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• Middleport biomonitoring study showed no 
evidence of soil arsenic exposure

• Reduce bioavailability of soil arsenic is one 
reason

• Mineral forms of arsenic in soil are less soluble

• Oral bioavailability study confirms reduced 
absorption from soil

• Dermal absorption is negligible

Outline
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Middleport Environmental Exposure Study - 2003

Middleport Environmental Exposure Study Design

• Participants – 439 total from 167 families, including 
77 children < 7 years old

• Collected first morning urine sample on 2 days, 
analyzed for total and speciated As and for 
creatinine, plus toenail samples (84)

• Collected soil from yards (84), gardens (23), and 
play areas (28), plus indoor dust (111) and 
vegetables (42 gardens)

• Administered questionnaire
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Middleport Study Results

Why Are Soil Exposures
Less than Predicted in Some Risk Assessments?

• Less soil is ingested 

• Some ingested soil is from indoor dust, which may 
have lower arsenic concentrations 

• Less arsenic is absorbed into the body from soil 
than from water
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• Arsenic bioavailability: 
! Fraction of ingested arsenic reaching the blood

• Relative arsenic bioavailability:
– Arsenic bioavailability from ingested solid relative to 

a soluble arsenic dose

Definitions:

How Is Reduced Bioavailability Used to 
Assess Arsenic Risks?

Toxicity Assessment

•Animal studies
•Epidemiology studies

Exposure Assessment

•Water, soil, food, air
•Oral, dermal, inhalation 
exposures

Risk 
Characterization

Problem 
Formulation
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Why is Arsenic in Soil Less Bioavailable?

• Mineral forms of arsenic in soil have reduced 
water solubility

• Insoluble or poorly soluble materials are 
generally less well absorbed than soluble 
materials.

Influence of Arsenic Species, Particle Size, and 
Morphology on Arsenic Bioavailability



6

tracktrack

bleachersbleachers370 
ppm
370 
ppm

210 
ppm
210 
ppm 230 

ppm
230 
ppm

announcer 
box

announcer 
box

200 
ppm
200 
ppm

light poleslight poles

bushes, trees, and grassbushes, trees, and grass

1995 School Bleacher Area Samples

230 
ppm
230 
ppm

290 
ppm
290 
ppm

Electron Microprobe (EM) Instrument

O
Fe

As

Output

Focused
1-!m
electron
beam

Electon Gun

High-Vacuum Chamber

Sample

Visual Image:
Photomicro-

graph

Quantative
Analysis

Energy
Dispersive
Detector

Backscatter
Electron
Imaging

(BEI)

Wavelength
Dispersive
Detector



7

Photomicrograph of Arsenic-Iron Oxide Grain
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Exponent Arsenic Bioavailability Research Program

• Part of research supported by SERDP (directed by 
Mike Ruby and Yvette Lowney)

• Included Middleport soils
• Mineral forms of arsenic measured
• Oral bioavailability studies in monkeys
• In vitro (bench top) screening method
• Dermal bioavailability studies in monkeys

Relative Oral Bioavailability Studies of Arsenic 
in Cynomolgus Monkeys

• Conducted by Dr. Stephen Roberts at the University 
of Florida 

• Results for 14 soils from 12 sites
• Positive and negative reference materials also 

tested
• Results published in 2007 in Toxicological Sciences
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Selection of Research Model

• Arsenic 
– Simple pharmacokinetics, 
– Rapid elimination 

• Use of cynomolgus monkey vs. swine
• Primates phylogenetically closer to humans
• GI physiology — similarities to human
• Evaluated for bioavailability research in the study 

of pharmaceuticals 
– “Good model for oral bioavailability in humans” (Ikegami, 

2003)

Study Design

• Low arsenic diet prior to dosing 
• Dosed with slurry of soil in water 

– Soil dose </= 1 g/kg bw
– Arsenic dose </= 1 mg/kg bw

• Collection of urine and feces 
• Five animals received each treatment
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Study Design – Reference Doses
• Intravenous 

administration of sodium 
arsenate (1 mg As/kg bw) 

• Oral dosing of sodium 
arsenate by gavage
(3 dose levels) 

