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Consideration of in vitro bioaccessibility of indoor dust when assessing risks in smelter communities 

Introduction

In smelter communities, one of the most important pathways to consider in Human Health Risk Assessments (HHRA) 
is potential exposures to relevant chemicals (i.e., metals) in indoor dust. Wet and dry deposition causes atmospheric 
emissions from smelters to settle onto local soils and other surfaces. Both the settled material and the airborne chemicals 
may be transferred into residential homes via human and local meteorological activity. Outdoor yard soil can be 
transported indoors by wind, household pets, or on clothing or shoes of humans. These outdoor sources, combined 
with numerous indoor, anthropogenic sources, form typical household dust. Studies have reported that between 20 
and 30% of indoor contamination comes from outdoor soil sources. This is an important pathway of exposure in human 
health risk assessments, especially for sensitive individuals.

The bioaccessibility of a contaminant is the portion that is soluble in the gastrointestinal environment, and is available 
for uptake into the blood stream. This soluble fraction can be measured in an in vitro laboratory setting, and can be 
used as a surrogate for bioavailability. The use of bioaccessibility in risk assessment is considered to be valid and 
applicable, provided that some basic data requirements are fulfilled to permit regulatory groups (e.g., U.S. EPA, Health 
Canada) to ascertain the validity and defensibility of such measurements. While in vitro assays are commonly used to 
evaluate soil, evaluation of bioaccessibility of metals in dust is not routinely undertaken. In a recent community-based 
HHRA, consideration was give to the bioaccessibility of metals present in indoor dust collected from within homes in 
the community. Comparison of the dust bioaccessibility to soil for the same community provides some insight to its 
utility and necessity of collecting this type of data at other locations. Not surprisingly given its ultrafine characteristics, 
bioaccessibility for dust was slightly higher than for soil. The soil and dust bioaccessibility data for six smelter-related 
metals will be discussed and compared.

The Sudbury Soils Study

In communities where industrial emissions (such as those emitted from smelters) have resulted in metal-impacted 
soils, one of the most important pathways to consider when completing a human health risk assessment (HHRA) 
is potential exposures to these metals in indoor dust.  For example, preschool children, especially older infants and 
toddlers, spend most of their time indoors and can ingest significant amounts of house dust through normal, repetitive 
hand-to-mouth activities.  Ordinary house dust is typically composed of a complex mixture including soil transported 
indoors on clothing or shoes of humans or by animals, pet and human dander/hair, fungal spores, particulates from 
indoor aerosols, and traces of various volatile organic chemicals and metals.  Studies have reported that between 20 
and 30% of indoor contamination comes from outdoor soil sources (Rutz et al., 1997). 

The current poster presents the results of an indoor dust survey conducted as part of the Sudbury Soils Study in the 
Greater Sudbury Area of Ontario, Canada.  During the problem formulation phase of the HHRA, it was recognized 
that there was no information on the concentrations of the metals in indoor dust in Sudbury. Therefore, an indoor dust 
survey was developed to fill this significant data gap.  The primary objectives of this survey were as follows:

• Measure concentrations of metals in indoor dust in the Greater Sudbury area (GSA);

• Measure concentrations of the metals in co-located outdoor soil samples to identify a       

relationship (if any) between indoor dust and outdoor soil concentrations;

• Compare the data collected in Sudbury with other information and relationships reported 

in the literature;

• If a relationship exists between metal concentrations in outdoor soil and indoor dust, use 

this relationship to predict indoor dust levels in indoor living spaces over the range of metal 

levels reported in soil surveys conducted as part of the Sudbury Soils Study; and,

• Generate data that can be utilized to estimate human exposure to metals in indoor                   

environments in the HHRA. 

The Dust Study

Homes and schools from five regions throughout the GSA were selected for sampling.  The five areas represent the 
primary Communities of Interest (COI) identified for the HHRA. A total of 91 homes participated in the survey, including:  
Copper Cliff (20); Coniston (20); Falconbridge (21); Sudbury Centre (19); and, Hanmer (11).  Analyses of 86 indoor 
dust samples were completed, as five of the samples were not able to be analysed.  Co-located soil samples from 
the 86 residential properties sampled for indoor dust were also evaluated in the current assessment.  All dust and soil 
samples were analysed for a total of twenty elements; although, the study focused on the indoor dust and outdoor 
soil concentrations of the six metals being evaluated as part of the HHRA (i.e., arsenic, cobalt, copper, lead, nickel 
and selenium).  

