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Foreword

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1988.



Preface

ASSESSING WORKER EXPOSURE TO PESTICIDES through biological mon-
itoring is the main thrust of this book. Historically, in the absence of
dermal absorption data in humans and animals, regulatory agencies often
assumed that pesticides were 100% absorbed by dermally exposed work-
ers. However, 100% absorption may not actually occur. Accurate meas-
urement of the dose absorbed is necessary in order to estimate the
health risk to exposed workers.

In recent years, pesticide regulatory agencies have made progress in
effectively communicating the need to develop dermal pesticide absorp-
tion data. However, despite the improved quality and availability of
exposure and dermal absorption data generated in rodents and other
species, current methods are not accurate for estimating total pesticide
uptake during exposure. Poor estimates result from attempting to meas-
ure the amount of pesticide found on limited areas of dermal pads and
to extrapolate this information to a much greater body surface area
(which magnifies or reduces any inherent errors) and from assuming that
percutaneous absorption in animals approximates or equals that in
humans. Interspecies differences affect individual dermal absorption
rates, and humans tend to have a lower dermal absorption rate than
many common test animals.

The kinetics of absorption, biotransformation, and excretion cannot
be addressed by passive dosimetry, even when the percent of absorption
has been factored in. The critical dose of a toxicant must be transported
dermally, reach plasma concentration, and be distributed to the target
organs and tissues before it can evoke a toxicological effect. Therefore,
without this vital information, the assessment of exposure health risk is
at best a presumptuous estimation. Nevertheless, the combined use of
dermal pad and absorption data remains a valid choice.

In conjunction with sensitive biomarkers, biological monitoring can
offer a distinct advantage over conventional methods. However, biologi-
cal monitoring methods have intrinsic limitations and barriers. For
instance, unless the pharmacokinetic behavior of a pesticide in humans
is well understood, it could be difficult to relate the urinary excretion of
a pesticide to the internal dosage. Obtaining full cooperation of field
workers to provide 24-hour urine samples during and after exposure can
be difficult. Isolation and identification of unlabeled metabolites in bio-
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logical fluids is a complex procedure, even with modern analytical chemi-
cal techniques.

I hope this book marks the beginning of a long journey devoted to
improved estimation of pesticide or other chemical exposure.

RHODA G. M. WANG
California Department of Food and Agriculture
Sacramento, CA 95814

April 19, 1988
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Chapter 1

Biological Monitoring
for Pesticide Dose Determination

Historical Perspectives, Current Practices,
and New Approaches

H. N. Nigg and J. H. Stamper

Citrus Research and Education Center, University of Florida, Lake Alfred,
FL 33850

The rationales governing biological monitoring
experiments are presented, together with a review of
past studies and results. Purposes and shortcomings
are covered. Deficiencies in blood and urine
monitoring are reviewed. Sampling procedures and
statistical considerations are discussed. New
approaches are outlined, including vagal tone
monitoring, saliva and perspiration assays and
erythrocyte adducts.

There are various ways of estimating pesticide exposure.
Environmental monitoring includes measurement of ambient levels

of pesticide in the worker's environment and passive dosimetry to
estimate the quantity which comes into contact with the worker.
Dermal patches and personal air samplers have been used to estimate
dermal and inhalation exposure in pesticide workers. Biological
monitoring includes the measurement of parent compounds, their
metabolites, or an indicator of response (e.g. acetylcholinesterase
inhibition) in a biological sample such as urine, blood, sweat,
saliva, exhaled breath, hair or nails.

The use of biological samples as indicators of pesticide dose
is a new research area and there is not yet agreement on the
meaning of even the most commonly used terms. By "exposure” to
pesticide, we mean here the deposit of compound onto the clothing
or skin of the worker, the latter being "dermal exposure”. "Dose™
is that amount which enters the body, including skin sequestration.
The majority of the dose to an agricultural worker arises through
transdermal absorption, but other routes such as respiratory or
oral ingestion also play a role. A "biological indicator” is any
biological sample taken from the worker which contains reliable
evidence that a pesticide dose has been received.

General Rationale

Our purposes here are to describe current and prospective
biological monitoring methods and to raise questions. The kinds of
questions we ask the reader to consider throughout this article are

0097—-6156/89/0382—0006$06.50/0
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1. NIGG AND STAMPER  Pesticide Dose Determination

the following. If human biological samples are negative for a
given pesticide, what can be concluded about dose? On the other
hand, if they are positive, can dose be reliably quantified? Many
of the biological methods we review here have been combined with
non-biological methods for measuring exposure. References 1-5
provide reviews of non-biological methods.

Factors Affecting Exposure of Agricultural Workers

For applicator/mixer-loader groups, the type of equipment used, the
number of tanks applied per unit time, the concentration of the
tank mix, the loading method, and the protective clothing worn
affect the dermal exposure process. Especially important are
personal work habits. This has been known for years and is
described in many published reports (1, 6).

Regardless of crop type, the production rate of harvesters
appears to be related to their exposure. The worker's production
rate is related to the amount of contact with the plant, a subject
which has been studied using movies and time analysis (7) and
estimated with surveys (8). The production rate can be quantified
as the number of boxes picked, crates loaded, tassels removed,
etc., but 1s confounded with residue levels in affecting exposure.

Estimation of Dose

One of the reasons for measuring worker pesticide exposure is to
aid in determining the safety of the product. To do this, it must
be known whether the amount of pesticide to which the worker is
exposed may lead to a toxic effect. The toxic effect of a
pesticide 1is evaluated through testing in animals by establishing
its relationship with dose (generally gastrointestinal). In order
to extrapolate the animal data to humans, there must be an
equivalent estimate of dose. Two approaches have been used to do
this in pesticide workers. One involves the measurement of dermal
exposure (most prevalent route) with a correction for the estimated
percentage of percutaneous penetration. The other approach relates
the urinary metabolite level(s) to dose. Most bilological studies
in the literature were never designed to quantitatively estimate
exposure and care must be exercised in using such studies to draw
conclusions about the utility of biological mounitoring.

Biological Indicators of Pesticide Exposure-—Prevalently Used
Methods

Blood. One of the earlier biological monitoring studies was
undertaken by Quinby et al. (9). Cholinesterase activity was
measured in aerial applicators, together with residues on worker
clothing and in respirator filters. 1In spite of physical
complaints by the pilots, either normal or only slightly depressed
cholinesterase values were reported. Cholinesterase values were
compared with the 'normal' range for the U.S. population rather
than the pilots' own individual 'normal' values. In 1952, Kay et
al. (10) measured cholinesterase levels in orchard parathion
applicators. These were compared with cholinesterase levels taken
from the same workers during non-spray periods. Plasma
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BIOLOGICAL MONITORING FOR PESTICIDE EXPOSURE

cholinesterase for workers reporting physical symptoms was 16%
lower during the spray period. The corresponding reduction for
symptomless workers was about 13%. Red blood cell (RBC)
cholinesterase was depressed 27% for the symptom group vs. 17% for
the non-symptom group, but these means were not statistically
different. Roan et al. (1l) measured plasma and erythrocyte
cholinesterase and serum levels of ethyl and methyl parathion in
aerial applicators. Serum levels of the parathions could not be
correlated with cholinesterase levels. However, serum levels did
correlate with the urine concentration of p-nitrophenol. Drevenkar
et al. (12) measured plasma and erythrocyte cholinesterase levels
and urine concentrations of organophosphorus and carbamate
pesticides in plant workers who formulate these materials. No
correlation existed between urinary metabolites and cholinesterase
depression. Bradway et al. (13) studied cholinesterase, blood
residues, and urinary metabolites in rats. Eight organophosphorus
compounds were included in this experiment. Even under controlled
conditions and known doses, correlations of cholinesterase activity
with blood residues and urine metabolite levels were poor. The
overriding general conclusion from these data is that
cholinesterase inhibition contains too many variables, known and
unknown, to be useful for estimating dose.

Whole blood has rarely been used to monitor dose in humans
despite pleas from pesticide chemists, toxicologists, and
pharmacologists (Lﬁ). Very nice studies of 2,4,5-T and 2,4-D in
human blood and urine are references 15, 16 and 17. An oral dose
of 2,4,5~T was excreted in the urine of five human volunteers with
a half-1ife of 23 h wherein 88.5 + 5.1% of the administered dose
was recovered. Its half-life in plasma was also 23 h (15). 2,4D
was taken orally and also excreted unchanged in urine (75%
recovered in 96 h) (16). There was marked individual variation in
when the peak of 2,4~D occurred in plasma. Sauerhoff et al. (17)
administered a single 5 mg/kg oral dose to five male human -
volunteers. 2,4D disappeared from plasma with an average
half-11ife of 11.6 h and from urine with an average half-life of
17.7 h. From 88-106% of the dose was recovered in urine over 144
h; over 507% was recovered in 24 h. 2-(2,4,5-trichlorophenoxy)
proplonic acid (silvex) was administered to seven men and one woman
at 1 mg/kg. Biphasic disappearance from plasma and urine with
half-lives of 4.0 + 1.9/16.5 + 7.3 h and 5.0 + 1.8/25.9 + 6.3 h,
respectively were determined (18) and 65% of the dose was excreted
in urine in 24 h. Human exposure to phenoxy herbicides has been
reviewed by Lavy (19).

There are several problems with blood monitoring. It is
difficult (probably even impossible with the present human subject
committee oversight) to conduct human experiments as in 15, 16 and
17. Also, workers are averse to blood testing; noninvasive methods
are much preferred. Blood has been used in epidemiological studies
(1, 20, 21), but an original dose can probably never be inferred.
For the future, the rapid clearance of newer, biodegradable
pesticides from blood may eliminate blood as an exposure monitoring
tool for pesticide dose and may also eliminate blood as an
epidemiological monitoring tool. However, Lewalter and Korallus
(22) reviewed erythrocyte protein conjugates as a monitoring
technique for pesticide exposure. Though not validated, this blood
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1. NIGG AND STAMPER  Pesticide Dose Determination

monitoring technique appears promising for estimating dose for some
pesticides which form erythrocyte adducts. The erythrocyte is
extracted for adducts of pesticide parent and/or metabolites.
Dose~concentration-effect relationships may be possible with this
technique. Readers are encouraged to consult reference (22) and
references therein.

Urine. The first problem in monitoring urine is the variability in
urinary output. Newborn infants may excrete 17-34 mL/d, 6-10 year
old boys 459 + 175 mL/d, 10-14 year old boys 605 + 294 mL/d, 6-10
year old girls 274 + 125 mL/d, 10-14 year old girls 441 + 305 mL/d,
men 1360 + 443 mL/d, and women 1000 + 430 mL/d (22). Men working
in heat excrete about 900 mL/d (Nigg amd Stamper, unpublished). 1In
one study, long distance runners excreted only 600 mL/d whereas
controls excreted 1300 mL/d (24).

Some authors propose the use of creatinine to normalize
differences in the urinary excretion of a compound. These
differences can arise from changes in fluid intake, pathology, or
physiological changes such as sweating. In order to be useful,
creatinine in urine should show a constant day-to-day excretion
rate regardless of the volume of urine output, food intake, or
physical activity, and should reflect only small interindividual
variation. In a large study of creatinine excretion, Alessio et
al. (22) found that men excreted more creatinine than women,
younger subjects more than old, and individuals varied in their 24
h creatinine output from 9.2 to 79.4%, perhaps due to fluid intake.
It appears that great care must be taken if creatinine 1s to be
used to normalize urine samples.

Perhaps the best study of adjusting urine concentrations of
excreted substances is by Araki et al. (gg). These authors studied
the excretion of lead, inorganic mercury, zinc, and copper in
urine. They concluded that urinary flow-adjusted concentration is
applicable to monitoring all substances in urine, creatinine
included. Creatinine, urinary specific gravity, and timed
excretion plus urinary flow had limited uses.

Consequently, 1t is necessary to use 24 h, total urine
collection when urine will be used to estimate the pesticide dose.
Urine monitoring to determine dose necessarily depends on

certain assumptions and disparate pieces of available data. The
excretion kinetics of the pesticide employed must be known for both
dermal and oral administration. If the total dose 1s excreted by
small animals in 24-48 h, the same may also be true of humans. If
the dose 1s excreted over a period of a week, a simple test
correlating dermal exposure with an immediate effect on urine
pesticide levels will not work. However, the use of prolonged
sampling periods over which mean values of urinary pesticide
excretion rates are calculated presents problems also. It is
common to see a 100% coefficient of variation among urinary
excretion samples. As a consequence, a major change in urinary
pesticide levels would have to occur before a significant
difference could be confirmed statistically. Part of this
unfortunate varfation no doubt results from reckless work
practices. Workers spill concentrated materials. They service
contaminated machinery with bare hands. We have observed one
worker remove his gloves, roll up his protective suit sleeve, and

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1988.



10 BIOLOGICAL MONITORING FOR PESTICIDE EXPOSURE

retrieve a crescent wrench from a mixed tank of pesticide.
However, if the dermal dose excretion kinetics are known, if urine
is reflective of dose, if 24 h urines are collected and if sample
numbers are based on expected variation, then urine could be used
to monitor dose and also the efficacy of protective devices.

Many pesticides in common use are not excreted in urine in
proportion to dose. Organochlorines are usually excreted more in
feces than in urine. Significant storage in body tissue may occur.
An example of current interest is dicofol. With multiple oral
doses, this organochlorine rapidly reached a plateau in urine,
while excretion levels steadily increased in the feces (27).

The excretion kinetics available for most compounds have resulted
from studies using only one, or a very few oral doses. Workers,
however, receive daily dermal and respiratory doses. There are no
animal data reflecting these continuous and multiple routes of
exposure, There are kinetic models which could represent
pesticides recycled into the bile (28). These models do not
account for the differences in the exposure route for workers, the
frequency of dose, or the subsequent excretion differences in
workers compared to small animals.

Urinary metabolites of pesticides have been used for
indicating absorption and excretion. Swan (22) measured paraquat
in the urine of spraymen, Gollop and Glass (30) and Wagner and
Weswig (31) measured arsenic in timber applicators, and Lieben et
al. (32) measured paranitrophenol in urine after parathion exposure
as did Durham et al. (33). Chlorobenzilate metabolite
(dichlorobenzilic acid) was detected in citrus workers (34),
phenoxy acid herbicides in farmers (35), and organophospﬁsfus
metabolites in the urine of mosquito treatment applicators (36).
Davies et al. (37) used urinary metabolites of organophosphorus
compounds and carbamates to confirm poisoning cases. These studies
document exposure, but no quantitative estimate of dose can be made
from urinary metabolite levels alone.

Other studies have used air sampling and monitored hand
exposure in combination with urine levels (38), and ailr sampling
plus cholinesterase inhibition plus urine levels (39).
Non-biological methods, combined with measurement of urinary
metabolites, have also been used to compare worker exposure for
different pesticide application methods (40, 4l1) as well as to
monitor formulating plant worker exposuré~(£gy_and homeowner
exposure (ﬁg).

Several studies have used non-biological methods in an attempt
to correlate urine levels with an exposure estimate (40, 43-48).
Lavy et al. (47, 48) found no such correlation with 2,4-D ot
2,4,5-T. Wojeck et al. (40) found no paraquat in urine and
consequently no relationship between dose and urine levels.
However, the group daily mean concentration of urinary metabolites
of ethion and the group mean total estimated dermal dose to ethion
on that day correlated positively, with significance at the 977
confidence level (46). For arsenic, the cumulative total estimated
dose and daily urinary arsenic concentration correlated positively,
with significance at the 997 confidence level (ﬁz). Franklin et
al. (ﬁg) found a positive correlation between 48 h excretion of
azinphosmethyl metabolites and the amount of active ingredient
sprayed. A significant correlation could not be made, however,
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1. NIGG AND STAMPER  Pesticide Dose Determination 11

between 48 h excretion and an exposure estimate using dosimeters.
In the Franklin et al. (43) experiment, a fluorescent tracer had
been added to the spray mixture. Qualitatively, unmonitored areas
(face, hands, neck) also received significant exposure, perhaps
leading to a weak correlation between the exposure estimate and
urinary metabolites. Franklin et al. (49) also studied excretion
of DMTP in orchard workers in two other areas in Canada and again
found that urine data more closely reflected the amount of
pesticide applied. Grover et al. (29) also obtained a correlation
(R = 0.82) between the amount of 2,4-D applied and urinary
excretion., Total deposition of 2,4-D estimated with dosimeters and
urinary excretion correlated at only R = 0.47. Winterlin et al.
(51) monitored the dermal exposure of applicators, mixer-loaders,
and strawberry harvesters to captan using exposure pads. Although
the applicator, mixer-loader group showed higher estimated dermal
exposure, no metabolite was detected in their urine; harvester
urine had detectable levels, perhaps because urine samples were not
properly collected. Contamination of dermal patches by splashes,
etc., could have led to an overestimated exposure in the
applicator, mixer-loader group. Leng et al. (52) reviewed the
excretion of 2,4,5-T in humans exposed 1in the fileld. Excretion was
slower with dermal field exposure than with oral doses of 2,4,5-T
in humans. Kinetic excretion models of 2, 4,5~T indicated that the
absorbed daily dose did not exceed 0.1 mg/kg/day. This dose
estimation did not agree with exposure estimates made from dermal
collection patches.

Part of the problem appears to be the excretion kinetics and
excretion routes of pesticides, the complexity of which may render
useless any search for a simple linear correlation between exposure
and urinary metabolites. Funckes et al. (53) exposed the hand and
forearm of human volunteers to 2% parathioE~dust. During exposure,
the volunteers breathed pure air and placed their forearm and hand
into a plastic bag which contained the parathion. This exposure
lasted 2 h and was conducted at various temperatures. There was an
increased excretion of paranitrophenol with increasing exposure
temperature. Importantly, paranitrophenol could still be detected
in the urine 40 h post exposure after this dermal exposure.
fildmann and Maibach (éﬁ) dosed human volunteers with radiolabeled

C-pesticides intravenously and followed urinary excretion for 5
days using total urine collection. The same volunteers were
subsequently exposed dermally on the forearm with the same

-pesticides, and urinary metabolites were again followed for 5
days. The 7 pesticide excreted after forearm (dermal) dosing was
then corrected for incomplete 1,v. excretion. For instance, the
dermal excretion (absorption) of a pesticide was doubled if the
i.v. dose was only 50% excreted in urine. C-azodrin, ethion,
guthion, malathion, parathion, baygon, carbaryl, aldrin, dieldrin,
lindane, 2,4-D and diquat were the compounds applied. Wester et
al. (55) applied C~paraquat dichloride to the legs, hagig and
forearms in a similar experiment. Urinary excretion of C was
followed over 5 days. The highest corrected urinary recovery in
these two studies was for carbaryl at approximately 74% of the
dermally applied compound (forearm); the lowest waT4for paraquat at
0.23% (hand). The rest of these dermally-applied ~ 'C-pesticides
were recovered in urine from 0.3% (diquat) to 19.6% (baygon) of the
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12 BIOLOGICAL MONITORING FOR PESTICIDE EXPOSURE

dermally applied dose. Individuals vary in their absorption of
chemicals; also, different anatomic sites absorb chemicals at
different rates in both humans and animals (56 57) Occlusion of
the anatomic site may also increase absorption of chemicals (54,
58, 59) In another human experiment, Kolmodin-Hedman et al _TBO)
applied methylchlorophenoxy acetic acid (MCPA) to the thigh,

Plasma MCPA reached a maximum in 12 h and MCPA appeared in the
urine for 5 days with a maximum in about 48 h. Given orally,
urinary MCPA peaked in urine in 1 h with about 40% of the dose
excreted in 24 h. Using three male and two female volunteers,
Akerblom et al. (EQ) performed three experiments with MCPA. In one
experiment, the hands and forearms were dipped into a 27 solution.
The dried solution was washed off after 30 min. In a second
experiment, oral MCPA (15 ug/kg) was given. 1In a third experiment,
10 mL of a 10% aqueous solution of commercial MCPA formulation was
placed on a 10 cm2 pad which was affixed to the thigh for 2 h.
Urine and blood were monitored. MCPA was not detected in blood or
urine with the hand and forearm dip. With oral MCPA, the peak
concentration occurred at about 6 h in urine and 1 h in plasma. In
the MCPA thigh absorption study, the urine peak occurred at 24-48
h., Nolan et al. (62) dosed six male volunteers orally with
4-amino-3,5,6-trichloropicolinic acid (picloram). They were
exposed dermally in a separate experiment. In 72 h, over 90% of
the oral dose was excreted in the urine. The dermal application
was poorly absorbed (0.2%) and was still being excreted in urine at
72 h. Nolan et al. (92) studied the excretion of chlorpyrifos in
human urine after an oral or a dermal application. Total urine was
collected from 24-48 h prior to administration through 120 h after
administration. 70 + 11% (n = 6) of the oral dose was recovered in
urine. 1.28 + 0.83% (n = 6) of the dermal dose was recovered in
urine. Blood levels peaked in 6 h after the oral dose and in 24 h
after the 5 mg/kg dermal dose. The urine elimination half-life was
about 27 h for both oral and dermal doses.

In a rat experiment, seven different organophosphorus
coupounds at two different doses were fed to rats (12). Rats were
removed from exposure after the third day and blood and urine
collected for the next 10 days. The average percents of the total
dose excreted in urine over the 10 days were: dimethoate, 12%;
dichlorvos, 10%; ronnel, 11%; dichlofenthion, 57%; carbophenothion,
667%; parathion, 40%; and leptophos, 50%. Very little of this
excretion occurred beyond the third day post exposure. Intact
residues of ronnel, dichlofenthion, carbophenothion, and leptophos
were found in fat on day 3 and day 8 post exposure.

Morgan et al. (gﬁ) dosed humans orally with methyl and ethyl
parathion. Paranitrophenol, which appears in urine after exposure
to either pesticide, was excreted at 37% of theoretical while the
alkyl phosphates were excreted at 507%+ of theoretical in 24 h.
Thus, about 50% of the oral dose administered to humans was not
recovered in urine in 24 h., 1In another rat experiment, animals
were administered azinphosmethyl dermally and intramuscularly (65).
The purpose of the experiment was to determine whether a linear
response existed between the amount of azinphosmethyl applied
dermally and the excretion of DMTP. If it did, it is possible that
the DMTP levels might be useful to predict dermal exposure. A
similar linear relationship appears to exist in humans. This
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1. NIGG AND STAMPER  Pesticide Dose Determination 13

suggests that DMTP levels can be multiplied by the ratio
(azinphosmethyl exposure)/(DMIP level in urine). This is a 10 to 1
ratio. Using data from several field applications, it appears that
the DMTP-times—10 result is more closely related to the amount
sprayed than the dermal exposure estimated from patches (49).
Franklin et al. (49) concluded that without adequate
pharmacokinetic information for the parent compound, urine is
useful only as a screening tool for indicating exposure or as a
predictor of overexposure.

These experiments illustrate the excretion differences between
dermal, intramuscular, and oral administration, the excretion
differences between compounds, and also problems about which
urinary metabolite to monitor (65). Consequently, a very
discriminating experimental design would be necessary to model
dermal exposure and absorption vs. urinary metabolite levels.
Statistical problems, centered on replicate variation and the
resulting necessity for large numbers of replications, make the
cost of either a human or small animal experiment very expensive.

