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FOREWORD

The purpose of this Toxicological Review is to provide scientific support and rationale
for the hazard and dose-response assessment in IRIS pertaining to chronic exposure to
pentachlorophenol. It is not intended to be a comprehensive treatise on the chemical or
toxicological nature of pentachlorophenol.

The intent of Section 6, Major Conclusions in the Characterization of Hazard and Dose
Response, is to present the major conclusions reached in the derivation of the reference dose,
reference concentration and cancer assessment, where applicable, and to characterize the overall
confidence in the quantitative and qualitative aspects of hazard and dose response by addressing
the quality of data and related uncertainties. The discussion is intended to convey the limitations
of the assessment and to aid and guide the risk assessor in the ensuing steps of the risk
assessment process.

For other general information about this assessment or other questions relating to IRIS,
the reader is referred to EPA’s IRIS Hotline at (202) 566-1676 (phone), (202) 566-1749 (fax), or
hotline.iris@epa.gov (email address).
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1. INTRODUCTION

This document presents background information and justification for the Integrated Risk
Information System (IR1S) Summary of the hazard and dose-response assessment of
pentachlorophenol (PCP). IRIS Summaries may include oral reference dose (RfD) and
inhalation reference concentration (RfC) values for chronic and other exposure durations, and a
carcinogenicity assessment.

The RfD and RfC, if derived, provide quantitative information for use in risk assessments
for health effects known or assumed to be produced through a nonlinear (presumed threshold)
mode of action. The RfD (expressed in units of mg/kg-day) is defined as an estimate (with
uncertainty spanning perhaps an order of magnitude) of a daily exposure to the human
population (including sensitive subgroups) that is likely to be without an appreciable risk of
deleterious effects during a lifetime. The inhalation RfC (expressed in units of mg/m®) is
analogous to the oral RfD, but provides a continuous inhalation exposure estimate. The
inhalation RfC considers toxic effects for both the respiratory system (portal-of-entry) and for
effects peripheral to the respiratory system (extrarespiratory or systemic effects). Reference
values are generally derived for chronic exposures (up to a lifetime), but may also be derived for
acute (<24 hours), short-term (>24 hours up to 30 days), and subchronic (>30 days up to 10% of
lifetime) exposure durations, all of which are derived based on an assumption of continuous
exposure throughout the duration specified. Unless specified otherwise, the RfD and RfC are
derived for chronic exposure duration.

The carcinogenicity assessment provides information on the carcinogenic hazard
potential of the substance in question and quantitative estimates of risk from oral and inhalation
exposure may be derived. The information includes a weight-of-evidence judgment of the
likelihood that the agent is a human carcinogen and the conditions under which the carcinogenic
effects may be expressed. Quantitative risk estimates may be derived from the application of a
low-dose extrapolation procedure. If derived, the oral slope factor is a plausible upper bound on
the estimate of risk per mg/kg-day of oral exposure. Similarly, an inhalation unit risk is a
plausible upper bound on the estimate of risk per pg/m?® air breathed.

Development of these hazard identification and dose-response assessments for PCP has
followed the general guidelines for risk assessment as set forth by the National Research Council
(NRC, 1983). U.S. Environmental Protection Agency (U.S. EPA) Guidelines and Risk
Assessment Forum technical panel reports that may have been used in the development of this
assessment include the following: Guidelines for the Health Risk Assessment of Chemical
Mixtures (U.S. EPA, 1986a), Guidelines for Mutagenicity Risk Assessment (U.S. EPA, 1986b),
Recommendations for and Documentation of Biological Values for Use in Risk Assessment (U.S.
EPA, 1988), Guidelines for Developmental Toxicity Risk Assessment (U.S. EPA, 1991), Interim



Policy for Particle Size and Limit Concentration Issues in Inhalation Toxicity (U.S. EPA,
1994a), Methods for Derivation of Inhalation Reference Concentrations and Application of
Inhalation Dosimetry (U.S. EPA, 1994b), Use of the Benchmark Dose Approach in Health Risk
Assessment (U.S. EPA, 1995), Guidelines for Reproductive Toxicity Risk Assessment (U.S. EPA,
1996), Guidelines for Neurotoxicity Risk Assessment (U.S. EPA, 1998), Science Policy Council
Handbook: Risk Characterization (U.S. EPA, 2000a), Benchmark Dose Technical Guidance
Document (U.S. EPA, 2000b), Supplementary Guidance for Conducting Health Risk Assessment
of Chemical Mixtures (U.S. EPA, 2000c), A Review of the Reference Dose and Reference
Concentration Processes (U.S. EPA, 2002), Guidelines for Carcinogen Risk Assessment (U.S.
EPA, 2005a), Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure to
Carcinogens (U.S. EPA, 2005b), Science Policy Council Handbook: Peer Review (U.S. EPA,
2006a), and A Framework for Assessing Health Risks of Environmental Exposures to Children
(U.S. EPA, 2006b).

The literature search strategy employed for this compound was based on the Chemical
Abstracts Service Registry Number (CASRN) and at least one common name. Any pertinent
scientific information submitted by the public to the IRIS Submission Desk was also considered
in the development of this document. The relevant literature was reviewed through August 2010.
It should be noted that references have been added to the Toxicological Review after the external
peer review in response to peer reviewers’ comments and for the sake of completeness. These
references have not changed the overall qualitative and quantitative conclusions. See Section 7
for a list of references added after peer review.



2. CHEMICAL AND PHYSICAL INFORMATION

PCP (CASRN 87-86-5) is a chlorinated aromatic compound that appears in a solid
crystalline state and ranges in color from colorless to white, tan, or brown. The chemical, also
referred to as penta, pentachlorofenol, 2,3,4,5,6-PCP, and chlorophen, has a phenolic odor that is
pungent when heated. PCP is nonflammable and noncorrosive, and, although solubility is
limited in water, it is readily soluble in alcohol (Budavari et al., 1996; NTP, 1989). The
physical/chemical properties of PCP are summarized in Table 2-1.

Table 2-1. Chemical and physical properties of PCP

Chemical formula CsHOCI;

Molecular weight 266.34

Melting point 190-191°C

Boiling point ~309-310°C

Density 1.978 g/mL (at 22°C/4°C)
Vapor density 9.20 (air=1)

Vapor pressure 0.00011 (at 20°C)

Log Kow 5.01

Log Kq¢ 4.5

Water solubility

80 mg/L (at 20°C), 14 mg/L (at 26.7°C)

Henry’s law constant

2.45 x 10°® (atm x m®)/mole

Conversion factors

1 ppm = 10.9 mg/m*; 1 mg/m® = 0.09 ppm; 1 ppm = 0.01088 mg/L;
1 mg/L =99.1 ppm (at 25°C)

Sources: NLM (19993, b); Budavari et al. (1996); Allan (1994); Royal Society of Chemistry (1991).

PCP has been used as a wood preservative to prevent decay from fungal organisms and
insect damage since 1936. The first pesticidal product containing PCP as an active ingredient
was registered in the United States in 1950 (U.S. EPA, 2008; Ahlborg and Thunberg, 1980).
Historically, PCP was widely used as a biocide and could also be found in ropes, paints,
adhesives, canvas, leather, insulation, and brick walls (U.S. EPA, 2008; Proudfoot, 2003;
ATSDR, 2001). Indoor applications of PCP were prohibited in 1984; PCP application was
limited to industrial areas (e.qg., utility poles, cross arms, railroad cross ties, wooden pilings,

fence posts, and lumber/timbers for construction). Currently, products containing PCP remain
registered for heavy duty wood preservation, predominantly to treat utility poles and cross arms.
Pentachlorophenol is a restricted use pesticide available to certified applicators only (U.S. EPA,
2008).