Dust was collected using a high volume surface vacuum sampler (i.e., an HVS3) by vacuuming a composite of at 
least three 1 m2 carpeted areas in each home.  Sample areas were selected from high-traffic locations and areas 
most frequented by children (e.g., floor areas in front of the main television, in a child’s bedroom, in a playroom or 
family recreation room). Each sample area was measured using meter sticks and marked on the carpet/rug with tape. 
Concurrent surface soil samples (i.e., a composite grid in the front yard) were also collected at each house to assist in 
evaluating the potential relationship between indoor dust and outdoor soils.

A summary of metal concentrations observed in residential soil and household dust are presented in Table 1.

Table 1     Summary Statistics – Concentrations of Various Metals in Soil and Indoor Dust
Variable Mean Std Dev N Minimum Maximum Median
Yard Soil
Arsenic       30.9 57.0 82 1.5 262 7.35
Cobalt 26.3 32.6 82 2.7 159 12.2
Copper  542 666 82 15.4 2,830 246
Lead 55.6 58.9 82 3.3 291 29.8
Nickel 480 600 82 21.8 3,390 251
Indoor Dust
Arsenic       23.1 21.6 82 3.70 120 15.1
Cobalt 55.6 48.4 82 6.28 246 41.3
Copper  811 819 82 109 5,700 585
Lead 194 372 82 25.0 3,150 106
Nickel 810 993 82 104 7,700 529

A linear regression analysis of the co-located indoor dust and outdoor soil samples taken from residential properties 
across the GSA was conducted to examine the relationship (if any) between the metal content observed in residential 
soils and co-located household dust samples. The linear regression analysis was conducted using the statistical 
software package SAS® (for Windows, Version 8.2).  Prior to conducting the regression analysis, the raw data were 
organized in a pair-wise fashion (i.e. indoor dust concentration, co-located soil concentration, community location, and 
age of home).  With the exception of those observations considered outliers and/or influential points, single-variable 
linear regression models were constructed using the data summarized below in Table 2.  

In general, soil did not explain a large percentage of the variance observed in household dust concentrations                       
(Table 2). The single-variable linear regression models were able to account for approximately 15 to 44% of the 
variation observed in household dust concentrations. It was thought that the age of the home might account for some 
of the unexplained variance observed in the household dust concentrations and was, therefore, selected as a second 
explanatory variable.  Prior to placing house age into the model as an explanatory variable, Pearson correlation 
coefficients (r) were generated between metal-specific indoor dust concentrations and the age of each home. Significant 
correlations (p<0.05) between indoor dust levels and the age of the residential structure were observed for lead and 
cobalt only; however, these correlations were weak with r values of 0.26 and 0.27, respectively. The multiple regression 
analysis for lead and cobalt (i.e. the addition of a second explanatory variable, house age) did not explain any additional 
variance in the dependant variable (i.e. the indoor house dust concentration). In both cases, the age coefficient was 
not significantly different from zero (p>0.1) and was removed from the model during the backward elimination process. 
Based on this examination, the age of the house was not considered a significant explanatory variable.

Although soil alone was able to explain only 15 to 44% of the variability in metal concentrations observed in household 
dust, the use of single-variable linear regression equations (Table 2) to estimate metal concentrations in household 
dust was considered the preferred approach in situations where no measured dust data were available. 