A small animal excretion study with multiple applications
could be done., However, which administration method should be
used? Should it be dermal, since the human worker receives mostly
dermal exposure, or should it be a mixture of oral, dermal, and
respiratory? What if the compound has associated data suggesting
skin penetration is low? Wester and Noonan (66) have reviewed the
relevance of animal models for percutaneous absorption. The pig
and the monkey were the most nearly like humans in this respect.
These authors warn that a clear understanding of the species and
methods used is a prerequisite to extrapolation to humans. Dedek
(67) presents an interesting case for the effect of solubility of
pesticides in solvents and skin penetration. Polar compounds
penetrated better when applied in nonpolar solvents and nonpolar
compounds penetrated better inm polar solvents. The effect of
solvent and concentration should be included in dermal penetration
experiments. Since regulations are designed to protect humans,
real world estimates, relevance to work exposure, and accuracy in
the preliminary small animal studies are extremely important.

Another possibility 1s to perform an actual human excretion
study. At the end of the spray season, with the workers removed
from further exposure, a series of 24 h urine samples might yield
the necessary kinetic data. We suggest splitting the daily
sampling periods into two 12 h or four 6 h segments. For compounds
which are very rapidly excreted, this division into timed segments
will help to obtain the necessary data points. Removal of workers
from exposure 1is paramount, even if the experimenter must closely
monitor their work activitles and wash the workers' clothing over
this period. We have discovered, to our surprise, that workers
have interpreted 'removal from exposure' as 'stop spraying,' and
then proceeded to clean and maintain heavily contaminated equipment
over our sampling period. Spittler et al. (gg) discussed a varilety
of 'extraneous' pesticide exposure possibilities. Even 1f all of
these factors are controlled, the chemical type, its metabolism and
variability among subjects, may prohibit the drawing of
statistically valid inferences.
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Biological Indicators of Pesticide Exposure-—New Methods

Vagal Tone. Vagal tone monitoring refers to the
respiratory-cardiac neural reflex and is measured by quantifying
the amplitude of the respiratory sinus arrhythmia. Respiratory
sinus arrhythmia is described as a decrease in heart period with
inspiration and an increase with expiration (69, 70). This is a
complex physiological function, but it can be measured. Its
measurement illustrates a delayed effect from organophosphorus
compounds (gg, 70, 71). The exposure of military personnel to
neurotoxic agents has generated interest in this method. In
dichlovos treated dogs, vagal tone was not altered 90 min after
treatment. Plasma CHE was 47% of normal; RBC cholinesterase 567% of
normal. Ninety min after 2-PAM and atropine administration, vagal
tone was less disrupted in treatment dogs vs. control dogs. Plasma
CHE was inhibited at 47%, i.e., not reactivated; RBC CHE was 837 of
normal. Three weeks later, neither RBC nor plasma enzyme
activitles were inhibited in the treatment dogs. Challenged with
atropine, the vagal tone response of experimental dogs was
attenuated compared to control dogs. The delayed effect on vagal
tone by OP compounds may signal delayed human performance changes.
A similar experiment was conducted with Rhesus monkeys treated with
pyridostigmine. Although a delayed effect was not investigated,
the same attenuated vagal tone response to atropine was
demonstrated in the short term (72). The atropine response,
itself, 1s also important. Sindz_htropine impairs the performance
of aviators (71) and monkeys (69), the implications for self-dosing
military personnel are obvious. It may be possible to measure
vagal tone response to dose and this might be possible over a long
period of time. If so, a (qualitative) dose of an organophosphorus
compound might be inferred from a noninvasive physiological
measurement long after the event.

These experiments illustrate an innovative and attractive
approach to biological monitoring. Perhaps we have overlooked
other physiological responses for monitoring exposure to
pesticides.

Saliva. Saliva has never been popular as a monitoring medium for
pesticldes. Perhaps suspicion that oral contamination 1is too
likely or that daily total saliva production 1is too difficult to
quantify has led to this situation. It also may be that all
salivary pesticide, once swallowed, will ultimately appear as
urinary pesticide, but this has not been established. Nonetheless,
saliva has been used to indicate exposure for a wide variety of
other environmental contaminants.

Saliva would seem to offer advantages for monitoring
pesticides. We produce about 1000 mL of saliva per day (23).
Saliva collection 1is relatively easy and procedures such as
pre-rinses may be used to avoild contamination. Saliva secretion is
variable with time; therefore, samples may have to be taken at the
same time each day (Zg). Its use for monitoring drugs, metals,
hormones, immunoglobulins, testosterone, stress, phosphate,
progesterones, estriols and pesticides has been shown. Stowe and
Plaa (74) in their review of the literature through June 1967 on
extrarenal secretion cited references which demonstrated the
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excretion in saliva of sulfa drugs, barbiturates, penicillin,
dihydrostreptomycin and tetracyclines., Drugs such as digitalis
(75, 76), nefopam (77), caffeine, theophylline and theobromine
(78), cannabis (79), and phenylcyclidine (80) have been isolated in
saliva and paired with determinations in urine or plasma. Saliva
has been used with psychiatric patients undergoing lithium therapy
as an indicator for lithium (81) and as a systemic indicator for
zinc during pregnancy (82) as well as for potassium and calcium
(83, 84, 85) and magnesium (86). Metals in the environment, e.g.,
lead 1_7), cadmivm (88), copper, silver, tin, mercury, and zinc
(89) have been found in the analysis of salivary samples. Salivary
phosphate has been used as an indicator of ovulation (§2) IgA
levels in saliva increase during pregnancy (90) and decrease in
cases of academic stress (91). IgA and IgM changes are reflected
in rheumatoid arthritis (957 Salivary hormones may be used in the
diagnosis of some forms of cancer (93, 94, 95). Testosterone 1n
saliva has been used as a determinant of testicular function (96)
and cortisol as a determinant of adrenocortical function (21)
Salivary progesterones and estriols have been used in the
assessment of ovarian function (97, 98, 99) and during pregnancy as
indicators of fetal viability (100-105). Secretion of pesticides
in saliva has been demonstrated (83 106, 107, 108)

Skalsky et al. (106) studied “the ef. effects of parathion and
carbofuran on cholinesterase activity in plasma, erythrocytes and
saliva. Rats were dosed orally by direct intubation. A
correlation between cholinesterase activities was obtained.

Skalsky et al. (107) also studied the effect of carbaryl on
salivary and serum cholinesterase and carbaryl distribution in
tears, urinT saliva, and blood of rats. The abdominal wall was
opened and C—carbaryl was Injected directly into the stomach at
doses of 0, 50, 100 or 200 mg/kg. At a 200 mg/kg dose, carbaryl
secretion in saliva peaked in about 60 min., The plasma peak
occurred in about 75 min. Maximum plasma concentration was 35 ppm,
saliva about 28 ppm. By thin layer chromatography (at the 200
mg/kg dose) the same three compounds, including carbaryl, appeared
in saliva, plasma, and RBC. Tears contained carbaryl and
o-naphthol. Urine contained 9 compounds, the major being
a~naphthol. At the 100 and 50 mg/kg doses, saliva showed only two
compounds: carbaryl and another metabolite which did not appear at
the 200 mg/kg dose. Saliva, plasma, and RBC cholinesterases were
inhibited at 50 mg/kg.

Borzelleca and Skalsky (108) studied salivary secretion of
chlordecone in rats. Dosing was by stomach injectlon as in 107 at
50 mg/kg. Salivary flow was stimulated bX pilocarpine.

Chlordecone peaked in saliva in 6-24 h. “-chlordecone appeared
in saliva at less than 1/2 the plasma level; however, chlordecone
excretlion was monitored for only 48 h.

There are problems with using saliva as in these experiments.
Human salivary esterases are carboxylesterases (109) and much of
this “human" enzyme activity may be contributed by oral bacterial
enzymes (llg). It is unknown how these results with pesticides
relate to humans. There was no mass balance work done with these
animals, so we have no idea of the relationship between the
pesticide in saliva and the total pesticlde excreted or dose
received. These were stomach, or essentially oral, doses. What

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1988.



16 BIOLOGICAL MONITORING FOR PESTICIDE EXPOSURE

might the results have been with dermal applications? Mass balance
experiments In small animals and semi-mass balance experiments in
humans would be required for determining the relationship to dose.

Saliva appears to present less analytical complexity compared
to urine. At least in rats, no carbaryl was detected in saliva
after 24 h. If thls were true for humans, saliva might be used to
predict when an exposure had occurred, i.e., if a compound were
present, exposure might have occurred within 24 h., For workers
exposed to pesticides on a dailly basis, saliva might be an
estimator of dose. As for urine, excretion kinetics would have to
be known. Excretion patterns of parent and metabolite in relation
to dose would have to be known. Unfortunately, we cannot collect
the total daily excretlion of saliva as we can for urine. These
problems, speculations and suppositions await experimental
resolution.

Sweat. Feldmann and Maibach suggested in 1974 that the effect of
sweating on dermal penetration should be documented (54), and this
was perhaps the first suggestion that sweat might be Tmportant to
the human pesticide absorption/excretion process. Let us assume
that all problems associated with monitoring urine for pesticides
and metabolites have been solved. Further, assume that the dermal
exposure of several workers 1s exactly the same in each of two
weeks. Can we then expect the mean level of urinary metabolites
during the second week to equal that during the first week?
Rosenberg et al. (111) used sweat patches to collect
dichlorobenzilic acid (a metabolite of chlorobenzilate) from the
backs of chlorobenzilate applicators. Urine analyses were also
performed. The proportion found in sweat and urine was
approximately 1:1. Sell et al. (112) conducted a human exposure
experiment with 2,4-D and monitored urine and sweat. Of the total
2,4-D excreted over one week after a single dermal application to
the hand, 15% was excreted in urine and 85% was found in sweat
(average for three workers). There are, however, many questions
about just how the 2,4-D experiment was performed based on the
2,4~-D human excretion data referenced here in the urine section,
validation of analytical sensitivity and the continued wearing of
contaminated personal articles. Although the sweat monitoring data
for pesticides 1is preliminary, we have overlooked sweat excretion
in our design. Unfortunately, rats do not sweat, so rat urinary
excretion data may not be applicable to humans. If a pesticide
and/or metabolite is excreted in sweat, the sweat/urine excretion
ratio may change with the human physiological response to heat.
Consider how little we know about this process. Could a dermal
exposure, subsequently manifested in sweat, simply be pesticide
recycled at the skin level? 1Is this then an “internal” dose? Does
a sweat collection device also collect interstitial fluid? If it
collected only interstitial fluid, we could quickly estimate an
internal dose. Peck et al. (113, 114) have studied the transdermal
collection of drugs and parathion in small animals. A model for
chemical disposition in skin is available (115). The experiments
with humans are waiting to be runm. -

There is the problem of quantifying sweat which makes it a
less attractive medium to monitor. However, cystic fibrosis is
diagnosed with a sweat test which depends on quantification and
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Webster (116) has reviewed the problems of sweat quantificatiom.
Quantification may not be a serious problem locally, but the rate
of sweating and total daily production would have to be estimated.
There are estimates of fluld loss due to sweating available. A
nationally ranked 47 kg runner sweated at 1.2-1.3 L/h (reduction in
body wt = 5%+) over 10 miles and 82 min (117). Twelve,
unacclimatized males were tested at 30.0 * 0.7°C WBGT, 1.0 + 1 m/s
wind velocity on a treadmill (118). Subjects walked/climbed for 30
min and rested sitting for 30 min over 6 h. They sweated at a rate
of about 425 mL/h while walking. This rate decreased to 125 mL/h
while sitting. Thelr cumulative sweat loss over 6 h averaged about
3300 mL. This loss was offset by water intake over the 6 h. Seven
men exercising at 50% of maximum oxygen uptake averaged 2.19 L
water loss through sweat in 2 h (119). Marathoners in a warm
environment may lose 2.8 L/h through sweat and incur 8% loss of
body weight through sweat, resulting in a 13-14% loss of body water
(24). 1In spite of quantification difficulties, the study of this
route of pesticide excretion and its inclusion in exposure
estimates is warranted.

When the excretion of pesticide metabolites and parent
compounds in human sweat is understood, we may be able to determine
our possible underestimation of exposure or dose through the use of
urine only. For comments on the future of dermal monitoring
technology, we refer the reader to Peck et al. (120).

1f urinary excretion kinetics following dermal exposure are
ignored, the interpretation of the results of a urine experiment
might be 100% wrong. If, in addition, sweat excretion is ignored,
additional 100% mistakes appear possible.

Table I presents a hypothetical case of pesticide excretion in
a worker in a hot enviromment. Typical adult daily fluid
elimination rates were assigned to urine, sweat, and sebum. From
typical pesticide concentrations within those fluids following a
single dermal exposure, daily pesticide excretion rates were
estimated for each of the three elimination pathways. A total
internal dose was then inferred under the assumption that 100% of
the dose was executed during the day. If the internal dose were
estimated from urine data alone, the result would have been roughly
one-half of that calculated.

Do the rough calculations of Table I suggest a real problem?
If we return to the data of Feldmann and Maibach (éﬁ), 100% of an
i.,v. dose of 2,4 D was excreted in urine in 120 h. 1In 24 h, about
70% was recovered. The range for recovery over 120 h of i.v. doses
of blodegradable (metabolizable) pesticides was 7.4% (carbaryl)-
90.2% (malathion). In 24 h, i.v. malathion appeared in urine at
about 887 and carbaryl at about 5% of the i.v. dose. An 1i.v.
administration is the ideal case since it represents a known
internal dose. The average total dose recovered in urine for
azodrin, ethion, guthion, malathion and parathion, all considered
biodegradable, was 62.3% over 5 days of total urine collection
after an i.v. dose. We should, as sclentists, account for the rest
of the dose. Do Feldmann and Maibach's data suggest other routes
of excretion? Are some of these compounds or their metabolites
excreted in sweat? Are some excreted in saliva either as parent or
metabolite(s) and only partially reabsorbed and excreted in urine
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Table I. Typical Excretion Rates* of Noninvasive Biological
Fluids and an Estimated Internal Dose
after a Single Dermal Exposure

Fluid Estimated Pesticide

excretion Ref. pesticide excretion % of
Fluid rate No. conc. rate total
Urine + 900 mL/d *% 50 ng/mL 45 pg/d 47
swallowed
saliva
(excreted
in urine)
Sweat*** 6,400 nL/d 23 8 ng/mL 51 ug/d 53
Sebum 3.8 mg/d 23 8 pg/mg 3x107° ug/d -

Total 96 ug/d

Total Dose = 96 g, or 0.0014 mg/kg

*Light, steady work by a 70 hg adult, temperatures above 32°C
**Nigg and Stamper, unpublished
*%%8h, 0.6 L/h; 16 h, 0.1 L/h, reference 23, 117-119

or stored in adipose tissue or metabolized and excreted as CO
only for 2,4-D does it appear that urine monitoring would be
adequate.

The first problem of modeling the excretion process as in
Table I lies with the oral (stomach) dosing of the rats in most
kinetic studies. The kinetics of excretion are different for oral
vs. dermal administrations. Since rats do not sweat, rat data,
even following a dermal exposure, may not be applicable. We do not
presently have the data to make an estimate as in Table I. We have
failed to collect the basic information on human excretion of
organic molecules, i.e., the rat and mouse models really apply only
to rats and mice.

Table II presents the i.v. data of Feldmann and Maibach (ref.
54, p. 129, Table I) in a different form. Since the original
half-1lives were excretion rate half-lives, we transformed the
original data to percent-dose-—unaccounted-for by multiplying
excretion rate by hours, producing a cumulative total for each of
the 8 time periods monitored and subtracting this value from 100.
These decreasing percent values were then subjected to a
first-order linear regression analysis. Correlation coefficients
from that analysis are presented. The linear regression lines
allowed us to predict statistically the times at which 50% (and
also 90%) of the i.v, dose would be eliminated in urine.
Ninety-five % confidence internals were calculated for each of the
two times. Except for 2,4-D, the projections of Table II had to be

”
2?
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extended beyond the range of the data. This procedure adds to the
uncertainty in the projections, as evidenced by some of the larger
confidence intervals. Because of the necessity in this experiment
to extend the model beyond experimental data, Maibach et al. extend
urinary excretion experiments to non-detection (H. Maibach,
personal communication). We encourage other investigators in this
area to conduct urinary excretion experiments to non-detection.
Elimination or excretion rate half-lives are virtually useless
for predicting dose if only a small percentage of the dose is
accounted for with data. The same rate half-life could result,
regardless of whether 10 or 100% of the dose was excreted.
Mathematical representation might present problems with urinary
excretion of oral doses and will certainly be a problem with

Table II. Projected Urinary Excretion of Pesticides Using Data of
Feldmann and Maibach (54)*

Projected period for 50% and 907% excretion of total i.v. dose
first-order

50% excretion 90% excretion correlation

Pesticide period (h) period (h) coefficient
(n = 8)
Azodrin 76 [60, 104]* 253 [200, 345]* 0.966
Ethion 187 [129, 337] 620 [429, 1120] 0.913
Guthion 68 [58, 83] 226 [192, 276] 0.984
Malathion 73 [37, 1284] 241 [124, 4264] 0.727
Parathion 134 [90, 258] 445 [300, 857] 0.901
Baygon 99 [51, 1263] 329 [171, 4194]) 0.735
Carbaryl 1670 [1063, 389 4] 5548 [3532, 12936] 0.868
2,4-D 17 [16, 19] 58 [53, 64] 0.997
Diquat 204 [129, 493] 679 [429, 1637] 0.863

*95% confidence interval (h)

dermally-applied pesticides which penetrate human skin poorly and
are excreted in a non-first-order manner. Problems which have not
been resolved with any human excretion of pesticides include
whether the excretion rate or route is dose dependent. We
encourage, in any event, mass-balance or near mass-balance
experiments.

Combination of Nonbiological and Biological Estimation Methods

Here, we discuss in greater detall the statistical considerations
in experimental design for the field estimation of dose by
combining bilological and non-biological methods. Data analysis for
current experiments usually necessitates comparing two mean values,
each from about the same number of replications. For examples, we
might wish to compare the mean urinary level of a pesticide
metabolite in a week when coveralls were worn vs. a week when they
were not worn or to compare the mean pesticide concentration on one
collection device with that on another collection device. The
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number of replications per mean is typically the product of the
number of sampling periods (sampling days) and the number of
participating subjects, but this is contingent upon validation, by
an analysis of varlance of the obtained data, that exposure levels
do not vary significantly day-to-day or subject-to-subject. This
may be the case if all subjects performed the same tasks each day.

The question must be addressed as to how many replicates
(subjects X days) will be necessary to confirm statistically a
difference between means, Two parameters must be estimated first.
What difference in means is expected to arise from the data and
what variation among replicates is expected? A large estimate for
the first expectation or a small estimate for the second
expectatlion would reduce the number of replicates necessary per
mean. Our experience has shown that protective clothing reduces
mean pad exposure by about 90% (121). Similarly, the use of gloves
may reduce handwash residues by about 85%, according to a recent
study of dicofol exposure by Nigg et al. (122). As for variation
among replicates, the coefficlent of variation is typically about
100% for exposure pad and handwash residues (6, 121). This
variation could also subsequently affect the variation in
parent/metabolite quantities in biological samples.

Standard statistical procedures then show (132) that, on the basis
of the above estimates, two means may be judged significantly
different at the 95% confidence level by taking at least ten
replications_per mean. The (approximate) calculation is n > 8
(100% = 90%)2, or n > 10 replications. For gloves, the
corresponding calculation would be n > 8 (100%Z 3 85%)°, or n > 11
replications. These numbers represent an absolute minimum based on
the above two expected values. An increase in n of 50% to provide
some wmargin for error, in the above cases to mn > 15 and n > 17, is
certainly warranted in view of the guesswork involved about sample
means and variances.

If more than two means are to be compared concurrently, as
with comparing residues at various body locations, the situation
becomes somewhat more complicated. While it is now harder to
generalize, the optimum number of replications per mean can be
roughly adduced by the same calculation, with the final result that
the means are grouped into significantly different categories, at
some confidence level.

Whether to utilize, e.g., three subjects for six sampling
periods each, or six subjects for three sampling periods each, to
obtain, say, 18 replications is usually dictated by factors other
than statistical ones. A good rule to follow is not to overload
the design too heavily in favor of either variable. If many
subjects are used for a very few sampling days, and the data
indicate large differences from subject to subject the available
aumber of replicates now decreases to the number of sampling days
alone. This experiment makes a very unreliable statement about
each of many subjects; no valid overall conclusion may emerge.

Remember that these statistical calculations show significant
differences between means, but do not estimate the difference.
Suppose one mean is 90% less than the other, as above, but that one
wishes to validate the claim that 50 of that 907% 1s statistically
significant. The approximate calculation for the requisite number
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of replications per mean is now n > 8 [100% + (90% - 50%)]2 = 50,
or n > 75 with the safety factor.

From another perspective, suppose 24 h urines were collected
from 20 workers during two different periods: one where workers
wore protective clothing and one where they did not. The urine
excretion means for the two periods would have to differ by 48% to
be statistically different at the 95% level, assuming a coefficient
of variation of 75%. For field studies using fewer than 20
subjects (replicates), differences in urinary excretion means would
have to exceed 48% for a statistical difference to be validated.

Another consideration is the amount of chemical removed by a
collection device which subsequently is not excreted in uripe
because it never became an internal dose. If twenty 103 cm 4 in,
X 4 1in.) pads are used for monitoring a worker, about 2000 cm® of
body surface area would be cogered. The average human has a
surface area of ca. 20,000 cm“s. Since 10% of the body surface area
is covered, will this reduce the urinary metabolite by 10%?

Hardly. First, the pads are worn no longer than four hours,
usually only one or two hours, over the eight hour workday. The
maximum percentage reduction is thus 5%. This 5% difference could
be reduced by incomplete percutaneous absorption. We challenge any
researcher to show a statistically valid 5% difference in urinary
excretion in any field experiment.

The use of a hand rinse or cotton gloves to monitor hand
exposure may invalidate urine results. Suppose workers who
normally work ungloved and do not customarily wash their hands
participate in an exposure study. Requiring that they wear gloves
in order to monitor hand exposure might reduce their total dermal
exposure, and, hence, their urinary metabolite level, by 21%. This
is on the assumption that hand exposure originally constituted 50%
of the total dermal exposure and that the gloves, worn for 1/2 of
the workday, gave 85% protection. Requiring handwashes might lead
to a similar reduction. However, for workers who normally wear
gloves or who regularly wash their hands, hand rinses or cotton
glove monitors may not affect the experimental outcome.

Properly designed biological monitoring studies are a future
possibility and probability. As previously stated, the excretion
kinetics of pesticides and pesticide metabolites in sweat and urine
and perhaps saliva after a dermal exposure must be understood
before any biological fluid can be validated as a dose estimator.
When we understand human exposure route absorption and excretion
route kinetics and their interrelationships, bilological fluid
monitoring will allow an accurate calculation of pesticide exposure
and internal dose.

Research Needs

There are specific questions future research should answer before
bilological monitoring can be reliably used to estimate dose and
risk.

1. What are the routes and kinetics of excretion in humans
following dermal exposure to a chemical?

2. What is the relationship between internal dose and the
routes and kinetics of excretion in humans?

3. What physiological changes does a human undergo in
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response to a pesticide and can these changes be related
to dose?

4. How do the interrelationships between routes of excretion
change with changes in human physiology, i.e., heat
stress, work load, etc.?

5. What are the ranges in total daily output volumes of the
various human routes of pesticide excretion in relation to
different working conditions? Can we use these ranges to
estimate a dose from grab samples?

6. Can we collect interstitial fluld in humans and measure
parent and metabolite molecules to estimate dose?

7. Do we see changes In excretion patterns and excreted
metabolites in human workers exposed to a pesticide day
after day?