PCP is produced via two pathways, either “by stepwise chlorination of phenols in the
presence of catalysts (anhydrous aluminum chloride or ferric chloride) or alkaline hydrolysis of
[hexachlorobenzene] HCB” (Proudfoot, 2003). In addition to industrial production of PCP, the



degradation or metabolism of HCB (Rizzardini and Smith, 1982), pentachlorobenzene (Kohli et
al., 1976), or pentachloronitrobenzene (Renner and Hopfer, 1990) also yields PCP. Impurities
found in PCP are created during the production of the chemical. Technical-grade PCP (tPCP),
frequently found under the trade names Dowicide 7, Dowicide EC-7 (EC-7), Dow PCP DP-2
Antimicrobial (DP-2), Duratox, Fungol, Penta-Kil, and Permacide, is composed of
approximately 90% PCP and 10% contaminants. The impurities consist of several chlorophenol
congeners, chlorinated dibenzo-p-dioxins, and chlorinated dibenzofurans. Of the chlorinated
dibenzo-p-dioxin and dibenzofuran contaminants, the higher chlorinated congeners are
predominantly found as impurities within tPCP. In addition to the chlorinated dibenzo-p-dioxin
and dibenzofuran contaminants, HCB and chlorophenoxy constituents may also be present in
tPCP. Use of the analytical grade of PCP (aPCP) first requires a purification process to remove
the contaminants that were created during the manufacturing of PCP. The physicochemical
properties of these contaminants are listed in Appendix B in Tables B-1 and B-2.

Grades described as analytical or pure are generally >98% PCP and the levels of dioxins
and furans are low to nondetectable. Purities of technical- and commercial-grade PCP
formulations are reported to be somewhat less than the analytical formulations, ranging from
85 t0 91%. Hughes et al. (1985) reported that tPCP contains 85-90% PCP, 10-15%
trichlorophenol and tetrachlorophenol (TCP), and <1% chlorinated dibenzo-p-dioxins,
chlorinated dibenzofurans, and chlorinated diphenyl ethers. The compositions of different
grades of PCP, as reported by the National Toxicology Program (NTP) (and similar to values
reported in the general literature), are listed in Table 2-2.



Table 2-2. Impurities and contaminants in different grades of PCP

Contaminant/impurity Pure/analytical tPCP DP-22 EC-7°
PCP 98.6% 90.4% 91.6% 91%
Chlorophenols
Dichlorophenol - - 0.13% -
Trichlorophenol <0.01% 0.01% 0.044% 0.007%
TCP 1.4% 3.8% 7.0% 9.4%
HCB 10 ppm 50 ppm 15 ppm 65 ppm
Dioxins
Tetrachlorodibenzo-p-dioxin (TCDD) <0.08 ppm - - <0.04 ppm
Pentachlorodibenzo-p-dioxin - - - -
Hexachlorodibenzo-p-dioxin (HXCDD) <1 ppm 10.1 ppm 0.59 ppm 0.19 ppm
Heptachlorodibenzo-p-dioxin - 296 ppm 28 ppm 0.53 ppm
Octachlorodibenzo-p-dioxin (OCDD) <1 ppm 1,386 ppm 173 ppm 0.69 ppm
Ethers
Pentachlorodibenzofuran - 1.4 ppm - -
Hexachlorodibenzofuran - 9.9 ppm 12.95 ppm 0.13 ppm
Heptachlorodibenzofuran - 88 ppm 172 ppm 0.15 ppm
Octachlorodibenzofuran - 43 ppm 320 ppm -
Hexachlorohydroxydibenzofuran 0.11% 0.16% 0.07% -
Heptachlorohydroxydibenzofuran 0.22% 0.47% 0.31% -
Chlorohydroxydiphenyl ethers 0.31% 5.58% 3.67% -

¥The DP-2 and EC-7 commercial formulations are no longer manufactured and are listed for informational purposes

only.

Source: NTP (1989).




3. TOXICOKINETICS

The toxicokinetics of PCP have been studied in both humans and animals. These studies
show that PCP is rapidly and efficiently absorbed from the gastrointestinal and respiratory tracts
(Reigner et al., 19923, b, ¢). Once absorbed, PCP exhibits a small volume of distribution.
Metabolism occurs primarily in the liver, to a limited extent, via oxidative dechlorination and
conjugation. Tetrachlorohydroguinone (TCHQ) and the conjugation product, PCP-glucuronide,
have been confirmed as the two major degradation products. PCP is predominantly excreted
unchanged and found in the urine in the form of the parent compound. The low degree of
metabolism is frequently attributed to extensive plasma protein binding.

3.1. PCP LEVELS IN GENERAL AND OCCUPATIONALLY EXPOSED
POPULATIONS

Several reports have provided data on levels of PCP in blood or urine samples in humans
(general population samples or groups with known exposures to PCP) indicating that PCP is
absorbed in humans. The correlation between blood and urinary values is relatively high when
the urinary data are corrected for creatinine clearance (0.92 in Cline et al. [1989] and 0.76 in
Jones et al. [1986]). Studies from Hawaii (Klemmer, 1972; Bevenue et al., 1967) and the United
Kingdom (Jones et al., 1986) have demonstrated blood (plasma or serum) and urine values of
PCP in workers with high PCP exposures (e.g., pesticide operators, wood treaters, and other
wood workers) that are approximately an order of magnitude higher than in nonexposed groups
within the same study.

People who lived or worked in buildings in which PCP-treated wood was used have been
found to have mean serum levels up to 10 times higher than groups that were not exposed
(Gerhard et al., 1999; Peper et al., 1999; Cline et al., 1989). Similar patterns were seen in the
urinary data. Sex differences were not noted for the PCP serum levels in log home residents, but
age differences were observed. Children (2-15 years old) had serum PCP levels 1.7-2.0 times
higher than those of their parents. Cline et al. (1989) attributed the higher PCP levels in children
to differences in the ventilation rate to body weight ratio, although Treble and Thompson (1996)
reported no age-related differences in urinary PCP concentrations in 69 participants ages 6—

87 years (mean 54.6 years) living in rural and urban regions of Saskatchewan, Canada. See
tables in Appendix C for further details on occupationally exposed humans.

Renner and Miicke (1986), in reviewing the metabolism of PCP, noted that establishing a
direct relationship between PCP exposure levels and PCP in body fluids may be difficult because
PCP is a metabolite of other environmental contaminants (e.g., HCB, pentachlorobenzene,
pentachloronitrobenzene) and is itself metabolized.



Casarett et al. (1969) reported mean 10-day urine concentrations of 5.6 and 3.2 ppm in
two groups of workers handling PCP under different conditions. The mean decrease in urine
concentration in workers following different periods of absence from their jobs was 39% within
the first 24 hours and 60—82% over the next 17 days. Continued excretion of PCP was noted
after 18 days of absence from the job. A semilog plot shows a linear relationship between
plasma and urine concentrations at plasma concentrations of 0.1 ppm and a plateau for plasma
concentrations >10 ppm.

In another experiment by Casarett et al. (1969), air concentrations, blood levels, and
urinary excretion of PCP were measured 2 days before and 5 days after a 45-minute exposure to
PCP. Mean air concentrations of 230 and 432 ng/L (calculated doses were 90.6 and 146.9 ug,
respectively) were associated with 88 and 76% excretion of PCP in the urine, respectively.
Excretion was slow during the first 24 hours (half-life = 40-50 hours) and more rapid after the
first day (half-life = 10 hours). In one subject, urine concentrations returned to baseline after
48 hours, but remained elevated in the other subject.

Begley et al. (1977) reported blood and urine PCP levels in 18 PCP-exposed workers
before, during, and after a 20-day absence from their jobs. Except for a brief rise on
postexposure day 6, blood PCP levels during a 20-day absence showed a steady decline to 50%
of the level measured on the last day of work (i.e., exposure). There was a 6-day lag in the
decrease in urine level; after day 20, urine levels had decreased about 50%. Begley et al. (1977)
also noted that the high PCP levels were accompanied by impaired renal function measured by
creatinine and phosphorus clearance and phosphorus reabsorption.

Ahlborg et al. (1974) detected PCP, as well as the metabolites TCHQ and
tetrachloropyrocatechol, in the urine of workers occupationally exposed to PCP. They did not
quantify the levels of metabolites in urine.

3.2. ABSORPTION, DISTRIBUTION, METABOLISM, AND ELIMINATION
3.2.1. Oral Studies
3.2.1.1. Absorption

Braun et al. (1979) orally dosed four male human subjects with 0.1 mg/kg unlabeled PCP
(ingested in 25 mL of water). The absorption half-life for the volunteers was 1.3 hours, with a
maximum plasma concentration (Cpax) 0f 0.245 pg/mL and a time to peak plasma concentration
(Tmax) of 4 hours. In another study, Braun et al. (1977) reported that the absorption rate
constants for PCP administered in corn oil to Sprague-Dawley rats were 1.95 and 1.52 hour™ for
males and females, respectively. The plasma Tnyax Was 4-6 hours.

