levels (UCL) on the mean of 2244 ng/kg.
Table B.1 PCDD/F TEQ surface soil sampling data across a half-acre area in Parcel Y
Assessment

Parcel

Easting

Northing

Sample
Top

Sample
Bottom

Sample
Center

Type

SampleLoc

SampleID

Golder-2017

Parcel Y

341132

5939645

0.5

1

0.75

BH

Golder-2018

Parcel Y

341164

5939620

0

0.3

0.15

BH

Golder-2018

Parcel Y

341164

5939620

0.6

1

0.8

BH

Golder-2018

Parcel Y

341170

5939635

0

0.3

0.15

BH

Golder-2018

Parcel Y

341170

5939635

0.6

1

0.8

BH

Golder-2018

Parcel Y

341145

5939627

0

0.3

0.15

BH

Golder-2018

Parcel Y

341145

5939627

0.6

1

0.8

BH

Golder-2018

Parcel Y

341149

5939641

0

0.3

0.15

BH

Golder-2018

Parcel Y

341149

5939641

0.6

1

0.8

BH

Golder-2018

Parcel Y

341128

5939650

0

0.3

0.15

BH

Golder-2018

Parcel Y

341128

5939650

0.6

1

0.8

BH

BHY17-35
BHY18058
BHY18058
BHY18059
BHY18059
BHY18063
BHY18063
BHY18064
BHY18064
BHY18069
BHY18069

BHY 17-35-1
TW9109-BHY18058-01
TW9110-BHY18058-02
TW9103-BHY18059-01
TW9104-BHY18059-02
TW8130-BHY18063-01
TW8131-BHY18063-02
TW8140-BHY18064-01
TW8141-BHY18064-02
TX8166-BHY18069-01
TX8167-BHY18069-02

SampleDept

SampleDate

SoilType

PCDDFTEQngkg

0.5-1 mbgs

12/9/17

Surface

306.0758

0-0.3 m

7/13/18

Surface

525.1764

0.6-1 m

7/13/18

Surface

0-0.3 m

7/13/18

Surface

0.6-1 m

7/13/18

Surface

2542.126

0-0.3 m

8/22/18

Surface

258.565

0.6-1 m

8/22/18

Surface

167.966

0-0.3 m

8/22/18

Surface

212.219

0.6-1 m

8/22/18

Surface

5314.39

0-0.3 m

7/21/18

Surface

6310.773

0.6-1 m

7/21/18

Surface

0.405796
497.2633

180.18195
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Assessment

Parcel

Easting

Northing

Sample
Top

Sample
Bottom

Sample
Center

Type

Thurber2018

Parcel Y

341131

5939648

0

0.3

0.15

BH

Thurber2018

Parcel Y

341131

5939648

0.5

0.7

0.6

BH

Thurber2018

Parcel Y

341131

5939648

1.3

1.5

1.4

BH

Thurber2018

Parcel Y

341125

5939635

0

0.3

0.15

BH

Thurber2018

Parcel Y

341125

5939635

0.5

0.8

0.65

BH

Thurber2018

Parcel Y

341144

5939644

0

0.3

0.15

BH

Thurber2018

Parcel Y

341144

5939644

0.5

0.8

0.65

BH

Thurber2018

Parcel Y

341144

5939644

0.5

0.8

0.65

BH

Thurber2018

Parcel Y

341137

5939662

0

0.3

0.15

BH

Thurber2018

Parcel Y

341137

5939662

0.5

0.7

0.6

BH

Thurber2018

Parcel Y

341119

5939658

0

0.3

0.15

BH

Thurber2018

Parcel Y

341119

5939658

0.5

1

0.75

BH

SampleLoc
TBHY1801
TBHY1801
TBHY1801
TBHY1802
TBHY1802
TBHY1803
TBHY1803
TBHY1803
TBHY1804
TBHY1804
TBHY1805
TBHY1805

SampleID

SampleDept

SampleDate

SoilType

PCDDFTEQngkg

0.3

0.3

5/15/18

Surface

1577

0.5-0.7

0.5-0.7

5/17/18

Surface

3440

1.3-1.5

1.3-1.5

5/17/18

Surface

49.8

0.3

0.3

5/15/18

Surface

37.89

0.5-0.8

0.5-0.8

5/17/18

Surface

9.3

0.3

0.3

5/15/18

Surface

483.9

0.5-0.8

0.5-0.8

5/17/18

Surface

2100

BHY18-03 Dup.

0.5-0.8

5/17/18

Surface

1840

0.3

0.3

5/15/18

Surface

559.4

0.5-0.7

0.5-0.7

5/17/18

Surface

236

0.3

0.3

5/15/18

Surface

565.6

0.5-1.0

0.5-1.0

5/17/18

Surface

274
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Table B.2 ProUCL Output
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APPENDIX C

Worked Example —
Resident Toddler
Example SSRO Calculation

Appendix C: Worked Example — Resident Toddler
Equation 1
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qqrs456 = t. tttuvw

cb
(uvw xxh)
ab

Equation 2
qr = [(qy789:; z q{789:; ) + (qy<=7>? z q{<=7>? )] × |}@
qr = @t. tv~ cd z t. tt

ab
ab
O + @t. dwÄ cd z t. ttt
O z  [ÅgÇhÉeÑÑ]
cd − efegh
cd − efegh
ab (ab
qr = u. ÄÄ| − tw
)
efegh (ÖÜá)

Equation 3
àrA?<: = 4àr?<<= + àrB>8C + àrC?DE= 5 × âB<F8B
àrA?<: = (. ud| − tv ab⁄ÖÜá + v. wd| − tw ab⁄ÖÜá + v. tv| − tw ab⁄ÖÜá) × t.  [ÅgÇhÉeÑÑ]
àrA?<: = d. vã| − tw ab/ÖÜá

\Equation 4
àr?<<= = éèê?<<= z ([ − ëè?<<= ] z âè?<<= )
àr?<<= = t. tt~ ab ÑíÇÉ⁄ab xÉÜgh [Öìá] z ([ − t. Äw (ÅgÇhÉeÑÑ)] z t. tw ab⁄ÖÜá])
àr?<<= = . ud| − tv ab⁄ÖÜá
Equation 5
àrB>8C = éèêB>8C z 4[ − ëèB>8C ] z âèB>8C 5
àrB>8C = t. ttvw ab ÑíÇÉ⁄ab xÉÜgh (Öìá) z ([ − t. Äw (ÅgÇhÉeÑÑ)] z t. tuã ab⁄ÖÜá)
àrB>8C = 4.52E-05 ab⁄ÖÜá
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Equation 6
àrC?DE= = éèêC?DE= z 4[ − ëèC?DE= ] z âèC?DE= 5
àrC?DE= = 0.0045 ab ÑíÇÉ⁄ab xÉÜgh (Öìá) x ([ − t. ãã (ÅgÇhÉeÑÑ)] z t. t~ó ab⁄ÖÜá)
àrC?DE= = 4.04E-05 ab⁄ÖÜá
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APPENDIX D

PBPK Modeling of Toddler Soil
Ingestion, Including Pica Event

Appendix D: Assessment of Potential Acute Exposure Associated with Soil
Pica Behavior
Introduction
As noted by the Canadian Council of Ministers of the Environment (CCME), direct-contact soil
quality guidelines are not necessarily protective of acute exposure of children during pica events
(CCME, 2006). Here, “pica” refers to the ingestion of soil in amounts substantially larger than
incidental soil ingestion. CCME recommends, “Where adequate acute toxicity benchmarks are
available, a guideline value for the protection of pica children should be calculated using the
methods described by Calabrese et al. (1997) and presented in the supporting documents for the
soil quality guideline.” The methods described by Calabrese et al. (1997) involve computing the
acute ingested dose for a child who has a pica event, and then comparing this dose to doses reported
in the literature to be associated with adverse effects. Calabrese et al. (1997) analyze 13 chemicals,
not including polychlorinated dibenzo(p)dioxins and furans (PCDD/Fs). For PCDD/Fs, toxicity
values in the peer-reviewed literature are most often reported as lipid-adjusted serum
concentrations, not as ingested doses. Therefore, to facilitate comparison with literature toxicity
values for PCDD/Fs, a method was required to convert the ingested dose for a child who has a pica
event into an equivalent lipid-adjusted serum concentration (LASC).
To convert external dose (e.g., ingested dose) to internal dose (e.g., LASC), physiologically-based
pharmacokinetic (PBPK) modeling is often used. PBPK models describe the body’s absorption,
distribution, metabolism, and excretion of a substance, and can estimate the time course of a
concentration of a substance within the body (e.g., in body lipids including blood lipids) following
one or more doses of the substance.
Here, the goal was to estimate the time course of the LASC under the scenario of a child who has
a pica event at age 2, eating soil that contains PCDD/Fs at the risk-based site-specific remediation
objective (SSRO) as derived by a deterministic risk analysis (DRA) or probabilistic risk analysis
(PRA): PCDD/F toxicity equivalence (TEQD/F) of 645 ng/kg or parts per trillion (ppt) from the
DRA, or 883 ppt from the PRA. Accordingly, the daily ingested dose was computed for this soil
pica scenario, assuming that the soil pica event occurs in the context of both background exposure
and chronic low-level soil exposure via incidental ingestion, dermal contact, and ingestion of
homegrown produce. Then, an existing PBPK model for PCDD/Fs was used to estimate the time
course of the LASC (as TEQD/F) before the pica event, immediately after the pica event (acute
internal dose), and for years after the pica event (chronic internal dose). The estimated LASC
TEQD/F at various time points was compared with previously-published reports of TCDD/TEQ
LASCs associated with adverse effects in epidemiological studies, to determine whether the pica
event resulted in a LASC TEQD/F—either acutely, or over the long term—that approached a value
associated with adverse effects.
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Methods
Exposure Scenarios
Lipid-adjusted serum concentrations (LASC) for total toxic equivalency (TEQ; see van den Berg
et al., 2006) were modeled for three exposure scenarios for an individual from birth to age 30:
a background-only exposure (“background”); background + chronic soil exposure (“no pica”); and
background + chronic soil exposure + soil pica event on day 730 (“pica”). Chronic soil exposure
included soil ingestion and soil dermal exposure from age 1, and soil-contaminated produce intake
from age 6 months. The soil pica event was a one-time event, occurring on day 730 (i.e., at age
exactly 2 years), in which the toddler ingests 1 g soil in a single day. The ingestion amount of 1 g
was chosen according to the recommendation of the United States Environmental Protection
Agency (USEPA) Exposure Factors Handbook (USEPA, 2011). The assumption of a one-time soil
pica event, as opposed to repeated soil pica events, was made because the goal was to assess
potential acute toxicity, following the CCME guidance (CCME, 2006).
All scenarios also include exclusive breastfeeding for the first six months of life, with breastmilk
concentration assumed to be a constant 11 pg TEQ/g lipid, corresponding to the 90th percentile
background breast milk TEQ reported in Rawn et al. (2017).
Total absorbed amount (as ng TEQ/day) is given by Equation 1; amounts by each pathway are
given by Equation –8. Values of exposure factors for each scenario are defined in Table D-1.
Equation 1
Aabsorbed = Abreastmilk + Abackground + Aproduce + Asoil ingestion + Asoil dermal + Afugitive dust inhalation
+ Asoil pica
Equation 2
Equation 3

Abreastmilk = Cbreastmilk × IRbreastmilk × SF1
Abackground = D

background

× BW

Equation 4
Aproduce = BCFroot (1 − WCroot ) × Csoil × Pcr
+ BCFleafy × )1-WCleafy * × Csoil × Pco + BCFfruit × (1-WCfruit ) × Csoil × Pcf
Equation 5
Asoil ingestion = Csoil × IRsoil × D2 × D3 × RAForal × SF1
Equation 6
Asoil dermal = SAhands × SLhands + SAother × SLother × D2 × D3 × Csoil × RAFderm × SF2 × SF1
Equation 7
Afugitive dust inhalation = Csoil × Pair × IRa × RAFinh × D1 ×D2 ×+!
Equation 8
Asoil pica = Csoil × IApica × RAForal × SF1
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Table D-1. Exposure factors used in Equations 1-8
Exposure
parameter

Value for scenario
Definition

Units

Background

No pica

Pica

Source

Breastmilk pathway
Cbreastmilk

Breastmilk
concentration

pg TEQ/g lipid

IRbreastmilk

Breastmilk lipid
intake rate

g lipid /day

0-1 months: 31.1
1-2 months: 37.8
2-3 months: 37.3
3-4 months: 38.2
4-5 months: 28.5
5-6 months: 29.2
6+ months: 0 (assume weaned at 6 months)

Kerger et al., 2007,
Table A-2

pg TEQ/kg
BW/day

Age 0-6 months = 0
Age >6 months = 0.75/0.95 = 0.79
(dietary background 0.75 = 95% of total background)

FDA, 2007

11 pg TEQ/g lipid

Rawn et al., 2017

Background pathway
Dbackground

Background
exposure

Homegrown (soil-contaminated) produce pathway
BCFroot

Bioconcentration
factor for root
vegetables

kg soil/kg plant
(dry)

0.0103

HHRAP, 2005

BCFleafy

Bioconcentration
factor for leafy
vegetables

kg soil/kg plant
(dry)

0.0045

HHRAP ,2005

BCFfruit

Bioconcentration
factor for fruits

kg soil/kg plant
(dry)

0.0045

HHRAP ,2005

WCroot

Water content, root
vegetables

kg water/kg
plant (total)

0.85

Intrinsik, 2018

WCleafy

Water content,
leafy vegetables

kg water/kg
plant (total)

0.85

Intrinsik, 2018

WCfruit

Water content,
fruits

kg water/kg
plant (total)

0.77

Intrinsik, 2018
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Exposure
parameter

Value for scenario
Definition

Units

Background

No pica

Source

Pica

Pcr

Produce
consumption, root
vegetables

kg plant
(total)/day

0 (assume no soil
exposure)

0-6 months: 0
7 months -5 y: 0.0105
5-12 y: 0.0161
12-19 y: 0.0227
19+ y: 0.0188

0-6 months: 0
7 months -5 y: 0.0105
5-12 y: 0.0161
12-19 y: 0.0227
19+ y: 0.0188

Health Canada, 2012,,
Table 3; CCME
(2006) Table F-1

Pco

Produce
consumption, leafy
vegetables (other)

kg plant
(total)/day

0 (assume no soil
exposure)

0-6 months: 0
7 months -5 y: 0.0067
5-12 y: 0.0098
12-19 y: 0.0120
19+ y: 0.0137

0-6 months: 0
7 months -5 y: 0.0067
5-12 y: 0.0098
12-19 y: 0.0120
19+ y: 0.0137

Health Canada, 2012,,
Table 3; CCME
(2006) Table F-1

Pcf

Produce
consumption, fruits

kg plant
(total)/day

0 (assume no soil
exposure)

0-6 months: 0
7 months -5 y: 0.0039
5-12 y: 0.0067
12-19 y: 0.0054
19+ y: 0.0044

0-6 months: 0
7 months -5 y: 0.0039
5-12 y: 0.0067
12-19 y: 0.0054
19+ y: 0.0044

Health Canada, 1994,,
sum of apples,
applesauce, cherries,
strawberries,
blueberries, jams;
assume 10%
homegrown (CCME,
2006,, Table F-1)

D4

Fraction of days
per year exposed to
contaminated
produce

Days
exposed/365
days per year

Judgement
0 (assume no soil
exposure)

182.5/365 = 0.5

182.5/365 = 0.5

Soil ingestion pathway
IRsoil

Soil ingestion rate

mg soil/event

0 (assume no soil
exposure)

0-6 months: 20
7 months -5 y: 80
5-12 y: 20
12-19 y: 20
19+ y: 20

0-6 months: 20
7 months -5 y: 80
5-12 y: 20
12-19 y: 20
19+ y: 20

CCME, 2006,, Table
I.1

D2

Fraction of days
per week exposed
to soil

Unitless
fraction

0 (assume no soil
exposure)

7 days/7 days/week = 1

7 days/7 days/week = 1

Default
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Exposure
parameter

Value for scenario
Definition

Units

D3

Fraction of weeks
per year exposed to
soil

Unitless
fraction

RAForal

Oral bioavailability

Soil
bioavailability

Background
0 (assume no soil
exposure)

No pica
33.7 weeks exposed/52
weeks/year = 0.648

Source

Pica
33.7 weeks exposed/52
weeks/year = 0.648

Site-specific
meteorological data
Average value from
selected swine, rat and
rabbit studies

0.48

Soil dermal exposure pathway
Skin surface area
(face, forearms,
lower legs, and
feet)

cm2

SAhands

Skin surface area
(hands)

cm2

SLother

Soil loading rate to
skin of face,
forearms, lower
legs, and feet

mg soil/cm2
skin/event

0 (assume no soil
exposure)

All ages: 0.01

All ages: 0.01

CCME, 2006,, Table
I.1

SLhands

Soil loading rate to
skin of hands

mg soil/cm2
skin/event

0 (assume no soil
exposure)

All ages: 0.1

All ages: 0.1

CCME, 2006,, Table
I.1

RAFderm

Dermal absorption
efficiency

Fraction soil
TEQ absorbed
through skin

0 (assume no soil
exposure)

0.03

0.03

D2

Fraction of days
per week exposed
to soil

Unitless
fraction

0 (assume no soil
exposure)

7 days/7 days/week = 1

7 days/7 days/week = 1

Default

D3

Fraction of weeks
per year exposed to
soil

Unitless
fraction

0 (assume no soil
exposure)

33.7 weeks exposed/52
weeks/year = 0.648

33.7 weeks exposed/52
weeks/year = 0.648

Site-specific
meteorological data

SAother

EPA RAGS-D
Guidance (Exhibit C1) (USEPA, 2004)

Age-dependent
(see Supplemental Material)

EPA RAGS-D
Guidance (Exhibit C1) (USEPA, 2004)

Age-dependent
(see Supplemental Material)

EPA RAGS-D
Guidance (USEPA,
2004)
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Exposure
parameter

Value for scenario
Definition

Units

Background

No pica

Source

Pica

Fugitive dust inhalation pathway
IRa

Air inhalation rate

m3/day

0-6 months: 2.22
7 months -5 y: 8.3
5-12 y: 14.5
12-19 y: 15.66
19+ y: 16.6

0-6 months: 2.22
7 months -5 y: 8.3
5-12 y: 14.5
12-19 y: 15.66
19+ y: 16.6

0-6 months: 2.22
7 months -5 y: 8.3
5-12 y: 14.5
12-19 y: 15.66
19+ y: 16.6

Health Canada,
20122012

Pair

Particulate
concentration in air

kg soil/m3

7.6e-10

7.6e-10

7.6e-10

CCME,2006,, Table
I.1

D1

Fraction of hours
per day exposed to
soil

Unitless
fraction

0 (assume no soil
exposure)

2 hours/24 hours per
day = 0.083

2 hours/24 hours per day =
0.083

Default

0 (assume no pica
event)

On day 730: 1000
All other days: 0

USEPA, 2011,, Table
5.1

Soil pica event pathway
IApica

Soil pica amount

mg soil
ingested/pica
event

0 (assume no pica
event)

Csoil

Soil concentration

ng TEQ/kg soil
= pg TEQ/g
soil

0 (assume no soil
exposure)

SF1

Scaling factor 1

ng TEQ/pg
TEQ

0.001

SF2

Scaling factor 2

g soil/mg soil

0.001

645 (DRA) or 883
(PRA)

645 (DRA) or 883 (PRA)

Site-specific
assumption
Constant
Constant
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PBPK Model
For each exposure scenario, predictions of LASC TEQD/F were made using a PBPK model
based on previously published versions of a model developed to evaluate serum
concentrations of dioxins, the Carrier-Aylward model (Carrier et al., 1995a,b; Aylward et
al., 2005a,b). The model is predicated on the assumption that 2,3,7,8tetrachlorodibenzo(p)dioxin (TCDD) in the body is distributed between hepatic and
adipose/lipid tissue. Distribution to the liver is postulated to occur due to induction of
hepatic binding proteins (CYP1A2), which is dependent on body concentration. The PBPK
model includes both a hepatic-mediated first-order elimination pathway with elimination
rate constant ke and a passive first-order clearance mechanism related to intestinal lipid
clearance, with first-order rate constant ka (Aylward et al., 2005a,b). The hepatic
elimination rate was modeled with a strong negative relationship with age, consistent with
modeling of serial serum lipid dioxin measurements taken from subjects exposed to TCDD
in Seveso, Italy (Aylward et al., 2005a). The lipid-partitioning elimination rate reflects the
relationships among dietary intake of TCDD, existing serum lipid levels of TCDD, and
measured fecal excretion of unchanged TCDD in individuals from several studies
(Aylward et al., 2005a). The lipid-partitioning elimination rate is also modeled with a
negative relationship with age, to capture the increased apparent elimination rate observed
in infants (Leung et al., 2006) and children (Kerger et al., 2006).
Model Equations
Time is in units of days. Body burdens (amounts) are in units of ng TEQ. Concentrations
are in units of ng TEQ/kg, or equivalently, pg TEQ/g. The initial value of Abody (Equation
); i.e., the body burden at birth, was calculated to be approximately 9.2 ng TEQ, based on
average background TEQ LASC in women ages 18–35 (see Supplemental Material that
follows for details).
The model was implemented and solved using GNU MCSim (Bois, 2009). Additional
analysis and visualization of the model results was performed using R (R Core Team,
2018), in particular the package “ggplot2” (Wickham, 2016).
Equation 9

Equation 10

!"!"#$
= −&% "&'(%) − &* "*#'+",% + "*!,")!%#
!#
"&'(%) = (- "!"#$

Equation 11
"*#'+",% = (1 − (- )"!"#$
Equation 12
(- = (-,/'0 +

,(-,/*1 − (-,/'0 -.!"#$
/-*&2 +.!"#$
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Equation 13
.!"#$ =
Equation 14
.*#'+",% =
Table D-2.

"!"#$
01
"*#'+",%
01 × 3*

Variables of the Carrier-Aylward model

Variable

Description

Units

Abody

Total body burden

ng TEQ

Aliver

Amount in liver

ng TEQ

Aadipose

Amount in adipose tissue

ng TEQ

Aabsorbed

Amount absorbed from exposure
(e.g. dietary, oral, dermal)

ng TEQ

fh

Hepatic fraction of body burden

Unitless fraction

Cbody

Total body concentration

ng TEQ/kg BW

Cadipose

Concentration in adipose tissue
(equivalent to lipid-adjusted
serum concentration)

ng TEQ/kg adipose tissue = pg
TEQ/g lipids
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Table D-3.
Parameter

Parameters of the Carrier-Aylward model
Definition

Value

Units

Source

ke

First-order hepatic
elimination rate
constant (agedependent)

max(0.2, 0.85 − 0.011 ×
age)/365

day-1

Aylward et al.,
2005a

ka

First-order rate
constant describing
intestinal lipid
clearance (agedependent)

max(0.03, 0.2 − 0.0085 ×
age)/365

day-1

Aylward et al.,
2005a,b; Leung et
al., 2006; Kerger et
al., (2006

fh,min

Minimum hepatic
fraction

0.01

Unitless
fraction

Aylward et al.,
2005a

fh,max

Maximum hepatic
fraction

0.7

Unitless
fraction

Aylward et al.,
2005a

Khalf

Body concentration
for half-maximum
increase in hepatic
fraction

100

ng TEQ/kg
BW

Aylward et al.,
2005a

BW

Body weight (agedependent)

Double-logistic model
(see Supplemental
Material)

kg

CDC NHANES
(2003-2004)

wa

Adipose fraction of
body weight

0.25

Unitless
fraction

Aylward et al.,
2005a

Comparison to Literature Results
The simulated LASCs were compared to previously-published reports of TCDD/TEQ
LASCs associated with adverse effects in epidemiological studies. Studies were selected
for comparison from both the ATSDR toxicological profile for dioxins (ATSDR, 1998)
and the US EPA dioxin reassessment (USEPA, 2012), as well as one study from EFSA’s
2018 risk assessment of dioxins (EFSA, 2018).
Table D-4.