Table  2     Summary of Linear Regression Equations

Metal Equationa R2 P Model Fit N
Slope

(95% C.L.)
Intercept

(95% C.L.)
Arsenic ln[indoor dust] = 0.22±0.06 ×  ln[soil] + 2.27±0.15 0.15 0.0004 79 0.096 – 0.325 2.01 – 2.64
Cobalt ln[indoor dust] = 0.57±0.07 × ln[soil] + 2.09±0.21 0.44 <0.0001 81 0.426 – 0.708 1.68 – 2.50
Copper ln[indoor dust] = 0.21±0.05 × ln[soil] + 5.22±0.26 0.20 <0.0001 81 0.118 – 0.307 4.70 – 5.75
Lead ln[indoor dust] = 0.26±0.06  × ln[soil] + 3.82±0.23 0.18 <0.0001 80 0.138 – 0.392 3.36 – 4.28
Nickel ln[indoor dust] = 0.36±0.06 × ln[soil] + 4.32±0.33 0.31 <0.0001 82 0.239 – 0.473 3.66 – 4.97
a  ln[indoor dust] = ß0±SE × ln[soil] + C±SE.
SE  Standard error.

Bioavailability/Bioaccessibility

The ingestion of soil and dust were the major routes of potential exposure to metals in humans living in the GSA.               
To effectively assess the dose of metals received by humans, the determination of bioavailability becomes an invaluable 
tool in risk assessment.  The approach for oral bioavailability assessment of contaminants can typically be divided into 
four fundamental processes: i) the oral intake of soil/dust including metals; ii) bioaccessibility; iii) intestinal absorption; 
and, iv) metabolism in the liver/intestines (Oomen et al., 2006; Sips et al., 2001). Out of these processes that construct 
the basis of bioavailability, bioaccessibility testing is a key component. The inclusion of bioaccessibility testing as part 
of the assessment process allows for a more realistic estimate of the systemic exposure to metals from soil and dust 
ingestion than using generic assumptions such as those employed to derive soil guideline values (EAUK, 2005a).

Overview of Bioaccessibility 

Oral bioaccessibility can be defined as the fraction of a substance that is released from the soil or dust matrix during 
digestion, thus making it soluble and available for absorption through the gastrointestinal tract (Defra and Environment 
Agency, 2002). In effect, this fraction represents the upper limit of bioavailability.  Oral bioaccessibility only takes 
into account the direct ingestion of soil and dust and does not incorporate other routes of exposure such as skin and 
lungs. The bioaccessible fraction is the fraction of the substance of interest that is dissolved from soil into chyme, and 
represents the maximum fraction available for intestinal absorption (Ruby et al., 1999; Sips et al., 2001). The dissolved 
substance may be absorbed and transported across the intestinal wall into the blood or the lymphatic system.  Once 
dissolved, some of the substance may precipitate in the intestine, be bound to other substances or undergo chemical 
transformation to an insoluble form.  Any of the processes would lead to a portion of the substance remaining unavailable 
for absorption.  Once distributed into the systemic circulation from the intestines or the liver, substances can ultimately 
start to exert systemic toxicity (Sips et al., 2001). Thus, one can see the importance in assessing bioaccessibility as 
it will determine the amount of a soil- or dust-bound material that will actually become bioavailable to potentially exert 
effects in the body. 

Bioavailability depends, in large measure, upon bioaccessibility. When bioaccessibility is low, oral bioavailability will 
also be low.  Absolute oral bioavailability of soil-borne substances can be estimated on the basis of bioaccessibility 
in combination with the absorption and metabolism values from toxicological studies (Sips et al., 2001).  Hence, the 
effectiveness of methods in determining the bioaccessibility of soil contaminants may dictate the overall conclusions of 
risk assessments.

Toxicity data employed in most risk assessments (e.g., reference doses [RfDs] and cancer slope factors [CSFs]) are 
typically developed, in part, from toxicological studies using animals.  These studies generally use a highly bioavailable 
chemical form (e.g., soluble inorganic salts, etc.) and delivery media (e.g., food, water, etc.) to ensure a high dose 
reaches the target tissue.  As such, RfDs and CSFs do not inherently address the availability of compounds in other 
environmental media, such as soils and dust.  It is, therefore, important that the bioavailability of the compound present 
in soil or dust, relative to bioavailability of the chemical species and delivery media used by the critical toxicological 
study (i.e., the study used to develop either the RfD or CSF), be quantitatively supported.  