Larsen et al. (1975) observed that PCP levels (measured as percentage of administered
dose of [**C]PCP [99.54% radiochemical purity] and/or its metabolites per g of tissue) peaked in
maternal blood serum 8 hours after dosing 14 Charles River CD (Sprague-Dawley derived) rat
dams with 60 mg/kg on gestation day (GD) 15 (administered in a solution of olive oil; 100 mg/



6 mL). The serum levels, peaking at approximately 1.13% [**C]PCP per g of blood serum,
steadily dropped during the remaining part of the 32-hour monitoring period for a final
measurement of 0.45% [“*C]PCP per g of blood serum. [**C]PCP in the placenta peaked at
0.28% of administered dose 12 hours after dosing. The level reaching the fetus peaked at 0.08%
of the administered dose of [**C]PCP and remained extremely low throughout the monitoring
period. The levels of [“*C]PCP per g of tissue measured in the placenta and fetus were much
lower than those levels found in the maternal blood serum.

Reigner et al. (1991) studied toxicokinetic parameters in 10 male Sprague-Dawley rats
administrated 2.5 mg/kg of aPCP (99% purity) via intravenous (i.v.) or gavage (five animals/
route) routes. Absorption was rapid and complete, with 91% bioavailability after oral
administration. Plasma levels peaked at 7.3 pg/mL after 1.5-2 hours and declined with a half-
life of 7.5 hours. Reigner et al. (1992c) examined the pharmacokinetics of orally administered
PCP (15 mg/kg) in male B6C3F; mice. The data were consistent with an open one-compartment
model. Absorption followed first-order kinetics. Peak plasma concentration (28 pg/mL) was
achieved at 1.5 hours. Absorption was complete; bioavailability was measured as 106%.

Yuan et al. (1994) studied the toxicokinetics of PCP (>99% purity) administered to F344
male rats by gavage (n = 18) at doses of 9.5 or 38 mg/kg, or dosed feed (n = 42) containing
302 or 1,010 ppm PCP (21 or 64 mg/kg-day, respectively) for 1 week. In addition, groups of
18 male and 18 female rats were administered PCP at a dose of 5 mg/kg by i.v. injection.
Following gavage administration, the absorption half-life of 1.3 hours and plasma concentrations
that peaked in approximately 2—4 hours indicated very rapid absorption from the gut. For the
dosed feed study, absorption was also rapid and followed first-order kinetics. Plasma
concentrations showed repeated cycles of peaks and troughs, coinciding with feeding cycles (i.e.,
highest concentrations at night and lowest during the day); however, plasma concentration did
not reach pretreatment levels during the day. Absorption from the gut was estimated as 52 and
30% for administered doses of 21 and 64 mg/kg-day (302 and 1,010 ppm), respectively. The
bioavailability was much lower than the values obtained from the gavage study. The
investigators noted that the lower bioavailability for the dosed feed study suggests that PCP
interacts with components in feed. The data from the i.v. study were fitted to a two-compartment
model. The investigators stated that absorption and elimination half-lives were not affected by
the change from gavage to dosed feed administration.

Braun and Sauerhoff (1976) orally administered a single 10 mg/kg dose of [**C]PCP to
Rhesus monkeys in 10 mL of corn oil solution. The absorption kinetics of [““C]PCP were first
order with the absorption half-life ranging from 1.8 to 3.7 hours. Deichmann et al. (1942)
reported that absorption was immediate and rapid in rabbits given a single 18 mg/kg oral dose of
PCP (in feed), and peak blood levels were achieved 7 hours after dosing rabbits with 37 mg/kg
PCP (in feed). Deichmann et al. (1942) administered 90 successive (except Sundays) oral doses
of 0.1% PCP sodium salt (equivalent to 3 mg/kg) to 23 rabbits (sex not reported) in feed.



Average peak blood concentrations of 0.6 mg PCP/100 mL blood were measured within 4 days
and did not change much for the remaining duration of the study. The investigators noted that
the blood concentrations of PCP were similar to those attained after 100 daily skin applications
of 100 mg each (0.45 mg PCP/100 mL of blood).

3.2.1.2. Distribution

Binding of PCP to specific components of liver cells or differential distribution of PCP to
different cellular organelles may affect its metabolic fate. Arrhenius et al. (1977a) administered
a 40 mg/kg dose of aPCP by gavage to rats; the animals were sacrificed 16 hours later. The
relative concentration of PCP in microsomes was 6 times greater than in mitochondria. PCP acts
as an inhibitor of mitochondrial oxidative phosphorylation (Weinbach, 1954) and has been
shown to inhibit the transport of electrons between a flavin and cytochrome P450, thereby
interrupting the detoxification enzyme system (Arrhenius et al., 1977a, b). Arrhenius et al.
(1977a) suggested that inhibition of microsomal detoxification and inhibition of mitochondrial
oxidative phosphorylation might be equally important.

Binding to plasma proteins plays a significant role in the distribution of PCP that likely
affects the amount available for metabolism and clearance. Uhl et al. (1986) found that >96% of
PCP was bound to plasma proteins in blood samples of three human males receiving an oral dose
of 0.016 mg/kg PCP (dissolved in 40% ethanol). Gomez-Catalan et al. (1991) found 97 + 2% of
the administered dose of PCP (10-20 mg/kg in water and corn oil via gavage) bound to plasma
proteins in rats. Braun et al. (1977) examined tissues of rats orally administered PCP (in corn
oil) and showed the greatest accumulation of PCP in the liver and kidneys, with minimal levels
in the brain and fat. The study demonstrated that plasma protein binding accounted for
approximately 99% of the PCP. The authors noted that tissue/plasma ratios and renal clearance
rates following oral administration of PCP were much lower than would be predicted based on
the octanol/water coefficient and the glomerular filtration rate and suggested that the plasma
protein binding resulted in low renal clearance and tissue accumulation.

3.2.1.3. Metabolism

Studies in animals and humans indicate that PCP is metabolized primarily in the liver.
However, PCP is not extensively metabolized; a large portion of the administered dose is
excreted unchanged in the urine. The major metabolic pathways are oxidative dechlorination to
form TCHQ and conjugation with glucuronide. Extensive plasma protein binding occurs that
may account, at least in part, for the low degree of metabolism.

Braun et al. (1979) measured 86% of the administered dose of PCP (0.1 mg/kg; ingested
in 25 mL of water) in the urine and 4% in feces of four human males 8 days after ingestion of
PCP. The study reported that human male subjects excreted 74 and 2% of the administered dose
in urine and feces, respectively, as unmetabolized PCP. PCP, as the conjugated glucuronide, was



measured as 12 and 2% of the administered dose in urine and feces, respectively. TCHQ was not
identified.

Ahlborg et al. (1974) detected PCP, as well as the metabolites TCHQ and
tetrachloropyrocatechol, in the urine of workers occupationally exposed to PCP. They did not
quantify the levels of metabolites in urine. Uhl et al. (1986) found that PCP-glucuronide
conjugate accounted for about 28% of the PCP in the urine of human males on day 1 and about
60% from days 15 to 38 after dosing with 0.31 mg/kg PCP (dissolved in 40% ethanol). The
percentage of PCP-glucuronide conjugate measured in this study is similar to reported levels in
urine of nonoccupationally exposed people. Although previous studies found urinary
metabolites TCHQ and TCP in humans, and TCHQ in animals (Kalman, 1984; Edgerton et al.,
1979; Ahlborg et al., 1974), the authors noted that the data showed no traces of these metabolites
of PCP.

Mehmood et al. (1996) studied the metabolism of PCP (purity not reported) in
microsomal fractions and whole cells of Saccharomyces cerevisiae expressing human CYP3A4.
PCP was transformed to TCHQ, although, in contrast to expected results, further hydroxylations
were not observed. In transformed animals in which CYP3A4 was lacking, metabolism of PCP
was not detected. In humans, this enzyme has low activity in the first month of life, but
approaches adult levels by 6-12 months of age. Adult activity may be exceeded between 1 and
4 years of age, although activity usually declines to adult levels at the end of puberty. Functional
activity of CYP3AY in the fetus is approximately 30—-75% of adult levels (Leeder and Kearns,
1997). aPCP (>99%) was identified as an inducer of CYP3A7 in studies in cultured rat
hepatocytes, quail hepatocytes, and human hepatoma (Hep G2) cells (Dubois et al., 1996).