Published reports of TCDD/TEQ LASCs associated with adverse effects

Reference

Adverse Effect

Estimated
LASC at
time of
exposure
(pg/g lipid)

1

Mocarelli
et al., 1991

Chloracne in children

19144a

TCDD

2

LOAEL

NAj

ATSDR, 1998,
Table 2-1

2

Wolfe et
al., 1995

No increased risk of
spontaneous abortion

110b

TCDD

18

NOAEL

7.1

ATSDR, 1998,
Table 2-1

3

Calvert et
al., 1992

No increased risk of
clinical gastrointestinal
disease

1900a

TCDD

Adulti

NOAEL

NR

ATSDR, 1998,
Table 2-1

Study
number

LASC
metric

Estimated
minimum
age at
exposure

NOAEL/
LOAEL

Assumed
elimination
half-life
(years)

Included in
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Study
number

Reference

Adverse Effect

Estimated
LASC at
time of
exposure
(pg/g lipid)
a

LASC
metric

Estimated
minimum
age at
exposure

NOAEL/
LOAEL

Assumed
elimination
half-life
(years)

i

Included in

3

Calvert et
al., 1992

No increased risk of
clinical hepatic disease

1900

TCDD

Adult

NOAEL

NR

ATSDR, 1998,
Table 2-1

4

Schecter et
al., 1993

Chloracne in 5/7
subjects

5920a

TEQD/F

Adulti

LOAEL

5

ATSDR, 1998,
Table 2-1

4

Schecter et
al., 1993

Chloracne in 5/7
subjects

1047a

TEQD/F

Adulti

LOAEL

10

ATSDR,, 1998
Table 2-1

5

Jansing
and Korff
1994

Chloracne

2935a

TCDD

17

LOAEL

7

ATSDR, 1998,
Table 2-1

6

Tonn et al.,
1996

Immunosuppression

942b

TCDD

27

LOAEL

8.5

ATSDR, 1998,
Table 2-1

7

Sweeney et
al., 1993

No increased risk for
peripheral neuropathy

2240a

TCDD

Adulti

NOAEL

NR

ATSDR, 1998,
Table 2-1

8

Mocarelli
et al., 1996

Change in sex ratio of
children (mother)

540a

TCDD

10

LOAEL

NAj

ATSDR, 1998,
Table 2-1

8

Mocarelli
et al., 1996

Change in sex ratio of
children (father)

791a

TCDD

10

LOAEL

NAj

ATSDR, 1998,
Table 2-1

9

Egeland et
al., 1994

Increased prevalence of
high luteinizing
hormone and low
testosterone levels

140b

TCDD

Adulti

LOAEL

7.1

ATSDR, 1998,
Table 2-1

10

Fingerhut
et al., 1991

Increased cancer
mortality rate

1408b

TCDD

Adulti

LOAEL

8.5

ATSDR, 1998,
Table 2-1

11

Manz et
al., 1991

Increased cancer
mortality rate

321b

TCDD

Adulti

LOAEL

8.5

ATSDR, 1998,
Table 2-1

12

Alaluusa et
al., 2004

Dental enamel
defects/missing
permanent teeth

130c

TCDD

5

NOAEL

NAj

USEPA, 2012,
page 4-60

12

Alaluusa et
al., 2004

Dental enamel
defects/missing
permanent teeth

383d

TCDD

5

LOAEL

NAj

USEPA, 2012,
page 4-60

13

MinguezAlarcon et
al., 2017

Decreased sperm
concentration

7.0e

TEQD/F

9

NOAEL

NAk

EFSA, 2018,
pp. 7, 84

13

MinguezAlarcon et
al., 2017

Decreased sperm
concentration

10.9f

TEQD/F

9

LOAEL

NAk

EFSA, 2018,
pp. 7, 84

14

Mocarelli
et al., 2008

Decreased motile sperm
counts and decreased
sperm conc.

68g

TCDD

1

LOAEL

NAj

USEPA, 2012,
page 4-60

15

Baccarelli
et al., 2008

Impact on neonatal TSH
level

235h

TCDD

Adulti

LOAEL

9.8

USEPA, 2012,
page 4-57

NA = not applicable. NR = not reported.
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a: Mean value
b: Minimum value (mean not available)
c: Mean value in 1st tertile of TCDD LASC
d: Mean value in 2nd tertile of TCDD LASC
e: Median value in 1st quartile of TEQ LASC
f: Median value in 2nd quartile of TEQ LASC
g: Median value in 1st quartile of TCDD LASC (lowest exposed group)
h: Regression model (adjusted for covariates) prediction of maternal TCDD LASC corresponding to
neonatal TSH level of 5 uU/mL. Maternal LASC extrapolated forward from date of measurement (close to
time of exposure) to date of delivery, using half-life 9.8 years.
i: Ages at time of exposure were not reported, but cohort is known to be adults (i.e. either an occupational
cohort, or women who gave birth). Age of 16 years assumed for comparison to modeled LASC.
j: Half-life not applicable because LASC values were measured close to the time of exposure (in the Seveso
cohort).
k: Half-life not applicable because the study cohort has ongoing environmental exposure, rather than
exposure during a defined time in the past.

Results
Both pica and no-pica scenarios (which both included chronic soil exposure) resulted in
increased LASC relative to the background-only scenario (Figure D-1B, Figure D-2). The
difference between pica and non-pica scenarios (Figure D-3) was very small compared to
the difference between pica and background-only or non-pica and background only (Figure
D-2).
The difference relative to background-only reached its peak just before age 5, when soil
ingestion rates decline from 80 mg/day to the “adult” value of 20 mg/day; this is true for
both pica and non-pica scenarios (Figure D-2). This observation suggests that the
difference from background is primarily driven by the soil ingestion pathway (i.e. chronic
soil ingestion), rather than pica.
The pica event resulted in a transient increase in LASC relative to the non-pica scenario
(Figure D-3). The largest difference in serum concentration was seen immediately
following the pica event; this maximum difference was 0.097 pg TEQ/g lipid for a soil
concentration of 645 ppt, and 0.116 pg TEQ/g lipid for a soil concentration of 883 ppt.
The difference in LASC relative to the non-pica scenario declined after the pica event
(Figure D-3). By age 4, the pica-event-induced difference for soil concentrations of 645
and 883 ppt was 0.049 and 0.057 pg TEQ/g lipid, respectively; by age 6, it was
approximately 0.03 pg TEQ/g lipid for both soil concentrations.
These results suggest that a single pica event at age 2 has a very small effect on serum
dioxin levels, compared to chronic soil exposure. Thus, a soil cleanup level that is
protective of a chronic soil exposure scenario should also be protective of a pica event
scenario.
When modeled LASC values were compared with previously published reports of LASC
values associated with adverse effects (Figure D-1A and B), it was observed that only one
study identified NOAEL/LOAEL LASC values within the range of modeled LASC values:
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this was Minguez-Alarcon et al. (2017). All other NOAEL/LOAEL LASC values were
well above the range of modeled LASC values.

Figure D-1. A and B: Colored lines: Modeled child’s lipid-adjusted serum
concentration for the three exposure scenarios and two soil
concentrations, from birth to age 30 years. Points labeled with
numbers: Literature values for LASC associated with adverse effects
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(see Table D-4). Labels are study numbers in Table D-4. A: Shows
range of literature values for serum LASC up to 800 pg/g lipid. Note
that 6 studies are not shown in this panel because their reported values
were greater than 800 pg/g lipid (study numbers 1, 3, 4, 5, 7, 10 in
Table D-4). B: Shows range of modeled LASC, with the one literature
value that falls in this range (study number 13 in Table D-4). Note that
the “pica” and “no pica” scenarios overlap almost completely, such
that the “pica” scenario is not readily visible.

Figure D-2. Difference in modeled serum concentrations between “pica” and
“background” scenarios for two soil concentrations: 645 ppt (light
green lines) and 883 ppt (dark green lines), and between “no pica” and
“background” scenarios for two soil concentrations: 645 ppt (light blue
lines) and 883 ppt (dark blue lines). Note that dark blue and dark
green lines overlap almost completely, as do light blue and light green
lines.
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Figure D-3. Difference in modeled serum concentrations between “pica” and “no
pica” scenarios for two different soil concentrations.

Amortization and PBPK
Background
An additional assessment of the risk was performed, using non-amortized data assuming
less than 52 weeks per year for exposure. The original PBPK modeling discussion was
revised to separate summer and winter exposures, and therefore remove the amortization
portion of the evaluation. Therefore, in order to assess the effect of amortizing yearly
exposure equally across the year vs. explicitly considering seasonal differences in
exposure, PBPK modeling was repeated with explicit modeling of seasonal differences in
exposure.
PBPK modeling predicted the time course of lipid-adjusted serum concentration (LASC)
day by day for a resident of the site, from birth to age 30, using age-dependent daily
exposures from the following pathways: breastmilk (up to 6 months of age); background
dietary exposure (6 months and up); consumption of homegrown produce; soil ingestion;
soil dermal exposure; and fugitive dust inhalation. Additionally, a pica event at age 2 was
modeled (ingestion of 1 g soil).
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Originally, the soil ingestion and soil dermal exposure pathways included parameter D3,
representing the fraction of weeks per year that individuals were exposed to soil. D3 was
assumed to equal 0.648, representing 33.7 weeks of exposure out of 52 weeks in the year.
D3 was intended to represent the fraction of the year when the ground was not frozen.
Originally, the homegrown produce pathway included parameter D4, representing the
fraction of the year that individuals consumed homegrown produce. D4 was assumed to
equal 0.5, indicating that homegrown produce was consumed for half the year. D4 was
intended to reflect the growing season and harvest season for homegrown produce.
Under these original assumptions, for these pathways, PBPK-modeled daily exposures
were equal to the average daily exposure for the year — i.e. exposure was amortized over
the full year.
Equation 1 (Homegrown Produce pathway)
Aproduce
= 53 (BCFroot (1 − WCroot ) × Csoil × Pcr
+ BCFleafy × ,1-WCleafy - × Csoil × Pco + BCFfruit × (1-WCfruit ) × Csoil × Pcf )
Equation 2 (Soil Ingestion pathway)
Asoil ingestion = Csoil × IRsoil × D2 × D3 × RAForal × SF1
Equation 3 (Soil Dermal Exposure pathway)
Asoil dermal
= SAhands × SLhands + SAother × SLother × D2 × D3 × Csoil × RAFderm × SF2 × SF1
An additional assessment was performed to explicitly model seasonal exposures and
determine how serum concentrations be affected, and ascertain whether that would change
the comparison to literature-derived threshold serum concentrations associated with
adverse effects in human studies..
Specifically, PBPK modeling was repeated with explicit modeling of seasonal exposures.
Rather than multiplying soil ingestion and soil dermal exposures by the constant factor D3,
D3 was replaced by a “switch” variable that turned soil ingestion and soil dermal exposures
“on” for 33.7 weeks per year, and “off” for the other 18.3 weeks per year. Similarly, rather
than multiplying homegrown produce exposures by the constant factor D4, D4 was
replaced by a second “switch” variable that turned homegrown produce consumption “on”
for 183 days per year, and “off” for the remaining 182 days per year. See Figure D-4 for
illustration.
Additionally, the timing of the soil pica event was assumed to occur on the first day of both
soil and produce exposure each year, such that peak exposure on the day of the soil pica
event included all exposures.
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Figure D-4. Time course of periodic “switch” variables for D3 (soil exposures) and
D4 (homegrown produce exposures), representing whether exposure
was “on” (occurring) or “off” (not occurring) for each day in a year.
Two years are shown; the switches continue to turn on and off with the
same period for the duration of the simulation (30 simulated years).
With this explicit modeling of seasonal changes in exposure, the time course of lipidadjusted serum concentration (LASC) from birth to age 30 is illustrated in Figure D-5.
Figure D-5 can be compared to Figure D-6, the time course of LASC without explicit
modeling of seasonal changes in exposure (i.e., with amortized exposures). The time course
of LASC is very similar between the two figures, despite the “sawtooth” pattern in Figure
D-5 (reflecting seasonal patterns). Especially, for both seasonal and amortized exposures,
modeled LASC falls below even the lowest LOAEL from the literature. Furthermore, for
both seasonal and amortized exposures, the occurrence of a pica event does not affect
LASC over the long term; the “pica” and “no pica” curves for each soil concentration in
Figure D-5 and Figure D-6 coincide almost perfectly, so that only the “no pica” curve is
visible. The small difference in LASC between pica and non-pica scenarios is illustrated
in Figure D-7 (for seasonal exposures) and Figure D-8 (for amortized exposures).
These results indicate that exposure amortization has little to no effect on the risk
assessment of soils at the SSRO concentration.
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Figure D-5. Time course of lipid-adjusted serum concentration from birth to age
30 (curves), modeled with season-specific exposures, compared to
LASC values from the literature that were associated with adverse
effects in human studies (points). Panel B is the same as Panel A, but
zoomed in on the lower part of the y-axis.
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Figure D-6. Time course of lipid-adjusted serum concentration from birth to age
30 (curves), modeled without season-specific exposures (i.e., modeled
with amortized exposures), compared to LASC values from the
literature that were associated with adverse effects in human studies
(points). Panel B is the same as Panel A, but zoomed in on the lower
part of the y-axis.
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Figure D-7. LASC difference between pica and non-pica scenarios for each soil
concentration, for explicitly-modeled seasonal exposures.
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Figure D-8. LASC difference between pica and non-pica scenarios for each soil
concentration, for amortized exposures.

References
Alaluusua S, Calderara P, Gerthoux PM, Lukinmaa PL, Kovero O, needham L, Patterson
DG Jr, Tuomisto J, Mocarelli P. 2004. Developmental dental aberrations after the dioxin
accident in Seveso. Environ Health Perspect 112:1313-1318.
ATSDR (U.S. Department of Health and Human Services, Agency for Toxic Substances
and Disease Registry). 1998. Toxicological profile for chlorinated dibenzo-p-dioxins.
Aylward LL, Brunet RC, Carrier G, Hays SM, Cushing CA, Needham LL, Patterson DG
Jr, Gerthoux PM, Brambilla P, Mocarelli P. 2005a. Concentration-dependent TCDD
elimination kinetics in humans: toxicokinetic modeling for moderately to highly exposed
adults from Seveso, Italy, and Vienna, Austria, and impact on dose estimates for the
NIOSH cohort. J Expo Anal Environ Epidemiol 15(1):51-65.
Aylward LL, Brunet RC, Starr TB, Carrier G, Delzell E, Cheng H, Beall C. 2005b.
Exposure reconstruction for the TCDD-exposed NIOSH cohort using a concentrationand age-dependent model of elimination. Risk Anal 25(4):945-956.

D-109

Bacarelli A, Giacomini SM, Corbetta C, Landi MT, Bonzini M, Consonni D, Grillo P,
Patterson DG Jr, Pesatori AC, Bertazzi PA. 2008. Neonatal thyroid function in Seveso 25
years after maternal exposure to dioxin. PLoS Med 5(7):e161.
Bois F. 2009. GNU MCSim: Bayesian statistical inference for SBML-coded systems
biology models. Bioinformatics, 25:1453-1454. doi: 10.1093/bioinformatics/btp162
URL: https://www.gnu.org/software/mcsim/
Calabrese EJ, Stanek EJ, James RC, Roberts SM. 1997. Soil ingestion: a concern for
acute toxicity in children. Environ Health Perspect. 105(12):1354-8.
Calvert GM, Hornung RW, Sweeney MH, Fingerhut MA, Halperin WE. 1992. Hepatic
and gastrointestinal effects in an occupational cohort exposed to 2,3,7,8tetrachlorodibenzo-para-dioxin. JAMA 267(16):2209-2214.
Carrier G, Brunet RC, Brodeur J. 1995a. Modeling of the toxicokinetics of
polychlorinated dibenzo-p-dioxins and dibenzofurans in mammalians, including humans.
I. Nonlinear distribution of PCDD/PCDF body burden between liver and adipose tissues.
Toxicol Appl Pharmacol 131(2):253-266.
Carrier G, Brunet RC, Brodeur J. 1995b. Modeling of the toxicokinetics of
polychlorinated dibenzo-p-dioxins and dibenzofurans in mammalians, including humans.
II. Kinetics of absorption and disposition of PCDDs/PCDFs. Toxicol Appl Pharmacol
131(2):267-276.
CCME (Canadian Council of Ministers of the Environment) 2006. A protocol for the
derivation of environmental and human health soil quality guidelines. ISBN-10 1896997-45-7. PN1332.
CDC (Centers for Disease Control and Prevention). 2003-2004. National Health and
Nutrition Examination Survey Data. National Center for Health Statistics (NCHS),
Hyattsville, MD: U.S. Department of Health and Human Services, CDC:
https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx?BeginYear=2003
EFSA CONTAM Panel (EFSA Panel on Contaminants in the Food Chain), Knutsen HK,
Alexander J, Barregaard L, Bignami M, Bruschweiler B, Ceccatelli S, Cottrill B, Dinovi
M, Edler L, Grasl-Kraupp B, Hogstrand C, Nebbia CS, Oswald IP, Petersen A, Rose M,
Roudot A-C, Schwerdtle T, Vleminckx C, Vollmer G, Wallace H, Furst P, Hakansson H,
Halldorsson T, Lundebye A-K, Pohjanvirta R, Rylander L, Smith A, van Loveren H,
Waalkens-Berendsen I, Zeilmaker M, Binaglia M, Gomez Ruiz JA, Horvath Z, Christoph
E, Ciccolallo L, Ramos Bordajandi L, Steinkellner H and Hoogenboom LR. 2018.
Scientific Opinion on the risk for animal and human health related to the presence of
dioxins and dioxin-like PCBs in feed and food. EFSA Journal 16(11):5333.

D-110

Egeland GM, Sweeney MH, Fingerhut MA, Wille KK, Schnorr TM, Halperin WE. 1994.
Total serum testosterone and gonadotropins in workers exposed to dioxin. AJE
139(3):272-281.
Fingerhut MA, Halperin WE, Marlow DA, Piacitelli LA, Honchar PA, Sweeney MH,
Greife AL, Dill PA, Steenland K, Suruda AJ. 1991. Mortality among U.S. workers
employed in the production of chemicals contaminated with 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD): Final report. National Institute for Occupational Health and Safety
(NIOSH). Report number PB91-125971.
Health Canada. 1994. Canadian Environmental Protection Act: Human health risk
assessment for priority substances. Ottawa: Canada Communication Group —
Publishing. Catalogue number En40-215/41E; ISBN# 0-662-22126-5. URL
http://www.hc-sc.gc.ca/ewh-semt/alt_formats/hecssesc/pdf/pubs/contaminants/approach/approach-eng.pdf
Health Canada. 2005. It’s your health: Dioxins and furans. Catalogue number H50-3/262004E-PDF; ISBN# 0-662-35892-9.
Health Canada. 2012. Part I: Guidance on human health preliminary quantitative risk
assessment (PQRA) Version 2.0. ISBN: 978-1-100-17671-0
Intrinsik. 2018. Human health risk assessment of the greenbelt near the former Domtar
Wood Treatment facility, Edmonton, AB. Prepared for Letcher Akelaitis LLP. August 26,
2018.
Jansing PJ, Korff R. 1994. Blood levels of 2,3,7,8-tetrachlorodibenzo-p-dioxin and
gamma-globulins in a follow-up investigation of employees with chloracne. J Dermatol
Sci 8:91-95.
Kerger BD, Leung HW, Scott P, Paustenbach DJ, Needham LL, Patterson DG Jr,
Gerthoux PM, Mocarelli P. 2006. Age- and concentration-dependent elimination half life
of 2,3,7,8-tetrachlorodibenzo-p-dioxin in Seveso children. Environ Health Perspect
114(10):1596-1602. Catalogue# H50-3/26-2004E-PDF, ISBN# 0-662-35892-9.
Kerger BD, Leung HW, Scott PK, Paustenbach DJ. 2007. An adaptable internal dose
model for risk assessment of dietary and soil dioxin exposures in young children. Toxicol
Sci. 100(1):224-37.
Leung HW, Kerger BD, Paustenbach DJ. 2006. Elimination half-lives of selected
polychlorinated dibenzodioxins and dibenzofurans in breast-fed human infants. J Toxicol
Environ Health A. 69(6):437-443.
Manz A, Berger J, Bwyer JH, Flesch-Janys D, Nagel S, Waltsgott H. 1991. Cancer
mortality among workers in chemical plant contaminated with dioxin. Lancet
338(8773):959-964.

D-111

Minguez-Alarcon L, Sergeyev O, Burns JS, Williams PL, Lee MM, Korrick SA,
Smigulina L, Revich B, Hauser R. 2017. A longitudinal study of peripubertal serum
organochlorine concentrations and semen parameters in young men: the Russian
Children’s Study. Environ Health Perspect 125(3):460-466.
Mocarelli P, Needham LL, Marocchi A, Patterson DG Jr, Brambilla P, Gerthoux PM,
Meazza L, Carreri V. 1991. Serum concentrations of 2,3,7,8-tetrachlorodibenzo-p-dioxin
and test results from selected residents of Seveso, Italy. J Toxicol Env Health 32:357366.
Mocarelli P, Gerthoux PM, Patterson DG Jr, Milani S, Limonta G, Bertona M, Signorini
S, Tramacere P, Colombo L, Crespi C, Brambilla P, Sarto C, Carreri V, Sampson EJ,
Turner WE, Needham LL. 2008. Dioxin exposure, from infancy through puberty,
produces endocrine disruption and affects human semen quality. Environ Health Perspect
116:70-77.
R Core Team. 2018. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL: https://www.R-project.org/
Rawn DFK, Sadler AR, Casey VA, Breton F, Sun WF, Arbuckle TE, Fraser WD. 2017.
Dioxins/furans and PCBs in Canadian human milk: 2008-2011. Sci Total Enviro
595:269-278. http://dx.doi.org/10.1016/j.scitotenv.2017.03.157
Sweeney MH, Fingerhut MA, Arezzo JC, Hornung RW, Connally LB. 1993. Peripheral
neuropathy after occupational exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).
Am J Indust Med 23:845-858.
Tonn T, Esser C, Schneider EM, Steinmann-Steiner-Haldenstatt W, Gleichmann E. 1996.
Persistence of decreased T-helper cell function in industrial workers 20 years after
exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin. Environ Health Perspect 104(4):422426.
USEPA (Environmental Protection Agency). 2004. Risk assessment guidance for
Superfund, Volume I, Human health evaluation manual (Part E, Supplemental guidance
for dermal risk assessment). Office of Superfund Remediation and Technology
Innovation, Washington, DC; EPA/540/R/99/005. URL: https://www.epa.gov/risk/riskassessment-guidance-superfund-rags-part-e
USEPA. 2011. Exposure factors handbook: 2011 edition. National Center for
Environmental Assessment, Office of Research and Development, Washington, DC;
EPA/600/R-09/052F.
USEPA. 2012. EPA’s reanalysis of key issues related to dioxin toxicity and response to
NAS comments, volume 1. U.S. Environmental Protection Agency, Washington, DC;
EPA/600/R-10/038F.