General Conclusions

Much of our present data assoclated with dose estimation using
human urine, blood, saliva, and other biological fluids preclude
their use for determining internal dose. A notable exception to
this statement are the phenoxy herbicides. We should remember,
however, that few blological monitoring experiments in the
literature were designed to monitor dose. The uncertainty in a
dose estimate based on biological monitoring generally results from
the lack of basic information on relevant human bilochemistry and
physiology. We must proceed with new biological monitoring
experiments designed to estimate dose and we must be cognizant of
the possible application of data never collected. Biological
monitoring for pesticide dose estimation 1s a viable technological
frontier, one which could simplify regulatory problems. Science
can and should provide this technology.
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Chapter 2

Ways To Reduce Applicator Exposure
to Pesticides

J. E. Cowell, S. Dubelman, A. J. Klein, and K. Ohta

Life Sciences Research Center, Environmental Science Department,
Technology Division, Monsanto Agricultural Company, Chesterfield,
MO 63198

Measurement of applicator exposure to pesticides

has allowed scientists the opportunity to evaluate
approaches to the reduction of exposure. Both pas-
sive dosimetry and biological monitoring applicator
exposure studies have been performed by our depart-
ment on various pesticides. In these studies, four
general areas have been identified which have an
effect upon reduction of worker exposure. These
four areas encompass: worker apparel, product pack-
aging, application equipment and personal hygiene.
Worker clothing and rubber gloves have been found
effective in reducing personal exposure. Small con-
tainer size and closed transfer systems have been
found to be important in mixer/loader exposure re-
duction, while tractors with closed cabs have led to
reduction in application exposure. Finally, impor-
tant factors in the reduction of applicator exposure
have been found to be the workers' level of instruc-
tion for use of the pesticides and the workers'
individual personal hygiene practices.

Scientists have been interested in the measurement of worker
exposure to pesticides since the 1950s. In 1962, Durham and
Wolfe reviewed, in detail, the methods available for measurement
of the exposure of workers to pesticides.(1l) In 1985, a fairly
comprehensive review of the literature from 1951-1984 was con-
ducted by Turnbull (2). Basically there are two approaches used
to measure exposure, and these approaches have not changed
radically throughout the years. The first approach, pioneered by
Durham and Wolfe measures the external deposition or the amount
of pesticide with which the worker's body comes into contact.
This approach is utilized primarily when little information on
the pharmacokinetics (absorption, metabolism and excretion) of
the chemical is available. The second approach is the monitoring
of the worker's body fluids (usually urine or blood) for levels
of the pesticide or metabolites or for changes in enzyme activity.

0097—-6156/89/0382—0028306.00/0
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This has been called biological monitoring. If the pharmacokine-
tics of a chemical are known, then as the World Health Organiza-
tion states in their 1982 protocol, "Biological monitoring
provides a quantitative measure of the absorbed pesticide result-
ing from exposure via all routes™ (3).

Both approaches are valuable in that each provides informa-
tion that the other does not. Since most of the exposure to
pesticide is from the dermal route, the Durham and Wolfe "patch
technique"” can estimate the quantity of pesticide that comes into
contact with the skin. It also provides some information on the
exposure at specific sites. This has proven advantageous in
demonstrating avenues for exposure reduction (4). The "biological
monitoring technique" automatically accounts for inhalation,
oral exposure, clothing protection and percutaneous absorption
which all have to be assumed or estimated via additional experi-
ments with the patch technique (5). With sufficient pharmacoki-
netic data, biological monitoring can provide a quantitative
measure of the total body dose which presents the whole picture
of the applicator's exposure. This capability proves very
advantageous in making risk assessments.

Although some feel that the two techniques cannot be per-
formed concurrently (6), others including myself feel that the
techniques are compatible (7-9). With proper patch placement and
coordinated hand washes, the techniques can be combined to give
the greatest amount of information from a single study. Consider
the following points:

1. The patches are attached to the outer clothing. Thus
any normally exposed skin such as face, hands or neck would not
be obstructed from potential dermal deposition or penetration.

2. In many studies (10-14), normal clothing has approached
100% protection from dermal deposition and therefore in these
cases, patches would have no deleterious impact upon biological
monitoring.

3. About 10 to 12 patches at 100 square centimeters per
patch are used on the applicator. These patches amount to only
1000 to 1200 square centimeters of body surface area which is
only approximately 6% of the average total body surface area.

4. Thus the worst case would be that the biological moni-
toring is 6% too low. However inhalation and oral exposure would
be unaffected, thus a 1.06 correction factor may be inappropriate.

5. Hand washes with alcoholic/aqueous solutions remove the
pesticide deposited on the hands (1) (15-18). Soap and warm
water rinses have also been used. It has been stated that hand
washes may not be accurate since they do not account for the
chemical already absorbed (19). The technique of hand washing is
not incompatible with the conduct of a biological monitoring
study since these hand washes just simulate the normal personal
hygiene practice of the applicator washing his hands after he
finishes working.

Measurement of applicator exposure to pesticides by both
types of studies has been used to evaluate approaches to the re-
duction of exposure (20-22). Data developed by our department in
many different studies employing the patch or biological monitor-
ing techniques or at times both, will be used to describe avenues
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for exposure reduction. These individual studies will not be
described in their entirety as some studies have already been
published, others including methodology are described in a
companion paper in this symposium (35), and yet others are to be
published.

Four general areas have been identified for reduction of
worker exposure:

1. Worker Apparel

2. Product Packaging

3. Application Equipment

4. Personal Hygiene

In the worker apparel area, clothing itself reduces exposure
(23). Several studies have been performed utilizing patches on
the outside and inside of clothing appropriately offset so as to
not interfere with penetration of normal clothing. Correction
factors obtained by dividing the outside patch residue by the
inside patch residue, when found, have typically been in the 215
to 530 fold range (24-25). A Minolta videocamera has been used
in our studies since 1983 and one positive effect of this video-
taping of mixer/loader and application experiments has been the
identification of sources of contamination. For instance, in one
study four experiments that consisted of 2 individuals performing
2 replicates of mixing/loading and applying chemical to a 0.5
acre rice paddy each by a different mode, were viewed on tape and
it was observed that some of the inside patches may have been
contaminated upon removal from the applicator (25). During
replicate experiments the next day with the same individuals and
conditions, the inside patches were carefully removed with
solvent rinsed forceps and the results of these two sets of
experimental analyses can be seen in Table I:

Table I. Inside Patch Analyses (micrograms/square centimeter)
Backpack Spray - Individual Number 1

DAY 1 DAY 2
Rep 1. 0.0134 Rep 1. <0.00500
Rep 2. 0.00945 Rep 2. <0.00500

Mechanical Spreader - Individual Number 2

DAY 1 DAY 2
Rep 1. 0.196 Rep 1. <0.00500
Rep 2. 0.0434 Rep 2. <0.00500

This is not meant to imply that every inside gauze patch
that contains a residue is a result of contamination during
removal, but only that clothing offers excellent protection and
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care should be taken to avoid contamination in these types of
experiments.

Impermeable gloves are another obvious piece of protective
equipment which can be used to reduce exposure. Exposure to the
forearms and hands has been found to account for approximately
70-90% or more of the total dermal exposure. Some studies have
been performed with cotton gloves worn on the outside and inside
of protective rubber gloves (14) (25). Solvent extraction and GC
analyses of both outside and inside cotton gloves were performed.
Comparison of the analytical results of the outside versus the
inside cotton gloves have yielded glove protection factors in our
studies of 130 to 233 fold which compares favorably with another
literature reported value of 220 fold (21).

Penetration studies with various glove materials have
provided data as to which materials are the most impervious to
chemical penetration. However, use of impenetrable glove mater-
ials in exposure studies has not completely prevented hand dermal
exposure. Cotton gloves worn under impenetrable rubber gloves
still contained detectable residues (26-27). The results of
solvent extraction and GC analysis of individual gauze material
worn underneath each rubber glove revealed one hand had signif-
icantly higher deposition than the other (24), as shown in Table
II:

Table II. Hand Deposition (micrograms/square centimeters)

Right Hand Left Hand
Subject 1. 1.63 0.724 (2.3X)
Subject 2. 11.6 389 (34X)
Subject 3. 18.6 4.14 (4.5X)
Subject 4. 0.976 20.7 (21X)

Although too few replicates were performed to allow statis-
tical interpretation, with help from the videotapes and visual
observation it was surmised that the deposition was a result of
the glove removal process as one rubber-gloved hand removed one
rubber glove and the cotton-gloved hand removed the other rubber
glove. In effect, most rubber glove materials are adequate for
the duration of worker exposures to most pesticides. Because of
this potential route of exposure, EPA is now advising that the
outside of rubber gloves be washed before removal.

In the product packaging area, dermal deposition data have
been developed which seem to indicate pouring of larger and more
difficult to handle containers is a cause of greater chemical
exposure. From five studies, generic patch data were compiled
from only the mixing/loading of 10~20 gallons of herbicides from
two different size containers (12) (14) (26-28). Consider the
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two sets of patch data in Table III which have been normalized
for an average body weight and pounds of chemical loaded:

Table III. Container Size Comparison
(Dermal Deposition in pg/kg/1lb applied)

Container Mean

Size Replicates Deposition S.D. Range
5.0 gallon 8 0.118 0.150 0.0107-0.279
2.5 gallon 15 0.00830 0.0169  0.000104-0.0544

Use of the 5 gallon containers consistently resulted in
higher dermal deposition values than the smaller 2.5 gallon
containers.

All the examples used to this point have been from patch
data. The remainder of the examples cited will be biological
monitoring of worker's urine. Prerequisite pharmacokinetic
studies have determined the duration of excretion of the pesti-
cide and/or metabolites and the percentage of the administered
dose that is present in the urine. Thus all urine specimens were
collected for the period of excretion plus a baseline interval.
The worker's urinary metabolite levels were normalized for body
weight, amount of chemical handled and corrected for the amount
excreted in the urine to estimate the total body dose (29) (35).

In the next example, Table IV, biological monitoring of
worker's urine was used to measure the differences in total body
doses of workers using a completely closed transfer mini-bulk
package system followed by application to 20 acres of cropland
and an open pour mixer-loading followed by application to the
same amount of crop acreage (29). Closed transfer systems have
been found to reduce mixer/loader exposure in many of our studies
(26-28) and the Shuttle™ system used in this example seems to be
among the most efficient (10).

Table IV. Product Packaging Comparison

Mean Total

Body Dose Range

{(mg/kg/1b (mg/kg/1b
Package Replicates Applied) S.D. Applied)
Mini-bulk 16 1.8 X107 4.7X10°7 0.0-1.8 X 10 ®
(closed
system)
2.5 gal _ . ~
containers 8 7.8X10€¢ 9.1X10€ 0.0-2.3X10°

(open pour)
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As can be seen from the data in Table IV and as others have
observed (21) (30), the closed transfer does reduce the body dose
of the mixer/loader personnel.

In the area of application equipment, there are many types
of selective equipment (recirculating sprayers, shielded sprayers,
ropewick applicators, banding applicators, etc.) which deliver
the pesticides specifically to the pests with the side benefit of
possibly lowering applicator exposure. Data are being developed
with shielded sprayers, which show a significant exposure reduction
(31). An example of this is a backpack sprayer wand with a small
can surrounding the nozzle that ensures that the spray contacts
the intended foliage, not adjacent plants or the applicator.

Data are currently being completed for this example (32).

Another factor that results in reduction of exposure is the
use of the closed cab tractor. A comparison of the absorbed dose
in workers using a closed cab tractor with that of workers not
using a cab is presented in Table V. All workers used an open
pour tank-fill procedure (24) (33).

Again there are too few experiments for much statistical
interpretation, but as can be seen from the ranges that there is
not very much overlap. The data are suggestive that closed cab
tractors offer more protection from exposure during application
than open seat tractors.

The last area of reduction of worker exposure is based on
the worker himself and his personal habits and hygieme. A
biological monitoring study was performed with an open pour
mixer-loading and application (12). The major difference from a
previous study was that the workers were given safety instruc-
tions in the form of a Farmer Education Program (34). As can be
seen in the Table VI, this makes a one order of magnitude differ-
ence in the means.

Table V. Application Equipment Comparison

Mean Total

Body Dose Range

(mg/kg/1b (mg/kg/1b
Tractor Subjects Applied) S.D. Applied)
No cab 4 5.0 X 1005 4.2 X105 2.0 X 10°5-1.1 X 10 ¢
(Cockshutt)
Closed cab 8 7.8 X106 9.1X 10 ¢ 0.0-2.3 X 10° 5
(J. Deere
8450)
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Table VI. Worker Instruction Level Comparison

Mean Total

Body Dose Range
Exposure (mg/kg/1b (mg/kg/1b
Study Subjects Applied) S.D. Applied)
No special 8 7.8 X10°% 9.1 X108 0.0-2.3X 10 5
directions
Farmer _ _ -
education 20 8.1X107 86X 107 0.0-2.7 X10°
program

Cultural hygiene/work practices also play a significant part
in exposure reductions. Consider two types of granular applica-
tion of a rice herbicide to a paddy. In one case, a mechanical
spreader was used with the operator equipped with rubber gloves
and rubber paddy shoes. In the other case, the worker applied
the granules with his bare hands and waded through the paddies in
his bare feet. The obvious speculation is that the bare-handed,
bare-footed worker would have a very large exposure when compared
to the more protected worker. From biological monitoring exposure
studies of these two types of applications (13), the following
data listed in Table VII were developed:

Table VII. Worker Hygiene Comparison

Mean Total

Body Dose Range

(mg/kg/1b (mg/kg/1b
Case Subjects Applied) Applied)
Rotary _ _ _
Spreader 3 9.80 X 1004 7.3 X 10 4-1.45X 10 3
Hand _ _ _
Broadcast 3 1.82 X 1003 8.9 X 10 ¢-2.70 X 10 8

Why were the exposures in these two cases not vastly diffe-
rent? Well, for two reasons: 1) the active ingredient in the
granule did not readily partition to any great extent from the
granule material to the skin (i.e., dermal penetration of the
active is low) (36), and 2) the cultural practice of the worker
was that upon completion of the application, the worker washed
his hands and feet in the untreated irrigation ditch alongside
the paddy. This practice reduced the worker's chemical contact
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time (exposure) to a minimum and therefore not too different from
a well protected worker.

In conclusion, we have seen in our studies utilizing both
techniques for measuring worker exposure, that the following are
effective means for exposure reduction:

1. Normal long-sleeved cotton or cotton/polyester blend
shirt, long-trouser - typical work clothing and rubber gloves
provide good protection.

2. Closed transfer systems which convey chemical via hose
or pipe from container to spray tank are the best. When open
pouring containers are used, small, easier to handle containers
are preferred.

3. Improvement of application equipment such as target
delivery applicators and closed cab tractors appear to reduce
exposure.

4. The instruction and personal hygiene/work practice of
the worker can be very important.
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Chapter 3

Estimating Exposure to Pesticides
in Epidemiological Studies of Cancer

Aaron Blair, Shelia Hoar Zahm, Kenneth P. Cantor, and Patricia A.
Stewart

Environmental Epidemiology Branch, National Cancer Institute, Landow
Building, Bethesda, MD 20892

Epidemiologic studies of cancer and pesticides have
proven difficult because of limitations in exposure
assessment procedures. Major difficulties include
multiple exposures and the length of time between ex-
posure and initial symptoms of cancer. Biochemical
monitoring coupled with traditional methods of ex-
posure assessment based on job histories and duties
offers the opportunity to evaluate the reliability
of, and to improve, exposure assessment procedures.

Pesticides are designed to be toxic to organisms which are con-
sidered undesirable. Because of this ability to inflict damage on
living organisms, there has been concern regarding their effect on
humans. The International Agency for Research on Cancer, an agency
which reviews and evaluates the carcinogenicity of chemicals, has
concluded that there is sufficient evidence for the carcinogenicity
of chlordane, chlecrdecone, heptachlor, hexachlorobenzene, mirex and
toxaphene in laboratory animals (1) and that limited evidence exists
for tetrachlorinphos ané diallate (2). Epidemiologic studies of
cancer and pesticides, however, have proven difficult (3). This
paper briefly reviews procedures used to evaluate pesticide ex-
posures in epidemiologic studies of cancer and suggests ways of
improving our effort in this area.

Some of the problems are typical of most epidemiologic studies of
cancer, i.e. the long period between first exposure and initial
evidence of disecase and the need for large numbers of study
subjects. A particular vexing problem has been the difficulty in
documenting exposures. Information on the type of pesticides
handled and levels of exposure is crucial for evaluation of
exposure-response patterns which is a critical criterion for
identifying etiologic factors. Accurate assessment of exposure is
important because exposure misclassification reduces estimates of
relative risks and dampens dose-response gradients. In addition,
misclassification increases the chances of attributing elevated
canger risk among persons exposed to pesticides to the wrong agent.

This chapter not subject to U.S. copyright
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It is relatively easy to identify persons in occupations where
exposure to pesticides is common and/or heavier than the general
population, but documentation or measurements of exposure to
specific pesticides are seldom available. Furthermore, even if some
monitoring data or other documentation of exposure are available, it
is difficult to evaluate risks associated with specific pesticides
because most applicators have contact with a variety of pesticides
and because variation in work practices can greatly affect delivered
dose. Although the latent period (i.e. the time from first exposure
to diagnosis of disease) associated with pesticides is not generally
known, it is lengthy for most chemical carcinogens which further
complicates exposure evaluation. Precise determination of recent
exposures is not necessarily relevant to the initiation of cancer,
since the most important exposures may be those that occurred 20 or
years before the development of disease.

Despite these difficulties in exposure assessment, epidemiologic
studies of persons having contact with pesticides such as
manufacturers, applicators, and farmers suggest that exposure to
pesticides may increase their risk of cancer. Studies of persons
exposed to pesticides in manufacturing operations and as applicators
have shown relative risks of lung tancer ranging from 1.3 to 1.9 (4-
9). 1In some studies, risks increase with duration of exposure to
nearly 3-fold among persons exposed for 20 or more years (4,8).
Numerous studies from around the world have also noted excesses for
some cancers among farmers, particularly tumors of the lymphatic and
heratopoietic system (3, 10-15). Despite a considerable number of
studies suggesting that occupation$ having contact with pesticides
may experience elevated risks for ¢ertain cancers, the task of
identifying the specific pesticides involved in these associations
has proven difficult. Recent studies, however, have suggested that
phenoxyacetic acid herbicides may be involved (10-16).

To improve our capabilities of idehtifying cancer risks associated
with specific pesticides, we need to improve methods for evaluating
relevant historical exposures and to assess their reliability and
validity.

Methods Currently Used to Evaluate Exposures

Case-control and cohort methods have both been used in epidemiologic
studies of cancer and pesticides. Although the procedures for
evaluating exposures need not differ by study design, employment
records have generally been the major source of exposure infor-
mation in cohort studies, whereas case-control studies have tended
to rely on interviews of subjects to obtain information on pesticide
exposure. Members of cohort studies, however, could be interviewed
and employment or other exposure records could be obtained for
subjects in case-control studies. Information from more than one
source has been sought in some studies, i.e., exposure records for
some subjects were obtained in case-control studies in Sweden (12)
and Kansas (11) and interviews have recently been completed with
selected subjects in a cohort study of Florida applicators (4).
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Cohort Studies. Employment records used to identify persons exposed
to pesticides for historical cohort studies (4-9, 16-19) typically
contain personal identifiers (name, social security number, and date
of birth) and employment information, such as dates of employment
and job titles. These records seldom, however, contain sufficient
information to reconstruct a detailed history of pesticide exposure
associated with the job. For example, the cohort of licensed pesti-
cide applicators from Florida (4) was established from licensing
records maintained by the state. The records contained, for each
individual, information on specific years licensed, company where
employed, and job title. However, they lacked information on each
pesticide application, which would be needed to reconstruct a
detailed exposure history. We have recently completed interviews of
next-of-kin of deceased cancer cases and a group of controls from
this cohort. 1In these interviews we obtained information on job
characteristics that should help in evaluating pesticide exposure,
such as general use of protective equipment, specific pesticides
applied, frequency of skin contact, and the occurrence of symptoms
commonly associated with pesticide poisoning. We did not ask for
information concerning individual applications because accurate
recall of such detail by the next-pf-kin seemed unlikely. Although
information obtained from these interviews may improve our under-
standing of a subject's general exposure, the lack of detail on
dilution rates, volume of mixtures used, frequency of application,
and direct measures of exposure prevents the development of quan-
titative estimates of exposure to specific pesticides, or to
pesticides in general.

The National Cancer Institute recently initiated a cohort mortality
study of employees of ChemLawn, a major lawn care company. Again,
employment records contain information on job title and years
erployed. Because ChemLawn has standardized pesticide formulations
and application procedures for varlious geographic regions of the
country, it may be possible to devielop a semi-quantitative estimate
of exposure to pesticides for emplvoyees within these regions using
ambient air and biochemical monitoring data available from the
company. The existence of separate lawn care and tree/shrub
divisions provides another source of exposure information. There
has been little crossover between divisions in recent years, thus
the separation provides the opportunity to identify a group of
employees exposed to insecticides, but not herbicides, since tree
and shrub division employees do not apply herbicides. Despite this
relatively rich source of exposure information, it will not be
possible to reconstruct individual histories of applications.
Instead we must rely upon a general reconstruction of exposure based
on the usual work practices recommended by the company. Neither the
study of Florida applicators, nor of ChemLawn employees, offers the
opportunity to estimate specific daily exposures experienced by
individual cohort members. A record-keeping system that may provide
such detail has recently been brought to our attention. County
Noxious Weed Departments in Kansas are charged with controlling
weeds on private and public lands. These departments appear to
retain a detailed record of each pesticide application. Recorded in
the application records is the name of the applicator, herbicide
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used, dilution, gallons applied, acres treated, time and date of
treatment, climatic conditions, and type of spray equipment.
Although these records represent a considerable improvement over
those available in the studies previously described, they are not
supported by historical monitoring data. Measurement of levels
associated with current operations may provide important quantita-
tive data, if we can establish that current operations are similar
to those of the past.

Case-control Studies. Information on pesticide exposures in case-
control studies is typically obtained by interview of subjects, or
their next-of-kin (10-15, 20, 21). We have conducted studies.of
cancer in rural areas where the questionnaires have focused on
specific pesticides used by farmers (11,13). In these studies we
sought lifetime histories of specific pesticides used, earliest and
last year of use, number of days per year typically used, type of
application equipment, use of proflective equipment, symptoms asso-
ciated with pesticide poisoning, and the frequency that soiled
clothing is changed. Although these interviews obtain information
on specific pesticides used, they do not provide information on each
application. In addition, no monitoring of exposures has been
conducted in conjunction with the interviews. Thus, information
from questionnaires in our case-control studies resembles that
assembled in most cohort studies in that detailed application
histories cannot be reconstructed. Although it is possible to
perform some exposure-response evaluations using information
obtained from these interviews, it is complicated by the increasing
inability of respondents to recall details of exposure with the
passage of time, and by the potential for differences in recall
between cases and controls. Differential recall is the more serious
problem and may occur because cancer cases and their next-of-kin may
have spent more time trying to recall past exposure to pesticides
than person without cancer. This type of recall bias tends to
create associations where none exist. The ability to recall the
details regarding pesticide use may also fade with time. Unfortu-
nately because of this problem, the accuracy of the information
reported is weakest for earlier uses of pesticides, the very tire
period that is considered most important for diseases with long
latencies such as cancer. On the other hand, a general failure to
recall use of pesticides by all subjects (both cases and controls)
would tend to have an effect opposite of that of differential recall
bias and would generally reduce estimates of risk associated with
pesticide exposure.

This type of recall problem would not be an explanation for any
excesses observed.