Juhl et al. (1985) studied the metabolism of PCP in human S9 liver fractions from biopsy
patients and compared the results with those obtained from S9 liver preparations from
noninduced and Aroclor 1254-induced male Wistar rats. Human S9 fractions converted PCP to
TCHQ. Maximum conversion occurred after incubation for 3 hours, after which the level of
TCHQ steadily declined to nondetectable levels at 24 hours. The authors attributed the decline
to the oxidation capacity of the liver preparation or the further oxidation of TCHQ to
semiquinone radicals. The patterns of conversion of PCP to TCHQ in human and rat liver S9
preparations showed very little difference. Juhl et al. (1985) and the more recent study by
Mehmood et al. (1996) report the formation of the TCHQ metabolite of PCP in human liver
tissue and are supportive of the earlier findings of Kalman (1984), Edgerton et al. (1979), and
Ahlborg et al. (1974).

Braun et al. (1977) administered 10 or 100 mg/kg [**C]PCP (in corn oil) to rats. After
administration of a 10 mg/kg dose, approximately 80% of the dose was excreted in urine and
about 19% was excreted in feces of both male and female rats. After administration of
100 mg/kg, males excreted 72% of the administered dose in urine and 24% in feces (which is
similar to the excretion measured in male and female rats administered 10 mg/kg), whereas
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100 mg/kg females excreted 54% in urine and 43% in feces. The reason for the difference in
excretion in the females administered the higher dose of PCP is unknown; however, the decrease
in the amount of PCP excreted in urine is likely reflected in the increase in the amount of PCP
excreted in the feces, relative to that observed in the males at 100 mg/kg and male and female
rats at 10 mg/kg. Expired air accounted for a small amount of the administered dose.
Unmetabolized PCP accounted for 48% of the administered dose in urine; TCHQ and
PCP-glucuronide conjugate accounted for 10 and 6%, respectively.

PCP metabolites were measured in urine and feces from male Wistar rats administered
8 mg/kg-day PCP by gavage for 19 days (Engst et al., 1976). Under these conditions, most of
the PCP in urine was unmetabolized; small amounts of 2,3,4,5-TCP, 2,3,4,6-TCP and/or
2,3,5,6-TCP, and 2,3,4-trichlorophenol were found. No metabolites and only a small amount of
unmetabolized PCP were identified in feces.

Van Ommen et al. (1986a) studied the in vitro metabolism of PCP (100 uM) utilizing rat
liver microsomal preparations from untreated male and female Wistar rats and from rats treated
with HCB, phenobarbital (PB), 3-methylcholanthrene (3MC), or isosafrole (ISF). Rat liver
microsomes converted PCP only to TCHQ and tetrachloro-1,2-hydroquinone (TCoHQ) via
cytochrome P450 enzymes. The conversion rate (pmol total soluble metabolite formed per mg
protein per minute) increased sevenfold in rat microsomes induced with ISF and three- to
fourfold in HCB-induced rats. PB and 3MC increased the conversion rate two- to threefold over
the controls. The ratios of TCHQ/TCoHQ production were 4.9:1 for male rats and 1.6:1 for
female rats receiving no inducer. The ratio decreased in rats treated with the enzyme inducers in
the following order: HCB > PB > 3MC = ISF. The sex difference observed in untreated rats
was not observed in rats treated with the inducers, although there was no change in the
conversion rate in female rats (as opposed to male rats) treated with PB.

Van Ommen et al. (1986b) found that PCP binds to microsomal proteins. Protein binding
was dependent on metabolism, and the amount bound did not vary considerably with the
microsomal preparations (6375 pmol/mg protein-minute) except for that obtained from
PB-induced female rats (104 pmol/mg protein-minute). Van Ommen et al. (1986b) indicated
that the “benzoquinone or the semiquinone form” of TCHQ and TCoHQ “is responsible for the
covalent binding properties.” Protein binding was inhibited by glutathione through conjugation
with benzoquinone. When the covalent binding was inhibited through reduction of
benzoquinones and semiquinones to the hydroquinone form by ascorbic acid, the formation of
TCHQ and TCoHQ increased. Deoxyribonucleic acid (DNA) binding also occurred, but to a
lesser degree than protein binding. Covalent binding to DNA was 12 + 3 pmol/mg DNA-minute,
while the average microsomal protein binding was 63 pmol/mg protein-minute. The K, value
for covalent binding to protein and conversion to hydroquinone was 13 uM, and the authors
suggested that these activities resulted from the same reaction (Van Ommen et al., 1986a).
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Tsai et al. (2001) attempted to analyze two proposed pathways of PCP (purity not
reported) metabolism. Additionally, the authors were interested in illustrating any differences in
metabolism between rats and mice that may explain the varied tumor patterns observed in the
two species of rodents (NTP, 1999, 1989). One potential metabolism pathway involves
cytochrome P450-mediated dechlorination of PCP to the quinols TCHQ and tetrachlorocatechol
(TCpCAT), which are oxidized to the respective benzoquinones and semiquinones in both
Sprague-Dawley rats and B6C3F; mice. Alternatively, PCP is oxidized via peroxidase to
tetrachloro-p-benzoquinone (TCpBQ) by a direct P450/peroxidase-mediated oxidative pathway.
The formation of tetrachloro-o-benzoquinone (TCoBQ) via the latter pathway has not been
verified.

Tsai et al. (2001) found that liver cytosol and cumene hydroperoxide in either the
presence or absence of microsomes activated PCP and resulted in a greater production of
PCP-derived adducts (quinones or semiquinones) than when PCP was activated with microsomes
and NADPH. The investigators demonstrated that induction of microsomes, via 3MC or PB, led
to PCP metabolism resulting in the formation of TCpBQ in both rats and mice. Increased
metabolism to the adduct-forming benzoquinones following induction by 3MC and PB was
observed in both rats and mice, although the mice exhibited an increase in BQ adduct formation
that was significantly greater than that in rats. Other adducts measured, such as TCpBQ, did not
exhibit an induction greater than the controls. Results of this study as well as others (Mehmood
et al., 1996; Van Ommen et al., 1986a) indicate that various isozymes of P450 are responsible for
metabolism of PCP. The authors “speculate that the increased 3MC-related induction of specific
P450 isozymes in mice (eightfold increase versus control) compared with rats (2.4-fold increase
versus control), may have played a role in the formation of liver tumors in mice (but not rats)
dosed with PCP.”

Lin et al. (2002) proposed a metabolism pathway for PCP (Figure 3-1) that, similar to
Tsai et al. (2001) and Van Ommen et al. (19864, b), involved oxidative dechlorination of PCP to
benzoquinones via the corresponding semiquinones (also referred to as benzosemiquinones).
The authors reported metabolites of PCP as TCHQ and TCpCAT. Both of these metabolites are
thought to undergo oxidation to tetrachloro-1,4-benzosemiquinone (TCpSQ) and tetrachloro-
1,2-benzosemiquinone (TCoSQ). The semiquinones subsequently undergo further oxidation to
form the corresponding TCpBQ and TCoBQ.
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Figure 3-1. Proposed PCP metabolism to quinols, benzosemiquinones, and
benzoquinones.

3.2.1.4. Excretion
Uhl et al. (1986) measured elimination half-lives of 18-20 days in urine and 16 days in
blood in human males orally administered 0.055, 0.061, 0.15, or 0.31 mg/kg PCP (dissolved in
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40% ethanol). Urinary clearance was 1.25 mL/minute for free (unconjugated) PCP, while
clearance for total PCP (free PCP and conjugated PCP-glucuronide) was shown to be very slow,
only 0.07 mL/minute. Considering that >96% of the administered PCP was bound to plasma
proteins in blood measurements, the authors suggested that bound PCP resulted in a relatively
long elimination half-life and slow clearance.

Braun et al. (1979) reported elimination half-lives of 30 and 33 hours for plasma
elimination and urinary excretion, respectively, in four human male subjects orally administered
0.1 mg/kg PCP (in 25 mL of water). Elimination was consistent with a first-order, one-
compartment pharmacokinetic model. While plasma concentration peaked at 4 hours, peak
urinary excretion occurred 42 hours after dosing; the delay in time was attributed to entero-
hepatic recirculation of PCP.

Braun et al. (1977) described a two-compartment open system model in rats administered
PCP in corn oil, where the PCP elimination half-life of the rapid phase was 13-17 hours for both
doses, while the slower phase was 33-40 hours at the 10 mg/kg dose and 121 hours for the
100 mg/kg dose in males. Females, however, did not show biphasic elimination at the 100 mg/
kg dose; the rapid phase accounted for >90% elimination of the dose.