D-112

van den Berg M, Birnbaum LS, Denison M, De Vito M, Farland W, Feeley M, Fiedler H,
Hakansson H, Hanberg A, Haws L, Rose M, Safe S, Schrenk D, Tohyama C, Tritscher A,
Tuomisto J, Tysklind M, Walker N, Peterson RE. 2006. The 2005 World Health
Organization reevaluation of human and Mammalian toxic equivalency factors for
dioxins and dioxin-like compounds. Toxicol Sci 93(2):223-241.
Wickham H. 2016. ggplot2: Elegant graphics for data analysis. Springer-Verlag, New
York. URL: http://ggplot2.org
Wolfe WH, Michalek JE, Miner JC, Rahe AJ, Moore CA, Needham LL, Patterson DG Jr.
1995. Paternal serum dioxin and reproductive outcomes among veterans of Operation
Ranch Hand. Epidemiology 6(1):17-22.

D-113

APPENDIX E

Supplemental Information:
Key Issues on the
Derivation of a
Site-Specific Soil
Remediation Guideline for
Dioxins and Furans

Supplemental Information:
Key Issues on the Derivation of a
Site-Specific Soil Remediation
Guideline for Dioxins and Furans
Former Domtar Edmonton
Wood Processing Plant
Residential Areas

NOVEMBER 1, 2019

Supplemental Information: Key
Issues on the Derivation of a
Site-Specific Soil Remediation
Guideline for Dioxins and Furans
Former Domtar Edmonton
Wood Processing Plant
Residential Areas
NOVEMBER 1, 2019
PREPARED FOR:
McLennan Ross LLP
600 McLennan Ross Building
12220 Stony Plain Road
Edmonton, AB T5N 3Y4
Canada

_____________________________
Mark Harris, Ph.D., MBA
November 1, 2019

PREPARED BY:
ToxStrategies, Inc.
23501 Cinco Ranch Blvd
Suite #B226
Katy, TX 77494

E-2

Table of Contents
Acronyms ............................................................................................................................6
Introduction ........................................................................................................................7
1

2

3

Additional Basis for Estimated Daily Intake (EDI) ...............................................7
1.1

Selection of EDI from available studies .......................................................... 7

1.2

Adjustment of background exposure from food to EDI ............................. 11

1.3

Section 1 References ....................................................................................... 12

Additional Basis for Relative Absorption Factor (RAF) .....................................14
2.1

Introduction ..................................................................................................... 14

2.2

Basis of the RAF .............................................................................................. 14

2.3

Congener analysis ........................................................................................... 15

2.4

Soil characteristics .......................................................................................... 18

2.5

Section 2 References ....................................................................................... 19

Additional Basis for Selection of Tolerable Daily Intake (TDI) .........................22
3.1

Consideration of USEPA and EFSA toxicity values .................................... 22

3.1.1

Critical uncertainties inherent to the USEPA dioxin reference dose ............ 22

3.1.2

Critical uncertainties inherent to the EFSA dioxin tolerable daily intake .... 27

3.1.3 Conclusion: JECFA TDI is the most appropriate dioxin toxicity value for
quantitative risk assessment ...................................................................................... 31
3.2
4

5

Section 3 References ....................................................................................... 31

Consideration of Developmental Toxicity in Exposure Amortization ...............34
4.1

Background ..................................................................................................... 34

4.2

Discussion ........................................................................................................ 35

4.3

Applicability to Remedial Activities at the Domtar Site ............................. 38

4.4

Section 4 References ....................................................................................... 38

Choice of PBPK Model and Effect of Maternal Soil Exposure on Child
Breastfeeding Dose ..................................................................................................40
5.1

Choice of PBPK Model ................................................................................... 40

5.2

Effects of maternal soil exposure on child’s exposure from breastfeeding 40

5.2.1
5.3

PBPK model results ...................................................................................... 41
Section 5 References ....................................................................................... 45

E-3

6

Role of Probabilistic Derivation of SSROs ...........................................................46
6.1

Discussion ........................................................................................................ 46

6.2

References for Section 6 ................................................................................. 46

List of Figures
Figure 1-1. Contribution of various media to North American population
PCDD/F background exposure (USEPA, 2003) ...........................................11
Figure 1-2. Table reproduced from USEPA (2003) showing contributions of
various media to U.S. general population 2,3,7,8-TCDD intake ..................12
Figure 3-1. Comparison of sperm quality measurements in Seveso study
(Mocarelli et al., 2008) with WHO (2010) criteria for clinical
significance ...................................................................................................24
Figure 3-2. Comparison of sperm quality measurements in Russian Children
Study (Minguez-Alarcon et al., 2017) with WHO (2010) criteria for
clinical significance ......................................................................................29
Figure 3-3. WHO (2010) illustration of the variation in sperm count and
concentration over 1.5 years for five individuals .........................................30
Figure 5-1. Stacked area plot showing the portion of the daily dose from
breastmilk (pg TEQ/kg child’s body weight/day) that comes from the
mother’s background exposure (orange), and the portion of the daily
dose from breastmilk that comes from the mother’s soil exposure
(green) ...........................................................................................................42
Figure 5-2. Stacked area plot showing the portion of the breastfeeding child’s
LASC that comes from the mother’s background exposure (orange)
vs. the mother’s soil exposure (green) ..........................................................43
Figure 5-3. LASC over 30 years for the child of the background-only mother
(orange lines) and of the soil-exposed mother (green lines), plotted
with literature-derived LASC values associated with adverse effects
at certain ages (points). Numeric labels for points refer to the study
numbers in Table 5-2 of the main report, or Table D-4 of
Appendix D. ..................................................................................................44

E-4

List of Tables
Table 1-1.

Summary of studies of background exposure by the general
population to dioxins and furans.....................................................................9

Table 2-1.

Domtar soil congener evaluation* ................................................................16

Table 2-2.

Comparisons of soil characteristics ..............................................................19

Table 3-1.

Uncertainties and shortcomings in Mocarelli et al. (2008), co-critical
study of USEPA dioxin RfD.........................................................................23

Table 3-2.

WHO (2010) lower reference limits for semen characteristics ....................24

Table 3-3.

Uncertainties and shortcomings in Baccarelli et al. (2008), co-critical
study of USEPA dioxin RfD.........................................................................26

Table 3-4.

Summary of key concerns and issues of EU member states on EFSA
dioxin risk assessment ..................................................................................31

E-5

Acronyms
AEP
BMD
BMI
CCI
CH
DLC
DLC
DRA
EDI
EFSA
GD
HC
HHRA
LASC
LOAEL
NAS
NOAEL
PBPK
PCDD/F
PND
PQRA
PRA
PTMI
RAF
RBA
RfD
SSRO
TDI
TEF
TEQ
TRV
TSH
TWI
USEPA
WHO

Alberta Environment and Parks
benchmark dose
body mass index
Cherokee Canada, Inc.
congenital hypothyroidism
dioxin-like compound
dioxin-like compound
deterministic risk assessment
estimated daily intake
European Food Safety Authority
gestational day
Health Canada
human health risk assessment
lipid-adjusted serum concentration
lowest-observed-adverse-effect level
National Academy of Sciences
no-observed-adverse-effect level
physiologically based pharmacokinetic (model)
polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans
post-natal day
preliminary quantitative risk assessment
probabilistic risk assessment
provisional tolerable monthly intake
relative absorption factors
relative bioavailability adjustment
reference dose
site-specific remedial objective
tolerable daily intake
toxic equivalency factor
toxicity equivalence
toxicological reference values
thyroid-stimulating hormone
total weekly intake
U.S. Environmental Protection Agency
World Health Organization

E-6

Introduction
On September 30, 2019, Michel Lapointe, the designated Approvals Manager for the
Ministerial Order 18/2018 issued by Alberta Environment and Parks (AEP), identified
several key issues regarding derivation of site-specific remedial objectives (SSROs) for the
residential portion of the Domtar site. These key issues were discussed at a meeting on
October 18, 2019, between AEP, Cherokee Canada, Inc. (CCI), and their respective
consultants. At the meeting, it was agreed that CCI would provide supplemental
information to address questions raised by AEP and their consultant (Golder). This report
contains that information, presented issue by issue.

1

Additional Basis for Estimated Daily Intake (EDI)

1.1

Selection of EDI from available studies

The EDI represents the average Canadian daily intake of dioxins and furans from
background (not site-related) media, including soil, air, water, food, and consumer
products. Receptors are exposed both through contaminated soil at the Site and through
background (not site-related) exposures to the contaminant in typical soil, air, water, food,
and consumer products.
Table 1-1 lists the sources of background polychlorinated dibenzo-p-dioxins and
polychlorinated dibenzofurans (PCDD/F) intake data that were considered in selecting an
appropriate EDI for the HHRA and SSROs. The studies are listed in chronological order.
The general approach used in all of the studies is to combine dioxin and furan concentration
data (air, soil, water, and diet) that were available at the time of each study with exposure
assumptions to estimate background exposure levels. Exposure levels for studies prior to
2005 were expressed as WHO1998-TEQ. In column 5 of Table 1-1, for comparison to
current science, these have been converted to WHO2005-TEQ. WHO2005 TEF values suggest
about a 7% reduction in TEQ food concentrations from WHO1998 TEF values (Lorber et
al., 2009).
Two estimates of Canadian background exposure levels were identified. Referring to Table
1-1, Gilman and Newhook (1991) used food intake data from a 1977 survey to estimate a
background exposure level for Canadian adults of 2 to 4 pg TEQ/kilogram body weight/day
(pg/kg-day). Because this estimate was made prior to 1998, it is uncertain how to compare
the TEQ dose to the current dose (i.e., WHO2005-TEQ). Also listed in Table 1, Health
Canada (2005) used dietary intake surveys done between 1998 and 1999 in two Canadian
cities to estimate the average dietary intake of “dioxins, furans and similar substances” at
0.62 pg/kg-day. While these two sources of information are Canadian, they are based on
older data (20–30 years old), and it is difficult to express the estimates in relevant units
(i.e., WHO2005-TEQ).
The U.S. Environmental Protection Agency (USEPA) published an exposure and human
health assessment of dioxin-like compounds (USEPA, 2004). As indicated in Table 1-1,
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USEPA used food concentration data from 1996–1998 and 2000 (eggs) and ambient air,
soil, and water data to estimate background exposure levels. As shown in the last column
of Table 1-1, these estimates are:
•

2.05 pg WHO2005-TEQ/kg-day for children age 1–5

•

1.21 pg WHO2005-TEQ/kg-day for children age 6–11

•

0.57 pg WHO2005-TEQ/kg-day for adults.

In 2009, the USEPA estimates were recalculated using updated data for media
concentrations and food consumption, shown in Table 1-1 as Lorber et al. (2009). The
updated estimates are:
•

1.46 pg WHO2005-TEQ/kg-day for children age 1–5

•

0.85 pg WHO2005-TEQ/kg-day for children age 6–11

•

0.406 pg WHO2005-TEQ/kg-day for adults.

The U.S. Food and Drug Administration’s Dioxin Monitoring Program (FDA, 2007)
analyzed selected total diet study (TDS) samples from regional market baskets each year
in 2000–2004 to determine levels of polychlorinated dibenzo-p-dioxin (PCDD) and
polychlorinated dibenzofuran (PCDF) congeners. For each market basket, food samples
were collected from grocery stores and fast-food restaurants in three cities within a region,
prepared table-ready, and composited for analysis. Food consumption rates used by FDA
to derive background dietary exposure estimates were from 1994–1996 and 1998 food
intake surveys. The dietary PCDD/PCDF exposure estimates developed by FDA are shown
in Table 1-1 for a 2-year-old child (1.32 pg WHO2005-TEQ/kg-day) and a 6-year-old child
(1.05 pg WHO2005-TEQ/kg-day).
The most recent source of data on dietary exposures to dioxins and furans is a 2018
publication by the European Food Safety Authority (EFSA, 2018). This study presents a
statistical analysis of chronic dietary exposure data obtained annually through the EFSA
Comprehensive European Food Consumption Database, which provides a compilation of
existing national information on food consumption of 17 PCDD/Fs at the individual level
from 35 European surveys. The human chronic dietary exposure to PCDD/Fs was
estimated using a data set from 2010 to 2016 containing over 40,000 food samples. As
summarized in Table 1-1, the EFSA data analysis estimated that a median dietary exposure
for a “toddler” (assumed to be 1–3 years old) ranges from 0.51 to 0.75 WHO2005-TEQ/kgday, where the lower value (0.51) is calculated assuming that non-detects are zero, and the
upper value (0.75) is calculated assuming that non-detects are equal to the limit of
detection. The EFSA study also estimated an upper value median dietary exposure for a
“child” (ages 3 -10 years) of 0.59 WHO2005-TEQ/kg-day.
The EFSA study employs the most recent data across the largest number of surveys. For
that reason, the background dietary exposure to PCDD/Fs developed by EFSA was selected
as the best available basis from the available estimates summarized in Table 1-1 for
deriving the EDI. While standard practice is to use one-half of the detection limit in
calculating statistics for risk assessment purposes, as an added level of conservatism, the
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upper value for the EFSA toddler category of 0.75 pg WHO2005-TEQ/kg-day is adopted for
background dietary exposure.
Table 1-1. Summary of studies of background exposure by the general population
to dioxins and furans

Study

Gilman
and
Newhook,
1991

Population

Canadian
Adults

Methods
(Concentration in air,
soil, water, and food ) x
adult exposure
assumptions

Background
Exposure
Level
(pg/kg-day)

Adjusted to
WHO2005 TEQ*

Adjusted to
account for
air, soil,
water and
food**

2 to 4

Unknown

2 to 4

2.2

2.05

2.05

1.3

1.21

1.21

0.61

0.57

0.57

Food intake from 1977
survey
I-TEQDF
(Concentration in air,
soil, water, and ten food
groups ) x age-specific
exposure assumptions
Age 1-5
years

Concentration data for
food from
1996,1997,1998, and
2000 (eggs)
TEQDF-WHO98
(Concentration in air,
soil, water, and ten food
groups ) x age-specific
exposure assumptions

USEPA,
2004

Age 6-11
years

Concentration data for
food from
1996,1997,1998, and
2000 (eggs)
TEQDF-WHO98
(Concentration in air,
soil, water, and ten food
groups ) x age-specific
exposure assumptions

Adults

Concentration data for
food from
1996,1997,1998, and
2000 (eggs)
TEQDF-WHO98
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Study

Lorber et
al., 2009
(USEPA,
2004,
update

Population

Methods

Background
Exposure
Level
(pg/kg-day)

Adjusted to
WHO2005 TEQ*

Adjusted to
account for
air, soil,
water and
food**

Age 1-5
years

Adjusted proportional to
adult update

1.19

1.19

1.19

Age 6-11
years

Adjusted proportional to
adult update

0.7

0.7

0.7

0.33

0.33

0.33

0.62

Unknown

0.65

1.32

1.32

1.39

1.05

1.05

1.11

0.75

0.75

0.79

0.59

0.59

0.62

Adults

updated food
concentrations
TEQDF-WHO2005

Health
Canada,
2005

US FDA,
2007

Average
Canadian

Age 2 years

Dietary intake surveys
(1998 - 1999)
"Dioxins, furans and
similar substances"
PCDD/PCDF
concentrations from U.S.
Food and Drug
Administration Total Diet
Study (2001, 2002, 2003,
004)
non-detects = 1/2 DL
Food Consumption based
on the USDA (2000)
1994-1996, 1998
Continuing Survey of
Food Intake by
Individuals.

Age 6 years

EFSA,
2018

Toddler (1-3
years old)

Upper value median
dietary exposure using
data for 17 PCDD/Fs
across 35 dietary surveys
(2010 - 2016)
non-detects = 1/2 DL
TEQDF-WHO2005

Children (310 years old)

* WHO-2005 TEF values suggest about a 7% reduction in TEQ food concentrations from WHO-1998 TEF
values
** Assuming food is 95% of background intake
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1.2

Adjustment of background exposure from food to EDI

As discussed in the HHRA report (Section 2.4.12), there is a clear consensus in the
scientific community that diet is the primary route of exposure to dioxins among the
general public. Estimates vary slightly, but most dioxin risk assessments consider food
consumption to account for 90%–95% of the total background exposures to dioxin.
Specifically, exposure estimates developed by the USEPA in support of their Dioxin
Reassessment (USEPA, 2003) indicate that approximately 93% of adult human daily intake
of dioxin-like compounds (see Figure 1-1). As shown in Figure 1-2, USEPA has reported
that approximately 99% of 2,3,7,8-TCDD exposure incurred by the general U.S. population
is contributed by diet.
Because dietary intake is estimated to constitute 95% of human exposure to DLCs, the
estimated dietary intake of 0.75 pg WHO2005-TEQ/kg-day is divided by 0.95 to derive an
EDI that accounts for all potential sources. This results in an EDI value of
7.9E10 mg/kg/day (0.79 pg/kg/day).

Figure 1-1. Contribution of various media to North American population PCDD/F
background exposure (USEPA, 2003)
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Figure 1-2. Table reproduced from USEPA (2003) showing contributions of various
media to U.S. general population 2,3,7,8-TCDD intake

1.3
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2

Additional Basis for Relative Absorption Factor (RAF)

2.1

Introduction

Additional information is provided herein to support the oral bioavailability sections of the
Human Health Risk Assessment and Site-Specific Remedial Objectives for PCDDs and
PCDFs, Former Domtar Edmonton Wood Processing Plant, draft residential and
recreational reports (Sections 2.4.9 and 3.2.8, respectively). For simplicity, these reports
will be referred to as risk assessments. Per discussion with Alberta Environment and Parks
(AEP) and their consultants, additional information from Health Canada’s (HC) soil
bioavailability guidance (HC, 2017) is included herein.
As discussed in the Domtar risk assessments, it is standard risk assessment practice to
adjust the concentration term in an intake equation to account for the bioavailability of a
chemical. Because the conditions in studies used to develop toxicity criteria
(e.g., administration via corn oil gavage) are often different from those being quantified in
a site-specific risk assessment (e.g., ingestion of soil), it is necessary to account for this
difference in estimating bioavailability. This is termed “relative bioavailability” and
represents the absorbed fraction of a chemical from a particular exposure medium relative
to the fraction absorbed from the dosing vehicle used in the toxicity study that serves as
the basis for the toxicity criterion being used in the risk assessment. HC refers to relative
bioavailability as the relative absorption factor (RAF).
HC acknowledges that bioavailability of substances in soil is often decreased relative to
bioavailability in typical toxicity studies. A substance’s bioavailability in soil may be
decreased due to (1) less soluble chemical forms present in soils, (2) physical and chemical
interactions with soil particles, or (3) chemical transformation in soils over time (e.g.,
weathering) (HC, 2017). HC concludes that more precise estimates of human health risks
at some sites, including evaluation of bioavailability, may be useful prior to risk
management decisions being made (HC, 2017). HC (2017) further states, “Incorporating
bioavailability adjustments in risk assessments (instead of using a default absorption value
of 1 in exposure dose equations) can allow for more realistic risk estimates. This can
provide support for site-specific remediation targets (which may be greater than screening
levels) while ensuring adequate protection of human health.”
While HC (2017) indicates that the guidance focuses on including the bioavailability of
inorganic substances in the exposure assessment step of a risk assessment, portions of the
document are also applicable to organic compounds.

2.2

Basis of the RAF

As discussed in the risk assessments, in January 2010, the U.S. Environmental Protection
Agency (USEPA) Office of Superfund Remediation and Technology Innovation (OSRTI)
released a report titled, “Bioavailability of Dioxins and Dioxin-Like Compounds in Soil”
(USEPA, 2010). This report presents a comprehensive assessment of all published
literature available at the time that provided information concerning relative bioavailability
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estimates for PCDD/Fs in soil. In this report, USEPA identified nine studies from the
published literature that were determined to be relevant for estimating the relative
bioavailability of dioxin in soil.
Ultimately, six studies were selected by USEPA for use in developing relative
bioavailability estimates based on the quality and relevance of information provided in
each study: Bonaccorsi et al., 1984; Budinsky et al., 2008; Finley et al., 2009; Lucier et al.,
1986; Shu et al., 1988; and Wittsiepe et al., 2007. These six studies were also selected for
development of the RAF in the risk assessments. These studies primarily used swine and
rats, with one rabbit study. Reference materials were administered in a corn oil or organic
solvent vehicle in all studies. The guinea pig studies were excluded, because frank toxicity
occurred at the administered doses. Please refer to the risk assessments for further
discussion regarding the studies and USEPA’s assessment.
Based on their review of the published studies that USEPA considered relevant, the
USEPA (2010) authors concluded the following: “Collectively, at this time these results
support the conclusion that the relative bioavailability adjustment (RBA) for dioxin in the
soils evaluated in these studies is less than, and likely to be substantially less than 100%,
as compared to a lipid or organic solvent vehicle as the reference material (e.g., corn oil).”
The upper-bound estimate (i.e., 90th percentile) from the distribution of oral relative
bioavailability estimates from the six studies identified as relevant is 0.48.