Immediate Needs To Improve Exposure Evaluations

The goal of exposure evaluation is to develop detailed measures of
delivered dose over the entire period of exposure. Delivered dose,
however, is dependent upon pharmacokinetics and requires more
biologic information than is generally available. Air measurements
are sometimes available. Air monitoring, however, primarily
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provides an indication of dose received by inhalation, which for
pesticides may be insignificant compared to that delivered dermally.
Although the availability of air monitoring and biochemical monitor-
ing data is growing, these data are usually limited or nonexistent
for unregulated chemicals not clearly shown to be carcinogens, or to
present other health problems. In general, however, unless we are
content to wait for years until such monitoring data are assembled,
immediate efforts are needed to improve the quality and reliability
of the evaluation of pesticide exposure in epidemiologic studies
vhere monitoring data are limited. Assuming that we must continue
to use, at least for the immediate future, information obtained from
interview or personnel records to estimate exposures, we should make
every attempt to evaluate the reliability of these procedures and to
correlate them with measured levels of exposure. Several possibi-
lities to accomplish this come to mind.

Simple Retest Reliability Studies, Although evaluation of test-~
retest reliability is a well-establish principle in survey research,
we are unaware of such studies regarding interviews on pesticide
use. Most interview studies routinely include a small number of re-
interviews, primarily as a check on the interviewers. These could
easily be expanded to include cruc¢ial questions regarding pesticide
use to develop information on the reliability of subject recall.
Epidemiologists have conducted many such reliability studies for
other interview items such as tobacco use and diet, but we have not
adequately considered reperted use of pesticides.

Comparison of Information from Different Sources. Confidence in
exposure estimates is improved when there is agreement between
evaluations from different experts or between evaluations based on
different information sources. Several possibilities for such
comparisons exist.

1. 1In a case-control study of lymphoma and soft-tissue sarcoma in
Kansas (11), we attempted to corroborate farmers' reported
pesticide use by contacting their pesticide suppliers. When
available, supplier's records were reviewed to document pesti-
cide purchases, otherwise we relied upon the memory of the
supplier for corroboration. Overall, agreement between farmer
and supplier regarding pesticide purchases was not high, i.e.
about 50%. This is not surprising given the number of pesti-
cides purchased, the long period of time over which farmers had
made such purchases, the lack of historical purchase records
retained by many suppliers, the large number of suppliers
generally available to farmers, and the closing of establish-
ments that had previously supplied farmers with pesticides.
There was little difference in agreement rates, however, between
cases and controls. For 2,4-D, agreement was 83% among cases of
non-Hodgkin's lymphoma and 74% among controls. This is
comforting in that at least risks associated with herbicide use
seen in this study could not be attributed to recall bias. As
expected, agreement was better for more recent, rather than for
earlier years. Level of agreement also varied by type of
pesticide and was better for horbicides tham for insecticides.

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1988.



3. BLAIRETAL.  Epidemiological Studies of Cancer 43

In these comparisons it is not always clear whether the report
by the subject or supplier is correct, since either the memory
or the records of the supplier could also be incomplete.

Such duplicate assessments of exposure provide the opportunity
to evaluate the influence of different reports of exposure on
the estimate of relative risk. In this study adjusting the data
for herbicide use as reported by suppliers had little effect on
estimates of relative risk for non-Hodgkin's lymphoma. Further
evaluation of these data and additional comparisons are needed
to assess the magnitude and type of reporting errors from
subjects and the influence of these errors on risk estimates.

The availability of detailed records on individual herbicide
applications from County Noxious Weed Departments in Kansas
offers the opportunity to compare information on herbicide use
obtained from current intervidws of applicators with information
from records prepared at the time of the application. This
would be especially useful in evaluating memory loss over time
and the specific aspects of herbicide application that are most
susceptible to inaccurate recall, including names of pesticides,
application rates, formulations, frequencies of application, and
use of protective equipment. Other opportunities of this type
may exist elsewhere.

Comparison data from application reeords or interviewing with
biochemical monitoring results offers the greatest potential to
evaluate the reliability of, and to improve, our exposure
assessment techniques. Biochemical monitoring for pesticide
exposure has been conducted on small populations for a number of
years and many nev methods for biochemical monitoring are
appearing. Monitoring studieg generally indicate that the type
of application equipment used and procedures followed at the
time of application correlate with the exposure level measured.
For epidemiologic studies of cancer it would be helpful to know
how well individuals can recall pertinent details regarding
application episodes that took place several years in the past.
Re-interview of participants in early biochemical monitoring
studies could assess how well individuals can recall important
events surrounding these applications episodes. If accurate,
data from recent interviews could be used to develop models to
predict exposure levels measured at the time of the application.
We are interested in exploring opportunities for developing such
collaborative projects with researchers who may have biochemical
monitoring data obtained several years ago.

Another approach to evaluate individual reports of pesticide use
obtained by questionnaires would be to assemble a panel of
experts to assess the plausibility of the types of pesticides
used and the methods of application reported by study subjects.
This would be a population, rather than an individual, compari-
son. Obviously, it would generally not be possible to determine
whether or not a particular individual used a particular pesti-
cide in a partieular year. It might be possible, however, to
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evaluate whether or not it was likely that a certain percentage
of subjects would have used a particular pesticide in a specific
year for a particular purpose. This is probably the weakest
approach for corroborating individual reports, because as
implausible as a reported practice may seem, it may in fact be
exactly what happened. This evaluation of the plausibility of
reports is often performed by the study of investigators, but it
would work better if entomologists, agricultural scientists,
toxicologists, and industrial hygienists knowledgeable in use of
pesticides perform the activity.

Ultimate Needs for Evaluation Of Pesticide Exposures

The ultimate goal of exposure evaluation in epidemiologic studies of
cancer is to identify the delivered dose of the active chemical to
the target tissue at the time relevant for tumor initiation or
promotion. The difficulties in athieving this goal for epidemio-
logic studies of cancer are many and may never be achieved.
Coupling biochemical measures with traditional exposure evaluation
procedures used in epidemiologic studies of cancer offers the best
opportunity for improving our assessment of historic pesticide
exposures. Although the utility of biochemical measures has been
clearly demonstrated for associating acute symptoms with pesticide
exposure, studies of cancer impose additional requirements.

As discussed above, the major limitation of biochemical measures is
that they are seldom available for the time period of greatest
interest. For early stage carcindgens, the time between first
exposure and diagnosis of disease is typically 20 or more years.
Unfortunately, many measures of pesticides or their metabolites in
body fluids or tissues reflect relatively recent exposures and must
be evaluated carefully to assess whether or not they are similar to,
or reflect, those from earlier times. Changes in the preferred
pesticide for a particular pest, in concentration and application
procedures, and in work practices make evaluation of exposure to
specific pesticides difficult. Biochemical measurements can,
however, help in relating intermittent exposures experience by
workers to exposures in bicassays.

Biochemical measures could, of course, be utilized in prospective
studies. Prospective cancer studies, however, require very large
populations which would need to be followed many years. Single
biochemical measures in prospective studies, although useful, would
not by themselves provide sufficient information to evaluate
cumulative dose, because they would provide an estimate of exposure
for a short period of time. Given the cost and complexity of sample
collection and analysis, repeat measurements on large numbers of
study subjects may not be practical.

Inclusion of biochemical monitoring in case-control studies offers
the advantage of much smaller numbers of subjects than are necessary
in prospective studies. A major drawback to case-control studies is
that the disease process itself, or its treatment, may affect the
concentration of the chemical being measured.
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Another limitation in most epidemiologic studies of pesticides and
cancer is the difficulty in assessing the independent effects of
specific pesticvides. Biochemical monitoring is no more useful in
tackling this problem than the more traditional exposure evaluation
methods, since the fundamental problem is multiple exposures and
identification of which agent is responsible for the disease, not
the precision with which measurements are made.

We have not addressed many pertinent technical issues including
reliability of the laboratory analyses, difficulty in preserving and
transporting the samples, effects of interferences from other
environmental exposures, and half-life and metabolism of the
substances. Obviously some pesticides are rapidly eliminated from
the body, while others may be measured years after exposure. These
are very important issues for epidemiologic studies, but measurement
of pesticides with long half-lives could provide a general
indication of cumulative exposure.

Conclusions

Biochemical measures can supplement traditional methods of exposure
evaluation used in epidemiologic studies of cancer and exposure to
pesticides. Such measures can provide more solid estimates of
delivered dose than estimates based on patches, on ambient air
measures, on those strictly from job descriptions, or on subject
reports of pesticide use. The limited number of biochemical
measures likely to be available {(on only a sample of the study
population, for only a few pesticldes, for only a few points in
time) implies that other procedures for evaluating pesticide
exposure will still be required. Biochemical measures can be very
useful in developing more reliable procedures to estimate exposures
based on work practices by relating differences in exposure
ascociated with tank size, type of spray system, use of protective
equipment and other information that may be obtained from work
history records or interview. Efforts to evaluate the reliability
and validity of procedures combining data from various sources are
needed.
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Chapter 4

Evaluation of Field Worker Exposure
to Chlordimeform
by Using Urine Monitoring

K. Balu

Agricultural Division, Ciba—Geigy Corporation, Greensboro, NC 27419

Chlordimeform, the active ingredient of Galecron 4E, is
an effective insecticide-ovicide used in cotton.
Chlordimeform is readily absorbed and is rapidly excreted
in urine following dermal, oral and inhalation exposure.

CIBA-GEIGY Corporation has conducted extensive urine
monitoring of field workers for several years under field
use conditions which employ aerial applications on cotton.
Over 38,000 urine samples have been analyzed for chlor-
dimeform and metabolites during 1978-1984 for approxi-
mately 4,600 field workers. These data provide a signifi-
cant statistical validity for assessing the field worker
exposure during actual use.

Chlordimeform, N'-(4-chloro-o-tolyl)N,N~dimethyl formamidine, the
active ingredient of Galecron 4E, is an effective insecticide-
ovicide used in cotton. CIBA-GEIGY Corporation conducted extensive
urine monitoring of field workers during the years 1978-1984 growing
seasons under field use conditions using aerial applications of
chlordimeform on cotton. Over 38,600 urine samples were analyzed
during this period for approximately 4,600 field workers. The
purpose of the urine monitoring of field workers was to provide a
measure of the daily worker exposure and adherence to safe work
practices. This report summarizes the results of these studies
along with additional supportive data on the urine monitoring of
chlordimeform.

STUDY DESIGN AND LIMITATIONS

Because the worker exposure of chlordimeform was conducted under

actual field use conditions for a large number of field workers, the
urine monitoring program had a few necessary limitations which were
a) urine residues were determined on a grab sample rather than on a
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24-hour total collection for the field worker, b) total daily urine
output of individual workers was not measured, and c) exposure of
field workers during the work period was variable. This is signifi-
cantly different from a controlled field experiment where individual
work activity would be extensively monitored for an exposure of
short duration.

The exposure estimate obtained froma single grab sample is only
approximate for a field worker. However, when a large number of
samples are analyzed in the monitoring program (e.g., 13,779 urine
samples analyzed from 866 field workers in 1978 alone), the exposure
estimates become meaningful. However, it is recognized that collec~-
tion of urine samples were not randomized in a true statistical
sense and hence an unknown bias may exist in the statistical inter-
pretation of the data. Daily exposure values for field workers are
expected to show a range of values distributed around mean and
median values. Some of the higher exposure values may be caused by
uncontrolled variables such as accidental spills, clean-up opera-
tions, exposure to contaminated surfaces, etc. The mean or median
value for exposure is more relevant for risk estimation of chlor-
dimeform than individual excursions from the mean.

The concentration of chlordimeform and its metabolites in a
urine specimen will fluctuate according to normal physiological
variables. Urine volume is influenced by fluid intake and non-
urinary fluid losses which are influenced by climatic conditions,
individual health status, physical activity, etc. Hence, the con-—
centration of chlordimeform and its metabolites in urine collected
arbitrarily during the day provide only a qualitative indication of
the exposure on a particular day. Attempts were made initially to
obtain the first urine void of the morning; however, because of the
large number of people involved in the monitoring program, the time
of sampling could not be strictly controlled,.

The urinary elimination of dermally absorbed chlordimeform as a
single dose is expected to follow the plasma level and approximate a
log normal distribution as a function of time as shown by the excre-
tion curve in Figure 1 (1). 1In contrast, the urinary excretion
curve for a continuous exposure is expected to show a large plateau.
The exposure to field workers handling chlordimeform under field
conditions is expected to be intermittent with varying amounts of
dose depending on the work activity. The excretion curve under this
circumstance will result in broader peak but also troughs, i.e.,
something in between the sharp peak and the plateau. Hence, urine
sample taken at any time during the day is expected to be unpredict-
able as to whether it represents a peak or a trough in the excretion
pattern.

Dermal absorption studies on human volunteers in which chlor-
dimeform was applied up to nine hours dermally, showed that the
majority of the absorbed dose is excreted in the urine rapidly
within 24 hours with a peak maximum of 8-12 hours. Details of these
studies are presented in unpublished reports (1,2). Also, urine
monitoring studies conducted by Maddy et. al. (3) on California farm
workers in 1982 have shown close agreement between chlordimeform
concentrations measured in urine specimens collected the following
morning. Under certain circumstances when significant exposures are
encountered through accidental spills, there could be differences in
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Figure 1. Excretion curve for chlordimeform. Single-dose dermal application to human.
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the urinary residues in the evening of the day of exposure and the
next morning. However, it should be recognized that collection of
urine samples at a specified interval is impractical when dealing
with a large number of field workers for a long period.

METHODS

Field Monitoring

The label directions for Galecron 4E specified for mixing and load-
ing, using closed system equpment, personal protective clothing
requirements and precautions were followed during the study. Bulk
handling systems were employed for closed-system storage and trans-
fer of Galecron 4E through 198l. Bulk system was largely replaced
with an automated Captain Crunch® device using 5-gallon containers
at later periods to meet the closed system requirements.

Protective clothing requirements were specified on the Galecron
4E label to reduce worker exposure during handling, mixing and
aerial applications. These protective clothing requirements
included heavy-duty, long-sleeve, one-piece work suit; cloth caps;
rubber or neoprene-type gloves; and heavy-duty work boots. Special
protective clothing and equipment specified for cleaning or spill
situations included complete waterproof rubberized or plastic rain
suits with head coverings and approved pesticide respirators. It
should be noted that these protective clothing and equipment
requirements may not have been strictly followed under actual use
conditions, However, because of closed-system requirements, the
mixing and loading operation provides very little opportunity for
exposure. Exposures to mixer/loaders and applicators at the site
where thought to be primarily caused by the cleanup operation of the
aircraft, inadequate use of gloves during adjustments of the spray
nozzle and other indirect causes.

CIBA-GEIGY Corporation also conducted extensive worker exposure
studies in 1982 under an Experimental Use Permit for aerial applica-
tions of chlordimeform in o0il using ultra-low-volume (ULV) sprays.
Because the study was conducted under actual use conditions, use of
oil as the only carrier during the growing season was not practical
and most participating aerial application sites applied Galecron 4E
in both o0il and water. Field worker exposure during this period is
thought to have occurred during clean-up of aircraft and equipment
during switching of the carriers.

Laboratory Studies

Laboratory studies have shown that chlordimeform is readily absorbed
and excreted in urine following dermal, oral and inhalation
exposure. Oral dosing of ring léc_1abelled chlordimeform to rats or
mice showed that approximately 857 and 74%, respectively, of the
applied radioactivity was excreted in the urine during the initial
24 hours (4). These results are in good agreement with the data
obtained by Knowles and Sengupta (5) in which 88% of the applied
dose in the rat was recovered in urine.
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An absorption/excretion study was conducted in 1978 in which a
human volunteer received a single dermal dose of Galecron 4E in
water for a duration of nine hours (l1). This study showed that
chlordimeform and its metabolites are rapidly excreted in the urine.
Majority of the metabolites of chlordimeform appeared as conjugates
which were released as &4-chloro-o-toluidine by base hydrolysis.
Analyses of 48-hour urine sample by the 4-chloro-o-toluidine common
moiety method accounted for approximately 40% of the dermally
absorbed dose. This formed the basis for the method to determine
the exposure of chlordimeform to field workers.

CIBA-GEIGY Corporation conducted an additional dermal study in
1983 using eight human volunteers who received a single dose of
Galecron 4E in water for a period of four hours (2). This study
also confirmed that an average of 38.3%7 of the absorbed dose was
accounted for by urine analyses for chlordimeform and its metabo-
lites containing the 4-chloro-o-toluidine common moiety. The half-
life for excretion varied between subjects from 5.9 hours to 12.1
hours with an average of 8.8 hours.

The excretion pattern found in the human study is consistent
with that found in the rat and the mouse study using oral dosing
(4). Based on the results of l4C-metabolism studies on animals, the
majority of the undetected portion represents metabolites in the
urine which the analytical method does not recover. A buildup of
chlordimeform residues in any tissue is unlikely, since animal
studies have shown exclusively the entire radioactive dose in the
excreta.

Analytical Procedure

The urine samples collected in the field worker exposure studies
were analyzed for total chlordimeform residues containing the
4-chloro-o-toluidine common moiety (6). In this method, the urine
sample was hydrolyzed to 4-chloro-o-toluidine by heating with sodium
hydroxide. -

The hydrolyzed urine was cooled and partitioned with hexane and
an aliquot of the organic phase was analyzed by gas chromatography
or high pressure liquid chromatography (HPLC). The limit of detec—
tion for the method was 0,05 ppm, expressed in chlordimeform equiva-
lents. The method for the analyses of chlordimeform and metabolites
in urine and other unpublished reports cited in the references will
be available on request.

Estimation of Worker Exposure

Worker exposure values were calculated from the urine residues using
some reasonable assumptions. Assuming an average excretion volume
of 1,500 ml/day, 90% elimination in urine (10% eliminated other than
urine, primarily feces based on animal data) and 40% detection of
chlordimeform residues in urine by the total method (based on the
accountability in the human volunteer studies), the urinary
residues, in ppm, was correlated with the dermal dose using the
following relationship:
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100 100
Body Burden = (Urine Residue, ppm) X 1,500 ml X — X —
90 40

(Urine Residue, ppm) X 4.16 mg/day

Where the body burden is the amount of the dermal dose absorbed
through the skin.

Assuming an average weight of 70 kg for a field worker, the
average exposure estimate for the field worker using chlordimeform
is calculated from the urine monitoring data as

Body Burden = (Urine Residue, ppm) X .0595 mg/kg/day

RESULTS AND DISCUSSION

The number of samples, workers monitored and the distribution
profiles for mixer/loaders and other workers (including pilots)
during the years 1978-1984 are summarized in Tables I and II. These
results show a remarkable similarity in the distribution profiles
during different years.

TABLE I: SUMMARY OF PERCENT DAILY VALUE DISTRIBUTION FOR MIXER/
LOADERS EXPOSED TO CHLORDIMEFORM DURING 1978-1984

Year 19781 19791 19801 19811 19822 19842 Total
No. of Samples 8,223 4,408 2,886 1,986 505 96 18,104
No, of Workers 352 597 650 381 34 7 2,021
PPM Range %

<0.05-0.10 783 46 51 55 52 53

0.1 -0.3 23 22 18 10 28

0.3 -0.5 163 10 8.1 6.8 7.4 6.3

0.5 -1.0 11 8.5 7.7 12 10

1.0 -5.0 5.6 9.2 9.1 10 18 2.1

>5.0 0.5 1.9 1.0 1.6 1.4 0

lysed water as a carrier.

2ysed both water and oil carrier in ULV (with 1984 predominately
using oil-ULV).

3Combined values for <0.3 ppm and 0.3-1.0 ppm, respectively.

The results of the 1982 worker exposure study showed a two-fold
increase in exposure values exceeding 0.5 ppm to mixer/loaders
(Table I) compared to the previous years, when water only was used
as a carrier. However, during the 1982 study period, most of the
application sites switched between water and oil carriers and
excursions in exposure might have been caused by the additional
equipment handling when switching between water and oil as a
carrier, In exposure studies conducted in 1984 (where predominantly
0il-ULV was used), the distribution profile was quite similar to the
years in which only water was used as a carrier. Also, the 1984
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values showed daily urine residues generally close to the detection
limit and very few exceeding 1 ppm. Hence, it appears from the 1984
study and earlier data that chlordimeform exposure to field workers
using closed systems and protective clothing was probably caused by
uncontrollable factors, such as site contaminations, work habits, or
cleanup operations.

The median for the daily value distribution for field workers
is less than 0.1 ppm; 52-70% of the daily urine values were below
0.1 ppm (Table 1I).

TABLE II: SUMMARY OF PERCENT DAILY VALUE DISTRIBUTION (PPM) FOR
PILOTS AND OTHER WORKERS EXPOSED TO CHLORDIMEFORM DURING

1978-1984
Year 19781 19791 1980l 19811 19822 19842 Total
No. of Samples 5,556 8,380 3,806 2,021 730 81 20,574
No. of Workers 514 1,826 787 402 47 5 2,581
PPM Range %

<0.05-0.10 904 66 63 68 74 74

0.1 -0.3 19 21 17 11 20

0.3 ~0.5 6.9%4 5.3 5.4 4.7 7.7 3.7

0.5 -1.0 4.8 5.7 5.8 2.9 1.2

1.0 -5.0 3.0 4.1 4.5 A 4.2 1.2

>5.0 0.3 0.4 0.7 0.4 0.3 0

lysed water as a carrier.

2ysed both water and oil carrier in ULV (with 1984 predominately
using o0il-ULV).

3Combined values for <0.3 ppm and 0.,3-1,0 ppm, respectively.

These results also show that approximately 75% of the daily urine
values for all field workers were below 0.3 ppm. Only 6-7% of all
the samples for the field workers (10.1% or 3.8% of the mixer/
loaders or pilots and other workers, respectively) showed daily
urine values exceeding 1 ppm. It is important to note that although
urine values exceeded 1 ppm for some field workers on some days,
these values for the individual workers decreased on subsequent
days. Hence, considering only the maximum daily exposure for a
field worker will over-estimate exposure on a seasonal basis. The
median value for the daily value distribution found in the
CIBA-GEIGY urine monitoring studies of Galecron is in close agree-
ment with the daily average value of 0.13 ppm obtained by Maddy et
al. (3) for worker exposure to chlordimeform in the Imperial Valley
in California during the 1982 cotton growing season.

A seasonal cumulative value distribution for all the field
workers during the years 1978 and 1979 is summarized in Table III.
The cumulative seasonal exposure value for a field worker is the
projected sum of all the average daily urine values during the
entire growing season.
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TABLE III: CUMULATIVE VALUE DISTRIBUTION (PPM) FOR ALL FIELD
WORKERS AS MEASURED FROM URINE SAMPLES

Cumulative
Range No. of 1978 No. of 1979
(ppm) Workers % Distribution Workers % Distribution
<5 530 61,2 1,015 73.3
5-10 175 20.2 259 15.6
10-20 100 11.5 185 11.2
20-30 34 3.9 78 4,7
30-60 21 2.4 48 2.9
>60 6 0.7 38 2.3
Total No. of
Personnel 866 100.0 1,623 100.0

These data show that 61.2~-73.3% of the 2,489 monitored workers
during these years showed a total cumulative seasonal value of <5
ppm. For the purpose of calculation of the cumulative values, all
the urine samles containing residues below the 0.05 ppm screening
level were assigned a value of 0.05 ppm and hence the total cumula-
tive value is expected to be conservatively higher than they would
be using the actual values for samples <0.05 ppm. A small percent
(3.1-5.2%) of the field workers showed seasonal cumulative values
exceeding 30 ppm.