Larsen et al. (1972) reported that <0.04% of a 59 mg/kg oral dose of [**C]JPCP (99.5%
purity; dissolved in olive oil) administered to male and female rats (strain not reported) was
eliminated in expired air as **CO, within 24 hours. After administration of 37-41 mg/kg,
females excreted 41% of the radioactivity in urine within 16 hours, 50% within 24 hours, 65%
within 72 hours, and 68% within 10 days. Fecal excretion accounted for 9.2-13.2% of the
administered dose. Excretion showed a biphasic pattern: a rapid excretion phase during the first
24 hours and a slower phase thereafter.

Ahlborg et al. (1974) reported that NMRI mice and Sprague-Dawley rats excreted <50%
of radioactivity in urine during the first 96 hours after oral administration of 25 mg/kg [**C]PCP
(dissolved in olive oil), with about twice as much appearing in the urine of rats compared with
mice. About 70% of the radioactivity appeared in the urine after interperitoneal (i.p.) injection of
25 mg/kg. The radioactivity in the urine of mice and rats was 41 and 43% PCP and 24 and 5%
TCHQ, respectively. Another metabolite, TCpCAT, made up 35% of the radioactivity in urine
in the mouse and 52% in the rat. Because TCHQ inhibited f-glucuronidase activity, the degree
of glucuronide conjugation could not be determined. However, boiling the urine with
hydrochloric acid to release free metabolites from conjugates converted the entire radioactivity to
PCP and TCHQ, with a nearly identical distribution of radioactivity between these metabolites
(54 and 57% PCP and 46 and 43% TCHQ, respectively, in mice and rats).

Reigner et al. (1991) investigated PCP elimination in male Sprague-Dawley rats given
2.5 mg/kg PCP by either i.v. or gavage administration. The study authors reported biphasic
plasma elimination with half-lives of 0.7 and 7.1 hours with i.v. administration. The data were
fitted with an open two-compartment model. The areas under the curve (AUCs) were similar for
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i.v. and oral administration (96 and 94 pg-hours/mL, respectively). Total excretion was 68 and
62% and total urinary excretion was 58 and 52% of the PCP doses for i.v. and gavage
administration, respectively. Total urinary TCHQ excretion was 31 and 27% of the PCP dose for
i.v. and gavage administration, respectively. These data are similar in recovery to other studies
in male rats (Braun et al., 1977), and in rats and mice (Ahlborg et al., 1974). However, the
plasma elimination after oral administration (in corn oil) observed in male rats by Braun et al.
(1977), while also following a biphasic pattern, showed much longer half-lives than those
obtained by gavage administration in Reigner et al. (1991). Reigner et al. (1992c) reported that
the elimination half-life in male B6C3F; mice was 5.8 hours. An analysis of metabolites
revealed that only 8% of the administered PCP was excreted as parent compound. Yuan et al.
(1994) noted sex differences in F344 rats with regard to elimination half-life (5.6 hours for males
and 9.5 hours for females) and volume of distribution (0.13 L/kg for males and 0.19 L/kg for
females). Bioavailability estimated from the AUC for i.v. injection and gavage administration
was 100% at 9.5 mg/kg and 86% at 38 mg/kg PCP.

Rozman et al. (1982) demonstrated a significant effect of biliary excretion on disposition
of orally administered PCP. Three male Rhesus monkeys equipped with a bile duct bypass were
administered 50 mg/kg of [**C]PCP by stomach intubation. During the first 24 hours, 21% of the
administered dose was excreted into urine, 0.3% into feces, and 19% into bile. From day 2 to 7
after dosing, 35% of the administered dose was excreted into urine, 3% into feces, and 70% into
bile. The monkeys received a second dose of 50 mg/kg [**C]PCP, followed 24 hours later by 4%
cholestyramine (binds phenols) in the diet for 6 days. Cumulative excretion of PCP into urine
and bile was reduced to 5 and 52%, respectively, of the administered dose, whereas cumulative
excretion into feces was increased to 54% of the dose. The data suggest that enterohepatic
recirculation of PCP plays a major role in urinary excretion of the compound. In Rhesus
monkeys administered a single 10 mg/kg dose of [**C]JPCP, the plasma elimination half-lives
ranged from 72 to 84 hours, and the urinary excretion half-lives were 41 hours for males and
92 hours for females (Braun and Sauerhoff, 1976). Urinary and fecal excretion accounted for
69-78 and 12-24% of the administered dose, respectively. Unlike humans and rats, all of the
PCP eliminated in the urine of monkeys was unchanged parent compound (Braun and Sauerhoff,
1976). The Rozman et al. (1982) data are not directly comparable with those obtained by Braun
and Sauerhoff (1976) because of the bile duct bypass; however, a relative correlation with the
excretion pattern is indicated.

Deichmann et al. (1942) administered 0.1% PCP sodium salt (equivalent to 3 mg/kg; in
feed) to rabbits repeatedly for 90 successive (except Sundays) doses and about 92% of the dose
was recovered in urine, feces, and tissues combined (~71% in urine and feces) within the first
24 hours, and elimination from the blood was almost complete within 4 days after dosing. The
largest fractional tissue dose was recovered from muscle, bone, and skin; however, 0.7-2% of
the dose was recovered in the liver. Deichmann et al. (1942) also showed that rabbits orally
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administered 25 and 50 mg/kg PCP sodium salt (in feed) excreted 64—70 and 49-56% of the dose
in urine and feces, respectively, within 7 and 12 days.
The absorption and elimination half-lives and the maximum plasma concentrations for
orally administered PCP in rats, mice, and monkeys are summarized in Table 3-1. Human data
from Braun et al. (1979) are also included for comparison. The kinetics of orally administered
PCP, for all of the species studied, are consistent with a one- or two-compartment open model
exhibiting first-order kinetics. Based on the available data, the toxicokinetics of PCP in humans
may be more similar to those of rats and mice than Rhesus monkeys.

Table 3-1. Summary of some toxicokinetic parameters in rats, monkeys, and
humans for orally administered PCP

Absorption | Plasma Elimination
Species |half-life (hrs)|Tmax (Nrs) half-life (hrs) Process description Reference

Human 1.3 4 30-33 (males) First-order, one- Braun et al. (1979)
compartment

Rhesus 3.6 (males) 12-24 72 (males) One-compartment, Braun and Sauerhoff

monkey 1.8 (females) 84 (females) open (1976)

Rat - 4-6 |Fast: 13 (females)-17 (males) | Two-compartment, Braun et al. (1977)
open

Slow: 33 (females)-40 (males)
Rat 13 2-4 5.6 (males) First-order, one- Yuan et al. (1994)
9.5 (females) compartment
Mouse 0.6 1.5 5.8 First-order, one- Reigner et al. (1992c)

compartment, open

3.2.2. Inhalation Studies
PCP inhaled by rats showed rapid uptake from the respiratory tract and excretion from
the body. Hoben et al. (1976a) exposed Sprague-Dawley rats to PCP aerosols at a dose of
5.7 mg/kg for 20 minutes and measured PCP at 0, 6, 12, 24, 48, and 72 hours after exposure.
Between 70 and 75% of the PCP could be accounted for as unmetabolized PCP within the first
24 hours; the highest levels were found in urine > liver = plasma > lungs. PCP in lung and liver
showed a steady decrease throughout the study; plasma levels showed a steady decrease after a
peak at 6 hours; and urine showed a steady decrease after 24 hours. The estimated half-life was
24 hours, and there was no evidence of accumulation or tissue binding.
Rats exposed to PCP aerosols repeatedly for 20 minutes/day for 5 days showed only a
slight net increase in lung and plasma levels immediately after the second exposure with no net
increase in liver levels (Hoben et al., 1976a). Twenty-four hours after each exposure, lung, liver,
and plasma levels were lower but urine levels increased, suggesting that increased urinary
excretion may explain the lack of accumulation of body burden upon repeated exposures.
However, the study authors noted that increased urinary excretion did not account entirely for the
lack of accumulation; they also concluded that metabolism was likely involved.
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3.2.3. Dermal Studies

Bevenue et al. (1967) reported a case in which a man immersed his hands for 10 minutes
in a solution containing PCP (0.4%). The initial urinary concentration measured 2 days after the
incident was 236 ppb. The urinary level declined to 34% of the initial concentration by day 3,
20% after 2 weeks, 27% after 3 weeks, 10% after 1 month, and 7% after 2 months. This report
shows that PCP is rapidly absorbed through the skin. Elimination was rapid during the first
4 days and proceeded more slowly thereafter. Because elimination is initially rapid, the
concentration of PCP in urine was likely much higher during the first 24 hours after exposure
than after 2 days.