2.3

Congener analysis

USEPA (2010) indicates that RAF (i.e. RBA) varies with the degree of congener
chlorination. USEPA (2010) states, “Three of the six studies estimated RBA for multiple
congeners with varying chlorination in eight different test materials (Budinsky et al., 2008;
Finley et al., 2009; Wittsiepe et al., 2007). The remaining studies estimated RBA for
2,3,7,8-TCDD only.” The World Health Organization (WHO), National Academy of
Sciences (NAS), and other international organizations and committees, as well as state
agencies and USEPA, have concluded that more highly chlorinated congeners are typically
less bioavailable than less chlorinated congeners. However, data from swine studies
indicate an increase in RAF with increasing chlorination (Budinsky et al., 2008; Wittsiepe
et al., 2007), whereas data from rat studies show a decrease in RBA with increasing
chlorine content (Budinsky et al., 2008; Finley et al., 2009). These differences are likely
due to species variability; RAF relative to degree of chlorination has not been assessed in
humans (USEPA, 2010).
USEPA (2010) further states:
The dependence of RBAs on congener chlorination suggests soil RBA will depend on the
congener composition of the soil (as well as the bioassay used to estimate RBA).
Additionally, congeners with different levels of chlorination result in different composite
RBA averages for soil when calculated based on total congener mass or 2,3,7,8-TCDD
toxicity equivalents (TEQ). For example, based on the swine RBA assays, octachloro-pdibenzodioxins (OCDD; eight chlorines substituted on eight available positions on the
carbons of the benzene rings on either side of the central diheterabenzene, or “Cl8”) and
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octachlorodibenzofurans (OCDFs, Cl8) will have a higher RBA than lower chlorine
content congeners. Therefore, for soil highly enriched with OCDDs and OCDFs (i.e.,
higher RBA and lower toxic equivalence factor [TEF]), the RBA based on total congener
mass will be higher than the RBA based on total TEQ. If, on the other hand, the soil RBA
is based on rat RBA assays, high enrichment of OCDDs and OCDFs would result in higher
TEQ RBAs compared to RBAs for total congener mass.
As shown in Table 2-1 below, a congener evaluation was performed for the Domtar site
soils in Parcel Y, residential land use. Note that a TCDD TEQ concentration derived from
soil data in Parcel Y was used previously to calculate risk in the risk assessment. The dioxin
and furan soil data for Parcel Y were obtained from Chemistry Matters (2019). For the
purposes of this bioavailability discussion, percent contribution of each congener to the
total TEQ and total congener mass were determined from the Parcel Y data.
Table 2-1. Domtar soil congener evaluation*
All Samples at Parcel Y

Parcel Y Samples > 50 pg/g (ppt)
TEQ

Avg % Cont to
Total TEQ

Avg % Cont to
Total Congener
Mass

Avg % Cont to
Total TEQ

Avg % Cont to
Total Congener
Mass

1,2,3,4,6,7,8Heptachlorodibenzo-p-dioxin

26%

10%

43%

10%

1,2,3,4,7,8-Hexachlorodibenzop-dioxin

2%

0%

2%

0%

1,2,3,6,7,8-Hexachlorodibenzop-dioxin

10%

1%

15%

0%

1,2,3,7,8,9-Hexachlorodibenzop-dioxin

5%

0%

5%

0%

1,2,3,7,8-Pentachlorodibenzo-p
dioxin

17%

0%

6%

0%

2,3,7,8-Tetrachlorodibenzo-pdioxin

13%

0%

1%

0%

Octachlorodibenzo-p-dioxin

7%

75%

10%

75%

1,2,3,4,6,7,8Heptachlorodibenzofuran

6%

2%

10%

2%

1,2,3,4,7,8,9Heptachlorodibenzofuran

1%

1%

1%

0%

1,2,3,4,7,8Hexachlorodibenzofuran

2%

0%

2%

0%

1,2,3,6,7,8Hexachlorodibenzofuran

2%

0%

1%

0%

2,3,4,6,7,8Hexachlorodibenzofuran

2%

0%

1%

0%

PCDD/F Congener
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All Samples at Parcel Y

Parcel Y Samples > 50 pg/g (ppt)
TEQ

Avg % Cont to
Total TEQ

Avg % Cont to
Total Congener
Mass

Avg % Cont to
Total TEQ

Avg % Cont to
Total Congener
Mass

1,2,3,7,8,9Hexachlorodibenzofuran

1%

0%

0%

0%

1,2,3,7,8Pentachlorodibenzofuran

0%

0%

0%

0%

2,3,4,7,8Pentachlorodibenzofuran

4%

0%

0%

0%

2,3,7,8Tetrachlorodibenzofuran

2%

0%

0%

0%

Octachlorodibenzofuran

1%

9%

1%

11%

PCDD/F Congener

Note
*Nondetected concentrations assumed to be present at the detection limit.

As shown in Table 2-1, the primary contributors to the total TEQ in Parcel Y are
1,2,3,4,6,7,8-heptachlorodibenzo-p-dioxin (26%), 1,2,3,7,8-pentachlorodibenzo-p dioxin
(17%), and 2,3,7,8-tetrachlorodibenzo-p- dioxin (13%). However, in Parcel Y soil samples
exceeding a TEQ of 50 ppt (concentration above which site soils exceed Canadian
screening levels), the primary contributors to the total TEQ are 1,2,3,4,6,7,8heptachlorodibenzo-p-dioxin (43%), 1,2,3,6,7,8-hexachlorodibenzo- p-dioxin (15%),
octachlorodibenzo-p-dioxin (10%), and 1,2,3,4,6,7,8-heptachlorodibenzofuran (10%).
Therefore, while across all Parcel Y samples, some of the more toxic and less chlorinated
(more bioavailable) congeners are contributors (e.g., 2,3,7,8-tetrachlorodibenzo-p- dioxin)
in the soil samples with TEQ concentrations above screening levels, higher chlorinated,
less toxic and less bioavailable congeners dominate. The soils that are considered to be of
concern are expected to have lower bioavailability overall. Moreover, on a concentration
basis
(see
Table
2-1),
octachlorodibenzo-p-dioxin
(75%),
1,2,3,4,6,7,8heptachlorodibenzo-p-dioxin (10%), and octachlorodibenzofuran (9%), which are the least
toxic PCDD/F congeners comprise 94% of the PCDD/Fs present at the site. Again, these
congeners would be expected to have a lower bioavailability.
In both cases above, the highly chlorinated congeners dominate the congener mass (e.g.,
octas- and heptas-). Therefore, based on conclusions drawn by WHO, NAS, USEPA, and
other agencies, as well as the rat studies evaluated by USEPA (2010), greater chlorinated
congeners are typically less bioavailable than less chlorinated congeners, which would
indicate that the RAF based on 90th percentile values (0.48) may be high and overly
conservative. Interestingly, the Agency for Toxic Substances and Disease Registry
(ATSDR, 1998) indicates that the more highly chlorinated congeners (e.g., OCDD) seem
to have the lowest potential to bioconcentrate—either because their large molecular size
may hinder transport across biological membranes, or because their bioavailability is
decreased due to their rapid adsorption to sediment particles. On the other hand, based on
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the swine studies evaluated by USEPA (2010), increasing chlorination generally
demonstrated a higher RAF; therefore, the 90th percentile RAF is helpful in this context for
ensuring a sufficient margin of safety.

2.4

Soil characteristics

Thurber (2019) provides a discussion of soils present at the Domtar site:
Based on the available assessment data, the surficial geology at the Site consists of
glaciolacustrine sediments comprised mainly of clay and silt extending to depths of up to
approximately 4 m below ground surface (bgs), underlain by glacial deposits of finetextured till. The glacial till generally consists of sandy silty clay, with lenses of stratified
sediments (sand, silt or clay) encountered within the till strata at various depth intervals.
As discussed in Thurber (2019), soils at the site contain a significant amount of clay,
especially in the top few meters where residents or recreators may be exposed. PCDD/Fs
bind tightly to soil, particularly to clay soils and soils with high organic content (ATSDR,
1998; USEPA, no date). Bioavailability in soils at the Domtar site could be lower than the
estimated value of 0.48, because PCDD/Fs tend to bind more tightly to clay soils than to
other types of soil. Chemistry Matters (2019) used a soil organic carbon fraction of 0.005,
which is a relatively high value (USEPA’s default is 0.002 [USEPA, 2002]). Chemistry
Matters (2019) notes that this value is based on AEP’s value for fine-grained soil. If
Domtar’s soils contain a relatively high organic content, PCDD/Fs would be expected to
bind more tightly to soils and be less bioavailable relative to soils with lower organic
content.
Soil characterization information provided in the six studies used to derive the RAF is
presented in Table 2-2 below, along with a soil description for the Domtar site:
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Table 2-2. Comparisons of soil characteristics
Source/ Bioavailability
Study

Soil Characteristics

Domtar site

Mainly clay and silt to approx. 4 m bgs
foc of 0.005 (used in Chemistry Matters, 2019

Bonaccorsi et al., 1984

TCDD-contaminated and non-contaminated areas of Seveso, Italy;
sieved to obtain a powder (200-400 mesh)

Budinsky et al., 2008

Michigan, USA urban soil -0.031 foc, pH 5.77, grain size primarily 106–
250 um; sieved to 250 um
Michigan, USA floodplain soil – 0.027 foc, pH 7.69, grain size primarily
250 um – 2 mm; sieved to 250 um

Finley et al., 2009

Industrial site in USA; foc <0.01; sieved to <250 μm

Lucier et al., 1986

Contaminated soil from Minker site in Missouri, USA; uncontaminated
soil from Times Beach, Missouri; 60 gauge sieve

Shu et al., 1988

Times Beach, Missouri, USA; sieved through a 40-mesh screen

Wittsiepe et al., 2007

Northern Germany; 30.6% sand, 36.5% silt, 32.9% clay, 0.068 foc; 1
mm sieve

Notes:
bgs – below ground surface, foc – fraction organic carbon

As can be seen in Table 2-2, several of the citations did not provide much soil
characterization information. All soil samples were sieved or screened for analysis, but
descriptions of particle sizes were not generally provided. Particle sizes in soils used by
Budinsky et al. (2008) correspond to fine sand (106–250 um) and medium-to-coarse sand
(250 um – 2 mm) (https://www.horiba.com/?id=2780). The only study to provide a
description of soil makeup (Wittsiepe et al. 2007) indicated soils with approximately a third
silt, clay and sand. This soil type is similar to Domtar (clay and silt) and had a
corresponding RAF of 0.24.
Therefore, with the small amount of soil characterization information provided in the
majority of these studies, it is difficult to say how similar or different these soils are relative
to those at the Domtar site. This is part of the reason an upper bound (90th percentile) value
was chosen in calculating the RAF of 0.48, to err on the side of conservatism and account
for any potential differences in areas such as soil characterization.

2.5
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3

Additional Basis for Selection of Tolerable Daily Intake
(TDI)

In the HHRA and development of SSROs, the TDIs used are based on the WHO/JECFArecommended provisional tolerable monthly intake (PTMI) for 2,3,7,8-TCDD, which is
70 pg/kg-month (WHO/JECFA 2002). Consistent with Alberta guidance on primary
sources for selecting toxicity reference values (AEP, 2017), Health Canada (2010a) also
recommend the same value as the TDI for PCDD/Fs. Accordingly, a TDI of
2.3E¬09 mg/kg-day is used.
Several alternative toxicity values are available and were considered in selecting the WHO
value. These considerations, and the reasons for not selecting alternative values, are
discussed below.

3.1

Consideration of USEPA and EFSA toxicity values

Both the U.S. Environmental Protection Agency (USEPA) and the European Food Safety
Authority (EFSA) have derived non-cancer toxicity values for dioxins, each based on
developmental endpoints reported in epidemiology studies (USEPA, 2012; EFSA, 2018).
In both cases, there are considerable uncertainties and elements of bias inherent to these
studies that compromise the confidence in linking population exposure and outcome,
ultimately making them inappropriate for use in human health risk assessment.
In general, the critical studies are limited by uncertainties associated with population
generalizability and exposures, confounding factors, inadequate outcome measuring
methods, and reported outcomes that are not statistically significant or that do not meet
international standards defining adversity. The details of each critical study that serves as
the basis of these two dioxin toxicity values (i.e., USEPA reference dose [RfD] and EFSA
tolerable weekly intake [TWI], respectively) are presented below.
3.1.1

Critical uncertainties inherent to the USEPA dioxin reference dose

The USEPA’s reference dose (RfD) for dioxin and dioxin-like compounds is based on two
studies from the 1976 Seveso accident (Mocarelli et al., 2008; Baccarelli et al., 2008), in
which residents of this Italian town were exposed to very high dioxin levels after an
industrial release. Both studies evaluated associations of dioxin exposures with
developmental endpoints (newborn thyroid function and sperm quality in young men who
had been exposed as boys). There are several limitations and uncertainties to both studies,
which the USEPA’s analysis does not adequately address and that ultimately led the
USEPA to derive an overly conservative RfD in humans. The issues inherent to each of
these two studies are summarized below. (A detailed uncertainty analysis has been
published by Wikoff et al. [2019] and is attached to this response document.)
3.1.1.1 Mocarelli et al. (2008)
Mocarelli et al. (2008) considered the association of serum TCDD levels and semen quality
parameters (sperm concentration, motility) in adult males several decades after their
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exposure to TCDD as children during the Seveso accident. The authors reported significant
reductions in sperm concentration, percentage progressive motility, and total motile sperm
count in men who had been exposed as children (aged 1–9 years at the time of exposure),
concluding that the reductions in sperm count and motility in these males were permanent
and occurred in all TCDD exposure groups. However, USEPA did not appropriately
consider the several methodological, reporting, and practical shortcomings of the study.
These are listed in Table 3-1 below.
Table 3-1. Uncertainties and shortcomings in Mocarelli et al. (2008), co-critical
study of USEPA dioxin RfD
Type of uncertainty

How it pertains to Mocarelli et al. (2008) study analysis

Inclusion/exclusion
(Exclusion bias)

•
•

Small population studied (70 individuals); approximately 50%
attrition among exposed cohort.
Men with highest TCDD serum concentrations (>2000 ppt; median
concentration of 6350 ppt) were excluded from the analyses, without
explanation of potential impact.

Appropriate comparison
group (Selection bias)

•

Control group unknowns: no information provided on geographic
origins or ethnicity (unclear whether recruited from same eligible
population)

Exposure characterization
(Detection bias)

•

TCDD used as dose metric, but exposures to other dioxin-like
compounds (DLCs) were significant and not considered: ~52% of
the total TEQs were DLCs other than TCDD.
Exposure to TCDD was not measured in control group
(concentrations were assumed <15 ppt in 1976).

•
Outcome/effect
measurement (Detection
bias)

•

Adversity of effect

•

Lack of clinical significance (i.e., lack of adversity) of the sperm
deficits.

Representativeness/
generalizability

•

Exposure to TCDD based on accidental explosion, which involved a
bolus inhalation exposure in addition to very high oral and dermal
exposure.
Not representative of typical human dioxin exposures (via diet).

•

•
Statistical significance/
dose response

•
•

Single sperm sample per individual collected by investigators is
clinically insufficient to characterize sperm quality.
Unclear whether all endpoints assessed via blinded procedures.

No statistical tests were conducted by the authors for the doseresponse data used to develop the candidate RfD (quartile analyses).
Independent analysis of the sample size and sampling design
demonstrates insufficient statistical power to support conclusions.

Several of these uncertainties indicate that the study has an inherently high risk of bias (or
poor internal validity), whereby uncertainties and/or deficiencies in study design, conduct,
or reporting compromise the credibility of the link between exposure and outcome. This
alone should disqualify a study from serving as the basis for quantitative risk assessment.
The other uncertainties listed above further highlight the insufficiency of the study for
informing human health risk assessment. Arguably one of the most obvious is the question
of adversity of effect.
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Importantly, the actual sperm quality parameters reported in the dioxin-exposed vs. control
groups in the Mocarelli et al. (2008) study are not clinically significant, and therefore do
not represent an adverse effect in this population. This is obvious when considered in the
context of the WHO sperm quality parameters, based on fertility studies (WHO, 2010;
Cooper et al., 2010; Table 3¬2).
Table 3-2. WHO (2010) lower reference limits for semen characteristics

Measurements below these standards would indicate a potential clinically relevant issue
associated with infertility. When the sperm quality measurements reported by Mocarelli et
al. (2008) for Seveso men exposed as 1- to 9-year-old boys is compared with the WHO
(2010) criteria, it is clear that their sperm levels are not significantly low from a clinical
standpoint (Figure 3-1).

Figure 3-1. Comparison of sperm quality measurements in Seveso study (Mocarelli
et al., 2008) with WHO (2010) criteria for clinical significance
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Notably, the authors also report that men who were 10–17 years old at the time of exposure
were reported to have significantly increased sperm counts and total motile sperm. In fact,
this observation serves to illustrate the variable nature of sperm measurements in the human
population in general (see comment below), and further underscores the considerable
uncertainty inherent in the quantitative assessment of dioxin exposure-effect relationships
where sperm quality is the effect of concern.
In their recent 2018 risk assessment, EFSA critiqued the Mocarelli et al. (2008) study and
concluded that it was inadequate for quantitative risk assessment. The EFSA Panel noted
that TCDD was the only dioxin-like compound measured in the study participants—this
despite the mid-1970s representing a global peak in background DLC exposures. Based on
later estimates from another Seveso cohort, background serum DLC estimates were
estimated to approximate (in TEQ) the serum TCDD levels measured, indicating that a
dose-response analysis without accounting for background TEQ would result in an overly
conservative potency estimate of dioxin. A more critical deficiency in the eyes of EFSA
was that the Mocarelli et al. (2008) data did not demonstrate a significant reduction in
sperm quality at any exposure level when the subjects were divided into serum TCDD
quartiles (or TEQ quartiles if background DLC estimates are factored in). Despite mean
sperm concentrations being lower in all quartiles than in the control group, no dose
response was apparent, rendering the Mocarelli et al. (2008) data unsuitable for BMD
modeling.
In summary, the high risk of bias inherent in the Mocarelli et al. (2008) study, combined
with the lack of statistical significance associated with the reported dose-response
relationship, and the lack of an adverse response, indicates that this study is inappropriate
for quantitative risk assessment.
3.1.1.2 Baccarelli et al. (2008)
The other co-critical study used by USEPA to derive their dioxin RfD was published by
Baccarelli et al. (2008). As with Mocarelli et al. (2008), this study purports to examine the
developmental effects of dioxin exposures resulting from the 1976 Seveso accident. In the
case of Bacarelli et al. (2008), the specific Seveso cohort under study was mother/offspring
pairs and the association of in utero dioxin exposures with levels of thyroid-stimulating
hormone (TSH) in newborns (where increased TSH levels serve as an indicator of
congenital hypothyroidism). The authors reported that neonatal TSH levels were modified
by maternal dioxin exposures, and that neonatal TSH levels are correlated with both
maternal serum TCDD and toxic equivalency (TEQ). As with Mocarelli et al. (2008),
several critical uncertainties and shortcomings are associated with the Baccarelli et al.
(2008) study (Table 3-3), which undermine its applicability for quantitative risk
assessment.
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Table 3-3. Uncertainties and shortcomings in Baccarelli et al. (2008), co-critical
study of USEPA dioxin RfD
Type of uncertainty

How it pertains to Baccarelli et al. (2008) study analysis

Accounting for confounding
factors (Confounding bias)

•
•
•

Exposure characterization
(Detection bias)

•
•
•

Outcome/effect
measurement (Detection
bias)

•
•

Maternal iodine intake greatly influences newborn TSH levels but
was not included in assessment.
Seveso is located in Lombardy region of Italy, an area of known
mild iodine deficiency (Corbetta et al., 2009).
For USEPA Dioxin Risk Assessment, point of departure was derived
using crude regression analysis of unadjusted data plotted from
Baccarelli et al. (2008), instead of data from multivariate analysis
adjusted for confounding factors.
Lack of direct TCDD exposure measurement in neonates.
Maternal serum TCDD collected several years before the outcome
measurements and had to be extrapolated to date of birth.
Exposure to TCDD was not measured in control group
(concentrations were assumed <15 ppt in 1976)
Single serum TSH sample between birth and 3 days after birth is
insufficient to diagnose congenital hypothyroidism (CH); highly
unreliable measurement.
Serum TSH variability within first week of life is highly variable as
levels spike at birth and decrease markedly (cool down) over
postnatal days 3–7.

Consistency of effect

•

Baccarelli et al. (2008) was the only human study to examine the
association of serum TCDD and neonatal (birth to 3 days) TSH
levels (out of 19) to report an association (Goodman et al., 2010).

Adversity of effect

•

Lack of clinical significance (i.e., lack of adversity): simple one-time
exceedance of screening value at birth does not indicate CH (adverse
effect).
TSH screening levels do not represent a LOAEL.
Of the exposed study group, eight neonates had single serum TSH
levels exceeding screening value; of these, only two were diagnosed
with congenital hypothyroidism after screening follow-up.

•
•

Representativeness/
generalizability

•
•

Statistical significance/ dose
response

•

Exposure to TCDD based on accidental explosion, which involved a
bolus inhalation exposure in addition to oral and dermal exposure.
Not representative of typical human dioxin exposures (via diet).
Independent analysis of point of departure demonstrates very broad
confidence interval (~40 ppt, >100 000 ppt), reflecting high
variability in the serum TCDD-serum TSH relationship, small
sample size, small proportion of the measurements in higher TCDD
range, and nonlinear bivariate relationship.

EFSA also critiqued the Baccarelli et al. (2008) study in their 2018 dioxin risk assessment
and determined that—as with the Mocarelli et al. (2008) study—it, too, was inadequate for
deriving a quantitative dose-response value for use in risk assessment. The critical
shortcoming, according to EFSA, was that the serum TSH sampling timing information
was missing for several of the newborns from mothers with high plasma TCDD
measurements. EFSA noted that they considered this an important uncertainty and a likely
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confounder, given the relatively small size of the subgroup of mother/newborn pairs for
which serum TCDD data were reported (n=51) and the considerable serum TSH level
changes that occur within the first 2–3 days after birth.
These critical uncertainties—including the low level of precision in the TCDD-TSH effectlevel estimate—make the Baccarelli et al. (2008) study unreliable for quantitative risk
assessment.
3.1.2

Critical uncertainties inherent to the EFSA dioxin tolerable daily intake

As noted above, EFSA recently published a risk assessment on dioxins, with a focus on
dietary exposure (EFSA 2018). A TWI of 2 pg/kg-bw/week was derived from a human
study conducted in a small cohort of young men who had grown up in Chapaevsk, Russia,
based on serum dioxin levels and measured sperm outcomes (Minguez-Alarcon et al.,
2017). Importantly, the town has hosted various chemical industrial activities over the past
century, and in addition to dioxins and dioxin-like compounds, residential exposures have
included non-dioxin-like PCBs, organochlorine pesticides, and metals that include lead
(Hauser et al., 2008). The critical endpoint of the Minguez-Alarcon et al. (2017) study
mirrors that reported by Mocarelli et al. (2008) and used in the USEPA dioxin risk
assessment. As with the Mocarelli et al. (2008) study, however, there are important
shortcomings to the Minguez-Alarcon et al. (2017) study that illustrate the uncertainties of
deriving exposure-response estimates from this endpoint in human studies, and ultimately
undermine its use and practical application in human health risk assessment.
3.1.2.1 Exclusion and selection bias: Low participation/high attrition rate
The Russian Children’s cohort was described in Hauser et al. (2008) and included 516 boys
ages 8–9 years old who were residents in the town of Chapaevsk, Russia, at the time of
study recruitment (2003–2005). For the Minguez-Alarcon et al. (2017) follow-up study,
only 133 of these young men participated, a considerable attrition rate (74%) that resulted
in only a small portion of the cohort participating in the sperm quality study. Additionally,
there is uncertainty regarding the dioxin exposures associated with this smaller subcohort,
because the serum dioxin levels (and PCBs) are generally higher than that of the larger
cohort (Sergeyev et al., 2017), suggesting that this smaller cohort may not be representative
of the larger population and that they may have elected to participate in the study because
of their higher exposure and concern about their health (selection bias).
3.1.2.2 Confounding Bias: Co-exposures and other confounding factors
As noted, the population of Chapaevsk, Russia, has experienced environmental chemical
exposures resulting from its historical proximity to chemical industrial activities. The
Minguez-Alarcon et al. (2017) dioxin exposure-response study does not adjust for lead,
organochlorine pesticides, or other potential chemical co-exposures in the small follow-up
cohort, nor do they adjust for important clinical variables such as body mass index (BMI),
physical activity, and family subfertility history. This is a critical oversight, especially in
the case of lead, which is associated to reduce sperm quality in epidemiology and animal
studies (Wu et al., 2012; Li et al., 2018). In fact, several of the same investigators who were
involved in the Minguez-Alarcon et al. (2017) study have also published studies on the
lead exposures and body burdens of the same group of boys from this population and
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concluded that high lead exposure during the peri-pubertal life stage significantly delayed
puberty and sexual maturity (Williams et al., 2010, 2019). Given their intimate knowledge
of the blood lead levels of these boys and its association with sexual maturity, it is
surprising that Minguez-Alarcon et al. (2017) did not account for this covariate in their
sperm analysis.
Regarding other confounding factors, the study analysis does consider important subjectspecific factors such as smoking, BMI, and alcohol consumption. However, these were
measured as far as three years prior to semen collection and analysis for more than onethird of the samples. This is a potentially important information lag that may have
introduced classification bias, particularly in a cohort of late teens/young adults for whom
smoking and drinking status can change dramatically over a short period of time.
3.1.2.3 No evidence that outcome measured (sperm quality measurements) is an adverse
human health effect
As with the Mocarelli et al. (2008) study results discussed above, the sperm quality
parameters assessed by Minguez-Alarcon et al. (2017) and used by EFSA for their
quantitative risk assessment do not represent adverse effects. This is clear when compared
with the 2010 WHO sperm quality standards (see Table 3-2 above). The sperm parameter
measurements reported by Minguez-Alarcon et al. (2017)—either at the subcohort median
or for any of the population serum TCDD quartiles reported by the authors—are well above
the WHO criteria of clinical significance (Figures 3-2a, 3-2b, 3-2c). Therefore, sperm
quality within this subcohort of the Russian Children’s Study does not represent an adverse
effect associated with their dioxin exposures.
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Figure 3-2. Comparison of sperm quality measurements in Russian Children Study
(Minguez-Alarcon et al., 2017) with WHO (2010) criteria for clinical
significance
3.1.2.4 Sperm quality is highly variable (both inter- and intra-individually)
As a more general point, the critical effect (sperm concentration) used as the basis for both
the EFSA and USEPA dioxin risk assessments is a highly variable parameter at the
population level, and it fluctuates over a large range over time. While both MinguezE-29

Alarcon et al. (2017) and Mocarelli et al. (2008) accounted for abstinence time and samplecollection-to-lab times, the inherent variability of this parameter requires the collection of
multiple samples from each participant to fully account for intra- and inter-individual
variability. Figure 3-3 comes from the WHO (2010) standards report and provides a stark
illustration of the considerable variability within and between individuals over time,
highlighting the challenge of teasing out true exposure-effect relationships quantitatively
when the effect is sperm quality.