California Department of Food and Agriculture (CDFA) conducted
extensive urine monitoring of chlordimeform in California during the
1982-1985 growing seasons. These data were presented by
Maddy et al., (7) at the 6th International Conference on Pesticide
Chemistry (IUPAC) at Ottawa, Canada. In the four years of monitor-
ing, approximately 8,800 field applications of chlordimeform were
made at 0.25 lbs. ai/acre on an average size of 80 acres, and
approximately 200 field workers were monitored. These studies
showed that the chlordimeform urine residues for the field workers
averaged 0.09 ppm, and did not increase during the work season. The
level of chlordimeform residues in urine at the end of the work
shift was similar to that found 8 to 10 hours later. The urine
monitoring data in the CDFA studies are in good agreement with the
extensive data obtained by CIBA-GEIGY on urine monitoring of the
field workers exposed to chlordimeform.

CONCLUSIONS

Based on laboratory animal metabolism and studies with human
volunteers, the amount of total chlordimeform residues containing
the 4-chloro-o-toluidine common moiety recovered in the urine
following dermal application of chlordimeform is approximately 407%
of the dermally absorbed dose. These studies have also shown that
chlordimeform and its metabolites are rapidly excreted in the urine.
This approach has been used by CIBA-GEIGY Corporation to monitor
exposure of a large number of field workers and applicators.
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The extensive urine monitoring conducted by CIBA-GEIGY provides

a large data base for evaluating worker exposure to chlordimeform
under actual use conditions. The reproducibility of the urinary
distribution profiles of chlordimeform in these data allow for
evaluation of the field worker exposure to chlordimeform under
actual use conditions.
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Chapter 5

Convenient Field Sampling Method
for Monitoring Volatile Compounds
in Exhaled Breath

Michael S. Morgan, Gary S. Phillips, and Eileen M. Kirkpatrick

Department of Environmental Health, University of Washington, Seattle,
WA 98195

A modified half-face air purifying respirator was
developed as a technique for large-scale monitoring
that will be acceptable to workers, simple to apply,
and relatively sensitive. Exhaled air was directed
through the respirator exhaust port and then through a
two-part cartridge. The first part contained four
layers of activated charcoal cloth which adsorbed
organic solvent vapors; the cloth was subsequently
desorbed for gas chromatographic analysis. The second
part contained 70 g of 8-12 mesh molecular sieve whose
weight gain (water) was proportional to the volume of
air exhaled. The proportionality was determined by
independent measurement of volume in subjects while at
rest and while exercising. Controlled atmospheres
containing toluene at relative humidities near
saturation were passed through the cartridge at steady
flows equal to resting human ventilatory rates.
Toluene recovery was 70% for simulated breath
concentrations of 0.75 mg/m3 to 60 mg/m® (0.20 ppm to
16 ppm). Normal adults volunteered to breathe toluene
in air at 150 mg/m3 (40 ppm) or 340 mg/m3 (90 ppm} for
four hours (TLV = 375 mg/m® or 100 ppm, 8 hr TWA).
About eighteen hours later their breath was sampled,
to simulate a worksite measurement at the start of the
next shift. Samples of at least 140 liters were taken
from each subject, and the mean exhaled concentrations
were 344 ug/m® and 600 pg/m3 (0.23% and 0.18% of
exposure TWA), respectively, in good agreement with
literature reports using more complicated methods

not appropriate for field application. The device can
be used to collect samples of up to 300 liters in 30
minutes, and its sensitivity and selectivity are then
limited only by the desorption and analysis of the
charcoal adsorbent. The lower limit of quantitation
for toluene, with conventional GC analysis, was about
65 pg/m® (18 ppb). The technique can be applied to
most solvents capable of adsorption on charcoal, and
will permit sampling large numbers of workers with
minimal Jjob disruption. In a limited field
application, automobile body painters showed levels of
toluene in their exhaled breath that could not be
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S. MORGANETAL. Volatile Compounds in Exhaled Breath 57

explained by inhalation exposure alone; observations
of frequent skin contact with the solvent suggested
that important skin absorption also occurred, and the
breath levels reflected the workers' total solvent
exposure.

Among methods available for biological monitoring, exhaled breath
analysis offers potential advantages as it is less intrusive than
drawing blood and often gives a better reflection of blood
composition than does urinalysis. The appearance of volatile
compounds in exhaled breath after industrial exposure has been
demonstrated in several instances (l1-7). Table I shows some
examples, together with solubility data which suggest means of
identifying other compounds as candidates for this form of
biological monitoring. However, breath analysis has not become
widespread in the workplace because of practical problems in
sampling large numbers of workers and in interpreting the results.
Because concentrations of contaminants in exhaled air are low and
the air is moist, previous research has relied either on elaborate
and expensive equipment or on sampling methods subject to
moisture-related loss of contaminant. Further, evaluating the
results of breath sampling requires consideration of the complex
excretion kinetics of most volatile compounds and of the effects
of respiratory dead space on the composition of exhaled breath.
The last point has led to efforts to sample alveolar air by
procedures requiring much cooperation from the worker. This work
addresses some of these problems. A portable, simplified breath
sampling system has been developed which is suitable for mass
screening, is capable of collecting a relatively large sample, and
gives good performance in sampling moist air.

Table I. Materials Shown to be Present in Exhaled Breath after
Industrial Exposure

--Partition Coefficients-- Found in
Compounds Blood/Air Fat/Air Qil/Air Breath at® Ref,
Benzene 6 - 8 425 492 20 hours 15,24
Toluene 10-16 962 1470 20 hours 12
Xylene 26~-38 - 3700 20 hours 25
Methyl Ethyl Ketone 200 140 260 2 hours 26
Ethylene Oxide 90 - - 0 hours 27
Trichloroethylene 8-10 560-660 700-940 20 hours 5
Chloroform 8-10 280 400~560 0 hours 28
Methylchloroform 3 250 20 hours 29
Carbon Tetrachloride 2-6 360 6 hours 30

A Time measured from the end of the exposure period

The primary value in breath sampling lies in the fact that
alveolar gas is very nearly in equilibrium with arterial blood
(Figure 1). Mixed expired air, however, is not equal in
composition to alveolar air, because of the addition of air from
the respiratory dead space. Nevertheless, for samples taken over
periods of ten minutes or more, such that all the expired air is
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58 BIOLOGICAL MONITORING FOR PESTICIDE EXPOSURE

collected and its volume measured, there is usually a predictable
relationship between alveolar and mixed expired air, so that the
latter can still be used to make estimates of the blood levels of
trace compounds.{(l=-3}) A more serious problem in sampling either
alveolar or mixed expired air is the effect of the passage of time
after exposure has ended. Models and experimental measurements of
excretion kinetics of volatile compounds have shown that within
two to four hours after the end of exposure, the breath levels
decrease rapidly, and are strongly correlated with the
concentration in the inhaled air at the end of exposure.{(4-6) At
longer times post-exposure, the breath levels are less time
dependent, and are more closely proportional to the time weighted
average exposure, or body burden, of the compound. (3)

The use of breath analysis in monitoring pesticide exposure
has not yet been reported, but this general approach has potential
value for certain kinds of pesticide formulations. Table II
presents some examples of pesticide components which have
physicochemical properties which favor their excretion, at least
in part, in breath. Suitable compounds must be volatile, and must
have solubility properties in blood and body fat that are close to
the ranges given in Table I. Many of the fumigants used in
agriculture meet these requirements, and a few have actually been
found in the breath of workers exposed in experimental or
industrial settings. In addition, many of the vehicles used in
pesticide formulations are good candidates for breath monitoring,
and examples are included in Table II.

Table II. Pesticide Components with Physicochemical Properties
Favoring the Use of Exhaled Breath for Biological Monitoring

Compound Volatile  Lipid Soluble Breath Data  Refs
Available

Chloropicrin
Methylisocyanate
Ethylene Dichloride
HCN

Sulfuryl Fluoride
Vapam
Dichloropropylene
Dichloropropane
Methyl Chloroform
Ethylene Oxide
Naphthalene
p-Dichlorobenzene
Methyl Bromide
Methyl Isothiocyanate
Diesel fuel

Kerosene

Methanol

Petroleum distillates
Xylene

Toluene

217

31

MoM M M M M MMM MM KM NN NN N NN
WM XX KN N
"

L - -
"

The goal of the work described here was to design and
demonstrate a field-portable technique for sampling mixed expired
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air for volatile compounds, at times long after exposure when the
breath level is indicative of body burden. The use of mixed
expired air represents a concession to the need for simplicity in
sampling, but the method should still give a result useful in
biological monitoring. The sampling method was demonstrated in
human volunteers long after a relatively low inhalation exposure
(as low as 20% of the occupational Threshold Limit Value, TLV), as
a severe test of performance. Results will also be presented for
field studies with workers exposed to solvents in the automobile
repair industry.

Materials and Methods
Sampler Design _and Performance

The sampler is based on a half-face, dual cartridge respirator
whose inhalation ports are fitted with standard air purifying
elements. (7) On the exhalation port is mounted a special cartridge
for sampling exhaled air. The operating principle of this
cartridge is based on: a.) quantitative adsorption of organic
vapors and subsequent analysis by standard methods, and b.)
determination of the air volume sampled by taking advantage of the
nearly invariant concentration of water vapor in expired air among
individuals over a wide range of activity levels. {8.9)

The sampling cartridge is shown in cutaway view in Figure 2.
The upper section contains four layers of activated charcoal cloth
mounted in pairs separated by teflon gaskets. This adsorbent is a
woven material (Charcoal Cloth Limited, Maidenhead, United
Kingdom) having properties similar to granular charcoal, except
that its collection performance, based on studies with volatile
anesthetics, is reported to be much better at high water vapor
content. (10) The lower section contains 70 g of 8 - 12 mesh
molecular sieve of 3 A pore size which collects the water vapor
(maximum capacity 14 g water vapor per 100 g adsorbent). The
organic vapors collected on the charcoal cloth were recovered by
desorption of paired layers in 10 ml carbon disulfide for one
hour. The eluent was analyzed by gas chromatograph using a flame
ionization detector following recommended procedures. (11)
Generally, the cloth layer pairs were analyzed separately to
permit detection of breakthrough past the first pair of layers.
The collected water vapor was determined gravimetrically. The
cartridge was fabricated from poly vinyl chloride pipe with
stainless steel screens to retain the adsorbents. The loaded
cartridge weighed about 180 * 10 g, and thus added about 60% to
the weight of the respirator. Resistance to airflow through the
cartridge was less than 2 cm HyO/L/s at flow rates up to 1 L/s.

The sampling cartridge was tested for recovery efficiency
with controlled atmospheres designed to simulate human breath con-
taining low levels of organic vapor. Toluene was selected for this
study as it is used in large quantities in industry and studies of
its toxicokinetics have been reported by several authors. (2,12-15)
The atmospheres were generated in a 90 liter glass mixing chamber
equipped with a cooled-mirror dew point hygrometer and a photo-
ionization detector. The detector was calibrated before and after
the study using a capillary diffusion tube (16). Compressed
breathing quality air was passed through a high efficiency filter
and a bed of granular charcocal before entering the chamber at 40
L/min. Water was atomized into the chamber, and liquid toluene
was metered via motor-driven syringe through a heated metal tube.
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mixed expired air

dead space

venous blood —_— erterial blood

p (arteriel) = p (alveolar)
arterial content = p (alveolar) x pertition coefficient

Figure 1 -- Schematic diagram of the relationship among venous

blood, arterial blood, alveolar air and mixed expired air, with
respect to concentration of a volatile material. "p" refers to
the partial pressure of the volatile component of interest.

ok
P-4
F-OO-04
Alr
Flow
OO0~
X994
JR0”
Molecular O- 0- 0-
Sieve Ring Ring Ring
Charcoal Charcoal
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Figure 2 -- Cutaway view of the breath sampling cartridge

showing the section for organic solvent vapor collection and
the section for moisture collection; the two sections nest
tightly together when in use. The solvent section is threaded
to fit a standard respirator cartridge holder which is mounted
in the exhaust port of the mask.
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Both relative humidity (RH) and solvent concentration were
monitored continuously. The generator was capable of producing
stable atmospheres at between 5% and 95% RH and containing between
0.38 mg/m3 (0.1 ppm) and 1500 mg/m3® (400 ppm) of toluene.
Recovery data were obtained over a range of RH and air
temperatures, whose selection was based on preliminary
measurements of the air stream leaving respirators while being
worn. Cartridges were challenged with 10 L/min air containing
toluene at levels between 0.75 mg/m® (0.20 ppm} and 150 mg/m3 (40
ppm) for 30 minutes based on the results of toxicokinetic studies.
To determine the relationship between water vapor collected
and the volume of expired air sampled, a group of six volunteers
wore the respirator while at rest or while walking on a treadmill
at various work levels. The resulting pulmonary ventilation rates
ranged from 4 L/min to 28 L/min. Expired air was passed through
the sampling cartridge in series with a calibrated
pneumotachometer. The flow signal from the pneumotachometer was
integrated electronically to give an accurate measurement of air
volume. The weight gain of the molecular sieve in the cartridge
was then compared to the independent measurement of volume. The
sampling periods were between fourteen and twenty minutes.

Performance in Controlled Human Exposures

As a demonstration of the device under realistic conditions of
use, healthy adult male volunteers were recruited for a laboratory
study. After giving informed consent, each subject was sampled
for the baseline level of toluene in expired breath. Then air at
50% RH containing toluene at 150 mg/m3 (40 ppm) or 340 mg/m® (90
ppm) was passed through a mask covering the subject’'s nose and
mouth at 35 L/min, for four hours. Between 17 and 20 hours later,
corresponding to the start of the next work shift, a breath sample
was taken and analyzed. The sampling procedure consisted of first
wearing the respirator without the special sampling cartridge for
seven to ten minutes to allow air temperature and RH inside the
mask to stabilize. Then the sampling cartridge was attached and
the subject continued to breathe at rest for 15 to 20 min. The
cartridge was then disassembled and the adsorbents were analyzed
within one hour. Routine sampling of laboratory ambient air
indicated that toluene levels were always less than 10 pg/m3.

The observed breath concentrations were corrected for the
dilution effect of the respirator cavity dead space. In a
separate experiment, the correction factor for each subject was
estimated by measuring the concentration of carbon dioxide in
mixed expired air collected: a.) at the respirator outlet port and
b.) at the mouth. It was assumed that the dilution of expired
carbon dioxide by the respirator dead space approximates closely
the dilution of expired trace organics.

: . : ial Setti

Eleven painters employed in five automobile body repair and
repainting shops were then studied, with the intent of determining
whether or not breath concentrations of toluene used as a solvent
compared to traditional measurements of the solvent in breathing
zone ambient air. Breath samples were collected for fifteen
minutes before the beginning of each shift for five consecutive
days in each painter. During the sampling period no painting was
done, and standard organic vapor cartridges were attached to the
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inlet ports of the sampling respirator, to ensure that no exposure
occurred. During each shift toluene concentrations in each
worker's breathing zone were measured, as the 8 hour time-weighted
average, using a passive dosimeter incorporating activated
charcoal. (1l7) Samples were collected using the Model 530-11
dosimeter of SKC Inc., Fullerton, CA. The charcoal elements were
desorbed in 2.0 ml carbon disulfide and the eluent analyzed by the
procedure cited earlier. Recovery efficiency for dosimeters was
taken from manufacturer's literature. All painters were observed
during at least part of each shift, to determine the use of gloves
and respiratory protection, and to estimate the extent of skin
contact with liquid paint solvent.

Results

Overall recovery of toluene from the charcoal cloth was calculated
as the mass determined after collection and desorption, divided by
the mass presented to the charccal determined from air volume and
toluene concentration. Results of recovery are presented in Table
III. The recovery dropped at concentrations above 60 mg/m3 (16
ppm), presumably due in part to breakthrough. At 60 mg/m3 or less,
the recovery coefficient of variation was less than 15%.

Table III.
Overall Recovery of Toluene from Charcoal Cloth

Toluene Concentration  Temp RH No. of %RecoveredP
(mg/m3) (°c) (%) Layvers
0.75 22 80 4 69.1 + 6.2
(n =7)
1.30 30 90 4 63.6 + 7.5
(n = 6)
2.00 30 90 4 70.5 + 7.5
(n = 6)
7.4 22 80 4 68.8 + 5.2
(n = 5)
60.0 22 80 6 67.0,70.0
(n = 2)
150. 22 80 6 38.0,25.0 B
(n = 2)

A Mean + standard deviation (no. of replicate runs)

B Breakthrough detected on second pair of layers in each replicate
run

The results for the comparison of exhaled air volume and
water vapor collected are given in Figure 3. There was a good
correlation between the two, despite the fact that among the
subjects there was considerable variation in tidal volume,
breathing pattern and rate of ventilation. The data suggest that
there is a simple, reliable relationship between weight gain of
the desiccant and exhaled volume which can be applied as the
calibration for the sampler when used under the conditions
described. From linear regression, this calibration is: Moisture
gain (g) = 0.0268 x Expired volume (L) + 0.73 g. The correlation
coefficient (r) was 0.9789.
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When the subjects' breath was sampled 17 to 20 hours after
controlled exposure, toluene was readily quantitated in each
person, while no toluene was detected in background breath samples
and blanks. In the post-exposure samples, the amount of toluene
found on the second pair of charcoal cloth layers was less than 5%
of the total recovered. Table IV summarizes the results for all
subjects given controlled exposure, and indicates the range of
sample volumes and resulting toluene concentrations, corrected for
recovery efficiency and for respirator dead space. The toluene
levels after exposure to 150 mg/m3, showed an overall mean exhaled
concentration that was 0.23% of the exposure concentration inhaled
the previous day. The results for the exposures to 335 mg/m3 gave
a mean exhaled concentration of 0.18% of that breathed on the
previous day.

Table IV. Results for 4 Hour Controlled Exposure of
Human Volunteers to Toluene

Exposure Concentrations
Subject (mg/m3) Hours After Sample Volume Breath Toluene®
(L) (mg/m3)
1 145 18 174 0.246
2 152 20 311 0.356
3 160 18 231 0.389
4 148 17 184 0.309
5 147 18 214 0.453
6 155 19 200 0.246
7 140 19 237 0.211
8 147 19 137 0.606
9 156 18 200 0.282
mean 0.344
std.dev. 0.125
10 338 19 168 0.465
11 331 20 125 0.438
12 338 20 118 0.436
13 342 19 164 0.638
14 335 19 83 0.434
15 338 21 155 1.14
16 338 19 149 0.664
17 327 20 207 0.600
mean 0.602
std dev. 0.238

A corrected for recovery efficiency and for mask dead space.

The results of the field study in automobile painters are
shown in figure 4, where the concentration of toluene found in
breath is plotted against the ambient air concentration measured
on that worker's lapel during the previous day's shift. Also
shown are the estimated levels of toluene in breath that would be
observed if the previous shift ambient air concentrations had been
equal to the TLV, and to one-half this level. These breath levels
were estimated from the results of the controlled laboratory
exposures.
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Dj .

In designing the breath sampling cartridge the primary goal was to
measure toluene in breath at the start of the next shift. This
was based on the predictions from toxicokinetic models, and
limited experimental data, showing that one must wait at least two
to four hours after the end of exposure before the breath level of
solvent reflects the integrated dose over the previous shift (or
shifts), rather than the most recent concentration inhaled. (4-6)
Since it appears impractical to ask workers to remain at work
until two to four hours after the shift ends, the first chance to
obtain the desired sample is 16 to 20 hours after the shift ends.
Then the breath levels of solvent are expected to be less than 1%
of the previous time-weighted-average exposure concentration. (4)
The sampling and analytical procedure must therefore have a
quantitation range that extends much lower than that required of
methods for sampling workroom air for contaminants at
concentrations near the Permissible Exposure Limits (PEL) or the
Threshold Limit Values.

The performance of the sampling cartridge was satisfactory,
considering the conditions employed: very moist expired air
containing toluene at concentrations between 0.75 mg/m® and 60
ng/m3, as compared to the PEL of 750 mg/m3 and the TLV of 375
mg/m3 which are usually measured at RH levels less than 75%.
Granular forms of activated charcoal have been reported to show
serious degradation in capacity and breakthrough time at RH levels
above 80%.(18) 1In addition, collection efficiency of solvents on
granular charcoal is known to be adversely affected by low
sampling flow rates.(l9) Recovery is also lower for vapor loading
as compared to liquid loading. (20,21) It should be noted that
recovery efficiency was determined for a range of air
concentrations which was above the levels found in breath. The
accuracy of breath levels reported is thus uncertain to the degree
that the recovery efficiency is uncertain.

The relationship between moisture collected and the volume
of breath exhaled was approximately 27 mg/L. This is in good
agreement with the work of others who have reported values between
25 and 31 mg/L using more sophisticated methods. (8,22) Those
authors also reported that the moisture content of exhaled breath
is moderately dependent on ambient temperature and RH. Variation
in breath moisture is very small for temperature or RH above room
conditions, but it becomes important below 10C or below 20% RH.
Under such conditions the volume measuring portion of the breath
sampler described here would have to be recalibrated.

When the sampler is used as reported in this work, the lower
limit of quantitation for toluene in breath is 65 p.g/m3 (0.018
ppm) . This is based on a sample volume of 240 liters, correction
for dead space, desorption of the cloth in 10 ml of carbon
disulfide with a recovery efficiency of 70%, injection of 1.0 ul
eluate and a rather modest gas chromatograph quantitation limit of
0.87 ng. With the exception of dead space, each of these factors
is subject to improvement so that a much better detection limit
could be achieved readily. However, a breath level of 65 ng/rm3
would correspond to a previous day's exposure to toluene at an
eight hour time-weighted average of about 15 mg/m3, or 4% of the
present TLV. Thus even with moderate analytical sensitivity,
relatively low exposures may be monitored with this technique.
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The findings from the controlled human exposure may be
compared to other published reports of breath sampling for toluene
in which plastic bags, glass tubes, or more elaborate methods (not
suitable for workplace screening) were used. Figure 5 shows the
data from this study, corrected for dilution by the respiratory
dead space {assuming a physiological dead space of 30% of tidal
volume) and mask dead space. The figure also shows results from
other studies. (2,12-15) All concentrations have been normalized
to the inhaled dose calculated as the product of exposure concen-
tration and duration. Note that only one previous study included
data at 18 hours post-exposure, and that value is close to the
result from this work. At earlier sampling times, the data from
other studies show considerable variation. That variation might be
attributed to differences in sampling technique or to variable
excretion kinetics at short post-exposure times.

Field measurements of toluene in the breath of painters
indicated that the breath level correlated with inhalation
exposure only when the ambient air concentration exceeded about 70
mg/m3, and then the correlation was not strong. Ambient
concentrations were derived from passive dosimeters, whose
performance under field conditions has not been fully validated.
(17) The extent to which uncertainty in ambient concentration
contributed to the lack of correlation with breath data is not
known. Observation of the work practices employed in the
workplaces revealed that there was significant skin exposure in
many employees, and that respirator usage was highly variable
among them. These factors would confound any relationship
expected between inhalation exposure,as estimated by air
concentration, and breath levels. ©On the other hand, the levels
of toluene found in the breath of all workers corresponded to
equivalent airborne exposures at a significant proportion of the
health guideline, and suggest that the workers were receiving
important exposure by a route other than inhalation. The most
likely explanation appears to be skin contact, which was
frequently observed. 1If this finding is confirmed in wider
studies of workers who are exposed by both routes, the value of
biological monitoring will be reinforced.