Wester et al. (1993) reported on the absorption of PCP through the skin of female Rhesus
monkeys. PCP-contaminated soil (17 ppm [**C]PCP) or [*“C]PCP in acetone) was applied
topically at a concentration of 0.7 or 0.8 ug/cm? of skin, respectively, for 24 hours. The
percutaneous absorption levels were determined by comparing the urinary excretion levels of
[**C]PCP following either topical or i.v. administration. The measured percent dose peaked on
day 1 for topical and on day 2 for i.v. application, and exhibited a steady decline for
approximately 7 days followed by relatively level daily excretion rates. Over the 14-day
collection period, 45, 11, and 13% of the applied dose was excreted in the urine following i.v.,
topical-soil, and topical-acetone applications, respectively. Percutaneous absorption was similar
for both vehicles with 24 and 29% of the applied dose recovered for soil and acetone,
respectively. The [**C] half-life for excretion was 4.5 days after i.v. administration. Similarly,
the topical administration of PCP, either in soil or acetone, also indicated [**C] half-lives of
4.5 days. The efficient absorption of PCP from skin is indicative of high bioavailability. Similar
to that observed in humans by Bevenue et al. (1967), the relatively long half-life of PCP
observed in the dermal application increases the potential for biological interaction.

3.2.4. Other Studies

Jakobson and YlIner (1971) exposed mice to 1 or 0.5 mg [**C]PCP via i.p. injection. The
investigators reported the greatest amount of PCP distributed in the mice was found in the liver,
intestines, and stomach. Lesser amounts of the dose were found in the heart, kidney, and brain.
Within 96 hours after injection, 72—83% of the dose was excreted in urine and 3.8-7.8% was
excreted in feces; the remainder of the dose was found in specific organs and the carcass. Rapid
absorption and excretion of PCP was exhibited by the appearance of 45-60% of the dose in urine
within the first 24 hours. The authors found that approximately 30% of the PCP measured in the
urine of mice administered 1 or 0.5 mg [**C]PCP was unmetabolized, 7-9% was bound but
released by acid treatment, and 15-26% was the metabolite TCHQ.
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3.3. PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELS
No physiologically based pharmacokinetic (PBPK) models for the oral or inhalation
routes of exposure in humans or animals are available.
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4. HAZARD IDENTIFICATION

4.1. STUDIES IN HUMANS

This section reviews the available evidence of health effects in humans resulting from
exposure to PCP, focusing on carcinogenicity, acute toxicity, and neurological, developmental,
and reproductive effects of chronic exposures.

4.1.1. Studies of Cancer Risk
4.1.1.1. Case Reports and Identification of Studies for Evaluation of Cancer Risk

Significant production of PCP began in the 1930s. The earliest report of cancer was
about 40 years later when Jirasek et al. (1976 [in German]) examined the condition of 80 factory
workers. In addition to porphyria and other serious conditions, two workers died of
bronchogenic carcinoma, which the authors attributed to contamination from 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD). Other case reports published around this time described non-
Hodgkin’s lymphoma among PCP manufacturing workers (Bishop and Jones, 1981) and
Hodgkin’s disease in employees of a fence installation company who experienced high exposure
to PCP through the application of the wood preserving solution (Greene et al., 1978).

Several epidemiologic studies conducted in the 1970s and 1980s examined cancer risk in
relation to broad occupational groups (e.g., wood workers, agricultural and forestry workers)
(Pearce et al., 1985; Greene et al., 1978; Brinton et al., 1977). Some subsequent studies focused
on specific workplaces and jobs with known exposures to PCP (e.g., PCP manufacturing plants,
sawmills in which industrial hygiene assessments had been made). Other studies were conducted
in general population samples and used exposure assessments that attempted to distinguish
specific exposures, which sometimes included PCP, within broad occupational groups (e.g.,
specific farming-related activities or exposures).

Studies with PCP-specific data are described in the subsequent section. Some studies
provide data pertaining to exposure to chlorophenols. These studies were included in this
summary when specific information was presented in the report pertaining to PCP (for example,
results for specific jobs that would be likely to have used PCP, rather than other chlorophenols).
Studies that presented data only for a combined exposure (e.g., chlorophenols, or chlorophenols
and phenoxy herbicides) are not included (Richardson et al., 2008; ‘t Mannetje et al., 2005;
Mirabelli et al., 2000; Garabedian et al., 1999; Hooiveld et al., 1998; Hoppin et al., 1998;
Kogevinas et al., 1997; Ott et al., 1987; Mikoczy et al., 1996; Johnson et al., 1990). A cohort
study of sawmill workers in Finland and a study of cancer incidence in the area surrounding a
mill were identified but not included (Lampi et al., 1992; J&ppinen et al., 1989) because the
chlorophenol exposure was primarily to TCP, with PCP representing <10% of the chlorophenol
exposure. Two papers describing studies of surveys of exposed workers contained some
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information pertaining to cancer mortality. Cheng et al. (1993) examined a small, relatively
young cohort (n = 144) from a PCP manufacturing plant in China, where a total of three deaths
occurred during follow-up, and Gilbert et al. (1990) examined mortality rates in 125 wood
workers in Hawaii, where a total of six deaths occurred. The mortality data in these studies were
very limited (cohort size <200; lack of information pertaining to follow-up and other
methodologic details; limited comparison data, particularly with respect to cancer-specific
mortality); therefore, these studies are not included in this section.

The studies summarized in this review include 3 cohort studies of workers occupationally
exposed to PCP (plywood mill workers, PCP manufacturing workers, and sawmill workers); 12
case-control studies (4 of which were summarized in a meta-analysis) of lymphoma, soft tissue
sarcoma, or multiple myeloma. When two papers on the same cohort were available, the results
from the longer period of follow-up are presented in the summary. Information from earlier
reports is used when these reports contained more details regarding working conditions, study
design, and exposure assessment. The study setting, methods (including exposure assessment
techniques), results pertaining to incidence or mortality from specific cancers, and a brief
summary of primary strengths and limitations are provided for each selected study. The limited
data pertaining to liver cancer are presented because the liver is a primary site seen in the mouse
studies (NTP, 1989). Other data emphasized in this summary relate to lymphatic and
hematopoietic cancers and soft tissue sarcoma, because of the quantity of data and interest in this
area. The description of individual studies is followed by a summary of the evidence available
from all studies reviewed relating to specific types of cancer.

4.1.1.2. Cohort Studies

Three cohort studies of workers exposed to PCP have been conducted, and in two of
these, a PCP-specific exposure measure was developed and used in the analysis (Table 4-1).
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Table 4-1. Summary of cohort studies of cancer risk and PCP exposure, by
specificity of exposure assessment

Sample size,
duration of
Reference, cohort,| work, and Inclusion Exposure Outcome
location follow-up criteria assessment assessment | Results—PCP risk?
PCP, specific exposure
Ramlow et al. n=770 men |Worked Work history (job  |Death Elevated risk of
(1996), Dow mean duration: |sometime records) and certificate lymphatic cancer
manufacturing not reported  |between 1937 |industrial hygiene  |(underlying  |mortality, particularly
plant, United States [mean follow- |and 1980 ina |assessment; cause) at higher intensity
(Michigan) up: 26.1yrs |relevant developed exposure exposures (relative risk
department intensity and [RR] 2.58, 95%
cumulative exposure confidence interval [CI]
scores for PCP and 0.98-6.8)¢; similar
dioxins® associations seen with
measures of other
dioxins
Demers et al. n= Worked at least [Work history (job  |Death Elevated risk of non-
(2006) 23,829 men |lyr(or260d |records)and certificate Hodgkin’s lymphoma
Hertzman et al. mean duration: |total) between |industrial hygiene  |(underlying  |and multiple myeloma
(1997) 9.8 yrs 1950 and 1985 |assessment; cause); incidence and
Heacock et al. mean follow- developed cancer registry |mortality; evidence of
(2000), sawmill up: 24.5yrs cumulative exposure |(incidence) exposure-effect
workers, Canada scores for PCP and response; weaker or no
(British Columbia) TCP risk seen with TCP (see
Table 4-2); no
increased risk of
childhood cancer in
offspring of workers
PCP, nonspecific exposure
Robinson et al. n =2,283 men |Worked at least |Work history (job  |Death Elevated risk of
(1987), plywood  |mean duration: {1 yr between  |records); subgroup |[certificate lymphatic and
mill workers, not reported {1945 and 1955 |analysis of (underlying  |hematopoietic cancer
United States mean follow- 818 workers known [cause) mortality (standardized

(Pacific Northwest)

up: 25.2 yrs

to have worked in
areas with PCP or
formaldehyde
exposure

mortality ratio [SMR] =
1.56, 95% CI 0.90-
2.52); stronger when
considering latency and
duration, and when
limited to subgroup
with PCP or
formaldehyde exposure

#Results are described as “elevated” if the SMR was >1.5, regardless of the precision of the estimate or power of the
statistical test; more detailed information on the results is presented in the text.
®2,3,7,8-TCDD and the hexachlorinated to octachlorinated dioxin ratio.
“For the category of “other and unspecified lymphopoietic cancers” (now classified as multiple myeloma and non-
Hodgkin’s lymphoma).