Figure 3-3. WHO (2010) illustration of the variation in sperm count and
concentration over 1.5 years for five individuals
3.1.2.5 EU Member States highly critical of EFSA Dioxin Risk Assessment and key
study
It should be noted that several of the European Union Member States voiced similar
concerns with respect to the derivation of the EFSA Dioxin TWI value and the underlying
Minguez-Alarcon et al. (2017) study. These included agencies in Germany, Finland,
Ireland, Iceland, Italy, the Netherlands, and Sweden. Their comments were published in
response to the release of the EFSA Dioxin Risk Assessment (summarized in Table 3-4)
and reflect a high level of skepticism that the risk assessment is actually applicable to
protecting human health.
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Table 3-4. Summary of key concerns and issues of EU member states on EFSA
dioxin risk assessment
Critique of EFSA Dioxin Risk Assessment

EU Member States

Co-exposures confound outcomes attributed to dioxins in Russian Boys
Study reported by Minguez-Alarcon et al. (2017)

Netherlands, Sweden, Ireland

Minguez-Alarcon et al. (2017) is inadequate to detect actual effect in
sperm concentration, due to high natural variation in sperm
concentration

Germany

Considerable uncertainty in the dose-response modeling of MinguezAlarcon et al. (2017) data and point of departure used to derive EFSA
TWI

Netherlands, Sweden, Ireland

Risk of bias inherent in Minguez-Alarcon et al. (2017) study reflects
study uncertainties and requires clarification

Italy

EFSA TWI is lower than background dietary exposure levels; costbenefit of applying such a low standard to food supply is unclear

Ireland, Iceland, Finland, Italy

High level of uncertainty in critical study and EFSA Dioxin TWI make
it unclear if TWI is fit for the purpose of protecting human health

Ireland

3.1.3

Conclusion: JECFA TDI is the most appropriate dioxin toxicity value for
quantitative risk assessment

The JECFA TDI for dioxin is based on the quantitative dose-response relationships
reported in two animal studies that involved well-defined administered doses at clear earlylife time points and included body-burden measurements. A high level of confidence is
associated with the data from these animal studies serving as critical elements of
quantitative risk assessment, which allows for interspecies extrapolation that (although
introducing additional uncertainties) are still well defined and allow for sufficient
confidence in the final JECFA TDI for dioxin. In contrast, the plethora of uncertainties in
exposures and confounding factors associated with the three critical studies that define the
USEPA RfD and EFSA TWI for dioxin make these two dioxin toxicity factors unsuitable
for quantitative risk assessment.
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4

Consideration of Developmental Toxicity in Exposure
Amortization

4.1

Background

In the risk assessment submitted for the Domtar site, the SSRO was based on traditional
exposure assumptions for a young child, the receptor that is typically assumed to be the
most sensitive. Health Canada guidance on human health preliminary quantitative risk
assessment (PQRA) (Health Canada, 2012) states:
“Developmental toxicants present a risk of harm that may not be related to either
frequency or duration of exposure. In some cases, a single exposure, or a short duration
exposure during a specific developmental period, may present a risk to the fetus, depending
on the amount of exposure to a substance. Health Canada has developed TRVs for
substances based on protection against developmental effects (see Federal Contaminated
Site Risk Assessment in Canada, Part II: Health Canada Toxicological Reference Values
(TRVs) and Chemical-Specific Factors version, 2.0), including, but not limited to the
following: bis(2-ethylhexyl) phthalate, dibutyl phthalate, ethylbenzene, methylmercury,
polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs),
trichloroethylene, and xylenes.
Exposures to these or other developmental toxicants should be assessed assuming the
hours per day and days per week as defined in Table 4, but assuming no exposure
amortization (the exposure duration would be equivalent to the amortization period). This
could be shown in equations as an exposure of 365 days per year amortized over 365 days
per year.
In the case of substances like dioxins with TRVs based on a tolerable monthly intake, a less
than monthly exposure may be averaged over 30 days to be consistent with the intent of the
toxicity reference value. In all cases, the risk assessor is encouraged to confirm whether
amortization of short-term exposure is appropriate based on the toxicological properties
of the substance.”
It is important to note that the stated primary purpose for PQRA is to “rank the potential
human health risks posed by federal contaminated sites relative to one another (for
decisions regarding funding, etc.) and, therefore, consistency across multiple provincial
and territorial boundaries is essential for fair and equitable evaluation” (Health Canada,
2012). The HHRA and SSROs for the Domtar site are prepared in consideration of sitespecific conditions and are not intended to represent provincial or federal policy. As the
guidance states further:
“If a risk assessor considers or suspects other COPCs at a subject site to be developmental
toxicants, the risk assessor should consult with the Contaminated Sites Division of Health
Canada for specific HHRA guidance and advice.”
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Thus, while PQRA guidance suggest a screening approach to exposure amortization for
developmentally toxic chemicals in general, the guidance also recommends that sitespecific and chemical-specific considerations may alter this approach. The PQRA generic
approach does not appear to be specific to dioxin but rather represents a generic position
for a host of chemicals with toxicity values that are based on developmental toxicity as the
sensitive endpoint. Consistent with the site-specific and chemical-specific approach
employed in the Domtar HHRA and SSRO report, there is considerable evidence for
including an exposure amortization in the dioxin risk assessment, as presented below.

4.2

Discussion

The TRV for dioxin developed by Health Canada (2.3x10-9 mg/kg-d) represents the JECFA
TDI and is based on the following two co-critical studies:
•

Oshako et al. (2001) – which involved a single bolus oral dose administered on
GD15

•

Faqi and Chahoud (1998) – which involved a subcutaneous injection of a loading
dose followed by weekly maintenance doses beginning 2 weeks prior to mating and
continuing through mating, gestation, and lactation.

In fact, based on the data reported in these co-critical studies provide considerable evidence
that the reported effects cannot be attributed to a single dose event (i.e., the basis for a
general assumption of no exposure amortization), but rather are the result of continuous
exposures that occurred throughout the periods of study:
•

In Figure 2 of Ohsako et al. (2001), the authors clearly demonstrate elevated TCDD
body burdens in both the adipose and testicle tissues of the male mouse offspring
in all dose groups, relative to controls on post-natal day (PND) 120. These data
confirmed that TCDD exposure didn’t just occur in utero, but from GD15 (oral
gavage administered) through to PND 120 (approximating early adulthood).

•

As noted, the exposure period described by Faqi and Chahoud (1998) was
considerable: dioxin was initially administered subcutaneously as a loading dose
two weeks prior to mating, followed by weekly doses throughout pregnancy and
lactation. In Figure 2 of the paper, the authors reported both liver and testicle TCDD
levels in the male offspring (receptor examining critical effects) at the time of
weaning, demonstrating high, continuous TCDD exposures that very likely
extended out to time of effects (PND 70, approximating adolescence).

The dioxin body-burden findings reported in these studies highlight key physicochemical
and toxicokinetic properties of dioxins: they are highly lipophilic, biologically persistent,
and slowly eliminated. The findings demonstrate that the male fetuses and pups were
exposed continuously to TCDD until adolescence/early adulthood (the time of study
termination); therefore, the effects of these studies cannot be attributed to any specific brief
window of dioxin exposure. Thus, the combination of general dioxin chemical properties
and kinetics information and study-specific body burden data support the application of
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amortization in the case of a dioxin risk assessment, despite the developmental endpoints
serving as the basis of the TRV.
At a more general level, there are several other issues with developmental toxicology that
complicate matters in chemical risk assessment and should be evaluated prior to
considering the default (PQRA screening) approach of removing exposure amortization.
First, a default “one-size-fits-all” type of approach, whereby a chemical is designated as a
single-event exposure concern based solely on the fact that the toxicity value is based on a
developmental endpoint, fails to incorporate the complexities underlying these types of
toxicities. Examples of the types of complexities not considered in a one-size-fits-all type
of approach include:
•

Such an approach does not account for important differences in potential
windows of sensitivity for specific effects between humans and animals. For
example, humans have an average 40-week gestation period, while the gestation
period in mice and rats is about 3 weeks (Clancy et al., 2007; Klaassen, 2008),
and as a result, the periods of organ development and the susceptibility of organ
systems vary across species, with development in the rodent being much more
accelerated than in a human. It is understood that biological compensation for
developmental perturbations can occur in animals given a recovery period from
exposure (Tyl and Marr 2012; DeSesso 2017). It follows that, because the
windows for development of specific organ systems in a human are typically
longer than in a rodent, humans have a greater ability to compensate for
perturbations, especially those associated with single or intermittent exposure
events. These points demonstrate that a single-day exposure in a rodent is not
the same as a single-day exposure in a human.

•

Such an approach does not account for the biology of developing organ systems
or the progression of different types of developmental effects. For example,
functional deficits can manifest as a result of effects on myelination during
development. Because myelination occurs over a longer period of time during
development in a human (Semple et al., 2013), it would typically take more
than a single-event exposure to result in functional deficits in a human. As
another example, the androgen programming window in male rats occurs over
a 4-day period near the end of gestation (embryonic days 15.5–19.5), whereas
it occurs over a 12-week window in the early to mid-gestation period in humans
(Welsh et al., 2008).

•

Such an approach may not have accounted for the potential role of maternal
toxicity. It is well established that some adverse effects that are observed in
developmental toxicity studies occur secondarily to maternal toxicity and are
not the result of a direct effect on the developing fetus (Klaassen, 2008).

•

Such an approach may not have accounted for differences between
developmental delays/retardations (e.g., delayed ossification, decreased birth
weight) and developmental variations (defined as “a divergence within the
normal range of structural or functional qualities of an organism” [ECETOX,
2002]). Developmental delays/retardations and variations are distinctly
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different from malformations and often occur secondarily to maternal toxicity
rather than via a direct effect on the developing fetus. Because developmental
delays/retardations and variations can be more complex to evaluate, the
underlying data must be examined closely to determine whether such effects
are truly adverse.
•

Such an approach may not have included an examination of the underlying data
to determine whether any of the toxicity values for chemicals identified as a
single-event exposure concern are based on unbounded NOAELs (i.e.,
NOAELs from studies where no adverse effects of any kind were observed). If
the toxicity value is based on a NOAEL from a developmental toxicity study,
that is quite different from a chemical causing developmental effects.

•

As noted for dioxins above, such an approach does not account for differences
in toxicokinetics based on single- vs. multiple-day exposures and species
differences during critical windows of sensitivity. This can have a substantial
impact on developmental outcomes and must be considered when determining
whether a chemical poses a single-event exposure concern in humans. There
are other important species-specific physiological differences (form, function
of placenta; breast milk production) that can also affect exposures that are not
considered in a one-size-fits-all approach.

Second, while it is theoretically possible for a chemical/substance to cause adverse effects
on development following a single exposure to a high enough dose during a critical window
of sensitivity, there are very few toxicity studies, even developmental toxicity studies, that
include single-day exposures. In fact, most developmental toxicity studies involve
exposure throughout the entire period organogenesis (GDs 6–15 in rodents), or prior to and
throughout mating, organogenesis, and lactation in the case of multi-generation studies, to
maximize the potential for generation of adverse developmental effects. These
experimental exposure paradigms make it difficult to determine whether exposure on a
single day, at the dose levels used in the developmental toxicity study, would have been
sufficient to cause a specific adverse effect. As noted above, this is especially true for
bioaccumulative compounds such as dioxins, for which maternal body burden has a
substantial impact on the overall dose to the fetus and which cause exposures for more than
a single day, even when administered on just a single day in a toxicity study.
In conclusion, the co-critical studies and developmental effects that serve as the basis for
the dioxin TRV clearly illustrate that the target receptors (male offspring) experienced
continuous exposures from gestation until adolescence/early adulthood, and therefore, the
observed effects cannot be attributed to any single exposure event. The body-burden data
reported in these studies support what is already known about the physicochemical
properties and toxicokinetics of dioxins and the inclusion of exposure amortization in all
dioxin risk assessments.
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4.3

Applicability to Remedial Activities at the Domtar Site

Importantly, the concern regarding amortization and development effects associated with
PCDD/Fs by HC must apply to an adult pregnant female receptor at the Domtar site as
toddlers cannot become pregnant. The SSRO for an adult at the Domtar site is 3,568 ppt
(from the DRA).Removing the amortization for frozen soils would decrease the SSRO for
an adult to 3,094 ppt. The toddler SSRO of 883 ppt (determined from the PRA) or 645 ppt
(determined by the DRA) would still be the most conservative SSRO to utilize for site
remediation efforts. Thus, the issue amortization should not play a critical role in site
decision making.
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5

Choice of PBPK Model and Effect of Maternal Soil
Exposure on Child Breastfeeding Dose

5.1

Choice of PBPK Model

The USEPA dioxin reassessment (USEPA 2012) considered both the Carrier-Aylward and
Emond PBPK (physiologically based pharmacokinetic) models. They stated that “either
model would appear to be useful when simulating the body burden and serum lipid
concentrations following a longer duration of exposure” (USEPA 2012, p. 3-93).
Ultimately, USEPA chose to use the Emond model because of its more detailed
mechanistic description of TCDD binding in the liver, which allows simulation of detailed
free and bound liver concentrations, and because it operates on a smaller time scale (hours,
vs. the original time scale of months for the Carrier-Aylward model), thus allowing better
representation of short-term dosing protocols for animal studies.
However, the considerations that led USEPA to select the Emond model were not critical
to the present risk assessment. Here, detailed descriptions of bound and free liver
concentrations were not of particular interest; rather, interest lay in the lipid-adjusted serum
concentration. Furthermore, details of the time course of tissue concentrations at hourly
resolution were not of particular interest in this risk assessment; the goal was to examine
the effects of exposures at longer durations, over months or years. Moreover, the CarrierAylward model is mathematically simpler—thus, computationally faster to run—and did
not require implementation from scratch, because ToxStrategies already had a working,
tested implementation. Because of these practical considerations, we selected the CarrierAylward model for use in the present risk assessment.
During the meeting on October 18, 2019, AEP asked about the relative conservatism of the
Carrier-Aylward model compared to the Emond model. Both the Emond and CarrierAylward models tend to overestimate half-life compared to measured data (Aylward et al.,
2013), meaning that both models can be considered conservative, in the sense that they are
more likely to overestimate lipid-adjusted serum concentration (LASC) than to
underestimate it. However, compared to the Emond model, the Carrier-Aylward model has
been shown to produce more accurate (less overestimated) estimates of half-life for LASC
below 100 pg TEQ/g lipid (Aylward et al., 2013) (i.e., for LASC in the range expected for
individuals with exposures via background diet and soil exposures at the SSRO levels
determined in this analysis). For these reasons, we believe the Carrier-Aylward model to
be appropriately conservative for this analysis.

5.2

Effects of maternal soil exposure on child’s exposure from
breastfeeding

To assess the potential for short-term elevated LASC levels in breastfeeding infants due to
maternal soil exposures, we performed PBPK modeling for the case of a soil-exposed
mother. We simulated the scenario wherein a woman is exposed to background dietary
levels of TCDD for the first 27 years of her life, then moves to the site with contaminated
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soil, and lives on the site for 3 years before giving birth to a baby at age 30. She then
exclusively breastfeeds the baby for six months, while continuing to be exposed to site
soils. The baby, while breastfeeding, has no soil exposure except indirectly via breastmilk,
and has no dietary exposures other than breastmilk.
The Carrier-Aylward model does not explicitly describe a breastmilk compartment, so we
assumed that breastmilk was at equilibrium with other adipose tissues in the body (i.e., that
breastmilk concentration was equal to lipid-adjusted serum concentration).
The PBPK modeling was performed in two stages. First, the mother was simulated for
30 years, from her birth until the time she gives birth to a child. The ending state of this
simulation was then used to define the starting state for a second simulation, which
simulates mother and child simultaneously. At birth (i.e., at the beginning of the motherand-child simulation), the baby’s body concentration was assumed to be the same as the
mother’s body concentration just before birth, and the baby’s body burden was then
computed by multiplying this concentration by the body weight at age 0 predicted by the
double-logistic NHANES model. The amount of the baby’s body burden was then
subtracted from the mother’s body burden to yield her starting body burden just after giving
birth.
In the mother-and-child simulation, the TEQ in the breastmilk consumed by the child was
removed from the mother’s adipose compartment (i.e., breastfeeding is treated as another
clearance/elimination process for the mother).
We simulated two scenarios: a background-only scenario (where soil concentration was
zero), and a scenario where soil concentration was at the level identified in the
Deterministic Risk Assessment (DRA), 645 ppt. The amount of exposure contributed by
the maternal soil exposure was determined as the difference between the breastmilk dose
received by the child of the soil-exposed mother, and the breastmilk dose received by the
child of the background-only mother. Likewise, the portion of the baby’s LASC
attributable to maternal soil exposure was determined as the difference between the LASC
of the child breastfed by the soil-exposed mother, and the LASC of the child breastfed by
the background-only mother.
In addition, to further assess the potential for short-term peaks in LASC, we explicitly
modeled the months when soil contact was occurring (i.e., ground was not frozen) and
when it was not occurring (i.e., ground was frozen). Specifically, we assumed that soil
contact occurred for the 33.7 weeks between March 1 and October 22. We also explicitly
modeled the months when homegrown produce was consumed, assuming that homegrown
produce consumption occurred for the six months between May 1 and October 31. We
assumed that both mother and baby were born on January 1.
5.2.1

PBPK model results

Maternal soil exposures contributed only a small portion of total breastmilk daily dose
(Figure 5-1) and likewise, only a small portion of LASC during breastfeeding (Figure 5¬2).
While LASC during breastfeeding was increased by, at most, about 3 pg TEQ/g lipid for
the child breastfed by the soil-exposed mother compared to the child breastfed by the
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background-only mother (Figures 5-2 and 5-3), this increase did not bring LASC during
breastfeeding above any literature-identified toxicity value (Figure 5-3).
These modeling results suggest that breastfeeding exposure from a soil-exposed mother is
unlikely to produce short-term peak LASC associated with adverse effects.
Moreover, short-term changes in LASC during periods of time when soil contact was
occurring and/or homegrown produce was being consumed were small compared to overall
time trends in LASC (Figure 5-3B; visible as small “ripples” in the green curve) and
likewise did not bring LASC above any literature-identified toxicity values that using an
averaged dose would not have. This result suggests that the use of a dose averaged over
the year is appropriate, and that short-term seasonal fluctuations in exposure do not lead to
short-term peak LASC concentrations high enough to be of concern.

Breastmilk dose, pg TEQ/kg BW/day
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Figure 5-1. Stacked area plot showing the portion of the daily dose from breastmilk
(pg TEQ/kg child’s body weight/day) that comes from the mother’s
background exposure (orange), and the portion of the daily dose from
breastmilk that comes from the mother’s soil exposure (green)
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Lipid adjusted serum concentration, pg TEQ/g lipid
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Figure 5-2. Stacked area plot showing the portion of the breastfeeding child’s LASC
that comes from the mother’s background exposure (orange) vs. the
mother’s soil exposure (green)
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Figure 5-3. LASC over 30 years for the child of the background-only mother
(orange lines) and of the soil-exposed mother (green lines), plotted with
literature-derived LASC values associated with adverse effects at certain
ages (points). Numeric labels for points refer to the study numbers in
Table 5-2 of the main report, or Table D-4 of Appendix D.
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6

Role of Probabilistic Derivation of SSROs

6.1

Discussion

In addition to deriving SSROs using a deterministic methodology (i.e. deterministic risk
assessment or DRA), a probabilistic methodology (i.e. probabilistic risk assessment or
PRA) was implemented. The PRA method for calculating SSROs quantitatively
incorporates the variability and uncertainty of the DRA risk model inputs (exposure factors
and toxicity factor) into the calculation of SSROs, resulting in SSRO probability
distributions rather than point estimates. As stated in Health Canada’s DQRA guidance
(Health Canada, 2010), “The resulting distribution provides not only a description of the
variability and uncertainty in the calculated risk, but also a basis for selecting a risk estimate
for decision-making purposes whose likelihood of exceedance can be quantified.”
The results of a PRA can be used to examine the level of protectiveness (conservatism)
inherent in the point-estimate SSROs developed by the DRA. Specifically, the percentile
from the PRA SSRO probability distribution associated with the DRA-derived SSRO point
estimate can be determined. This value can be compared to an SSRO on the distribution at
a selected percentile, such as the 5th percentile, that would ensure that at least 95% of the
receptor population receives a total dose less than or equal to the TDI. By comparison, the
SSROs derived by the DRA in the Domtar residential HHRA correspond to the 97th–98th
percentile (residential toddler) and 98th–99th percentile (construction worker) of the PRA
distributions.
The use of a PRA to derive remediation objectives is not related to how such SSROs are
applied in managing risks at a site. The PRA-based SSROs should not be confused with
statistical confirmation sampling approaches used to demonstrate that site remediation
achieves confident levels of compliance with remediation objectives, regardless of whether
those objectives were derived by DRA or PRA.