The sampling method used in this work offers several
advantages over other techniques. The sampling respirator would
not be intimidating to the majority of workers exposed to
solvents, as many are undoubtedly familiar with air purifying
respirators already. The sampling and analytical techniques are
relatively simple and inexpensive, and thus many workers can be
monitored simultaneously. The ability to sample a large volume of
expired air gives the method very good sensitivity. Finally,
leakage of expired air around the face seal produces no error as
this lost air does not reach the adsorbent or desiccant in the
cartridge. Therefore the device measures only the volume of air
from which organic vapor is also collected.

There are some features which could limit the value of this
approach under certain circumstances. The sampler as described is
rather heavy, and sampling for longer than fifteen to twenty
minutes may prove uncomfortable. Use of lighter weight materials
in constructing the cartridge should reduce this problem. The
need to correct for the effect of mask dead space 1is a
disadvantage relative to use of bags or other methods permitting
sampling directly at the mouth. The range of correction factors
in adult males at rest was relatively narrow, however, so that
using a group mean correction for dead space would have produced a
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report.
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deadspace error of less than 15% for any individual in our group
of subjects. The technique also does not permit the estimation of
true alveolar concentration, but there is some doubt that any of
the published methods could accomplish this in the field. When
the features of this device are weighed, it may be an attractive
means of monitoring the body burdens of volatile organic compounds
in a wide variety of industries and processes.

This preliminary study has shown that the respirator-based
technique for sampling mixed expired breath appears to be a
potentially useful method for pre-shift monitoring. Its use in
practice will require measuring the efficiency of recovery of
compounds of interest from the sampling cartridge. Some data are
available now for toluene and additional data are being developed
for the xylene isomers, methyl ethyl ketone and methyl isobutyl
ketone. Other sampling conditions, such as temperature, relative
humidity and presence of possible interfering compounds, may
affect sampler performance in applications such as pesticide
biomonitoring. More extensive field studies must be done, in
which present biological monitoring methods, such as urinalysis
for parent compounds or metabolites, are compared with breath
analysis in the same exposed workers.
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Chapter 6

Validation of Environmental Monitoring
by Biological Monitoring

Fluorescent Tracer Technique and Patch Technique

Richard A. Fenske

New Jersey Agricultural Experiment Station, Department of Environmental
Science, Rutgers University, New Brunswick, NJ 08903

Environmental monitoring of pesticide expo-
sure allows identification of exposure
pathways and appropriate exposure reduction
strategies. Biological monitoring studies
which collect total urinary metabolites
from a single exposure episode provide a
relative index of exposure for evaluating
the validity of environmental monitoring
methods. Essential validation study design
factors include selection of an appropriate
pesticide for biological monitoring, and
elimination of extraneous and interfering
exposures. Most studies which have re-
ported poor correlations between patch
estimates of dermal exposure and metabolite
excretion exhibit deficiencies in one or
more of these design factors. A recent
study of malathion exposure during airblast
applications demonstrated a high correla-
tion between fluorescent tracer measure-
ments of dermal deposition and malathion
metabolite excretion (r=.84). Patch depo-
sition values were also correlated with
excretion (r=.71).

Environmental and biological monitoring are complementary
approaches to characterizing human exposure to chemicals
in occupational and general populations. The combination
of these two techniques provides a comprehensive evalua-
tion of exposure magnitude and the pathways by which
exposure occurs. Biological monitoring has been an im-
portant part of pesticide exposure assessment for nearly
forty years due to the importance of the dermal route of
exposure (l1). Cholinesterase and urinary metabolite
monitoring have often been conducted in conjunction with
estimates of dermal deposition to determine the relative
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6. FENSKE Validation of Environmental Monitoring 1

contribution of dermal exposure to total exposure, and to
determine the accuracy of dermal exposure measurements.

This paper examines the general principles involved
in field validation of environmental monitoring methods,
and reviews studies which have employed biological moni-
toring as a relative index of pesticide exposure to
evaluate dermal exposure estimates. Studies employing
the patch technique are compared to a recent study which
measured pesticide deposition on the skin with fluores-
cent tracers and video imaging. The strengths and limi-
tations of these techniques are discussed together with
suggestions regarding future areas for research in pesti-
cide exposure assessment.

Human Exposure Assessment Methods

Environmental monitoring provides a measure of exposure;
i.e., amount of material reaching a body barrier and
available for absorption. Air sampling, patch monitoring
and handwashing are examples of environmental monitoring
methods employed routinely in pesticide exposure assess-
ment. Such techniques allow study of the relative impor-
tance of routes of exposure and provide the foundation
for the deveiopment of appropriate control strategies.
Since environmental monitoring techniques need not be
compound-specific, they have often been employed to mea-
sure entire classes of compounds (e.g., air sampling of
volatile organics), or to provide a generic examination
of production processes (e.g., auto body painting or
pesticide applications). Finally, environmental monitor-
ing is the only means of assessing exposure for the many
chemicals which do not have a reliable biological end-
point to measure.

Biological monitoring provides a measure of absorp-
tion in body tissue or fluids, or involves measuring
change in a physiological parameter. Such monitoring
integrates exposure from all routes and allows estimation
of an absorbed dose. Since a dose estimate is the ulti-
mate goal of any exposure assessment, a well-conducted
biological monitoring procedure can provide important
information unattainable with environmental monitoring.
Clearly both of these approaches are essential to reduc-
ing exposures and setting appropriate occupational and
environmental health standards. Under many circumstances
they can be conducted simultaneously to provide a compre-
hensive exposure assessment. The American Conference of
Governmental Industrial Hygienists considers biological
monitoring to be an important supplement to environmental
monitoring, and has recently established Biological Expo-
sure Indices to provide guidance in this area (2). Simi-
lar biological exposure guidelines have been developed in
Europe, where biological monitoring is an established
exposure assessment procedure (3).
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72 BIOLOGICAL MONITORING FOR PESTICIDE EXPOSURE

Exposure Assessment Method Validation

The relative accuracy of an exposure assessment technique
can be established by demonstrating its ability to moni-
tor changes in exposure consistently. Measurements pro-
duced by the technique are compared to a reliable measure
of exposure or exposure potential. The absolute accuracy
of a method is normally demonstrated by calibrating the
measurement system against a known standard. If such a
standard is not available, accuracy is determined by
calculation of error or uncertainty. Validation of der-
mal exposure assessment methods has proven problematic.
Laboratory facilities which create well-defined exposures
are commonly employed to evaluate respiratory measurement
techniques (e.g., controlled test atmospheres and inhala-
tion chambers). No such procedures are available for the
study of dermal exposure. Instead, investigations must
be conducted in the field where numerous variables cannot
be controlled. As a result, the dermal exposure assess-
ment methods in current use have never been validated in
terms of absolute accuracy. Dermal exposure validation
studies have instead focused on relative accuracy by
comparing environmental monitoring data to a relative
index of exposure.

Two field study parameters are often employed as
relative indicators of exposure: work rate and active
ingredient applied. 1Implicit in the use of such vari-
ables is an assumption that a strong association exists
between the variable and exposure; i.e., exposure is
proportional to time worked or amount of material
handled. Work rate is commonly employed in industrial
settings where exposure potential is predictable (e.g.,
ambient air levels in a factory), and where work activity
is routine. 1In a recent study of timber mill workers
exposed to tetrachlorophenol, for example, it was demon-
strated that skin deposition of tetrachlorophenol was
directly related to the amount of time worked (4). This
association was expected since workers pulled and sorted
timber at a rate controlled by the speed of a conveyor
belt. Such work conditions contrast sharply with pesti-
cide mixing and application in agriculture, where both
exposure potential and work rate are highly variable.

A 1979 study of sixteen mixer/applicators demon-
strated that when workers employ their own equipment and
work at their own speed, work rate is highly variable
(5). Regression analysis resulted in no significant
correlation between time worked and 48 hr excretion of
azinphosmethyl metabolites (r=.43). However, a strong
correlation (r=.77) was found when the amount of active
ingredient handled by each worker and 48 hr excretion
were compared. Several other investigators have con-
firmed these results (6). Most recently a study of 2,4-D
applicators in Canada found strong correlations between
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6. FENSKE Validation of Environmental Monitoring 73

the urinary excretion of eight workers and amount sprayed
(r=.90), as well as with spraying time (r=.93) (8). The
association of amount of active ingredient applied and
exposure suggests that this parameter is useful as a
relative indicator of exposure potential. Work rate may
be an appropriate indicator in some cases, but can be
highly variable for pesticide applications.

Study Design for Biological Monitoring Validation

Most pesticide studies aimed at validating dermal expo-
sure measurements have employed biological monitoring as
a relative index of exposure., An ideal validation study
design would attempt to demonstrate a strong correspon-
dence between dermal exposure and internal dose. 1In lieu
of a measure of internal dose for humans, the use of
urinary metabolite excretion as an indicator of relative
dose has gained widespread use in industrial hygiene and
applied toxicology (9). This approach assumes a linear
relationship between exposure and absorbed dose, and may
not be appropriate for all compounds.

Most successful validation studies are based on
a "single exposure" design. Subjects work for a defined
exposure period, and total urine samples are then col-
lected until metabolite excretion is negligible. The
duration of urine collection is a function of the ki-
netics of the absorption and excretion of the pesticide
applied. If virtually all metabolites are collected, the
amount of pesticide metabolites excreted is a direct
reflection of the single period exposure, though not
necessarily a measure of absorbed dose. Three criteria
can be employed to evaluate the soundness of a validation
study design: (1) control of extraneous exposure before
and after the study period, (2) control of interfering
exposure during the study period, and (3) selection of an
appropriate pesticide for biological monitoring.

Extraneous Exposure. Subjects are asked to avoid expo-
sure prior to the study for a time sufficient to allow
urinary metabolite levels of the study compound or inter-
fering compounds to reach background levels. Following
the application period no additional exposure is allowed
until urine collection is completed. This protocol is
difficult to implement if workers must maintain a regular
work schedule. Furthermore, even if workers do not mix
or apply pesticides before and after the study, they may
come into contact with contaminated equipment or reuse
exposed clothing.

Interfering Exposure. Biological monitoring integrates
exposure from all sources. If the environmental monitor-
ing technique under study measures only a portion of the
potential exposure, then other exposures should be mini-
mized. When dermal exposure is of interest, for example,
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oral and respiratory exposures should be controlled for
the study period. Similarly, a study of hand exposure
would reguire protection of all other dermal surfaces.

Pesticide Selection. The central decision in designing a
validation study 1s the choice of the pesticide to moni-
tor. Compound selection requires knowledge of the excre-
tion kinetics following dosing, ideally by the dermal
route in humans. The compound should be rapidly excreted
in the urine either unchanged or as a major metabolite.
Table I presents absorption and excretion data in humans
reported by Feldmann and Maibach for four of the com-
pounds which have been employed in validation studies to
date (10). The study involved an intravenous dose fol-
lowed by a single topical application left on the skin
for 24 hours. Total urine was collected for 5 days in
each case. The intravenous dose half-lives of the com-
pounds exhibited nearly a five-fold range, from 3 hours
for malathion to 14 hours for ethion. The percentage of
the dermal dose excreted ranged from 3.3% for ethion to
9.7% for parathion, or nearly three-fold. Column 3 of
Table I was calculated from the 5 day excretion data
presented in the study. The values are the percentages
of the total metabolites which were excreted on the final
day of collection. Less than 2% of the malathion was
excreted on day 5, whereas more than 11% of 2,4-D was
excreted on the final day of sampling. Data of this kind
allow basic comparisons among pesticides in the selection
of suitable candidates for bioclogical monitoring.

Table I. Dermal Absorption and Excretion Characteristics
of Four Pesticides in Humans*

Compound Half-life** Percent Day 5 Excretion
(hours) Dermal Dose as Percent of
Excreted Total
Ethion 14 3.3 8.0
2,4-D 13 5.8 11.1
Parathion 8 9.7 7.2
Malathion 3 8.2 1.5

* Data adapted from (10); mean of 6 subjects
** Half-life following intravenous administration

Patch Technique Validation

The patch technigue has been the most widely employed
method for estimating dermal exposure since its formal
publication by investigators from the U.S. Public Health
Service (ll). It is now an approved protocol for both
the World Health Organization and the U.S. Environmental
Protection Agency (12-13). However, the method has never
been validated, and there are many investigators who
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consider patch technique data inadequate (14-16). This
judgment is based on the questionable accuracy of the
method, but also stems from the repeated observation that
patch data do not correlate with urinary metabolite ex-
cretion data. A review of published studies which have
attempted to demonstrate a correlation between dermal
exposure and metabolite excretion indicates shortcomings
in study design or execution. The study design criteria
discussed above are employed here to examine five studies
which have collected patch and metabolite data simulta-
neously. These studies are summarized in Table II.

Table II. Patch Technique Validation Studies

Study Pesticide N r Extraneous Interfering Urine
Exposure Exposure Sample
18 parathion 11 .69 possible hand unknown
19 2,4,5-7 21 .45 yes hand/resp 5 days
20 ethion 17 .36 possible hand spot
21 phenoxy 17 .67 possible hand/resp spot
22 2,4-D 8 - no resp 7 days

Durham and Wolfe first attempted to validate the
patch technique by monitoring a single exposure and de-
termining total parathion metabolite excretion (17).
Extraneous exposure apparently was not controlled: no
pre-exposure urine samples were reported and the length
of urine sampling was expressed simply as until "levels
were no longer of significance”. Interfering exposures
were not controlled: respiratory exposure and hand expo-
sure both contributed to metabolite levels. Parathion
appears to have been a good choice as a study compound
due to its relatively rapid absorption and excretion.

The study reported a "good correlation" between
patch exposure and excretion, but no statistical analysis
was conducted. A correlation coefficient of r=.69 for
the 11 subjects can be calculated, but this value is
heavily influenced by very high results for one subject.
When this subject is removed from the data set, there is
no significant correlation (r=.19). The influence of a
single high value is an inherent weakness of the Pearson
correlation coefficient, and correlations based on one
extreme value are generally not considered adeguate evi-
dence of a positive association. thus, these data do not
demonstrate a correlation between the two measures.

A study by Lavy and co-workers of 2,4,5-T exposure
was based on a single exposure design and was conducted
twice (18). The importance of reducing extraneous expo-
sure was clearly recognized, as indicated by the recruit-
ment of participants who had not used 2,4,5-T for two
weeks, and the collection of 24 hour pre-exposure urine
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samples. Unfortunately, background levels of 2,4,5-T
were very high for a number of the workers, particular in
the second study, calling into question the utility of
the excretion data for comparative purposes. In regard
to interfering exposures, respiratory exposure was mea-
sured and was determined to be only a small fraction of
the dermal exposure. However, hand exposure was not
measured or controlled. Thus, hand exposure represents
an important confounding factor, particularly since ap-
plications with backpack systems and mist blowers com-
monly result in significant hand exposure.

This study was also hampered by the choice of com-
pounds. The herbicide 2,4,5-T is excreted almost totally
in urine, but excretion following dermal exposure extends
beyond 5 days. Several workers exhibited their highest
excretion levels on the fifth and last day of collection.
On average the excretion on the last day represented 14%
of the total 5 day excretion, suggesting that a signifi-
cant fraction of the compound continued to be excreted
beyond this period. The study reports a low correlation
coefficient (r=.45) for the 21 workers studied. In light
of problems with extraneous exposure, interfering expo-
sure, and incomplete metabolite collection, however, this
result is not unexpected. Thus, the study does not
provide clear evidence that patche exposure estimates and
excretion are not correlated.

Wojeck and co-workers examined the relationship
between ethion exposure and dialkylphosphate excretion in
17 Florida citrus mixers and applicators (19). Extra-
neous exposure was monitored by a single urine sample one
week before the study. Metabolite levels on the day
prior to the study were not measured. Spot sampling of
urine was conducted rather than total 24 hour collec-
tions. These sampling procedures clearly limit the util-
ity of the urine values as relative indicators of expo-
sure. Respiratory exposure was limited by use of respi-
rators. Cotton gloves were worn by all workers to mea-
sure hand exposure, but workers did not wear gloves as
protective devices. The use of cotton gloves represents
a particularly complex confounding factor, wherein the
dermal sampling procedure itself is likely to alter the
biological monitoring data in unpredictable ways.

Regression analysis produced a low correlation coef-
ficient (r=.36) for the group mean total dermal exposure
(dermal patches + hands) and the group mean metabolite
concentration when these values were compared on a daily
basis. Considering the limitations in urine sampling and
the potential confounding effect of the cotton gloves,
this study does not provide an adequate test of patch
technique validity.
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Manninen and co-workers conducted a study of 17
workers exposed to phenoxy acid herbicides (20). No
evaluation of prior exposure among workers is mentioned,
and no pre—-exposure urine samples were collected. Two
spot samples were taken: one after the working day in the
evening and one on the following morning. Respiratory
exposure and hand exposure were left uncontrolled. Some
workers wore respirators or gloves but others did not,
introducing an unknown amount of variability into the
total exposure reflected by the metabolites. This study
analyzed urine for four different phenoxy herbicides:
MCPA, dichlorprop, mecoprop, and dicamba. Workers used
formulations with different combinations of these com-
pounds. Clearly the variable dermal penetration and
pharmacokinetics of these compounds make the spot urinary
excretion values difficult to interpret.

The authors conducted a regression analysis of urine
excretion and dermal patch estimates for the 17 workers,
resulting in a positive correlation coefficient (r=.67).
However, variability in the higher exposure values were
pronounced. Highly exposed workers with similar levels
of skin exposure (approximately 2 mg) varied by more than
an order of magnitude in the excretion of metabolites (2-
28 umol/L). The lack of control over extraneous and
interfering exposures, together with spot sampling of a
variety of compounds raises questions regarding the cor-
relation of exposure and excretion.

The final study to be reviewed was conducted by
Canadian researchers on 8 farmers exposed to 2,4-D amine
(21). Pre-exposure urine samples were collected to de-
termine background levels. Total 24 hour urine samples
were collected during the study and for 4-7 days there-
after. Some of the participants sprayed 2,4-D again
within a few days after the initial study period, pre-
cluding use of a strict single exposure design. However,
all urine was collected from the first exposure through
the last and for 4-7 days after the last, providing
adequate data for developing a relative index of expo-
sure. Each exposure was measured by the patch and hand
wash techniques. Workers did not use respirators or
protective gloves. This study was well conducted, avoid-
ing problems regarding extraneous exposure seen in the
other studies, and collecting urine for a period approp-
riate to the excretion of 2,4-D.

Cumulative urinary excretion was associated only
with hand exposure (r=.67). Patch exposure estimates and
total dermal exposure (patch estimates + hand exposure)
did not correlate with urinary excretion. The authors
concluded that the lack of correlation between total
dermal exposure and urinary excretion was attributable to
the variable nature of dermal deposition and the inabil=-
ity of the patch technique to estimate such deposition.
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In summary, the studies reviewed here do not provide
definitive evidence regarding the relative accuracy of
the patch techniqgue. Confounding factors of extraneous
exposure, interfering exposure and inadequate urine col-
lection introduce an unknown degree of variability which
cannot be separated from variability due to the measure-
ment technique.

Fluorescent Tracer Technique Validation Study

The fluorescent tracer technique was first employed in
field studies in 1979 (5). Subsequently, a quantitative
video imaging system was developed to measure dermal
fluorescence. The relationship between the tracer and
pesticides during application was examined, and the tech-
nique was field tested (22-24). A detailed account of
the validation study discussed here has been reported
recently (Fenske, R.A. Am. Ind. Hyg. Assoc. J.: in
press).

The study included seven mixers and 14 applicators.
Each applicator sprayed four tanks on a high-volume air-
blast spray schedule typical for citrus in the region.
The fluorescent whitening agent, 4-methyl-7-diethylamino-
coumarin, was employed as a tracer. Deposition of the
tracer compound and malathion on gauze patches attached
to the spray rig was highly correlated (r=.94). The
instrument employed to quantify dermal fluorescence was a
computer-based image processing system interfaced with a
television camera. The traditional patch technique was
also employed (25). Hand washes were not conducted due
to use of the tracer compound.

The primary concern in designing this study was the
selection of a pesticide which would be rapidly excreted
in the urine proportional to absorbed dose. Several
laboratory studies provide support for the use of organo-
phosphorus pesticide metabolite levels excreted in the
urine as relative indicators of exposure. A controlled
study in humans with methyl and ethyl parathion demon-
strated a strong association between two oral dose levels
and excretion levels (26). More recently a study of
azinphosmethyl applied dermally to rats demonstrated that
dimethylthiophosphate excretion was proportional to dose
over a four-fold dose range. Studies with human volun-—
teers also suggested a proportional dose-excretion pat-
tern (27).

One of the most rapidly excreted organophosphorus
compounds is malathion, due to its hydrolysis in mammals
to form carboxylic acid metabolites (28). Feldman and
Maibach demonstrated that excretion of malathion metabo-
lites following dermal application in acetone peaked
within 12 hours following exposure, and that over 90% of
the intravenous administration was recovered as metabo-
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lites in urine (10). Bradway and Shafik demonstrated a
similar pharmacokinetic pattern for malathion in mice
(29). Thus, malathion appeared to be an excellent candi-
date for this validation study.

The second study design issue involved minimizing
extraneous exposures. Subjects were asked to avoid all
exposure to malathion or any other dimethyl organophos-
phorus compounds for at least 3 days prior to the study.
Pre-exposure samples were collected at the beginning of
the study period to determine prior exposure. In one
case metabolite levels were found to be above background
levels, necessitating exclusion of this subject's data
from analysis. All urine was collected for 72 hours from
the commencement of the study, and subjects were removed
from any further exposure during this collection period.
The relatively short 3 day period of collection favored
subject cooperation, and the time period was adequate to
recover approximately 95% of the metabolites which would
be excreted in 5 days (10). Thus, the total amount of
malathion metabolites recovered in the 3 day urine sample
appeared to accurately reflect the relative exposure
which workers received. Interfering exposure was mini-
mized by providing all workers with respirators and chem-
ical resistant gloves. Dermal exposure was monitored by
the fluorescent tracer technique (body + hands) and by
the patch technique (body only) during a single study
period for each worker.

Table III. Correlation of Exposure Measurements with
24-Hr Malathion Metabolite Excretion

Exposure Corr. R- Rank
Measurements Coeff.* Squared Corr.**
Fluorescent Tracer .84+ .71 .62+
Patch: Mean Value .71+ .51 . 39++
Patch: Head Exposure .63+ .40 .33

* Pearson correlation coefficient

** Spearman rank correlation coefficient
+ Statistically significant; p<.001

++ Statistically significant; p<.05

A plot of fluorescent tracer exposure and metabolite
excretion for the 20 workers is presented Figure 1, and
results of regression analysis are 1listed in Table III.
All workers had their peak excretion within the first 24
hours, and the fluorescent tracer measurements were high-
ly correlated with excretion (r=.84). The correlation
coefficient and R-squared value for the association of
fluorescent tracer measurements and 24-hr metabolite
excretion were compared to the same statistics for two
measurements derived from patch data. The two patch data
values are 1) the mean of the eight outer patches above

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1988.



80

BIOLOGICAL MONITORING FOR PESTICIDE EXPOSURE

2500
£ 2000 :
w
S
n 15004
o
[N
>
' 10004 :
@
8 161+.36

L ] y=161+.36x
& 5001 [ ® r=.847 -
= N=19
°
ole

0 1000 2000 3000 4000 5000 6000
MALATHION EXCRETION (ug)

Figure 1. Regression analysis of fluorescent tracer
exposure and 24 hr malathion metabolite excretion,
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the waist on each worker, and 2) the estimated exposure
to the head and neck based on extrapolation from four
patches (chest, back and two shoulder). The head and
neck were the only exposed regions. Since the study did
not include a full set of patches beneath the clothing,
no attempt was made to extrapolate patch data to deter-
mine dermal exposure to the whole body. Both the mean
patch value (r=.71) and the head exposure estimate
(r=.63) were significantly correlated with excretion.