Ramlow et al. (1996) examined the mortality risk in a cohort of 770 male workers at a
large U.S. chemical manufacturing plant (Dow Chemical Company, Michigan Division) that
manufactured PCP from the late 1930s to 1980. This cohort was a subset of a larger cohort of
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workers in departments with potential for exposure to tPCP. Exposure to dioxins, primarily
hexa-, hepta-, and octa-chlorinated dibenzodioxins and dibenzofurans also occurred within this
cohort (Ott et al., 1987). Men who were employed at the Michigan plant between 1937 and 1980
were included in the study. Follow-up time was calculated through 1989. The mean durations of
work or exposure were not reported, although the mean duration of follow-up was 26.1 years.

The potential for exposure to PCP was assessed by evaluating available industrial
hygiene data, including some quantitative environmental and personal breathing zone PCP
measurements in conjunction with detailed employment records with information on job title and
location. Potential exposures for each job held by cohort members were assigned an estimated
exposure intensity score on a scale of 1 (low) to 3 (high). An estimated cumulative exposure
index was calculated for each subject by multiplying duration for each job by the estimated
exposure intensity for the job and summing across jobs. The cumulative exposure scores were
<1 for 338 (44%), 1-2.9 for 169 (22%), 3—-4.9 for 74 (10%), 5-9.9 for 83 (11%), and >10 for
106 (14%) of the workers. A similar process was used to estimate cumulative exposure to
2,3,7,8-TCDD and the hexachlorinated to octachlorinated dioxin ratio. Standardized mortality
ratios (SMRs) were calculated comparing age- and period-specific mortality rates in the cohort
and the U.S. white male population. The cumulative exposure metric was used with an internal
reference group, allowing for examination of exposure-response in analyses estimating relative
risk (RR) controlling for age, period of employment, and general employment status (hourly
versus salaried).

Mortality risk for all causes of cancer was not elevated (SMR 0.95, 95% confidence
interval [C1] 0.71-1.25), and there were no reported cases of mortality due to liver cancer, soft
tissue sarcoma, or Hodgkin’s disease. The SMR was 2.31 (95% CI 0.48-6.7) for kidney cancer
(International Classification of Disease [ICD]-8" revision codes 189; three cases), with the
highest risk seen in the high-exposure group (defined as cumulative exposure >10; RR 4.16
[95% CI 1.43-12.09; trend p-value 0.03]). An elevated kidney cancer mortality risk was also
seen with increased dioxin measures in this cohort (for TCDD, trend p-value = 0.04; for
hexachlorinated to octachlorinated dioxin ratio, trend p-value = 0.02). The SMR for all
lymphopoietic cancers (ICD-8" revision codes 200-209; seven cases) was 1.4 (95% CI 0.56—
2.88). This latter observation was driven by the results for the “other and unspecified
lymphopoietic cancers” (ICD-8" revision codes 200, 202—203, 209; five cases), with an SMR of
2.0 (95% CI 0.65-4.7). Two of these cases were multiple myeloma, and three would now be
classified as non-Hodgkin’s lymphoma. Similar results were seen in analyses using a 15-year
latency period. In the exposure-response analysis, the RR in the high-exposure group (defined as
cumulative exposure >1) compared with the no-exposure group was 1.91 (95% CI 0.86-4.24,
trend p-value 0.23) for all lymphopoietic cancers and 2.58 (95% CI 0.98-6.8, trend p-value 0.08)
for other and unspecified lymphopoietic cancers. There was some indication of an increased risk
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of lymphopoietic cancer with the other dioxin measures, primarily seen in the “very low” or
“low” exposure groups.

The exposure assessment methodology, allowing for the analysis of PCP and various
forms of dioxins exposure, is the primary strength of this study. The cumulative exposure metric
used in the analysis was based on work duration data in conjunction with a semiquantitative
intensity score for specific jobs; the semiquantitative nature of this measure presents challenges
to its use in dose-response modeling for risk assessment. It is a relatively small cohort, however,
resulting in limited power to assess associations with relatively rare cancers, including the
various forms of lymphomas, soft tissue sarcoma, and liver cancer. Other limitations of this
study are its use of mortality data, rather than incidence data, and the difficulty in separating the
effects of exposures to different dioxins that occurred as part of the production process.

Hertzman et al. (1997) conducted a large cohort study of male sawmill workers from
14 mills in Canada (British Columbia), and this study was updated by Demers et al. (2006).
Sodium salts of PCP and TCP were used as fungicides in 11 of these mills from 1950 to 1990.
Workers from the mills that did not use the fungicides (n = 2,658 in Hertzman et al., 1997;
sample size not specified in Demers et al., 2006) were included in the unexposed group in the
exposure-response analyses. The updated study includes 26,487 men who had worked at least
1 year (or 260 days total) between 1950 and 1995. Record linkage through the provincial and
national death files and cancer incidence registries were used to assess mortality (from first
employment through 1995) and cancer incidence (from 1969, when the provincial cancer registry
began, through 1995) (Demers et al., 2006). The mean duration of work in the mills was not
given in the 2006 update by Demers et al. (2006), but in the earlier report of outcomes through
1989 (Hertzman et al., 1997), the mean duration of employment was 9.8 years and the mean
duration of follow-up was 24.5 years. Approximately 4% of the cohort was lost to follow-up,
and these individuals were censored at date of last employment.

Plant records were available to determine work histories for study cohort members,
including duration of work within different job titles. Representative exposures were determined
for three or four time periods for each mill. Historical exposure measurements had not been
made, so a retrospective exposure assessment was developed based on interviews with senior
workers (>5 years of experience) at each mill (9-20 workers for each time period; mean of
15 years of experience). This process was compared, for current exposures, to urinary
measurements, with correlation coefficients of 0.76 and 0.72 in two different sampling periods
(summer and fall) (Hertzman et al., 1988). Because only one sample was collected in each
period, day-to-day variation in job activities, and thus exposures, would not be captured by the
urine measure; the authors indicate that additional samples would likely result in increased
correlation coefficients. The validity of this method was also demonstrated in comparison with a
method based on an industrial hygienist assessment (Teschke et al., 1996, 1989).
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Information from the senior workers was used to develop a cumulative dermal
chlorophenol exposure score, calculated for each worker by summing, across all jobs, the
product of the job title specific exposure score and the length of employment in that job. One
exposure year was defined as 2,000 hours of dermal contact. Records from each mill were used
to determine the specific chlorophenol content of the fungicides used at specific time periods. In
general, TCP was increasingly used in place of PCP after 1965. This information was used to
develop PCP- and TCP-specific exposures scores. The correlation between the estimated PCP
and TCP exposures was 0.45 (Demers et al., 2006).

Soft tissue sarcoma is difficult to ascertain accurately without review of the available
histological information. Demers et al. (2006) did not include an analysis of soft tissue cancer
mortality risk (which would have had to rely only on death certificate classification data). The
authors based the analysis of incident soft tissue sarcoma on cancer registry data pertaining to
site (connective tissue) and histology.

SMR and standardized incidence ratios (SIRs) were calculated using reference rates
based on data for the province of British Columbia. Analyses using the quantitative exposure
measure used workers in the cohort with <1 exposure-year as the internal referent group. All
analyses were adjusted for age, calendar period, and race.