6.2
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Abstract
Increasing interest in characterizing risk assessment uncertainty is highlighted by recent
recommendations from the National Academy of Sciences. In this paper we demonstrate
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the utility of applying qualitative and quantitative methods for assessing uncertainty to
enhance risk‐based decision‐making for 2,3,7,8‐tetrachlorodibenzo‐p‐dioxin. The
approach involved deconstructing the reference dose (RfD) via evaluation of the different
assumptions, options, models and methods associated with derivation of the value, culmi-
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nating in the development of a plausible range of potential values based on such areas of
uncertainty. The results demonstrate that overall RfD uncertainty was high based on limitations in the process for selection (e.g., compliance with inclusion criteria related to
internal validity of the co‐critical studies, consistency with other studies), external validity
(e.g., generalizing findings of acute, high‐dose exposure scenarios to the general population), and selection and classification of the point of departure using data from the individual studies (e.g., lack of statistical and clinical significance). Building on sensitivity analyses
conducted by the US Environmental Protection Agency in 2012, the resulting estimates
of RfD values that account for the uncertainties ranged from ~1.5 to 179 pg/kg/day. It
is anticipated that the range of RfDs presented herein, along with the characterization
of uncertainties, will improve risk assessments of dioxins and provide important information to risk managers, because reliance on a single toxicity value limits the information
needed for making decisions and gives a false sense of precision and accuracy.
K E Y W OR D S

reference dose, risk assessment, TCDD, uncertainty

1

|

I N T RO D U CT I O N

One of the key outputs of an IRIS assessment is the development of
toxicity values, including reference doses (RfDs) or concentrations,

The Integrated Risk Information System (IRIS) program of the US Envi-

oral cancer slope factors and inhalation unit risk values. These toxicity

ronmental Protection Agency (USEPA) supports the agency mission of

values are applied in risk assessments and directly impact risk manage-

protecting human health and the environment by identifying and char-

ment decisions regarding mitigation of chemical exposures. The IRIS

acterizing the health hazards of chemicals found in the environment.

toxicity values are used across agency programs, as well as by other
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federal, state and local health and environmental agencies, and a host

tetrachlorodibenzo‐p‐dioxin (TCDD). Dioxin and dioxin‐like com-

of international health organizations (USEPA, 2018).

pounds (DLCs) are some of the most extensively researched substances

In 2014, at the request of Congress, the National Academy of

in the field of toxicology. As a result, the evidence base is voluminous,

Sciences (NAS) reviewed the IRIS program and offered suggestions

consisting of more than 15 000 publications in PubMed alone. The

for improvements to the IRIS process (National Academies of Science,

USEPA first evaluated TCDD in 1985, and over time, has conducted

Engineering, and Medicine, 2014). NAS recommended establishing

several re‐evaluations (described in USEPA, 2012). As summarized by

guidelines for study selection, justifying assumptions and models to

USEPA (2012), the most recent analysis, which began in 2003, is accom-

determine points of departure (PODs), describing modeling processes,

panied by its own complex series of undertakings when the NAS was

assessing sensitivities in estimates, and characterizing confidence and

asked by the USEPA, as well as other federal agencies, to review the

uncertainty. Their recommendations emphasized the role of evidence

agency's draft reassessment. In 2006, NAS issued the findings of their

evaluation and integration as they relate to the development of toxic-

review, identifying three areas that required improvement: (1) justifica-

ity values. In doing so, National Academies of Science, Engineering,

tion for approaches to dose‐response modeling; (2) transparency and

and Medicine (2014) stated, “EPA will need to make the best use of

clarity in the selection of key datasets for analysis; and (3) transparency,

the totality of the evidence with increased attention to distinguishing

thoroughness and clarity in the quantitative uncertainty analysis

the quality and relevance of studies assessing human dose‐response

(National Academies of Science, Engineering, and Medicine, 2006).

relationships.” NAS further discussed the potential for multiple values

Subsequently, the USEPA published a literature database of peer‐

used as PODs, such as a central estimate and a lower bound, because

reviewed studies on TCDD toxicity; the agency convened a workshop

such an approach provides important information on uncertainty.

to identify and address issues related to the dose‐response assessment

The utility of these recommendations has been discussed and demon-

of TCDD and to ensure that the agency's response to the NAS focused

strated in recent evaluations, including Bayesian approaches for uncer-

on the key issues and reflected the most meaningful science (USEPA,

tainty factors (UFs), as well as overall approaches for characterizing and

2009). A draft report was then issued in 2010: EPA's Reanalysis of Key

communicating uncertainty (Beck et al., 2016; Simon, Zhu, Dourson, &

Issues Related to DioxinToxicity and Response to NAS Comments (USEPA,

Beck, 2016; Van Landingham, Mundt, Allen, & Gentry, 2016). Notably,

2010a, 2010b). This draft, often referred to as the “Reanalysis,” was

the emphasis on characterization of uncertainty in risk assessment is

then subjected to an external peer review by a USEPA Scientific Advi-

increasing globally, as highlighted by ongoing efforts from the World Health

sory Board (SAB), which held a series of public meetings before issuing

Organization (WHO, 2017) and the European Food Safety Authority

their report in 2011. In this report, the SAB commended the USEPA for

(EFSA, 2018a). However, few applications of such uncertainty evaluations,

their comprehensive and rigorous process and documented their sup-

either in IRIS assessments or in the peer‐reviewed literature, are available.

port for many of the decisions made by the agency. One of the most

The objective of the present work was to assesses the uncertainty in

notable of the SAB comments was related to the feasibility of a com-

the RfD using qualitative and quantitative approaches suggested by

prehensive uncertainty analysis. More specifically, the SAB believed

National Academies of Science, Engineering, and Medicine (2014) and

that a comprehensive quantitative uncertainty analysis was feasible

Beck et al. (2016). Building on sensitivity analyses conducted by USEPA

and should be conducted. While the EPA's Reanalysis of Key Issues

(2012), a number of independent analyses were conducted as part of an

Related to Dioxin Toxicity and Response to NAS Comments, Volume 1

extended assessment of uncertainty around the RfD. These include con-

(USEPA, 2012) included a quantitative uncertainty analysis associated

sideration of risk of bias in the two candidate datasets, statistical analysis

with the development of PODs, uncertainty associated with other

associated with POD selection, application of Bayesian techniques to UFs

aspects of the assessment that affect the RfD were either not

and a quantitative characterization as part of developing a range of plau-

addressed or addressed only qualitatively.

sible RfDs reflective of underlying uncertainty. It is anticipated that having

In developing the current RfD for TCDD, USEPA (2012) selected

a range of values like this will provide risk managers with a better under-

two co‐critical studies—Mocarelli et al. (2008) and Baccarelli et al.

standing of the level of confidence in the underlying dataset and will pro-

(2008)—both of which are associated with the Seveso, Italy, accident,

vide data that can be used qualitatively or quantitatively when making risk

which involved exposures to very high concentrations of TCDD during

assessment and risk management decisions. This evaluation demonstrates

and shortly after an explosion at a trichlorophenol manufacturing plant

the utility of applying qualitative and quantitative methods for assessing

in July 1976 (Mocarelli, 2001). Mocarelli et al. (2008) reported on

uncertainty to enhance risk‐based decision‐making using an approach

altered sperm concentrations and sperm motility in men exposed to

that is consistent with NAS recommendations.

TCDD as children during the Seveso accident. Baccarelli et al. (2008)
reported on altered thyroid‐stimulating hormone (TSH) levels in newborns from mothers exposed to TCDD during the Seveso accident.

2 | BACKGROUND OF US ENVIRONMENTAL
P R O T E C T I O N A G E N C Y R E F E R E N C E DO SE
F O R T E T R A C HL O R O D I B E N Z O‐ P ‐ D I O X I N

From each of these studies, a serum concentration was selected as it
related to male reproductive effects or increased TSH in neonates.
From these serum concentrations, which are metrics of internal dose
(i.e., lipid‐adjusted serum concentrations of TCDD) measured at a sin-

The USEPA is commended on the substantial effort put in over

gle point in time, estimates of daily exposure (administered dose) were

the course of decades to develop the current RfD for 2,3,7,8‐

derived using a kinetic model. These daily intakes were identified as
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the PODs, each of which was characterized as the lowest‐observed‐

2. Selection of the serum concentrations to derive the POD, and

adverse‐effect level (LOAEL). From the POD, UFs were applied to

classification of the serum concentrations as the no‐observed‐

derive a final RfD of 0.7 pg/kg/day (Table 1).

adverse‐effect levels (NOAELs)/LOAELs.
3. Application of a kinetic model to derive the POD from the serum

3 | GENERAL APPROACH FOR
C H A R A C T E R I Z I N G U N C E R T A I N T Y I N TH E
R E F E R E N C E DO S E

concentrations in the studies.
The uncertainty in the TCDD RfD was characterized both qualitatively
and quantitatively by deconstructing and identifying uncertainties, and

The approach for characterizing uncertainty followed recommenda-

then reconstructing potential RfD values using different assumptions,

tions by National Academies of Science, Engineering, and Medicine

options, models and methods that captured the key areas of uncer-

(2014) for the analysis and communication of uncertainty. The objec-

tainty (Beck et al., 2016; National Academies of Science, Engineering,

tive of this approach was to provide “a demonstration of variation in

and Medicine, 2014). For the qualitative assessment, uncertainties in

the final toxicity value estimates under different assumptions, options,

the selection of candidate studies, as well as the characterization

models, and methods” (National Academies of Science, Engineering,

and use of the data from the co‐critical studies, are considered. To

and Medicine, 2014). This approach allows for visualization of uncer-

do so, the studies are discussed relative to the inclusion criteria

tainty in each stage of the process, recognizing that those in earlier

implemented by USEPA (2012), which involved critical appraisal of

stages cascade and propagate to later stages. Further guidance on

the study quality and the overall body of evidence for each given end-

specific approaches to characterizing uncertainty was informed by

point (e.g., consistency). Notably, uncertainty as it related to study

Beck et al. (2016); these approaches suggest deconstruction of the

quality involved assessment of external validity (the degree to which

toxicity value to enhance transparency, presenting PODs and toxicity

the results of a study can be generalized to groups other than those

values in the context of alternatives and evaluating uncertainty in indi-

in the given study) and internal validity (often measured by risk of bias,

vidual elements of the hazard characterization. Recommendations also

an evaluation of the potential for a systematic error or deviation from

included developing visual aids and transparent narratives related to

true effect). Herein, the Risk of Bias tool for the National Toxicology

confidence and uncertainty.

Program (Office of Health Assessment and Translation, 2015a,

The areas of uncertainty evaluated herein paralleled the key decisions made in developing the USEPA RfD for TCDD. These areas

2015b) was used to guide the characterization of uncertainty associated with internal validity.
Continuing with the deconstruction of the toxicity values, the

include:

uncertainty in the selection of PODs (or serum concentrations used
1. Candidate study selection and evaluation of Mocarelli et al. (2008)

to develop the PODs) from the co‐critical studies was characterized

and Baccarelli et al. (2008) as co‐critical studies from the overall

qualitatively, and the PODs were classified as LOAEL or NOAEL

body of evidence.

values. When possible, alternative classifications or alternative values

TABLE 1

Co‐critical study information and USEPA's derivation of the RfD values for TCDD

Parameter

Mocarelli et al., (2008)

Baccarelli et al., (2008)

Study type and population

Human, cohort (Seveso, 1976)

Human, cohort (Seveso, 1976)

Endpoint

Serum concentrations associated with decreased
sperm concentrations in men exposed as boys
aged 1‐9

Maternal serum concentrations associated with
increased β‐TSH in neonates

Data selected to characterize
exposure‐response

Serum concentration of 68 ppt (median
concentration of Q1; measured in 1976)
associated with decreased sperm
concentrations and decreased sperm motility
(measured in 1997‐1998)

Maternal serum concentration of 235 ppt
(estimated from regression plot based on
measurements from 1992 to 1998
extrapolated to time of birth) associated with
neonate β‐TSH >5 μU/mL (1994‐2005)

↓↓ Kinetic model used by USEPA to determine daily intake associated with serum concentrations ↓↓
POD = Daily intake associated with
serum concentrations

0.020 ng/kg/day (mean of peak exposure
[0.032 ng/kg/day] and average exposure over
10‐year critical window [0.0080 ng/kg/day])

0.020 ng/kg/day

POD type

LOAEL

LOAEL

UF

30 UFL = 10; UFH = 3

30 UFL = 10; UFH = 3

RfD

0.7 pg/kg/day

β‐TSH, blood thyroid‐stimulating hormone; LOAEL, lowest‐observed‐adverse‐effect level; POD, points of departure; RfD, reference dose; UF, uncertainty
factor; USEPA, US Environmental Protection Agency.
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significance, clinical significance and level of severity (e.g., determina-
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4.1.1 | Uncertainty related to selection of Mocarelli
et al. (2008) as a candidate study

tion as to whether a response is adverse). For the kinetic modeling,
assumptions and output were considered in the context of established

The selection of the co‐critical studies is not consistent with the

methods and integration of the concentration‐ and age‐dependent

systematic review process more recently proposed by National

kinetics for TCDD.

Academies of Science, Engineering, and Medicine (2014). Since the

Potential ranges of RfD values were then determined using multi-

time of the release of the RfD in 2012, the NAS has described a

ple approaches. First, alternative RfD values were calculated using a

systematic review as an approach to identify, evaluate and integrate

combination of deterministic calculations similar to the “sensitivity

the evidence—steps that support hazard identification and dose‐

tree” approach used by USEPA (2012), in which uncertainties in

response assessment. The earlier approach implemented by USEPA

POD or characterization of the POD as a NOAEL or LOAEL were

used a systematic search (but not a systematic review). That is, the

explored. Then, as per NAS recommendations (National Academies

systematic search was conducted using specific inclusion criteria

of Science, Engineering, and Medicine, 2014), Bayesian approaches

(Table 2) related to identifying studies that characterize the dose‐

were applied to characterize the distribution of RfD values, which

response relationship for TCDD. Thus, the study was selected in the

were subsequently compared with the current RfD. A recently pub-

absence of context with regard to how it related to other studies

lished approach for developing probabilistic dose‐response character-

characterizing the same endpoint. The process did not involve an

izations based on animal data (Chiu et al., 2018) was considered but

overall characterization of potential hazard, and subsequent selection

not implemented as the data examined here are from human studies.

of a candidate study to represent the hazard.

It should be noted that our assessment focused on uncertainty

Many of the inclusion criteria (Table 2) involve aspects of internal

characterization specific to the RfD and the two co‐critical studies

validity of a study. Internal validity, often evaluated by risk of bias

rather than providing a full weight‐of‐evidence assessment related to

(OHAT, 2015), is a significant component of the critical appraisal pro-

hazards and risks associated with TCDD. Therefore, much of the infor-

cess recommended by National Academies of Science, Engineering,

mation conveyed in the USEPA Dioxin Reassessment is not reflected

and Medicine (2014). It provides a measure of whether the design

here.

and conduct of a study compromised the credibility of the link
between exposure and outcome. Notably, National Academies of
Science, Engineering, and Medicine (2014) is recommending that a

4 | U N C ER T A I N T I E S R E LA T E D T O S P E R M
E N D P O I N T ( M O C A R E L LI E T A L. , 2 0 08 )

risk‐of‐bias assessment be conducted on studies that are used by
USEPA as primary data sources for hazard identification and dose‐
response assessment. Thus, the use of some aspects of internal

4.1

|

Mocarelli et al. (2008) background

validity as means of inclusion criteria would contribute to increased
confidence and quality in an assessment. When these more recent

Mocarelli et al. (2008) investigated semen quality parameters and

criteria implemented for inclusion were appraised for Mocarelli et al.

reproductive hormone levels in adult males several decades after their

(2008), significant uncertainties were identified (Table 2).

exposure to TCDD as children during the Seveso accident in 1976.

The sperm quality data reported in Mocarelli et al. (2008) are sub-

The authors reported that males aged 1‐9 years at the time of

ject to uncontrolled sources of methodological error (e.g., high risk of

exposure were reported to have reductions in sperm concentration,

bias) and, thus, were found to have substantial uncertainty related to

percentage progressive motility and total motile sperm count as

the inclusion criteria. Specifically, the outcome (sperm quality) was

adults. In contrast, males aged 10‐17 years at the time of exposure

not evaluated using a valid measure; all the sperm quality data are

were reported to have increased sperm counts and total motile sperm.

based on a single sample from each subject. This is contrary to guid-

The authors concluded that the reductions in sperm count and motility

ance from the WHO (2010, p. 8), which states, “It is impossible to

in males aged 1‐9 years at the time of exposure were permanent and

characterize a man's semen quality from evaluation of a single semen

occurred at serum TCDD concentrations <68 ppt (median TCDD

sample.” To account for intrasubject variation in sperm concentrations,

concentration of the first quartile of men aged 1‐9 years during the

multiple sequential samples are needed over time. More specifically,

Seveso incident). The USEPA selected the serum concentration of

WHO (2010, p. 8) states, “It is helpful to examine two or three samples

68 ppt as the concentration on which to base the POD; this value

to obtain baseline data.” Thus, a single sperm sample is not valid for

was characterized as a LOAEL for decreased sperm concentrations

statistical comparisons between groups. The USEPA acknowledged

and decreased sperm motility. Using a kinetic model, a daily intake

this limitation in the measurement of the outcome, stating that “…

of 0.020 ng/kg/day (mean of peak and average exposure over a

the collection of a single semen sample is not suitable for accurate

10‐year critical window) was derived. This POD was divided by a

evaluation of semen effects in an individual …” (USEPA, 2012, p. C‐

composite UF of 30 to derive the candidate RfD of 0.7 pg/kg/day

124) but nonetheless relied on Mocarelli et al. (2008) as a co‐critical

(Table 1). Uncertainties associated with study selection and evaluation,

study. Further limiting the reliability of the sperm quality data,

POD selection and classification, and kinetic modeling are summarized

Mocarelli et al. (2008) indicate that data on the length of abstinence

in Table 2 and discussed below.

between ejaculations were obtained, but the authors do not fully
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TABLE 2

Inclusion criteria imposed by USEPA (2012) and Mocarelli et al.'s (2008) compliance with the inclusion criteria

Inclusion criteria (USEPA, 2012)

Mocarelli et al.'s (2008) compliance with the inclusion criteria

Study is published in the peer‐reviewed scientific literature and provides
an appropriate discussion of data collection and analysis methods, as
well as sufficient detail to allow consideration of its strengths and
limitations.

Significant exclusion bias limits ability to consider approach and
findings fully; 10 men with serum concentrations of >2000 ppt,
median concentration of 6350 ppt were excluded from the
analyses without explanation of potential impact (authors did not
provide any information regarding sperm concentrations; it is
anticipated that this would have altered the median serum
concentrations of the quartile data used in development of a
candidate RfD).

Exposure is primarily to TCDD, rather than DLCs, and can be quantified
so that dose‐response relationships can be assessed for non‐fatal
adverse Because all epidemiologic cohorts have background
exposures to DLCs, in which TCDD is a minor component, only those
studies for which TCDD exposure is well above background will
qualify for dose‐response modeling. To the extent to which
background DLC exposure becomes more significant with respect to
TCDD exposure, limited quantitative assessment of DLC background
exposures may be necessary endpoints.

Exposures to other DLCs were significant: USEPA estimated that
equivalent POD based on TEQ was ~140 ppt (vs. TCDD‐only POD
of 68 ppt); thus, ~52% of the total TEQs were DLCs other than
TCDD

Effective dose and oral exposure must be quantifiable. Timing of the
measurement of health endpoints (i.e., the response) also must be
consistent with current biological understanding of the endpoint and
its progression.

Exposure to TCDD based on accidental explosion, which involved a
bolus inhalation exposure in addition to oral and dermal exposure.
Exposure dose utilized by USEPA did not reflect the peak
exposure.
Results not biologically consistent; opposite responses observed in
males aged 1‐9 vs. 10‐17 years.

Methods used to ascertain health outcomes are clearly identified and
unbiased (e.g., outcome classification was made―blinded to exposure
levels of the study participants).

Well‐documented that a single sperm sample clinically insufficient to
characterize sperm quality
Unclear whether all endpoints assessed via blinded procedures

Risk estimates generated from the study are not susceptible to
important biases arising from an inability to control or account for
confounding factors or other sources of bias (e.g., selection or
information bias) arising from limitations of the study design, data
collection or statistical analysis.

Potential selection bias in control group; no information provided on
geographic origins or ethnicity (unclear whether recruited from
same eligible population)

Study demonstrated an association between TCDD and an adverse
health endpoint (assuming minimal misclassification of exposure and
absence of important biases) with some suggestion of an exposure‐
response relationship.

No statistical tests were conducted by the authors for the data used
to develop the candidate RfD (quartile analyses)
Single sample of sperm concentration not a measure of adversity; all
sperm concentrations were within clinically acceptable levels related
to fertility

Exposure assessment method is clearly described and can be expected
to provide adequate characterization of exposure, with assignment of
individual‐level exposures within a study (e.g., based on biomarker
data or based on a job‐exposure‐matrix approach). Limitations and
uncertainties in the exposure assessment are considered.

Exposure to TCDD was not measured in control group
(concentrations were assumed <15 ppt in 1976)

Size and follow‐up period of a cohort study are large enough and long
enough, respectively, to yield sufficiently precise estimates for use in
development of quantitative risk estimates and to ensure adequate
statistical power to limit the possibility of not detecting an association
that might be present. Similar considerations regarding sample size
and statistical precision and power apply to other study designs such
as case‐control studies.

Independent analysis of the sample size and sampling design
demonstrates a lack of statistical power to support conclusions.