The R-squared value indicates the proportion of the
metabolite excretion variable that can be explained by
the exposure variable, and is the most useful statistic
for comparison of the different exposure measurements.
The tracer data explained approximately 70% of the total
variance, whereas the patch data explained at best about
50%. All of the correlations were significant, however,
demonstrating that the patches do provide a general indi-
cation of relative exposure potential.

The Spearman Rank Correlation statistic (r[s]) was
also applied to these data, since the Pearson Correlation
Coefficient requires an assumption of normal distribution
and is highly influenced by large values. Here the
contrast in the association of excretion and tracer data
as compared to patch data was even more pronounced. The
tracer rank correlation was highly significant (r[s]=.62;
p<.001), whereas the mean patch data were only marginally
correlated (r[s]=.39; p<.05), and patch-estimated head
exposure has no significant correlation (r[s]=.33).

Current Status of Dermal Exposure Assessment Methods

The patch technique can provide a relative indication of
exposure, but may not be able to rank exposures with a
high degree of accuracy. With large data sets the vari-
ability reflected in patch data may be overcome. The
establishment of a generic data base of all patch tech-
nigue data is a promising development in this regard
(30). The patch technique is inherently limited due to
its reliance on the assumption that exposure is uniform
over various body parts. Studies with the fluorescent
tracer and with the whole body technigque in the United
Kingdom have illustrated the inappropriateness of this
assumption for applicator exposures (31-32). The patch
method may also suffer from a systematic error; i.e., for
some mixing and application procedures the patch esti-
mates are consistently high, while for other procedures
the estimates are consistently low (31).

The validation study discussed here provides evi-
dence that measurement of fluorescent tracer deposition
on the skin is a valid method in regard to relative
accuracy. As discussed earlier, the technique also
showed a high correlation between exposure and time
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worked among timber mill workers, where time worked is a
valid parameter of exposure potential. Additiocnally,
this approach has successfully demonstrated quantitative
differences in exposure as a function of the type of
protective clothing worn (33). The fluorescent tracer
technique provides new information regarding dermal expo-
sure, as both the investigator and worker can see pat-
terns of deposition and immediately analyze possible
causes. The method requires relatively few pesticide
residue analyses, since most of the exposure data are
collected and analyzed automatically with the imaging
system.

The major disadvantage of this technique when com-
pared to the patch technique is its relative complexity
in the field. The stability of UV=-A illumination and the
instrument's performance must be monitored. The ratio of
pesticide and tracer deposited on the skin surface must
be determined empirically in each study through field
sampling. In some cases clothing penetration may be
different for the two compounds, requiring a correction
factor.

The quantitative accuracy of fluorescent tracer
measurements has not been demonstrated and 1is currently
under investigation. Laboratory experiments are aimed at
determining the behavior of the fluorescent tracer once
it reaches the skin. Recent studies suggest that the
tracer produces a stable fluorescent emission on the skin
for at least six hours. Further studies will examine the
effects of sunlight and perspiration on tracer stability.
Finally, the problem of quenching is inherent to any
method measuring dermal fluorescence. When excess fluor-
escent material is deposited on the skin the fluorescence
produced is no longer proportional to deposition. Thus,
areas of very high exposure may be underestimated with
this technique. Proper choice of tracer concentration at
the outset of a study can do much to mitigate this
problem.

Conclusion

The validation of exposure methods is an essential step
in developing a scientific basis for the evaluation of
human health risks. Biological monitoring has enormous
potential for providing estimates of internal dose and
for identifying early indicators of clinical effects of
exposure. Environmental monitoring plays a vital role in
reducing health risks by determining the magnitude of
exposure and documenting exposure pathways. The fluores-
cent tracer technique and patch technique serve as inde-
pendent and complementary approaches for evaluating and
reducing dermal exposure in agriculture.
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Chapter 7

Biological Markers To Study Exposure
in Animals and Bioavailability
of Environmental Contaminants

L. R. Shugart, S. M. Adams, B. D. Jiminez, S. S. Talmage, and J. F.
McCarthy

Environmental Sciences Division, Oak Ridge National Laboratory, Oak
Ridge, TN 37831

Epidemiologic studies of agents present in the
environment seek to identify the extent to which they
contribute to the causation of a specific toxic,
clinical, or pathological endpoint. The
multifactorial nature of disease etiology, long
latency periods and the complexity of exposure, all
contribute to the difficulty of establishing
associations and causal relationships between a
specific exposure and an adverse outcome. These
barriers to studies of exposure and subsequent risk
assessment cannot generally be changed. However, the
appropriate use of biological markers in animal
species living in a contaminated habitat can provide a
measure of potential damage from that exposure and, in
some instances, act as a surrogate for human
environmental exposures. Quantitative predictivity of
the effect of exposure to environmental pollutants is
being approached by employing an appropriate array of
biological end points.

Human exposure to environmental pollutants is often exceedingly
complex. Sources of exposure are multiple, and the importance of a
particular source may depend on individual practices. Humans are
highly mobile, and direct study, particularly when physiological
testing is required, is generally expensive and logistically
difficult. For these reasons, a simpler animal model which
provides a parallel biological marker in humans would be useful.
Small mammals have frequently been used to monitor the presence
of metals and other contaminants in the enviromment. Such
biomonitoring can be essential for determining bioavailability and
resultant biological effects under natural conditions. Small
mammals can be particularly effective biomonitors of soil
contaminants if the species used are abundant, easily caught, do
not migrate long distances, and have well documented food habits

This chapter not subject to U.S. copyright
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86 BIOLOGICAL MONITORING FOR PESTICIDE EXPOSURE

(1). Good biomonitors are in equilibrium with the environment and
should show a graded response to a range of pollutants.

Data are sparse on the amounts of hazardous substances released
to the environment. Measuring concentrations of these substances
in soil, plants, and animals would require an exhaustive monitoring
program which would be costly, especially since many chemicals will
not be present as the parent compound in living organisms due to
their rapid metabolism. The important question is not whether
these substances are present, but rather whether these substances
enter the biota in chemical forms and concentrations that will
result in an adverse biological effect. Thus, monitoring the
biological availability of these substances in biota becomes a
critical parameter for determining whether they have potential for
being hazardous and whether they could result in significant
exposures to humans (2).

The estimation of the risk resulting from exposure to
environmental pollutants requires knowledge of the dose and
pharmacokinetics of the chemicals in the animal. A systemic dose
in an individual can be obtained by quantitation of the chemical or
its metabolites in body fluids such as blood, urine, feces, sputum,
or milk, however, a major drawback to this approach is that the
analysis must be performed shortly after exposure, that is, prior
to the clearance of the metabolites from the body. Alternative
procedures for monitoring exposure to hazardous substances are
needed. In particular, new methods are needed for measuring
reaction products of chemicals, such as metabolites and adducts, in
animals and humans that correlate with patterns of associated
biological change and pathological conditions (3,4).

Our approach to detecting exposure to hazardous chemicals in
the environment, and to estimating the potential for subsequent
adverse effects, is to monitor biological endpoints in wild
animals. Biological endpoints include indicators that: (a)
quantify exposure by measuring chemical interaction with critical
molecular targets (adducts in nucleic acids and proteins); (b)
measure alterations in specific, sensitive, and critical
physiological and biochemical processes (detoxifying enzyme
activities and metal-binding proteins); and, (c) monitor early
expression of cellular dysfunction (neoplasia or loss of immune
competence). Using this approach the organism is seen to function
as an integrator of exposure, accounting for abiotic and
physiological factors that modulate the dose of toxicant taken up
from the environment. The biological marker is used to detect the
response of the organism to the environmental insult. Because of
the often long latent period between exposure and subsequent
irreversible deleterious impact on health, it would be desirable to
have sensitive biological indicators that could detect exposure
early enough so that preventive or remedial measures could be
taken. Three elements are critical to our approach: (a) marker
selection based on toxicological mechanisms; (b) field studies to
establish correlations between environmental contamination and
markers; and, (c) laboratory confirmation of causal relationships
between exposure, biological markers, and adverse effects.

Biological monitoring can be used as a cost-effective survey of
contaminated sites, for routine monitoring of uncontaminated sites,
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to provide evidence for contaminant impact on biota, and to
establish priorities for site cleanup.

A suite of biomarkers that we currently use to monitor for
exposure to selected environmental pollutants, is shown in Table I.
Information obtained upon monitoring the response of these
biomarkers is compared to long-term adverse effects in the organism
(reduced fecundity, decreased disease resistance, and tumor
formation).

Table I. Biological Markers of Exposure and Bioavailability
of Environmental Contaminants

Environmental Biological Reliability
Pollutant Marker Index*

A. Toxic Metals:

Cu, Hg, Ag, DNA integrity/m5dCyd s

Zn, Cd, Pb, metal-binding proteins s,d
porphyrin biosynthesis s,d,p
immune response s
xenobiotic metabolism s

B. Organic Cmpds:

1. PaH's DNA/hemoglobin adducts s,d,p
xXenobiotic metabolism s,d
immune response s
DNA integrity/m5dCyd s
2. PCB's & xenobiotic metabolism ]
TCDD porphyrin profile s
immune response S
DNA integrity/m>dCyd s

DNA/hemoglobin adducts s,d

* s: signal of potential problem
d: definitive indicator of type or class of pollutant
p: predictive indicator of long-term adverse effect

Studies with Cellular Biomarkers

DNA Modification. As a result of exposure to hazardous substances
in the environment, it is not unreasonable to expect that damage to
DNA may occur that goes uncorrected, with subsequent adverse
effects to the organism.

The rationale underlying the strategy of chemical dosimetry by
determining levels of compounds which become covalently bound to
cellular macromolecules is based on our understanding of the mode
of action of genotoxic compounds (5-7). The metabolism of
chemicals is a relatively complex phenomenon and detoxification by
cellular mechanisms is not always complete, sometimes resulting in
highly reactive electrophilic metabolites. These metabolites can
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undergo attack by nucleophilic centers in macromolecules such as
lipids, proteins, DNA and RNA which often results in cellular
toxicity. Binding with DNA, however, can cause formation of
altered bases that can be repaired, be innocuous, or result in
alterations which become fixed and are transmitted to daughter
cells. Current research suggests that reaction of chemicals with
DNA and the ensuing changes which result can cause cancer.

Given that genotoxic agents exert their activity through
irreversible reactions with nucleophilic atoms (adducts), the
amount of such reaction products will be proportional not only to
the in vivo concentration of the electrophile, but also to the time
this concentration is maintained. Therefore, the amount of
metabolite bound to cellular DNA (in vivo dose), provides a
reliable dosimetric basis upon which to assess the risk connected
with exposure to a genotoxic compound (3,7,8).

It should be noted that the detection and quantitation of DNA
adducts is not a simple task because there are few analytical
techniques currently available. The reasons for this are: (a) the
assay often has to accommodate the unique chemical and/or physical
properties of the individual compound or its adduct; (b) the
percentage of total chemical that becomes attached to the DNA in
the target tissue is quite small because most of it is usually
detoxified and excreted; (c) not all adducts that form between the
genotoxic agent and DNA are stable or are involved in the
development of subsequent deleterious events in the organism; and,
(d) the amount of DNA available for analysis from the target tissue
or organ is often quite limited.

Recently our laboratory demonstrated an alternative method to
radiometric, immuno, or postderivatization detection of the
polycyclic aromatic hydrocarbon, benzo{a]lpyrene (BaP) binding to
DNA (9). Essentially, the technique consists of the acid-induced
removal of the diolepoxide adduct of BaP from the macromolecule as
the strongly fluorescent free tetrols which are then separated and
quantitated by fluorescence/HPLC analysis. The resulting
chromatographic profile can be used to establish the stereochemical
origin of the diolepoxide involved in adduct formation (10).

Benzo{a]pyrene-DNA Adduct Detection. Our initial research with the
fluorescence/HPLC technique has demonstrated that we can detect,
identify, and quantitate, subsequent to several routes of exposure,
the binding of BaP with cellular DNA of mice (10-12) and

fish (13). The detection and quantitation of adduct formation in
fish exposed to BaP demonstrate that aquatic species are similar to
other organisms in that they possess cellular enzymes capable of
metabolizing BaP to the ultimate carcinogenic form of the chemical,
the diolepoxide. A comparison of BaP-adducts formed with the DNAs
of mice and fish demonstrate similarities (Table II), and suggest
the feasibility of extrapolation of exposure data, based on the
detection and quantitation of DNA adduct levels, between species.

Field Studies with Beluga Whale. Large quantities of PAHs,
including the strongly carcinogenic BaP, have been reported in the
main habitat of the St. Lawrence beluga whale population. These
compounds are the probable cause of the increased frequency of
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Table II. Comparison of DNA Adduct Formation in the Mouse
and Bluegill Sunfish after an Acute Exposure to
Benzo[a]pyrene

Species Macromolecule DNA Adduct Formation#*
I-1 I1-2 $I1-1

Mice Skin DNA** 588 220 73
Fish Liver DNA¥¥** 928 127 88
* DNA adduct formation determined 72 hours subsequent to

BaP exposure and expressed as nanograms of tetrol I-1 or
II-2 per gram of DNA. Data taken from (10-13).

*% Topical application of BaP at 3 micrograms per gram
body weight.

**% Intraperitoneal injection of BaP at 5 micrograms per
gram body weight. Fish maintained at 20 C.

bladder tumors seen among aluminum workers from the same area (1l4),
and since the compounds contaminate the beluga whale food chain,
they are considered to be the etiological factor for the high
frequency of tumors seen in this population (153).

Detectable levels of BaP-DNA adducts were found in the brains
of beluga whales from the St. Lawrence estuary, while the
occurrence of BaP-DNA adducts of the brain and liver of belugas
taken from the Mackenzie estuary was not observed (Table III).

Table III. Detection of Benzo[a]pyrene Adducts in DNA of
Beluga Whales (Delphinapterus leucas)

Sample Tissue BaP Adduct Formation
binding¥* level**

St. Lawrence Estuary

#1 Brain 206 2.15

#2 Brain 94 0.98

#3 Brain 69 0.73
Mackenzie Estuary

#1 - #4 Brain none detected

#1 - #4 Liver none detected

*  BaP adducts to DNA expressed as nanograms of tetrol I-1
per gram of DNA. Data taken from (13).

**%_ Level of adduct formation expressed as BaP adducts per
107 DNA nucleotides.
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The data obtained are important for several reasons. First,
they provide evidence that the whales from the St. Lawrence estuary
had been exposed to BaP, and had metabolized it to the diolepoxide,
which subsequently became covalently bound to the DNA of the brain
tissue. Over the past several years a strong and convincing
argument has developed for a causal relationship between the
carcinogenic potency of BaP and the amount bound to an organism’s
DNA as a result of cellular metabolism (6,16). This is reinforced
by the premise that the integrity of DNA is essential for survival.
Alterations, if left uncorrected, could trigger a sequence of
events that culminates in the appearance of an overt malignancy.
Second, the level of adducts detected approaches that found in
animals, both terrestrial and aquatic, exposed under controlled
laboratory conditions to a carcinogenic dose of BaP (12,13,17,18).
Third, cells in brain tissue are known to have slow turnover rates
and lack or have very low capacity for excision repair of DNA
damage. Therefore, significant accumulation of DNA adducts could
occur in this tissue from long-term chronic exposure to
environmental levels of BaP too low to induce neoplasia (19). It
should be noted that the health of an animal may influence the
formation of adducts. The whales from the Mackenzie estuary were
hunted animals and not known to be diseased at the time of their
capture, while those from the St. Lawrence were beached animals.

Non-adductive DNA Damage. Certain genotoxic compounds or agents
such as metals, radionuclides, some chemicals, etc., do not
covalently bind to DNA, but nevertheless induce damage. If this
damage is expressed as strand breakage (or the potential for strand
breakage), it can be detected by measuring the rate of alkaline-
induced strand separation (20).

Analysis by a modified alkaline unwinding assay (21)
demonstrated that chemically induced DNA strand breakage could be
detected in bluegill sunfish and fathead minnows exposed to
chronic, low levels of BaP. This technique has been used to
determine the relative DNA damage, as measured by strand breakage,
in bluegill sunfish taken from several sites in White Oak Creek,
which is a small stream that flows through the Department of Energy
reservation at the Oak Ridge National Laboratory and terminates in
White Oak Lake. Biomonitoring activities are being conducted in
this system (27).

The data in Table IV show that the integrity of the DNA of the
fish in the White Oak Creek System, except for those at the 3.0-3.4
km site, is similar to that of fish taken from a control site
(Brushy Fork Creek, which is located some distance from the ORNL
reservation) for both the Spring and Fall collection times.
Additonal studies with fish collected at the 3.0-3.4 km site are in
progress. These data, although preliminary, indicate the potential
for measuring DNA damage as a general biological marker of exposure
of indigenous animals to contaminants that occur in their
environment.

Hemoglobin Modification. Because it meets a number of essential
requirements, hemoglobin has been proposed as an alternative
cellular macromolecule to DNA for estimating the in vivo dose of
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Table IV. Relative DNA Strand Breaks in Bluegill
from the White Oak Creek Watershed

Site n*
Spring 1987 Fall 1987

W.0.C.(3.0-3.4 km) 4.77 2.01
W.0.C.(2.6 km) 0.68 0.03
White Oak Lake 0.75 1.13
Brushy Fork Creek 0.91 1.15

* n= (ln Fg/ln F.) - 1 = number of breaks per
alkaline unwinding unit of DNA (see refs 20,21).
Fg; represents fraction of DNA in double stranded
form from fish at sample sites listed. F. repre-
sents fraction of DNA in double stranded form from
fish at Melton Branch, a small stream that enters
the White Oak Creek (W.0.C.) at 2.5 km. A minimum
of five fish were analyzed at each site.

chemicals subsequent to exposure (22-25). First, it has reactive
nucleophilic sites and the reaction products with electrophilic
agents are stable. Over fifty compounds to date have been shown to
yield covalent reaction products with hemoglobin in animal
experiments. These compounds include representatives from most of
the important classes of genotoxic chemicals currently known. No
tested mutagenic or cancer-initiating compound has failed to
produce covalent reaction products with hemoglobin. Secondly,
hemoglobin has a well established life-span, is readily available
in humans and animals, and its concentration in an individual is
not subject to large variation. Thirdly, modification of
hemoglobin has been shown to give an indirect measure of the dose
of reaction product that binds to the DNA in the target cells.

Biomonitoring of hemoglobin-bound metabolites represents a
novel approach to the estimation of exposure to potentially harmful
chemicals (26). Although these adducts have no putative
mechanistic role in carcinogenesis, they do relate quantitatively
to exposure and to activation since they may approximate the
systemic dose (in vivo dose) of a chemical. They can be a measure
of the chemical’s genotoxic potency as well. Furthermore, since
the adducts which form with hemoglobin are stable and have life-
spans equal to that of the circulating erythrocyte (23),
quantitation of these adducts can be used to integrate the dose
obtained from chronic low-level types of exposure which most likely
occur in chemically-polluted environments.

Field Studies with Terrestrial Animals. A floodplain on East Fork
Poplar Creek (EFPC) was selected as a study site. EFPC originates
at New Hope Pond, a point source of industrial pollution, and the
study site is about 4 kilometers downstream. The floodplain is low

and the creek periodically overflows, depositing sediment. There

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1988.



92 BIOLOGICAL MONITORING FOR PESTICIDE EXPOSURE

is abundant vegetation. Measured BaP concentrations in the soil
was 70 nanograms/gram, although 10 times this amount have been
reported. Concentrations in plants was less than 1/10th of that in
the soil. Small animals were trapped at this site to determine the
practicality of using hemoglobin as a suitable biological marker of
BaP pollution.

Preliminary data (Table V) indicate detectable concentrations
of BaP adducts with hemoglobin were present in some individuals of
species which have intimate contact with the sediment or soil. The
shorttail shrew burrows into the ground and eats earthworms and
insects, while muskrats feed on invertebrates found in the creek
bed and browse on muddy vegetation along the creek bank. BaP
adducts were not detectable in herbivores such as the white-footed
mouse.

Table V. Concentration of Benzo[a]pyrene Adducts in the
Hemoglobin of Animals on the EFPC Floodplain

Species Number BaP-hemoglobin
Analyzed Adducts¥*

White-footed mouse

(Peromyscus leucopus) 15 0.00
House mouse

(Mus musculus) 1 0.00
Shorttail shrew

(Blarina brevicauda) 2 0.35
Black rat snake

(Elaphe obsoleta obsoleta) 1 0.00
Snapping turtle

(Chelydra serpentina) 1 0.16
Norway rat

(Rattus norvegicus) 1 0.15
Muskrat

(Ondatra zibethica) 6 0.23

* BaP adducts to hemoglobin expressed as nanograms of
tetrol I-1 per gram of hemoglobin. Data taken from (27).

BaP-hemoglobin Adducts in Humans. Human daily exposure to BaP
increases dramatically in smokers, as one cigarette contains
between 10 and 50 nanograms of BaP. Since the life-span of a human
red blood cell is several months, continual exposure to BaP at one
or more packs of cigarettes per day should result in a measurable
steady state concentration of BaP-hemoglobin adducts. A
preliminary study was conducted in a limited population of humans
to determine whether BaP-hemoglobin adducts could be detected. The
data in Table VI (methodology according to (25,26)) show that
adducts were present in five out of six individuals who smoked
while similar analyses of non-smokers gave lower levels relative to
smokers. These data demonstrate the feasibility of the technique,
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however, intrinsic factors such as age, sex, health, and
nutritional status, as well as extrinsic factors such as the
presence of other chemicals, may influence the pharmacokinetics of
BaP metabolism, and the incidence of adducts with hemoglobin.

Table VI. Benzo[a]pyrene Adducts in Hemoglobin of
Smokers and Non-smokers

Sample Smoking BaP-hemoglobin

No. Sex Age Race Habit* Adducts¥*¥*
1 m 23 c none 64

2 m 44 B none 24

3 f 54 ¢ 20 nd

4 £ 56 C none 69

5 m 36 O none for 8 yrs 73

6 m 40 C none for 15 yrs nd

7 f 28 c none nd

8 m 42 C 20 24

9 m 49 O 40 159

10 m 27 B none 129

11 f 56 ¢ none for 1 yr 1402%%%

12 m 49 ¢ 20 468

13 f 50 ¢ 40 272

14 m 57 ¢C 40+ 229
* Cigarettes per day.

*%  BaP adducts to hemoglobin expressed as picograms
of tetrol I-1 per gram of hemoglobin; nd: none detected.
**%*  Numerous fluorescent peaks present in chromatogram
in addition to tetrol I-1 peak.

Xenobiotic Metabolism. Xenobiotics in the environment, if taken up
by an organisms, may induce microsomal enzymes (mixed function
oxidases, MFO’s) that can detoxify many of these compounds (28).
The MFO’s catalyze a variety of reactions, including aromatic and
aliphatic N-hydroxylation, N-dealkylation, and O-dealkylation.
Paradoxically, the MFO’s may activate certain chemicals to their
carcinogenic metabolite(s) (29). The biochemical systems in fish
responsible for these types of reactions are similar to those found
in mammalian species (30,31). The use of enzyme assays in
biological monitoring programs was reviewed by Payne (32) for
different phyla of aquatic animals and was found to be useful in
detecting known point sources of pollution.