In the analyses using the external referent group (i.e., population rates), there was no
increased risk with respect to cancer-related mortality (SMR 1.00, 95% CI1 0.95-1.05) or
incidences of all cancers (SIR 0.99, 95% CI 0.95-1.04) in the cohort of sawmill workers. For
liver cancer, the SMR was 0.98 (95% CI 0.62-1.49) and the SIR was 0.79 (95% CI 0.49-1.21);
corresponding estimates for kidney cancer were 1.31 (95% CI 0.98-1.73) for the SMR and 1.10
(95% Cl1 0.88-1.38) for the SIR. The SMR for non-Hodgkin’s lymphoma was 1.02 (95% CI
0.75-1.34) and the SIR was 0.99 (95% CI 0.81-1.21). For multiple myeloma, the SMR was 0.94
(95% C1 0.60-1.41) and the SIR was 0.80 (95% CI 0.52-1.18). The SMR for brain cancer was
0.99 (95% C1 0.73-1.31) and the SIR was 1.08 (95% CI 0.80-1.43).

In the analyses of PCP exposure, there was evidence of an exposure effect for non-
Hodgkin’s lymphoma and multiple myeloma in the mortality and in the incidence analyses
(Table 4-2). The risk of non-Hodgkin’s lymphoma in relation to TCP was similar to or
somewhat smaller than for PCP, and no association was seen between TCP exposure and
multiple myeloma. The number of incident cases of soft tissue sarcoma was small (n = 23), and
lower risks of this cancer were seen in the higher exposure groups for PCP and for TCP. There
was some evidence of an increased risk of kidney cancer incidence or mortality for PCP and TCP
exposures (Table 4-2). Liver cancer, a relatively rare cancer, was associated with PCP exposure,
but the sparseness of data did not allow assessment at the highest exposure level (>5 exposure
years). Consideration of a 10- or 20-year exposure lag period had little effect on the risks seen
with respect to PCP exposure and risk of non-Hodgkin’s lymphoma, multiple myeloma, and
kidney cancer incidence. The 20-year lag resulted in a reduction in the number of liver cancer

24



cases in the exposed categories from 18 to 2; and thus, the pattern of increased risk was no
longer seen. Friesen et al. (2007) examined these data using different models and exposure
metrics, and using the best-fitting lagging period as seen in the Demers et al. (2006) analysis.
The results of Friesen et al. (2007) study indicate that for non-Hodgkin’s lymphoma and kidney
cancer, the PCP risk was stronger than that seen for TCP or total chlorophenols.
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Table 4-2. Cancer mortality and incidence risk in relation to estimated PCP exposure in sawmill workers, British

Columbia, Canada?®

PCP exposure TCP exposure
Mortality Incidence Mortality Incidence
Exposure-

Cancer yrs Obs RR 95% ClI Obs RR 95% ClI Obs RR 95% ClI Obs RR 95% ClI
Non- <1 15 1.0 (referent) 38 1.0 (referent) 29 1.0 (referent) 50 1.0 (referent)
Hodgkin’s 1-2 6 1.21 0.46-3.2 13 1.33 0.70-2.5 5 0.93 0.36-2.43 11 0.91 0.47-1.75
lymphoma 2-5 18 2.44 1.2-5.1 24 1.88 1.1-3.3 13 1.96 0.99-3.89 20 1.34 0.80-2.26

5+ 10 1.77 0.75-4.2 17 1.71 0.91-3.2 2 0.63 0.15-2.69 11 1.54 0.79-2.99
(trend”) (0.03) (0.06) (0.44) (0.14)
Multiple <1 4 1.0 (referent) 6 1.0 (referent) 15 1.0 (referent) 15 1.0 (referent)
myeloma 1-2 5 3.30 0.87-12.5 4 2.09 0.57-7.6 0 0.00 1 0.27 0.04-2.04
2-5 4 1.58 0.38-6.6 4 1.30 0.34-5.0 4 0.94 0.31-2.91 5 1.06 0.38-2.94
5+ 10 4.80 1.4-16.5 11 4.18 1.4-12.9 4 1.84 0.59-5.78 4 1.80 0.58-5.60
(trend®) (0.03) (0.02) (0.55) (0.48)
Soft tissue <1 18 1.0 (referent) 16 1.0 (referent)
sarcoma® 1-2 3 0.64 0.18-2.2 3 0.77 0.23-2.66
2-5 2 0.18 0.04-0.85 4 0.66 0.22-1.99
5+ 0 0
(trend®) (0.11) (0.43)
Kidney <1 15 1.0 (referent) 32 1.0 (referent) 25 1.0 (referent) 47 1.0 (referent)
1-2 6 1.33 0.51-35 9 1.03 0.49-2.2 5 0.94 0.36-2.46 6 0.55 0.23-1.28
2-5 17 2.59 1.22-55 22 1.79 0.99-3.2 14 2.09 1.07-4.08 14 1.01 0.56-1.84
5+ 12 2.30 1.00-5.3 16 1.66 0.85-3.2 6 1.87 0.75-4.67 12 1.80 0.94-3.43
(trend”) (0.02) (0.07) (0.04) (0.31)
Liver <1 4 1.0 (referent) 3 1.0 (referent) 4 1.0 (referent) 11 1.0 (referent)
1-2 5 3.46 0.91-13.2 4 4.09 0.89-18.8 8 0.95 0.38-2.4 7 2.65 1.03-6.85
2-5 8 3.72 1.04-13.3 12 8.47 2.2-32.4 3 0.52 0.14-1.88
5+ 5 2.53 0.61-10.4 2 1.41 0.21-9.2 0
(trend”) (0.10) (0.18) (0.58)

%0bs = number of observed cases. Analyses based on Poisson regression using the lowest exposure group as the referent group, adjusting for age and time period.

*Trend p-value.

“The authors used histology data for the classification of soft tissue sarcoma; therefore, mortality data (from death certificates, without detailed histology information)

were not analyzed for this disease.

Source: Demers et al. (2006).
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Heacock et al. (2000) examined risk of childhood cancer among the offspring of the male
workers in the British Columbia sawmill workers cohort. (An additional study by Dimich-Ward
et al. [1996], based on this cohort, of pregnancy outcomes, including prematurity, stillbirths, and
congenital anomalies, is discussed in Section 4.1.2.4, Studies of Reproductive Outcomes.)
Marriage and birth records were linked to identify 19,675 children born to these fathers between
1952 and 1988. Forty incident childhood cancers were identified within these children (with
follow-up through age 19 years) through the linking of these birth records to the provincial
cancer registry. Eleven of the cancers were leukemias, nine were brain cancers, and four were
lymphomas. The incidence rates were similar to those expected based on sex, age, and calendar
year standardized rates, with SIRs of 1.0 (95% CI 0.7-1.4) for all cancers, 1.0 (95% CI 0.5-1.8)
for leukemia, and 1.3 (95% CI 0.6-2.5) for brain cancer.

The large size and long follow-up period are important strengths of the British Columbia
sawmill cohort studies (Demers et al., 2006; Heacock et al., 2000; Hertzman et al., 1997), but
even with this size, there is limited statistical power to estimate precise associations with
relatively rare cancers such as liver cancer and soft tissue sarcoma. Other strengths of the study
include the detailed exposure assessment (for PCP and TCP), completeness of follow-up, and
analysis of cancer incidence (through the coverage of the population-based cancer registry) in
addition to mortality. The observed associations are not likely to be explained by confounding:
common behaviors, such as smoking and use of alcohol, have not been associated with the types
of cancers that were associated with PCP exposure in this study (non-Hodgkin’s lymphoma,
multiple myeloma); the use of an internal comparison group for the analyses using the exposure
measures reduces the likelihood of potential confounders affecting the results; and the difference
in the patterns with respect to cancer risks seen between PCP and TCP and between PCP and
dioxins also argues against a role of other occupational exposures or contaminants of PCP as an
explanation for the observed associations. (See Section 4.1.1.4, General Issues—Interpretation
of the Epidemiologic Studies, for additional discussion of this issue.) No information is
provided, however, about the effect of adjustment for TCP exposure on the PCP results. Since
the correlation between the two measures is relatively low (r = 0.45), and for many of the cancers
of interest, the PCP associations are stronger than those seen with TCP, it is unlikely that this
adjustment would greatly attenuate the observed associations with PCP. Additional analyses by
the study authors could address this issue, although the relatively small number of observed
cases for specific cancers of interest is likely to be a limitation of this kind of analysis.

Robinson et al. (1987) examined mortality in a cohort of 2,283 male plywood mill
workers employed at four softwood plywo