DLC, dioxin‐like compound; POD, point of departure; RfD, reference dose; TCDD, tetrachlorodibenzo‐p‐dioxin; TEQ, toxic equivalency; USEPA, US Environmental Protection Agency.

report these data. Abstinence is a major determinant of the variation in

the exposed individuals). Mocarelli et al. (2008) assumed that the

seminal parameters, and understanding the potential impact of differ-

serum TCDD concentrations for the comparison groups were

ences in abstinence length is important to understanding the results

≤15 ppt in 1976‐1977. EFSA (2018b) has also recently cited the

(Carlsen, Petersen, Andersson, & Skakkebaek, 2004; WHO, 2010).

poor exposure information for the control group as a potential

With respect to exposure bias, serum concentrations of TCDD

source of bias. Furthermore, with respect to the comparison (or con-

were not measured for the control group (but were measured for

trol) group, no information was provided regarding the geographic
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origins or ethnicity, and, thus, it is unclear whether participants

Maharaj‐Briceno, & Cyr, 2010). In a comprehensive review of studies

were recruited from the same eligible population (i.e., bias related

examining the effect of in utero and developmental exposure to TCDD

to selection of control groups). These elements are known to influ-

on male rat reproductive system parameters (Bell et al., 2010), the

ence the validity of the outcome measurements (sperm counts vary

authors state that acute exposures lead to higher hepatic sequestra-

by geographic region) (Fisch, Ikeguchi, & Goluboff, 1996; Safe,

tion and less fetal distribution. This supports uncertainty in translating

2000), as do exposure measurements (dioxin concentrations vary

exposures from Seveso (e.g., acute exposure interval before evacua-

by ethnicity), respectively (Bichteler, Wikoff, Loko, & Harris, 2017).

tions), to predicting human responses where exposure occurs chroni-

EFSA (2018b) also recently cited the lack of information on the

cally, and to low levels, via dietary intake.

likeness of the control group as a probable source of bias in this
study.
Furthermore, there is direct evidence of exclusion bias; the
original study authors excluded men that were characterized as “very

4.1.2 | Uncertainty in the point of departure from
Mocarelli et al. (2008) based on lack of statistical
significance

highly exposed” (Mocarelli et al., 2008, p. 71). Specifically, 10 men
aged 1‐9 years old in 1976 were excluded from the analysis; this

The sperm concentrations of exposed men evaluated by quartile

group had a median serum concentration of 6350 ppt (a concentra-

were not subjected to a statistical evaluation by the study authors

tion one to two orders of magnitude greater than the medians of

or by the USEPA. The USEPA attempted to obtain the original data

the first [68] and fourth quartiles [733], respectively). The authors

from the Mocarelli et al. (2008), noting that the first author was also

did not provide a rationale for excluding these participants; no

a member of the agency's SAB charged with reviewing the USEPA

information was provided regarding the sperm quality or the impact

assessment (USEPA, 2010c). However, the study authors did not

of excluding these participants on the exposure‐response relation-

make these data available. As such, no tests could be conducted to

ship. EFSA (2018b) has also recently cited this as a potential bias

determine whether the median serum concentration of Q1—the data

in the study methods. In addition to attrition/exclusion bias, there

point used to develop the candidate RfD—was statistically different

probably was a high risk of selection bias. The overall participation

from the reference group. Because the data were presented only in

rate of 33% is low and is different from the participation rate of

graphical format, the USEPA estimated the decrease in sperm con-

the control groups (49%). Neither Mocarelli et al. (2008) nor USEPA

centrations ~25% (Q1), ~25% (Q2), ~21% (Q3) and ~33% (Q4) rela-

(2012) addressed these factors as part of an uncertainty analysis.

tive to the control group—a trend that is not indicative of a dose‐

Notably, EFSA also recently described a probably high risk of bias

response. Furthermore, when describing the data, the USEPA

related to the selection domain due to these issues with participa-

described the sperm concentration changes in the second, third and

tion rate (EFSA, 2018b; Annex A.9.1).

fourth quartiles as “minimal” relative to the first quartile (USEPA,

There is also a high level of uncertainty related to the generalizabil-

2012, pp. 4‐58), despite significant increases in TCDD serum concen-

ity of the exposures and effects observed in Mocarelli et al. (2008) to

trations. It is notable that in their recent review, EFSA (2018b) also

represent the general population exposure‐response. Specifically,

specifically indicated a lack of dose‐response relationship reported

there is uncertainty regarding reliance on a study involving high‐dose,

in this study.

acute exposure from what is described as a toxic cloud following the

In our assessment, it was determined that the first quartile

Seveso incident (Pesatori, 1995; Pesatori et al., 2003; Signorini et al.,

group was not statistically significantly different from the control

2000). The experimental animal literature demonstrates the role of

group for either measure (Data S1; see Supporting Information).

dose in the relationship between high‐dose, bolus exposure (vs.

The only quartile to achieve statistical significance was Q4; the

chronic low‐dose exposures) and male reproductive effects (Foster,

median serum concentration in Q4 was 733 ppt (Figure 1). Thus,

FIGURE 1 Characterization of key
uncertainties in sperm data. Adapted from
Figure 3A in Mocarelli et al. (2008); sperm
concentration (adjusted mean and 95%
confidence interval) for exposed men 1‐
9 years old in 1976 and sampled for semen
quality indices in 1998. LOAEL, lowest‐
observed‐adverse‐effect level; TCDD, 2,3,7,8‐
tetrachlorodibenzo‐p‐dioxin; USEPA, US
Environmental Protection Agency [Colour
figure can be viewed at wileyonlinelibrary.
com]
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if using classical designations based on statistical significance, the

values shown in Figure 1 are, in fact, >40 million/mL, which suggests

LOAEL from Mocarelli et al. (2008) would be 733 ppt (median of

that the entire cohort of exposed men have sperm concentrations

Q4), and the NOAEL would be 345 ppt (median of Q3). The

above the 25th percentile of the WHO (2010) reference range for

impact of using a statistically significant finding would result in a

men whose partners became pregnant within 20 months of

~10‐fold higher serum level based on a LOAEL (and the UF = 10

discontinuing contraceptive use. This uncertainty in the adversity of

for UFL retained) or, alternatively, a fivefold higher serum level

the observed decreases in sperm concentration was acknowledged

based on a NOAEL coupled with a 10‐fold lower composite UF

by the USEPA, which stated, “A decrease in sperm concentration of

(UFL would not be needed). At a minimum, the evaluation of statis-

25% likely would not have clinical significance for a typical individual

tical significance would suggest that the serum concentration uti-

…” (USEPA, 2012, pp. 4‐59).

lized in the development of the RfD (68 ppt) is a NOAEL instead
of a LOAEL, as characterized by the USEPA, because it is not statistically different from the control. The classification of 68 ppt as
a NOAEL vs. LOAEL, alone, has a significant impact on the RfD—

4.1.4 | Uncertainty in the points of departure based
on shortcomings in the characterization of exposure

removal of the 10× UF for UFL results in an RfD of 7 pg/kg/day
(vs. 0.7).

The measures of exposure in Mocarelli et al. (2008) were blood

Statistical significance for the cohort (vs. by quartile) can also be

samples. These samples were drawn months after the acute exposure

considered. Mocarelli et al. (2008) report an unadjusted sperm

in July 1976; because TCDD kinetics are concentration and age

concentration mean of 53.6 million/mL (mean ± SD, 21.8‐131.8

dependent, it is likely that the measured levels underpredict exposure

million/mL) across all exposed men from the cohort aged 22‐31 years

at the time of the acute exposure incident. The POD for the EPA

(i.e., those exposed when aged 1‐9 years; regardless of TCDD

reflects an average of the estimated peak dose and the daily dose over

concentration/assignment by quartile). In the control group, the

a time to achieve the 68‐ppt value. There is uncertainty in using this

authors reported a mean concentration of 72.5 million/mL (mean ± SD,

approach to characterize the exposure metric, as any potential effect

31.7‐165.9 million/mL) in men of similar age but unknown geographic

is probably associated with peak concentrations associated with the

region. The comparison of sperm concentrations for all exposed men

acute, high‐dose exposure to dioxins. Such a relationship has been

aged 22‐31 years (“exposed group” regardless of the exposure level)

observed in experimental animal data (Foster et al., 2010). As a result,

was reported statistically significant (P = 0.025). Thus, the statistically

the POD likely reflects an underestimate (i.e., the POD would be

significant finding applies to the evaluation of the entire exposed

higher if these kinetic aspects are considered).

group (median 210 ppt); the same finding was not reported for a comparison limited to the first quartile (Q1) of the exposed group (median
68 ppt).

4.1.3 | Uncertainty in the points of departure
based on lack of clinical significance (i.e., lack of
adversity) of the sperm deficits in Mocarelli et al.
(2008)

4.1.5 | Uncertainty in the points of departure based
on lack of dose‐response
Acknowledging that the decrease in sperm concentration in the first
quartile of men aged 1‐9 years at time of exposure was not clinically
relevant, the USEPA judged the impact on sperm concentration and
quality to be biologically significant based on the potential for func-

All of the sperm concentrations reported by Mocarelli et al. (2008)

tional impairment in a population. This is somewhat incongruent with

were within the normal range of variability and are above concentra-

the agency's acknowledgment that there was no clear adverse‐effect

tions considered clinically significant and associated with reduced

level indicating male fertility problems for either of the sperm effects

fertility. As such, the sperm concentrations reported by Mocarelli

reported in Mocarelli et al. (2008) and that no effects on the reduction

et al. (2008) should not be considered adverse. All of the mean values

in total sperm count or testosterone levels were observed in concert

shown in Figure 1 are well above 20 million/mL, which is the level

with the altered sperm concentration and motility counts (USEPA,

identified by USEPA (2012) as the guideline used by WHO (1980)

2012). Nonetheless, the USEPA relied on a rationale that decreases

for determining clinically significant deficits in sperm concentrations

associated with TCDD could lead to shifts in the distributions of such

(i.e., levels <20 million/mL are associated with increased male infertil-

measures in the general population. The SD below the mean for sperm

ity). However, USEPA (2012) did not discuss more recent guidance by

concentrations across the cohort (not for Q1), 21.8 million/mL, was

WHO (2010), in which a lower limit of 15 million sperm/mL is cited as

described as falling near the low end of the range of reduced

a reference value for clinically significant deficits in sperm concentra-

fertility. Thus, the rationale for the effect was supported by data for

tion (with a range of 12‐16 million/mL; WHO, 2010). Regardless, none

the entire cohort, rather than for Q1. Subsequently, a more appropri-

of the mean sperm concentrations reported by Mocarelli et al. (2008)

ate POD would be based on the serum concentration associated with

was lower than any of these reference values, not even in Q4, which

statistical significance in the cohort (i.e., 210 ppt) vs. that from

was the only quartile determined statistically different from controls

Q1. This factor alone introduces a threefold higher serum level to

in this current assessment (Figure 1). Furthermore, all of the mean

calculate the POD.
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4.2 | Uncertainties related to the thyroid‐stimulating
hormone endpoint (Baccarelli et al., 2008)

ET AL.

A relatively recent weight‐of‐evidence analysis of human exposures to DLCs and associations with thyroid hormone levels during
early development highlight the limitations of the Baccarelli et al.

4.2.1

|

Baccarelli et al. (2008) background

(2008) study (Goodman, Kerper, Boyce, Prueitt, & Rhomberg, 2010).
From the 19 studies that specifically evaluated TSH, Goodman et al.

Baccarelli et al. (2008) investigated neonatal blood thyroid‐stimulating

(2010) reported a lack of evidence for clear and consistent effects of

hormone (β‐TSH) levels in neonates born to mothers from Seveso. The

dioxins on TSH in infants and children, noting that the results were

authors reported that neonatal β‐TSH levels were modified by mater-

inconsistent, and, in most cases, group differences in TSH were not

nal dioxin exposures. Correlations were reported between neonatal

statistically significant. Among the studies that evaluated TSH from

TSH values with both maternal TCDD and toxic equivalency (TEQ).

birth to 3 days old, only Baccarelli et al. (2008) reported a significant

The USEPA relied on information presented in a graphic to character-

association with serum TCDD. When interpreting the inconsistencies

ize the regression of estimated maternal serum concentrations and

in findings, Goodman et al. (2010, p. 95) noted that “the range of

infant β‐TSH at birth, to determine the critical effect and resulting

TSH levels in infants’ blood at 3 days observed in this study was not

POD. Using a threshold of 5 μU/mL β‐TSH as an indicator for adverse

elevated relative to levels in other studies with lower exposures to

effects, the USEPA selected the maternal serum concentration of

dioxins and DLCs, raising questions regarding the potential impact of

235 ppt to develop the POD. Using kinetic modeling, a serum

TCDD on thyroid hormone levels.”

concentration of 235 ppt, corresponding to an average daily intake

Studies in laboratory animals support the hypothesis of a threshold

of 0.02 ng/kg/day, was derived. This POD was then divided by a

effect level for TCDD exposure, i.e., TSH (as an indicator of thyroid

composite UF of 30 to derive the candidate RfD of 0.7 pg/kg/day

function) is more consistently altered at high doses, but not at lower,

(Figure 2). Uncertainties associated with study selection and

environmentally relevant doses (Goodman et al., 2010; Greene, Hays,

evaluation, POD selection and classification, and kinetic modeling

& Paustenbach, 2003; Seo et al., 1995; Sewall et al., 1995). The poten-

and discussed below.

tial role of high‐dose exposure is emphasized by findings from
Baccarelli et al. (2008, p. 1136), in which “all positive associations were
dependent on the presence in the analyses of participants with very

4.2.2 | Uncertainty related to selection of Baccarelli
et al. (2008) as a candidate study

high plasma TCDD level (TCDD >50 ppt, n=5).” When the analyses
were restricted to individuals with TCDD levels <50 ppt (i.e., general
population exposures), none of the correlations (including TSH) were

As discussed previously, the process implemented by the USEPA in

significant.

selecting candidate datasets was focused on studies that could be

Taken together, the inconsistency of the Baccarelli et al. (2008)

used to characterize the dose‐response relationship for TCDD (vs.

data relative to data obtained from cohorts other than Seveso, as well

hazard characterization). Thus, selection was biased to favor studies

as the clear need for high‐dose exposures to obtain a response, high-

with positive findings, and characterization of the body of evidence

light the uncertainty in the selection of Baccarelli et al. (2008) as a can-

regarding the relationship between the exposure and increased TSH

didate study. Furthermore, it is plausible that the inconsistency can be

in humans was not examined, i.e., no systematic characterization of

explained by the lack of external validity, i.e., the lack of generalizabil-

hazard was provided for this endpoint, and no description of consis-

ity in using a study involving high‐dose, acute exposure following the

tency with other studies was provided. In this context, the USEPA

Seveso incident to represent dietary exposures in the general

received a number of peer‐review comments related to the selection

population.

of Baccarelli et al. (2008) as a co‐critical study, because it was not con-

With respect to internal validity as it relates to inclusion criteria

sistent with other literature characterizing potential associations

applied by USEPA (2010), there is likely a high risk of bias in the

between dioxin exposure and thyroid function in neonates, infants

evaluation and control for confounding. As acknowledged by USEPA

and children.

(2010a, 2010b), consideration of the confounding effect of maternal

FIGURE 2 Characterization of key
uncertainties in TSH data. Adapted from
Figure 2a, Baccarelli et al. (2008); maternal
plasma dioxin levels and neonatal β‐TSH. β‐
TSH, blood thyroid‐stimulating hormone;
TCDD, 2,3,7,8‐tetrachlorodibenzo‐p‐dioxin
[Colour figure can be viewed at
wileyonlinelibrary.com]
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iodine intake was not included in the assessment (because it was not
available). Although Baccarelli et al. (2008) reported that there was

4.4 | Independent analysis demonstrating broad
confidence interval around points of departure

no indication that exposed and unexposed women had differences in
uptake, this does not discount the potential confounding of such dif-

No estimates of variability around the POD were considered by

ferences within each group—two different aspects of confounding

USEPA (2012). Therefore, an independent analysis was conducted to

(OHAT, 2015a, 2015b). Furthermore, the Lombardy region—where

characterize the 95% confidence bounds around the serum concentra-

Seveso is located—is known to have a borderline‐mild iodide defi-

tion used for the POD. Data points were reconstructed from Figure 2

ciency (5.4%‐6.3%) relative to iodine‐replete populations (<3%)

A in Baccarelli et al. (2008) using WebPlotDigitizer version 4.1 (49 of

(Corbetta et al., 2009). Given the evidence of regional iodine defi-

the reported 51 data points were identified). A linear regression model

ciency (i.e., direct evidence of confounding) and the direct relationship

was fit to the reconstructed data (log‐transformed neonatal TSH vs.

between iodine status and TSH (WHO, 1994) (discussed further

log‐transformed maternal lipid‐adjusted serum TCDD), using R (R Core

below), this is a critical variable in an evaluation of TSH as an outcome,

Team, 2018). This model was then used to make an inverse prediction

which likely contributes to uncertainty in the selection of Baccarelli

of log maternal TCDD corresponding to a specified log neonatal TSH,

et al. (2008) as providing reliable characterizations between TCDD

along with the corresponding 95% confidence interval. The inverse

and TSH.

prediction and confidence interval were calculated using the

Regarding the evaluation of exposure, the USEPA determined that

“chemCal” R package (Ranke, 2015), which adapts the calculation

the uncertainty was too great to utilize neonatal TCDD serum concen-

method of Massart et al. (1997). The prediction and 95% confidence

trations, instead using maternal serum concentrations. However, the

interval bounds were then exponentiated to back‐transform them to

maternal serum concentrations were based on measurements col-

the natural scale. It is recognized that this exercise was limited to

lected between December 1992 and September 1998—several years

the log‐transformed data as this was the form presented by the origi-

after the measurements of outcome (collected at birth, January

nal authors; however, uncertainty could be even further characterized

1994‐June 2005). Thus, instead of using maternal serum concentra-

using non‐log transformed data (recognizing that this approach would

tions measured at the same time as the outcome, exposure was based

have additional complexity associated with non‐linearity when

on maternal serum concentrations that were extrapolated to the date

assessing a confidence interval on an inverse relationship).

of delivery by Baccarelli et al. (2008). The combined indirect approach

The resulting confidence interval was very broad (~40 ppt,

that involves both (1) lack of exposure measurement in the individuals

>100 000 ppt) and reflects the high variability in the relationship, small

(infants), and (2) consideration that exposure and outcome were not

sample size (n = 51), relatively small proportion of measurements in

measured at the same time, lend uncertainty in the assessment of

the higher TCDD ranges (>50 ppt) and non‐linear bivariate relation-

exposure.

ship (note the log‐transformed scales in the graphic provided by the
original authors). The large confidence boundaries demonstrate a low
level of precision in the estimate (and greater uncertainty).

4.2.3 | Uncertainty in the points of departure based
on shortcoming in selection and characterization of a
serum concentration

4.3 | Points of departure based solely on
extrapolated estimate of unadjusted data

4.5 | Uncertainty in the points of departure based on
lack of clinical significance (i.e., lack of adversity) of
thyroid‐stimulating hormone measurements in
Baccarelli et al. (2008)
The increased TSH was identified as an indicator of reduced circulat-

As noted above, the USEPA did not use a value reported by the study

ing thyroxine (T4) levels, which could eventually lead to neurological

authors, but rather, conducted a series of exercises to determine a

deficiencies. More specifically, increased TSH was characterized as

POD by extrapolating from a figure in Baccarelli et al. (2008). Specifi-

adverse based on its use as a screening indicator for follow‐up exam-

cally, the USEPA determined the maternal serum concentration

ination to rule in or rule out the presence of permanent congenital

associated with neonatal TSH levels >5 μU/mL from a regression plot

hypothyroidism (CH) (USEPA, 2012; WHO, 1994). However, the

in Baccarelli et al. (2008) (reproduced in Figure 2). This plot presents

diagnosis of CH is significantly more complex than the assessment

regression findings for the crude analyses; results of the multivariate

of a single screening level TSH sample (American Association of Pedi-

analyses in which confounding was considered result in a different

atrics, 2006). Furthermore, screening for CH is complex. In a clinical

regression slope (β = 0.75) (i.e., a different POD would be derived

setting, infants with TSH above a designated screening level (typically

using the relationship that adjusted for confounding). The study

>10 μU/mL, discussed below) undergo confirmatory testing involving

authors did not provide sufficient data to determine a POD using

serum TSH and free T4. Those with both persistent serum TSH

the adjusted data. Because the USEPA has recognized the importance

>10 μU/mL and normal or low free T4 are considered hypothyroid.

of confounding as part of the inclusion criteria, not using adjusted data

Such cases are typically also accompanied by clinical evaluation, bio-

lends uncertainty to the RfD.

chemical determinations, thyroid scintiscan and/or neck ultrasound
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(Corbetta et al., 2009). Similarly, Baccarelli et al. (2008) described the

(2008) do not report the specific time of sample collection—a factor

need for further testing in participants in the cohort; additional

that precluded use of the study by EFSA (2018b) in their recent

laboratory and clinical investigations were conducted on participants

review. Specifically, EFSA reported that missing data on the timing

with β‐TSH >10 μU/mL. Two of eight (25%) individuals who were

of blood TSH made the quantitative association between TCDD levels

screened received a final diagnosis of permanent CH (discussed

and TSH uncertain.

further below).

The type of delivery also impacts postnatal TSH levels. For exam-

Thus, interpreting neonatal TSH results establishing adverse, e.g.,

ple, a study of 1859 neonates tested on day 3, also using the

the presence of CH, is complicated by the need to establish multiple

AutoDelfia TSH method, observed that 4.3% of neonates delivered

lines of evidence, including repeat TSH measurements, additional thy-

vaginally were found to exceed the 5 μU/mL cutoff, compared with

roid hormone assessments (e.g., T4 and tri‐iodothyronine) and longer‐

an exceedance rate of 7.1% for neonates born via Caesarean section

term medical monitoring (Saleh et al., 2016). Further, characterization

(McElduff, McElduff, Wiley, & Wilcken, 2005). Although Baccarelli

of a cutoff of 5 μU/mL TSH as a LOAEL is not supported by the clin-

et al. (2008) accounted for the type of delivery in the multivariate

ical literature. Rather, 5 μU/mL, and even concentrations up to

analysis and tabular summaries, the POD was based on the graphical

10 μU/mL, constitutes POD that represents a NOAEL, thus eliminat-

summary using raw data for n = 51 mother‐infant pairs, not adjusted

ing the need for the 10× UF.

for covariates. Thus, the POD also does not account for the potential
impact of the type of delivery.