• Oral dosing of sodium 
arsenate mixed with soil 

• Oral dosing of 
arsenopyrite
(FeAsS)mixed
with soil 

Relative Bioavailability (RBA) Calculations

• RBA = (% of soil As dose in urine) – (background)
• (% of soluble As dose in urine) – (background)

• *Corrections made on animal-specific basis
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Arsenic RBA from 15 Soils

Arsenic RBA for 15 Soil Samples

Animal ModelRBAbRBAaSoil Sample

0.002 ± 0.003AsPyrite spike

0.19 ± 0.05NYF-5B

----0.09 ± 0.04FLCPS

----0.05 ± 0.04COSS

0.20 ± 0.10NYF-13B

0.28 ± 0.10NYF-8B

Swine (Casteel et  al. 2001)0.18 Ð0.450.17 ± 0.08CORS

Arsenate spike

COSCS

NYOS

WAOS

CAMT

FLCDV

WISS

MTSS

0.94 ± 0.05

----0.18 ± 0.06

----0.15 ± 0.08

----0.24 ± 0.09

----0.19 ± 0.02

Cebus monkey (Roberts et al. 2002)0.250.31 ± 0.04

Swine (Rodriguez et al. 1999)0.290.13 ± 0.07

Cynomolgus monkey (Freeman et al. 1995)0.200.13 ± 0.05

Alternative RBA Measurements

a RBA = % Dose in urine (soil) / % Dose in urine (arsenate); Results expressed as mean ± SD (N=5)
b Alternative RBAs were measured using urinary excretion data, although not necessary using the same    

experimental approach as in the present study
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Oral Bioavailability Study Results

• Cynomolgus research model demonstrates high 
RBA for samples with high expected 
bioavailability and low RBA for soil samples 
with low expected bioavailability 

• RBA values for arsenic in 12 environmental soils 
ranged from 5% to 31% 

• Indicate that site- or soil-specific factors 
control the absorption of arsenic from soil

Soil Arsenic Mineralogy Supports Results
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Dermal Absorption of Arsenic From 
Middleport Soils

Dermal Absorption of Arsenic: Wester et al. (1993)

Soluble Arsenic      
in Solution

Soluble Arsenic      
in Solution

Soluble Arsenic 
Mixed with Soil
Soluble Arsenic 
Mixed with Soil

Dose (µg/cm2)

Absorption (%)

Dose (µg/cm2)

Absorption (%)

High Dose 
Group

High Dose 
Group

0.6

2.0 ± 1.2**

0.6

2.0 ± 1.2**

Low Dose 
Group

Low Dose 
Group

0.00004

6.4 ± 3.9*

0.00004

6.4 ± 3.9*

High Dose 
Group

High Dose 
Group

2.1

3.2 ± 1.9**

2.1

3.2 ± 1.9**

Low Dose 
Group

Low Dose 
Group

0.000024

4.5 ± 3.2

0.000024

4.5 ± 3.2

*Value used by EPA (2001) for dermal absorption from both wood residues and soil

** Range of values recommended by SAP, 2001
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Crossover Study Design

Soluble Arsenic in 
Solution –

Reference Material

Soluble Arsenic in 
Solution –

Reference Material

Collect urine 
baseline + 7 " 24 hr       

samples

Mass applied vs. 
mass excreted to 
determine % dose 

absorbed

Dose matched 
to mass As in 
applied residue

NaAs
+ H2O
NaAs
+ H2O

SoilSoil

Soil applied to monkey abdomen, 8  hrs Arsenic solution applied to abdomen, 8 hrs

Collect urine  
baseline + 7 " 24 hr  

samples

Why This Research Model?

• Directly respond to 1993 study by Wester et al.
• Regulatory preference for in vivo over in vitro

data
• Wester ’93 shows lower values predicted from 

in vitro systems 
• No validated in vitro model
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Dermal Arsenic Absorption Results
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Dermal Study Results

• Research model appropriate for evaluation of 
environmental soils     (no radiolabel) 

• Provides results for soluble arsenic that are 
similar to earlier research (using radiolabel) 

• Negligible absorption from environmental 
samples

Conclusions for Middleport

• Biomonitoring study showed that Middleport 
residents do not have elevated arsenic 
exposures

• Recent studies have shown that children 
ingest less soil than EPA assumes

• Bioavailability studies show that oral 
absorption is reduced and dermal absorption 
is negligible

• Risk assessment should incorporate these 
findings