Absolute bioavailability refers to the fraction or percentage of a compound that is ingested, inhaled or applied to the 
skin that is absorbed and reaches systemic circulation (Hrudey et al., 1996). Relative bioavailability, as it pertains to 
risk assessment, has been defined as “the difference in absorption of a compound from the environmental medium 
of concern (e.g., food, soil and/or water) versus the absorption from the vehicle (or medium) used in the toxicological 
study from which the toxicity-based reference value is derived” (Kelly et al., 2002).

Traditionally, in vivo studies (i.e., animal studies) have been used to determine the relative bioavailability of metals; 
however, in vivo studies can have significant associated time and cost constraints (Ruby et al., 1999).  Therefore, 
more rapid and inexpensive in vitro extraction studies (designed to simulate the human stomach and intestinal system) 
have been developed to provide a reasonable, yet conservative, approximation of true bioavailability by assuming 
relative bioavailability is equal to bioaccessibility.  In vitro extraction studies have been designed to simulate the human 
gastrointestinal tract (e.g., pH, temperature, and chemical composition of solutions in both the stomach and small 
intestine, etc.) in order to assess the mobilization of compounds from soil during the digestion process. 

Given the importance of evaluating the potential toxicity of soil- and dust-bound chemicals to area residents, in-vitro 
bioaccessibility analyses were conducted as part of the Sudbury Soils Study.  

The objective of these analyses was to estimate the bioaccessible fractions of arsenic, copper, cobalt, lead, nickel, and 
selenium in soil and dust samples.  These results were then used to derive a relative absorption factor (RAF) for each 
chemical of concern.

  

An RAF based on a bioaccessibility evaluation is a simple quotient comparing the solubility of COC in soil and the 
exposure medium used to develop the RfD/CSF (i.e., spiked food) in simulated digestive fluids.  The RAF makes 
no assumptions about digestive differences between humans and other mammalian species, and is calculated                                                      
as follows:
 
 

Bioaccessibility of Chemical in Soil
RAF = 

Bioaccessibility of Chemical in Exposure Medium to Devlop the RFD

Many different in vitro test methods are available to measure bioaccessibility of inorganic compounds in soil.  Oomen   
et al. (2002) evaluated five different types of in vitro digestion models for three different soil types, producing a wide 
range of bioaccessibility results.  Although data on bioaccessibility of lead and arsenic in soil are available, limited data 
are available for other metals such as nickel, copper, zinc, cadmium, and chromium (DEPA, 2003).  At this time, no 
single in vitro method has been universally accepted (DEPA, 2003).

It is important to note that oral bioaccessibility testing is only applicable to the soil and dust human exposure pathways, 
and not the food consumption pathways (EAUK, 2005a). While bioaccessibility testing may be a valuable addition 
to risk assessment practices, it is an evolving science and several uncertainties remain. Oral bioaccessibility results 
have been shown to vary considerably between substances as well as within and between contaminated sites. The 
bioaccessibility of nickel, lead, and arsenic varied greatly in different geographical locations. Furthermore, bioaccessibility 
test results have been reported to be significantly affected by various factors such as physical-chemical properties of the 
contaminants (Dieter et al., 1993; Freeman et al., 1996; Gasser et al., 1996; Ruby et al, 1996; 1999), soil characteristics 
(Ruby et al., 1993; 1996; 1999; Hamel et al., 1998; 1999), the composition of digestive fluids (Guyton, 1991; Ruby et al., 
1992; Oomen et al., 2000), and the presence of food constituents (Hack and Selenka, 1996).  Hence, it is not realistic 
to propose a single value to represent the bioaccessibility of a given metal; site-specific values must be developed on 
a case-by-case basis.      

The biggest uncertainly in any in vitro bioaccessibility test is knowing how closely the values relate to human bioavailability. 
No in vitro method can recreate the physiological process of the human gastrointestinal tract, the presence of food, and 
the effect of microbial communities perfectly.  Standardized soil reference material and bioaccessibility methods may 
improve human bioaccessibility data. In the absence of human bioaccessibility data, the best validation of the in vitro 
results has been done using in vivo studies in rats and pigs (Sips et al., 2001). 