4.6 | Uncertainty in the points of departure due to
lack of consideration of factors impacting variability in
thyroid‐stimulating hormone levels (bias in outcome
assessment)

4.7 | Uncertainty in the points of departure
associated with using a screening level of 5 μU/mL as a
threshold for adverse effects (bias in outcome
assessment)

One of the reasons it is difficult to rely on single measurements of
TSH alone as a marker of adversity is the natural variability of TSH

The >5 μU TSH/mL value used by the USEPA as a threshold for

in infants. β‐TSH levels in infants have been reported to range from

adverse effects is not a level associated with adverse effects in indi-

1.7 to 9.1 μU/mL in children 2‐20 weeks of age (American Academy

viduals. The USEPA acknowledged this uncertainty, stating that “the

of Pediatrics [AAP], 2006). TSH levels are both transient and depen-

exact

relationship

between

TSH

increases

and

adverse

dent on a number of factors (e.g., mode of birth, iodine deficiency)

neurodevelopmental outcomes is not well defined” (USEPA, 2012,

(Parks et al., 2010; Chanoine et al., 1988; LaFranchi, 2011). In the

pp. 4‐57). The threshold of 5 μU/mL is a screening value proposed

majority of cases, transient elevations of TSH can be attributed to

by WHO (1994), but only as an indicator of iodine deficiency. Because

many contributing factors other than permanent CH (Chanoine et al.,

iodine is essential for the synthesis of thyroid hormones, TSH levels

1988; Colon & Alonso‐Fernandez, 2011; LaFranchi, 2011). It is well

can directly reflect the availability and adequacy of thyroid hormone.

known that iodine deficiency can induce transient CH (Parks et al.,

In 1994, WHO described TSH levels as the best diagnostic test for

2010), a condition that is neither related to TCDD exposure nor neces-

determining hypothyroidism, although also clarifying that TSH levels

sarily associated with adverse health effects, because it is easily

are a screening measure. A screening level serves as a recall threshold

corrected with iodine replacement therapy until normal iodine balance

for the initial neonatal β‐TSH measurement that triggers further diag-

is achieved.

nostic measures. When describing how to interpret levels, WHO iden-

In addition, variability in neonatal TSH levels can be related directly

tifies a recall threshold of 10‐15 μU/mL to screen for CH, whereas

to the postnatal timing of sample collection. TSH levels dramatically

5 μU/mL is described as a screening level that may be appropriate

increase at delivery, possibly in response to neonatal cooling. These

for identifying iodine‐replete populations in epidemiologic studies.

values typically reach 70 μU/mL within 30 minutes of birth, followed

In the Lombardy region (where Seveso is located), 10 μU/mL

by a decline to about 20 and 10 μU/mL, at 24 and 48 hours postpar-

served as the recall threshold at the time of the Baccarelli et al.

tum, respectively. TSH values (both the mean and 97.5th percentile)

(2008) study (Corbetta et al., 2009). In addition, in Baccarelli et al.

measured between 1 and 7 days following birth decrease by at least

(2008), the study authors themselves used 10 μU/mL as their measure

threefold during this period (Lott, Sardovia‐Iyer, Speakman, & Lee,

of adversity. Other entities have also established similar comparison

2004). This variability related to the postnatal timing of sample collec-

values. For example, the diagnostic guidance from the AAP provides

tion was demonstrated in a study of 161 244 births based on the

a helpful perspective, noting that “most physicians would consider a

AutoDelfia method (the same TSH method reported by Baccarelli

persistent basal TSH concentration higher than 10 μU/mL (after the

et al., 2008). All of the TSH samples (n = 51) from Baccarelli et al.

first 2 weeks of age) to be abnormal. … A TSH range of 1.7 to 9.1

(2008) are within the range of values reported by Lott et al. (2004)

μU/mL has been reported for children 2 to 20 weeks of age” (AAP,

for the 72‐hour postpartum time interval. Thus, variability in the TSH

2006, p. 2295). The Laboratory Support for the Diagnosis of Monitor-

values reported in Baccarelli et al. (2008) may largely reflect the

ing of Thyroid Disease of the National Academy of Clinical Biochemis-

expected variation due to sampling time. Importantly, Baccarelli et al.

try considers <10 μU/mL a no‐further‐action level.
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The majority of the 1014 neonates evaluated by Baccarelli et al.
(2008) had β‐TSH levels <10 μU/mL. Only eight of the study partici-

underestimation of elimination rates in the lower concentration range
of the accumulation process.

pants (across the entire study, including comparisons) had β‐TSH

Additionally, children, the sensitive population represented by the

>10 μU/mL (the recall threshold in Lombardy), and following assess-

Seveso data from both Mocarelli et al. (2008) and Baccarelli et al.

ment in recall tests, five were found to have β‐TSH <5 μU/mL (did

(2008), eliminate TCDD faster than adults do (Milbrath et al., 2009).

not undergo further testing), and only two were eventually confirmed

The intestinal lipid clearance and concomitant elimination of TCDD

to have CH (status of eighth participant following recall tests

is much faster in infants and children than in adults, but the Emond

unknown). None of the other neonates were followed further, which

model does not accurately reflect this accelerated clearance.

is the usual practice; therefore, the CH rate for children in both the

Therefore, the model underpredicts the intake rate associated with

exposed and comparison populations is unknown. This includes uncer-

the target serum lipid concentrations by a factor of ≥2 (SAC, 2010).

tainty regarding children who did not screen in (i.e., false negatives).

Taken together, the physiologically based pharmacokinetic model

Additionally, the authors reported that the proportion of newborns

employed to develop estimates of intake dose is associated with

with β‐TSH >5 μU/mL was 2.8% in the reference area, a finding similar

uncertainty; uncertainty suggesting that the intake doses estimated

to that of WHO, which anticipated ~3% of infants in iodine‐replete

by the model are low.

populations to exceed this level, based simply on natural variability
(Baccarelli et al., 2008, p. 1135).
If the serum concentration had been based on the TCDD level at
which the dose‐response function in the regression analysis presented
by Baccarelli et al. (2008) reaches 10 μU/mL, the resulting serum con-

6 | U N C E R T A I N T I E S RE L A T E D T O L A C K O F
CONSIDERATION OF TOXIC EQUIVALENCY
AND IMPACTS ON DOSE ESTIMATES

centration would be 1513.56 ppt, with a lower 95% confidence
boundary of 151.36 ppt and an upper 95% confidence boundary

Another major source of uncertainty associated with the USEPA RfD

>10 000 000 ppt, i.e., use of 10 μU/mL—the standard “threshold”

is lack of consideration of the total TEQ serum concentration. In iden-

implemented clinically—results in serum concentrations that are orders

tifying the serum concentration to be used in the development of the

of magnitude higher than that estimated using the 5 μU/mL threshold.

POD, the USEPA focused solely on TCDD. This is problematic, given
the practical application of the RfD in assessing health risks, i.e., when
evaluating risk from DLCs, it is commonly accepted, as well as recommended by the USEPA, that the WHO TEQ method be used (USEPA,

5 | U N C E R T A I N T Y I N TH E
P H A R M A C O K I N E T I C M O D E L I N G U S E D TO
D E V E L O P T HE P O I N T S O F D E P A R T U R E

2010a, 2010b). The TEQ method accounts for additive effects of all
DLCs by assigning toxic equivalency factors to each of the DLCs and
then summing them to obtain a total TEQ concentration (Van den
Berg et al., 2006). This method is intended to address the fact that

In selecting a model, the USEPA considered several published models

the DLCs act through a common mechanism of action that involves

for TCDD (Aylward, Brunet, Carrier, et al., 2005; Emond, Birnbaum, &

binding the aryl hydrocarbon receptor to induce a similar spectrum

DeVito, 2004; Emond, Birnbaum, & DeVito, 2006; Emond, Michalek,

of adverse effects. Thus, any potential adversities observed would

Birnbaum, & DeVito, 2005), although, ultimately, the agency used

be a result of collective DLC activity. When considering such effects,

the model developed by Emond et al. (2006), with modifications. It

a serum concentration based on TEQ would form the basis of the

should be noted that the USEPA rigorously evaluated potential models

POD (rather than a serum concentration based on TCDD alone).

and, in doing so, reported that the simulation results of serum lipid or

Failure to account for the total TEQ concentration results in an over-

liver concentrations varied up to a factor of 7 (USEPA, 2012), thus

estimation of the potency of TCDD.

recognizing the potential uncertainties inherent to the use of such

The USEPA cited a lack of relevant background TEQs in the Seveso

models. The uncertainty in the model has been demonstrated in com-

populations as part of the rationale for not incorporating background

ments provided to the USEPA (Science Advisory Council [SAC], 2010),

exposures to dioxins into the POD. However, the contribution of

as well as more broadly in the literature (e.g., Aylward, Collins, Bodner,

other DLCs was significant to the overall TEQs in both of the co‐

Wilken, & Bodnar, 2013).

critical studies (Baccarelli et al., 2008; Mocarelli et al., 2008)

The consequence of the half‐life overprediction (i.e., too long) by

(Figure 3). Baccarelli et al. (2008) report that the mean maternal TCDD

physiologically based pharmacokinetic models, relative to empirically

level was 18.9 ppt, whereas the mean concentration based on TEQ

measured elimination behavior in humans, is that chronic daily

(including polychlorinated dibenzodioxins and furans [PCDD/Fs] and

doses associated with serum concentrations <100 ppt will be

dioxin‐like polychlorinated biphenyls) was 41.8 ppt, i.e., TCDD

underestimated by the models; hence, the dose predicted to produce

accounted for less than half of the total TEQ (Figure 3). Mocarelli et al.

a 100‐ppt serum concentration will be too low, i.e., the intake dose

(2008, p. 73) did not report serum TEQ, although they stated, “If

to achieve the lipid‐adjusted serum concentration (LASC) would be

TCDD acts in concert with other dioxin‐like chemicals in affecting

higher. This issue would also result in an underestimate of intakes

sperm quality, the total dioxin toxic equivalency (TEQ) should be con-

required to achieve somewhat higher body burdens due to the

sidered.” This text is followed by the citation of a publication reporting
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other parameters). For this evaluation, it was assumed that TCDD
was 10% of the TEQ. For Mocarelli et al. (2008), the total TEQ associated with the median TCDD of 68 ppt was estimated to be 140.1 ppt
TEQ (72.5 non‐TCDD TEQ); for Baccarelli et al. (2008), the total TEQ
associated with the maternal serum concentration related to infant
TSH >5 μU/mL was 485 ppt. The USEPA concluded that the consideration of background exposure (i.e., TEQ vs. TCDD alone) was the most
influential variable included in the sensitivity analysis, thus demonstrating the importance of considering total TEQ vs. TCDD only.

7 | Q U A L I T A T I V E CH A R A C T E R I Z A T I O N OF
O V E R A LL U N C E R T A I N T Y
As shown in Figure 4, when the co‐critical studies were deconstructed
FIGURE 3 Contribution of TCDD to overall TEQ, as determined by
USEPA (2012); demonstrates that TCDD potency is overestimated
by not considering TEQ. TCDD, 2,3,7,8‐tetrachlorodibenzo‐p‐dioxin;
TEQ, toxic equivalency [Colour figure can be viewed at
wileyonlinelibrary.com]

as described above, the integration of each stage resulted in a “high to
very high” level of uncertainty in candidate study selection based on
internal validity as it relates to inclusion based on study quality and
reliability (e.g., lack of control for confounding, uncertainties in
measures of the outcome, etc.). Both studies had a high level of uncer-

on serum concentrations in women from Seveso, which reported

tainty related to generalizability of exposure‐response relationships

serum concentrations of ~100 ppt, of which ~20 ppt is from TCDD

observed from the Seveso incident to general‐population exposure‐

(Eskenazi et al., 2004). These data discussed by Mocarelli et al.

response relationships (noting that studies in experimental animals

(2008) would suggest that TCDD potentially accounts for only 20%

support the observation of differential kinetics and outcomes follow-

of the TEQ. Thus, there is direct evidence that, for both co‐critical

ing high‐dose exposures). There was a “medium to very high” level

studies, TCDD represents only a portion of the overall TEQ. The

of uncertainty in selection, derivation and classification of PODs; this

impact is that using TCDD concentrations alone ignores the contribu-

categorization was driven by lack of statistical or clinical significance,

tion of other DLCs and results in a significant overestimation of TCDD

subsequent classification of the PODs as LOAELs (vs. NOAELs) and

potency in eliciting any purported adverse effects.

a lack of consideration of TEQ.

The TEQ concept was acknowledged by the USEPA as part of the

When integrated vertically (i.e., when considering all the elements

agency's sensitivity analysis of the RfD (discussed below): “Because

evaluated collectively for each study), the resulting overall level of

DLCs are presumed to act in the same manner as TCDD (for AhR

uncertainty was “high.” This designation was determined simply

induction and subsequent effects), the magnitude of the background

because of the high level of uncertainty in each of the parameters con-

DLC exposure is an important concern in establishing the POD”

sidered resulting in a collective designation of high uncertainty. When

(USEPA, 2012, pp. 4‐77). For this reason, the USEPA considered the

the co‐critical studies were compared, the uncertainty associated with

contribution of other PCDD/Fs or their potential contribution to the

Mocarelli et al. (2008) was determined substantially higher than that

overall dioxin TEQ, but the other PCDD/Fs were not included in the

of Baccarelli et al. (2008), owing primarily to limitations in the validity

final derivation of the RfD. A series of calculations and modeling exer-

of the evaluation of single, altered sperm concentrations in men from

cises were used to evaluate the influence of TEQ (as well as selected

the Seveso cohort, combined with the lack of statistical and clinical

FIGURE 4 Horizontal and vertical integration of uncertainty per National Academies of Science, Engineering, and Medicine (2014)
recommendations. LOAEL, lowest‐observed‐adverse‐effect level; NOAEL, no‐observed‐adverse‐effect level; POD, points of departure; RfD,
reference dose
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significance of the data selected to develop the POD. When uncer-

NOAEL vs. LOAEL (results in composite UF of 3 instead of 30); (2)

tainty in candidate values from both studies was combined, the overall

addition of TEQ; and (3) maternal serum concentrations using a TSH

uncertainty was considered “high.”

cutoff of 10 μU/mL (vs. 5 μU/mL). Thus, when viewed from left to
right, the sensitivity tree (Figure 5) displays alternative candidate RfDs
using the Baccarelli et al. (2008) dataset by increasing confidence.

8
QUANTITATIVE CHARACTERIZATION
O F O V E R A LL U N C E R T A I N T Y
|

As per the recommendations from National Academies of Science,
Engineering, and Medicine (2014), uncertainty was also evaluated
using a Bayesian approach that combined distribution of POD values,

The use of alternative assumptions identified during the deconstruc-

as well as UFs (Figure 5; green shaded symbols). POD values were

tion of the co‐critical studies allows for the determination of alterna-

based on the regression from Baccarelli et al. (2008) for neonatal

tive RfD values that could reasonably be considered. Quantitative

TSH vs. maternal TCDD and maternal TEQ (Data S2; see Supporting

characterization of alternatives focused on aspects such as statistical

Information); LASC values corresponding to two threshold values of

significance, clinical significance, TEQ (vs. TCDD only) and uncer-

neonatal TSH (5 and 10 μU/mL) were determined for TCDD and

tainties in the kinetic modeling. However, owing to the very high level

TEQ. The POD values (serum concentrations) were converted into

of uncertainty (and thus lack of reliability for the purposes of risk

equivalent intake dose PODs and then to RfDs using a Bayesian

assessment) in the Mocarelli et al. (2008) study, quantitative uncer-

approach to applying UFs. This approach, endorsed by National Acad-

tainty analyses were conducted only for Baccarelli et al. (2008).

emies of Science, Engineering, and Medicine (2014) and discussed by

The quantitative uncertainty analysis conducted for Baccarelli et al.

Simon et al. (2016), involves treating the UF as a random variable

(2008) involved combining parameters used by USEPA in their sensi-

(vs. a fixed variable) obeying a log‐normal distribution, thus resulting

tivity analysis of key interpretive decisions associated with exposure

in a distribution of relative potency values. The assumption of a log‐

and kinetic modeling (USEPA, 2012), along with alternative POD

normal distribution for the UF is generic, taken in the absence of

values and LOAEL/NOAEL characterizations. With respect to uncer-

detailed data that could define an empirical distribution for the UF

tainty parameters from USEPA (2012), selected scenarios from the

(Simon et al., 2016). In the language of Bayesian statistics, the log‐

sensitivity trees were used for demonstrative purposes. Because the

normal distribution for the UF is a previous distribution, as is any dis-

USEPA sensitivity analysis involved only derivation of alternative

tribution for the POD: the resulting RfD distribution thus represents

PODs (Figure 5; light blue shading), we applied the UFs to derive the

an “induced prior.”

alternative RfD values (Figure 5; dark blue shading). The USEPA

In this evaluation, each POD could be treated either as an NOAEL

characterizations integrated TEQ for some scenarios. For example,

(combined with an UF of 3) or as an LOAEL (combined first with an UF

TCDD‐only estimates ranged from 0.00161 to 0.0303 ng/kg/day for

of 10, then with an UF of 3). As a result, eight different distributions

Baccarelli et al. (2008), whereas PODs based on TEQ were 0.0180

for RfD were derived, for the different combinations of POD exposure

and 0.0593 ng/kg/day. Other scenarios represent variations in the

metric (TCDD or TEQ), POD neonatal TSH threshold (5 or 10), and

maternal serum (and the POD) using alternative kinetic modeling

POD type (NOAEL or LOAEL). These eight distributions are shown in

assumptions.

Figure 6 (colored curves). For each distribution, the 2.5th percentile

Additional scenarios presented in Figure 5 involve alternative com-

was taken as a conservative, lower‐bound estimate for an RfD

binations that incorporated: (1) characterization of the POD as a

(marked with vertical colored dashed lines in Figure 6). The 2.5th

FIGURE 5 Sensitivity tree demonstrating the range of plausible RfD values from Baccarelli et al. (2008). Light blue shade indicates parameters
evaluated by USEPA, dark blue indicates parameters identified via deconstruction of the RfD, and green symbols indicate combined uncertainty
evaluation integrating Bayesian assessment of UFs. Symbol outline indicates level of confidence. LASC, lipid‐adjusted serum concentration;
NOAEL, no‐observed‐adverse‐effect level; POD, points of departure; RfD, reference dose; TCDD, 2,3,7,8‐tetrachlorodibenzo‐p‐dioxin; TCEQ,
Texas Commission on Environmental Quality; TEQ, toxic equivalency; TSH, thyroid‐stimulating hormone; UFs, uncertainty factors; USEPA, US
Environmental Protection Agency
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FIGURE 6 RfDs derived using Bayesian approach to incorporating uncertainty factors. Right column: RfD derived treating POD as LOAEL; left
column: RfD derived treating POD as NOAEL. Top row: RfD derived for a neonatal TSH threshold of 5 μU/mL; bottom row: RfD derived for a
neonatal TSH threshold of 10 μU/mL. Blue solid lines: probability distributions for RfD derived using POD expressed as maternal LASC TCDD.
Red solid lines: probability distributions for RfD derived using POD expressed as maternal LASC TEQ. Blue dashed vertical lines: 2.5th percentile
of RfD derived from POD as maternal LASC TCDD (lower bound of two‐tailed 95% confidence interval on RfD). Red dashed vertical lines: 2.5th
percentile of RfD derived from POD as maternal LASC TEQ (lower bound of two‐tailed 95% confidence interval on RfD). Black solid vertical lines:
Current RfD (0.7 pg/kg/day). LOAEL, lowest‐observed‐adverse‐effect level; LASC, lipid‐adjusted serum concentration; NOAEL, no‐observed‐
adverse‐effect level; POD, points of departure; RfD, reference dose; TCDD, 2,3,7,8‐tetrachlorodibenzo‐p‐dioxin; TEQ, toxic equivalency; TSH,
thyroid‐stimulating hormone

percentile RfD estimates from the eight distributions range from ~1.5

of the RfD for the TCDD. We have demonstrated that of the two co‐

to 179 pg/kg/day (Figures 5 and 6).

critical studies, Baccarelli et al. (2008) is more reliable. Key elements

The position of the current RfD on each of the eight distributions

forming the basis of this conclusion included limitations in the process

was computed (marked with vertical black solid lines in Figure 6).

for selection, external and internal validity of the individual studies,

The current RfD is at the extreme lower tail of all eight distributions,

and selection and derivation of the POD using data from the individual

occurring at percentiles ranging from 0.5 (i.e., 99.5% of values are

studies. Quantitative integration of the uncertainties resulted in plau-

higher than the current RfD) down to 1e‐30 (i.e., 99.999 … % of values

sible RfDs ranging from ~1.5 to 179 pg/kg/day. Furthermore, applica-

are higher than the current RfD). This demonstrates the highly conser-

tion of Bayesian techniques for the assessment of UFs demonstrated

vative nature of the current RfD.

that the current RfD is at the lower end of all possible distributions
described herein.
Several qualitative observations were noted regarding elements of

9

|

D I S C U S S I O N A N D CO N C L U SI O N S

the Seveso studies that contribute significantly to the overall uncertainty. This included a high level of uncertainty related to external

Using approaches for characterizing uncertainty, as recommended by

validity (i.e., lack of generalizability of acute, high‐dose exposures to

National Academies of Science, Engineering, and Medicine (2014),

typical population exposures), and a high level of uncertainty related

Beck et al. (2016) and WHO (2017), and building on the initial efforts

to the selection of and confidence in the POD, given that high‐dose

of USEPA (2012), we have assessed uncertainties in the development

mechanisms have been documented for both outcomes (increased

WIKOFF
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TSH and decreased sperm) (Bell et al., 2007; Black et al., 2012;

critical studies used for the development of reference values were

Budinsky, LeCluyse, Ferguson, Rowlands, & Simon, 2010; Connor &

the only human studies with sufficient exposure and dose‐response

Aylward, 2006; Foster et al., 2010; Goodman et al., 2010). Extrapola-

data to support risk estimation, study weaknesses still must be consid-

tion of daily intakes associated with serum concentrations resulting

ered, and that such studies undergo a risk of bias assessment (National

from an acute, high‐dose exposure were also associated with uncer-

Academies of Science, Engineering, and Medicine, 2011). Both

tainty due to the concentration‐ and age‐dependent kinetics of TCDD

Mocarelli et al. (2008) and Baccarelli et al. (2008) had methodological

(Aylward, Brunet, Starr, et al., 2005). Further complicating this extrap-

limitations that were objectively characterized using an informal

olation is the role of other DLCs (i.e., TEQ). Notably, even when using

assessment of internal and external validity. This, again, reinforces

experimental studies of animals exposed to TCDD as the basis of the

the positive direction of integrating a systematic review (Bahadori &

benchmark, JECFA (2002) (joint FAO/WHO expert committee on

Thayer, 2018), including evaluation of the study validity (and risk of

food additives) accounted for the differences in daily exposure associ-

bias), into the IRIS process, although it also highlights the need for

ated with long‐term vs. acute exposure, as well as for background TEQ

continued refinement of existing tools (e.g., “APROBA,” a tool being

body burdens.

considered by IRIS to aid in characterization of uncertainty does not

Another common theme was related to the selection of each study

accommodate human data) (Blessinger & Bussard, 2018). Also of note,

as being representative of the respective outcome, i.e., Was each

a systematic review of sperm endpoints is currently under way (Urban

study reasonably representative of the body of evidence? To address

et al., 2018).

this issue, a systematic review of each outcome would need to be con-

The range of plausible RfDs derived in this assessment highlights

ducted, and the consistency in the direction of the findings, dose‐

the importance of characterizing the uncertainties more fully, both in

response relationships, magnitude, etc., of the body of evidence would

the underlying database and in the approaches used to establish the

be determined. Such an approach would include evaluating and rank-

RfD; toxicity values cannot be viewed as “bright lines.” As described

ing individual studies according to methodological rigor—an aspect

by the WHO, uncertainty analyses provide an opportunity to inform

that is well recognized, e.g., in assessing the potential for an agent to

more transparently the confidence we can place in toxicological risk

affect male fertility based on semen parameters, or the potential for

projections and estimates of the relationship between dose and health

a single measurement of increased TSH linked to adverse outcomes.

effect, thereby facilitating choices of preventative measures taken by

It is thus notable that between submission of this current manuscript

risk managers (WHO, 2017), i.e., characterizing and communicating

and final acceptance, EFSA released a risk assessment that incorpo-

uncertainty allows risk assessors to communicate better the confi-

rated a systematic review in developing toxicity values for TCDD

dence and degree of health protection inherent in assessments that

(EFSA, 2018b). Many of the methodological validity questions relating

include specific toxicity values. It is anticipated that the range of RfDs

to Mocarelli et al. (2008) and Baccarelli et al. (2008) discussed herein

(~1.5 to 179 pg/kg/day), along with characterization of confidence in

were also noted by EFSA. Also notable, these studies were not

those values, will improve risk assessments of DLCs and provide

selected by EFSA as candidate studies to derive a toxicity value.

important information to risk managers.

Further supporting the importance of characterizing uncertainty, EFSA
(2018b) also included a formal uncertainty assessment that included
consideration of uncertainty in hazard identification and characteriza-
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