Another uncertainty regarding bioaccessibility is the comparability of the in vitro results within and between laboratories 
(EAUK, 2005b), which are based on such factors as differences in procedures, materials, instrumentation calibration 
and sample preparation. Human error will also contribute to inter- and intra-laboratory differences in results. There 
is no single method suitable for all metals, since such a method would need to satisfy the key requirements such as 
simulation of the human gastrointestinal conditions, simplicity and cost effectiveness (Danish EPA, 2003).

Approach for Bioaccessibility Testing in this Study

Following a thorough review of the available literature, a two-phase bioaccessibility protocol (i.e., simulating both gastric 
and intestinal phases of absorption) adapted from the standard operating procedure (SOP) developed by the Solubility/
Bioavailability Research Consortium (SBRC) (Ruby et al., 1999) was initially selected to estimate the bioaccessibility 
of all COC in Sudbury area outdoor soils and indoor dust. 

Soil and dust samples were divided and submitted for analysis to two independent laboratories.  In total, 40 soil samples 
(unsieved), 25 dust samples (sieved) and 2 reference samples were sent to lab B, while splits of all 40 soil samples 
were sent to Lab A, and only 10 of the dust samples had sufficient material to split for two parallel analyses.  As such, 
all 25 dust samples were analyzed by Lab B, while a subset of 10 dust samples were analyzed by Lab A.  Neither 
laboratory was informed of the other independent analysis.

It is important to note that both labs use similar in vitro methods to establish bioaccessibility, with small changes in the 
overall methodology.  One key difference was that Lab A provided bioaccessibility results for both phases (i.e., gastric 
and gastric + intestinal), while Lab B only provided results for the gastric phase.

The Results

It is important to keep the purpose of the bioaccessibility study in context.  The purpose of the study was to estimate the 
relative difference in bioaccessibility between metals in soil and dust, and those used in the toxicological studies used 
to derive the TRVs utilized in the HHRA.  The study was not intended to measure the absolute bioavailability of metals 
in soil and dust.  The Table 3 and the following Figure contain the results of the bioaccessibility study.  The results of 
the study demonstrate a difference between soil and dust bioaccessibility estimates and it becomes evident that this 
relationship is chemical specific. These differences, while relatively small, indicate that soil bioaccessibility may not be 
an appropriate predictor of dust bioaccessibility for all metals.

The dust bioaccessibilities determined in this study were compared to values published by other researchers (Rasmussen 
(2004) and Yu et al. (2006) (Table 4).  Difference are likely due to site-specific differences in dust, including differences 
in the amount of organic matter, chemical speciation and particle size, as well as differences in the bioaccessibility 
methods. Unfortunately, there is a paucity of data available regarding the bioaccessibility of metals from house dust 
and this leads to the conclusion that site-specific consideration of this issue is prudent in a large scale risk assessments 
for metals when dust is a significant contributor to exposure.

Table 3     Summary of Bioaccessibility Results (%)

COC
Gastric Phase Gastric + Intestinal

Lab A Lab B Lab A
Mean 95UCLM Mean 95UCLM Mean 95UCLM

Soil Samples
Arsenic 24 26 31 39 30 33
Cobalt 26 28 26 28 23 25
Copper 50 54 69 74 61 65
Lead 62 66 69 78 14 16
Nickel 35 39 40 44 35 38
Selenium 7 12 15 26 21 33
Dust Samples
Arsenic 39 43 41 45 41 45
Cobalt 28 32 28 30 32 38
Copper 44 50 46 49 58 67
Lead 79 83 83 95 18 21
Nickel 32 36 29 31 37 43
Selenium 24 NC 43 67 NC
NC  Not calculated. Due to concentrations below detection limit, bioaccessibility values could not be calculated for selenium.
95UCLM95th percentile upper confidence limit of the mean (considered the upper bound estimate of the mean)

Table 4     Bioaccessibility of Metals in House Dust (%)

COC Study RAF
Rasmussen (2004) Yu et al. (2006)

<53 um
(urban)

53-100 um
(urban)

<100 um
(suburban)

<75 um 75-150 um 150-250 um

Ni 30 44 30 31 9.4 ± 4.2 17.1± 7.2 16.2 ± 8.0
Pb 83 74 55 60 - - -
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