Field Studies in Aquatic Organisms. Activities of several MFO
parameters have been measured in fish collected from stations along
East Fork Poplar Creek (33). A multivariate discriminant analysis
was used to examine the pattern of several measures of the MFO
system (ethoxyresorufin deethylase, NAD reductase, NADP reductase,
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cytochrome P-450, and cytochrome bg levels) in fish from the
different stations. The statistical analysis (Figure 1) confirm
that female bluegill sunfish at station no.l (EFPC at New Hope
Pond), a source of industrial pollution, exhibited a significantly
different pattern of MFO responses than fish collected 20
kilometers down stream (station no. 5) or from a pristine stream
(control). In addition, histopathological analysis of various
organs from fish along EFPC showed higher levels of lesions in the
fish closest to station no.l.

These results (Figure 1) suggest that the MFO enzyme system can
be useful as a biological marker in a monitoring program if the
response of the system to environmental and physiological
influences such as temperature, season, food, hormonal (sex), etc.,
are taken into consideration.

Summary and Conclusions

Effective environmental management requires knowledge of the
transport and fate of contaminants in natural systems (34). Small
mammals can serve as indicators of the presence and biocavailability
of contaminants and selected monitoring species can be used to
measure the accumulation of contaminants. Furthermore, knowledge
of food habits and habitat may indicate pathways of contaminants to
organisms

Monitoring biological endpoints in wild animals can be used as
an alternative to extensive sampling and chemical analyses,
particularly where a large area is involved and the origin or
extent of contamination is unknown or poorly defined. Evidence of
exposure of biota as determined by biological monitoring could help
to establish the need for cleanup.

Our laboratory has been interested in devising methods for
detecting the exposure of living organisms to hazardous chemicals
and physical agents in the environment. Initial studies with
chemical dosimetry analysis began with the development of a
fluorescence/HPLC assay for the detection and quantitation of BaP-
DNA adducts with a sensitivity sufficient for detecting
environmental exposures. Subsequent research demonstrated the
applicability of this technique to animal models, both aquatic and
terrestrial, under various experimental conditions. Furthermore,
hemoglobin modification by chemicals was shown to be equivalent to
DNA binding as a dosimeter.

Studies in aquatic organisms, both in the laboratory and in the
field, have demonstrated the feasibility of measuring MFO enzyme
activities associated with the metabolism of xenobiotics, such as
BaP, in conjunction with non-adductive DNA damage as potentially
useful biomarkers for exposure and biocavailability of environmental
pollutants.

Other biological markers are currently being investigated for
their capacity to detect and quantitate exposure to contaminants.
These include: (a) parameters of the immune response (interferon
induction, antibody-forming cells, and lymphocyte response to
mitogens); (b) induction of metal-binding proteins; and, (c) minor
nucleoside content of DNA.
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Figure 1. Segregation of integrated variable groups by
discriminant analysis using several measures of the MFO system.
Circles represent 95% confidence radii of control and
respective test stations. Station no. 1 (New Hope Pond) is the
headwaters of East Fork Poplar Creek; increasing station
numbers are further down stream. Data taken from (33).
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Chapter 8

Use of Urine for Monitoring
Human Exposure to Genotoxic Agents

Richard H. C. San'!, Miriam P. Rosin?, Raymond H. See', Bruce P.
Dunn', and Hans F. Stich'

"Environmental Carcinogenesis Unit, British Columbia Cancer Research
Centre, 601 West 10th Avenue, Vancouver, BC V5Z 1L3, Canada
2School of Kinesiology, Simon Fraser University, Burnaby, BC V5A 1S6,
Canada

We have recently assessed the feasibility of using two
approaches for biological monitoring of pesticide-exposed
individuals: (a) the detection of chromosome-damaging
components in urine specimens, and (b) the analysis of
urothelial cells for the presence of chromosomal damage,
as measured by the frequency of micronuclei. Urine
specimens were collected from non-smoking orchardists in
the Okanagan Valley, B.C. during the pre-spraying and
pesticide spraying periods of the fruit growing season.
The urine was concentrated by preparative reversed-phase
high-pressure liquid chromatography, and assayed for
chromosome-damaging activity using Chinese hamster ovary
cell cultures. A significant elevation in chromosome-
damaging activity was observed only in the urine
collected during the spraying period. Samples from the
same individuals obtained during the pre-spraying period
did not differ from non-smoking controls. Urothelial
cells collected by centrifugation of urine from a single
void proved to be insufficient in number for analysis of
micronuclei. This approach may be applicable if multiple
urine samples are obtained. A brief description of our
experience with micronuclei analysis in urothelial cells
from individuals in other populations is also presented.

Short-term in vitro assays of pure chemicals have aided in the dis-
covery of the genotoxic action of many chemicals. However, such
tests do not permit the assessment of human exposure to environmental
agents. The tests also do not simulate the number of complex ways in
which chemical agents may interact in biological systems. At
present, two methods are widely applicable for monitoring the effects
of genotoxic chemicals on exposed populations. One method involves
the analysis of in vitro target indicators such as microbial or
mammalian cells for genotoxic damage after exposure to body fluids
(e.g., urine) from exposed individuals. The other approach involves
the analysis of cells and tissues of the exposed individual for
evidence of cytogenetic damage such as micronuclei or chromosomal
aberrations.

0097-6156/89/0382—0098306.00/0
© 1989 American Chemical Society
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The rationale behind the analysis of urine is based on the
knowledge that ingestion or metabolic transformation of endogenous
and exogenous substances may result in the excretion of metabolites
into the urine (l). The detection of the metabolites in urine would
indicate that absorption of the precursor compound has occurred, and
that cells in various organs are at risk of exposure during systemic
distribution of the parent compound. Unfortunately, the concen-
tration of genotoxic metabolites in the urine may be relatively low,
requiring extraction and concentration procedures for adequate
detection. This difficulty was alleviated by Yamasaki and Ames (2),
who used non-polar Amberlite XAD-2 resin to concentrate compounds
from the urine of cigarette smokers. Since then, this approach has
been used to examine many types of exposure through lifestyle (3),
diet (4-6), occupation (7-11), and medical treatment (12,13).
Recently, preparative reversed-phase high-pressure liquid chroma-
tography was shown to be superior to XAD-2 resins in terms of per—
formance and recovery in the extraction of non-polar urinary geno-
toxic constituents (14).

The micronucleus test has been successfully applied to exfoli-
ated urinary bladder cells of smokers and coffee drinkers (15), as
well as of bilharzial patients (16). Micronuclei are acentric
chromosome fragments derived from aberrant chromosomes (17). Their
presence in the cytoplasm of exfoliated cells as DNA-containing
bodies indicates the capacity of genotoxins to inflict genetic
damage on the dividing basal cells of the epithelium (15). An
increase in the micronucleus frequency of the bladder cells, together
with a demonstration of genotoxic activity in the urine, would
provide strong evidence of exposure to environmental contaminants.

In this paper we report on our study of urine genotoxicity and
micronucleus frequency in exfoliated urinary bladder cells of
individuals occupationally exposed to pesticides.

Methodology

Study Groups. In this study, urine samples were collected from 21
orchardists (all non-smokers) in the Okanagan Valley, B.C., when they
were engaged in the application of pesticides during the fruit
growing season. As controls, urine was collected from these same
individuals during the pre-spraying as well as the post-spraying
seasons. In addition, 16 individuals from an agricultural research
station in the Okanagan region were recruited to provide urine
samples during the same time period as the orchardists. As controls
outside the fruit growing region, non-smoking individuals from
Vancouver and Grand Forks, B.C. were recruited to provide one urine
specimen.

Collection of Urine Samples. It was decided that a longitudinal
study would be most ideal for this project since variables such as
metabolic and lifestyle differences would be essentially eliminated.
At least one single urine sample was collected from each of the
orchardists during the peak pesticide spraying season. Initially,
the specimen consisted of all voids collected between 16 and 24
hours after pesticide application. Based on the observations made on
these samples, it was suspected that the collection of urine at 16 to
24 hours post-spraying may have passed the time at which pesticides
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are metabolized and excreted. Consequently, all urine specimens were
collected from the orchardists within the entire first 8 hours after
pesticide application. A late afternoon sample was also collected
from the same individuals during the pre-spraying season to serve as
a control. Urine samples from all control groups were collected late
in the afternoon (4 to 8 p.m.).

All urine specimens were collected in sterile 500-ml poly-
ethylene bottles (Nalgene, Rochester, NY) without any preservatives.
Bottles were refrigerated by the participants during the collection
period until full. Before freezing, each sample was centrifuged to
obtain exfoliated urinary bladder cells. The supernatant was stored
at -20°C until analysis. The volume, pH, and creatinine content of
each urine sample were measured. The creatinine determination,
obtained using a modification of the procedure described by
Iosefsohn (18), served to adjust for varying urine concentrations
and differences in body weights between individuals.

Preparation of Concentrates from Urine Samples. Urine specimens were
concentrated by reversed-phase high-pressure liquid chromatography
using a Waters Prep LC/System 500A preparative liquid chromatograph
(Waters Scientific, Milford, MA) and a Waters Prep Pak 500/Cl8
reversed-phase column. All the organic material on the column was
eluted with 50% acetone/50% 2.5 mM phosphoric acid (v/v) (4). The
eluate was rotary evaporated at 40°C to remove the acetcone, neutral-
ized with 1 M sodium hydroxide, and freeze-dried. After drying, the
powdered urine extract was stored at -20°C and redissolved in double-
distilled water immediately before use.

Assay for Clastogenic (Chromosome-Damaging) Activity in Urine. Urine
extracts were assayed for their capacity to induce chromosome and
chromatid damage in cultured Chinese hamster ovary (CHO) fibroblasts.
Dilutions of the urine extracts were prepared to obtain various
concentrations of creatinine equivalence (14). Following addition
of the urine extract for 3 hours, the CHO cells were incubated for a
further 16 hours, then arrested at metaphase with colchicine for 3
hours, harvested, stained, and analyzed for the presence of chromo-
some as well as chromatid breaks and exchanges (19). Using this
experimental protocol, the cytogenetic damage observed was pre-
dominantly (296%) of the chromatid type.

Analysis of Micronuclei in Exfoliated Urothelial Cells. Exfoliated
urothelial cells were obtained from freshly collected urine samples
by centrifugation, fixed in ethanol/glacial acetic acid (3:1, v/v),
dropped onto precleaned slides, air-dried overnight, and stained
according to the procedures described by Stich et al. (20). A
minimum of 300 intact urothelial cells were analyzed to determine
the frequency of micronucleated cells (20-22).

Statistical Analysis. All statistical comparisons were performed
using non-parametric methods. The clastogenic activity of urine
samples from the agricultural research station workers before and
during pesticide exposure was evaluated for significance using the
Wilcoxon paired-sample test. Tukey's multiple comparisons test was
used to evaluate differences in the clastogenic activity of urine
from orchardists during different pesticide exposure periods. This
test was also used to examine differences in the mean clastogenic

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1988.



8. SANETAL. Exposure to Genotoxic Agents 101

activity among the three study groups (orchardists, agricultural
research station workers, and reference controls). The Mann-Whitney
U test was used to evaluate urinary creatinine values and urinary pH.

Results

Clastogenic Activity in Urine from Reference Control Group. The
urine of the reference control group exhibited low but significant
levels of clastogenic activity compared to those found for control
distilled water concentrates (P<0.00l1; Mann-Whitney U test) (Table
I). Dose-related increases in clastogenic activity were observed
for many urine extracts (data not shown). Clastogenic responses
were generally found at concentrations between 2.0 and 5.0 mg/ml
creatinine equivalence. Beyond this concentration range, CHO cells
showed evidence of mitotic inhibition in addition to toxicity, the
latter indicated by a decrease in cell number and the presence of
pycnotic nuclei.

Table I. Effect of Pesticide Exposure on Urine Clastogenicity

Percent Metaphases with
Chromatid Aberrations

Group (Mean#s.D.)2
Reference controls (n=22) 5.2+2.3b
Research station personnel (n=11):
Before spraying 5.4+2.0
During spraying 6.3%£3.1 (pP>0.05)¢
Orchardists (n=22):
Before spraying 4.9%£3.5
During spraying: c.d
Afternoon void 19.9410.2 (P<0.001) "’
Next morning void 7.1+3.9 (P>0.05)€
Distilled water concentrate controls 1.0+1.0

apverage of the maximum value obtained for each individual over the
dose range tested (1.0 to 8.0 mg/ml creatinine equivalence).
bSignificant increase (P<0.001; Mann-Whitney U test) compared to
value for distilled water concentrates.

Cstatistical significance of difference between pre-spraying and
spraying urine samples, as determined by the Wilcoxon paired-sample
test.

dHighly significant (P<0.00l1) relative to value obtained for the
reference control group, as determined by the Mann-Whitney U test.

Figure 1-F describes the distribution of urine clastogenicity
among the reference control individuals at a creatinine equivalence
of 4.0 mg/ml. At this concentration, the urine extracts of 76% of
the subjects did not induce more than 5% metaphases with chromatid
aberrations. The urine extracts of 19% of the individuals demonstra-
ted clastogenic activity between 6 and 10% metaphases with chromatid
aberrations, while only 5% of the control group subjects showed 11
to 15% metaphases with chromatid aberrations.

The maximum clastogenic activity found over the dose range
tested (1.0 to 8.0 mg/ml creatinine equivalence) is shown for each
individual in Figure 2-C. For the group, a mean percentage of
5.2%2.3 metaphases contained at least one chromatid aberration.
These figures strongly suggest (P<0.00l; Mann-Whitney U test) that
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Figure 1. Frequency distribution of the clastogenic activity of
urine extracts from orchardists (A-C) and controls (D-F), measured
as the capacity to induce chromatid aberrations in Chinese hamster
ovary (CHO) cell cultures. Urine samples were obtained from
orchardists prior to spraying (A) and on two occasions during the
spraying season: 6-8 hours post-spraying (B), and 16-24 hours post-
spraying (C). Values shown in D are from research station personnel
sampled during the pre-spraying period, with E displaying these same
individuals during the spraying period. Values shown in F are from
urine samples taken from individuals in a non-agricultural area.

All samples were measured at 4.0 mg/ml creatinine equivalence.
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Figure 2. Individual variations in the clastogenic activity of
urine extracts from the orchardists (A) and control groups (B and C).
Each bar represents the maximum percentage of metaphases with
chromatid aberrations in CHO cell cultures obtained over the dose
range tested (1.0 to 8.0 mg/ml creatinine equivalence). Values
shown in B were obtained from urine samples of individuals at the
agricultural research station, while C gives control values from
urine of individuals from a non-agricultural area.
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relative to the baseline levels of clastogenic activity observed
with distilled water concentrates, urine contains materials capable
of inducing genetic damage (Table I).

Clastogenic Activity in Urine from Agricultural Research Station
Personnel. Unlike the reference control group, where pesticide
exposure was known to be small or non-existent, individuals from the
agricultural research station may have experienced some exposure to
pesticides during the spraying period due to the possible drift of
pesticides from the site of application. Urine samples obtained from
11 non-smoking agricultural research station personnel during the
pre-spraying and spraying periods were concentrated as described
previously, and assayed for the presence of clastogenic materials.
For the majority of urine extracts, dose-related responses were
observed (two examples are shown in Figures 3-C and 3-D). Clasto-
genic activity was generally detectable at 3.0 mg/ml creatinine
equivalence, with signs of toxic effects appearing at about 6.0
mg/ml concentration.

The frequency distribution of urinary clastogenic activity for
the pre-spraying and spraying periods at 4.0 mg/ml creatinine
equivalence is shown in Figures 1-D and 1-E. Little difference was
apparent in the frequencies during the pre-spraying and spraying
periods. During both these periods, over 80% of the individuals
exhibited urine clastogenicity within the range of 0 to 5% metaphases
with chromatid aberrations. Over both periods, no individuals showed
urine clastogenicity of more than 10% metaphases with chromatid
aberrations.

Illustrated in Figure 2-B is the observed maximum clastogenic
activity over the dose range tested (1.0 to 8.0 mg/ml creatinine
equivalence). For the pre-spraying period, an average of 5.4%2.0
aberrant metaphases were found for the urine specimens tested.
During the spraying period, the urines demonstrated an average of
6.3%3.1% metaphases with chromatid aberrations. Comparison of these
mean values by the Wilcoxon paired-sample test (23) showed no
significant difference (P>0.50). o

It therefore appears that indirect exposure to pesticides may
be insufficient to induce any further chromosome-damaging activity
in the urine above that of normal/baseline levels.

Clastogenic Activity in Urine from Orchardists (Urine Collected
Within 16 to 24 Hours of Pesticide Application). Pesticide exposure
did not make the urine more toxic towards the CHO cells, since the
reference control urine samples demonstrated the same extent of
toxicity.

The frequency distribution of urinary clastogenic activity at
4.0 mg/ml creatinine equivalence during both the pre-spraying
(Figure 1-A) and spraying (Figure 1-C) periods appears to be similar.
During these two time periods, the urines of about 90% of the
subjects were unable to induce more than 5% aberrant metaphases.
Therefore pesticide spraying did not appear to affect the urinary
clastogenic activity of the orchardists. The maximum clastogenic
activity obtained over the dose range of 1.0 to 8.0 mg/ml creatinine
equivalence is presented in Figure 2-A (before spraying, and at 16
to 24 hours post-spraying). Despite intra- and inter-individual
variations, the group mean values of clastogenic activity for these
two sets of samples were not significantly different (Table I).
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Figure 3. Dose-response curves for the clastogenic activity of
extracts prepared from urine collected during the pre-spraying and
spraying periods from two orchardists (A and B), and two controls
from the agricultural research station (C and D). The percentage of
metaphases with chromatid aberrations in CHO cell cultures induced
by urine extracts from the pre-spraying (o) and spraying (4) periods
are shown for each subject. All subjects are non-smokers.
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Table II lists the different types of pesticides used by the
orchardists during the days of urine collection. In many instances,
more than one pesticide was applied by an individual sprayer during
the course of the day. Many of these pesticides possess genotoxic
properties. With the exception of one or two individuals, all of the
orchardists applied at least one genotoxic pesticide. However, even
though genotoxic pesticides were used by many orchardists, no overall
increase in urinary clastogenic activity beyond normal limits was
observed.

Table II. Pesticides Used by the Orchardists

Pesticides Used GenotoxicityP Reference
Azinphos-methyl I + 24
Benomyl F + 25
Captan F + 26
Carbaryl I + 27
Cyhexatin M - 28
Diazinon I + 29
Dimethoate I + 30
Dinitrocresol I ND
Dodine F - 31
Endosulfan I - 32
Ethephon PG - 28
Ethion I - 28
Nabam F ND
Paraquat H + 33
Phosalone I ND
Simazine H + 34
Ziram F - 28

aI, insecticide; F, fungicide; M, miticide; PG, plant growth
regulator; H, herbicide.

b+, positive result; -, negative result; ND, no information
available for the chemical.

Clastogenic Activity in Urine from Orchardists (Urine Collected
Within 6 to 8 Hours of Pesticide Application). Owing to the lack of
an increase in genotoxic activity in urine collected within 16 to 24
hours of pesticide spraying, the timing of urine collection was
changed to within 8 hours of pesticide application. This decision
was influenced by a recently published report that changes in urine
genotoxicity may be time-dependent (35).

Dose-response curves of urine égaples from two representative
pesticide sprayers are shown in Figures 3-A and 3-B. Compared to
urine from the pre-spraying period, urine specimens collected during
the spraying period exhibited potent clastogenic activity, as indi-
cated by the sharply increased frequency of chromatid aberrations.
The clastogenic activity was dose-~dependent but not linear, and
occurred over a narrow concentration range. The predominant type of
damage was chromatid exchange, and their prevalence did not appear to
change with dose. The percentage of metaphases with chromatid aber-
rations generally increased with urine dose to a maximum, then de-
creased with a further increase in dose. In many cases, the highest
activities were found at near toxic urine concentrations. Toxicity
was usually noted between 5.0 and 8.0 mg/ml creatinine equivalence.
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At these concentrations, a decrease in clastogenic activity was
typically observed since severely aberrant cells lyse rapidly and are
not detected. Toxicity was prominent at high creatinine doses in
urines collected during both the pre-spraying and spraying periods.

Figures 1-A and 1-B contrast the distribution of urinary clasto-
genic activity for the two periods at 4.0 mg/ml creatinine equiva-
lence. 1In the pre-spraying period, no individuals demonstrated any
activity beyond 10% cells with chromatid aberrations. Eighty percent
of the subjects showed 0 to 5% metaphases with chromatid aberrations.
However, a change in distribution was observed after exposure to
pesticides. At 4.0 mg/ml creatinine concentration, the urines of a
larger proportion of individuals showed the ability to induce high
frequencies of chromatid aberrations. For example, the urines of 38%
of the sprayers, after pesticide usage, demonstrated more than twice
the typical baseline levels of aberrations (i.e., 0 to 5% metaphases
with chromatid aberrations).

The maximum clastogenic activity over the dose range tested
(1.0 to 8.0 mg/ml creatinine equivalence) for each orchardist is
depicted in Figure 2-A. During the pre-spraying period, an average
of 4.9%3.5% of the metaphases exhibited chromatid aberrations. With
exposure to pesticides, the aberration frequency was significantly
elevated to 19.9%10.2% cells with chromatid aberrations (P<0.001;
Wilcoxon paired-sample test). Multiple exchanges and fragmentation
of the chromosomal complement were frequently observed.

The most commonly used pesticides on the day of urine collection
were the insecticides azinphos-methyl and phosalone. On average,
each subject sprayed a total of 4.2 hours per day. The Spearman rank
correlation test indicated no correlation between the total number of
hours of spraying and the observed maximum clastogenic activity
(rg=0.317; P>0.20). Since many orchardists used a combination of
pesticides during the course of one day, a correlation of a specific
pesticide with the urinary clastogenic activity was not feasible.
However, it is worth pointing out that four orchardists, who used
only a single pesticide on that day, demonstrated high urinary
clastogenic activity when spraying either phosalone, simazine, or
paraguat.

Of the 17 pesticides sprayed on the day of urine sampling, 8
(47%) had been reported to exhibit genotoxic activity in vitro. The
use of such genotoxic pesticides may explain the increase in urinary
clastogenic activity associated with pesticide exposure.

It should be noted that all of the above effects were obtained
without metabolic activation in vitro, suggesting that the clasto-
genic agents in the urine were direct-acting. The effect of inclu-
ding an S9 microsomal activation system in the assay on the clasto-
genic activity has not been examined. In a large proportion of the
urine samples tested, low but significant (relative to solvent
controls) levels of clastogenic activity were observed in the urine
of unexposed non-smokers, indicating the role of other factors in
the appearance of urine clastogenicity. Urinary pH and creatinine
did not differ among the study groups.

Analysis of Micronuclei in Exfoliated Bladder Cells. An attempt was
made to analyze the exfoliated urothelial cells of pesticide sprayers
for the presence of micronuclei, an in vivo indication of genotoxic
damage. Unfortunately, exfoliated urothelial cells in the urine of
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male subjects are not abundant, and large volumes of urine are
generally required to obtain an adequate number of cells. Because

of the scarcity of cells in the slide preparations, only a limited
number of specimens provided sufficient cells for analysis. As

shown in Table III, 3.36% of the exfoliated urothelial cells collec-
ted from the orchardists within 6 to 8 hours of pesticide application
were micronucleated. This represents a 5.6-fold increase in micro-
nucleated cells compared to specimens collected during the pre-
spraying period. It should be noted that these samples were obtained
from individuals 10 to 12 days into the spraying season. Genotoxic
damage by environmental agents occurs in dividing epithelial cells.
It requires one to two weeks for the daughter cells to migrate up
through the epithelium and exfoliate.

Table III. Frequency of Micronucleated Cells from Population
Groups at Elevated Risk for Cancer
Percent Cells with Micronuclei

Exposed Relative
Controls Group Increase
Egypt: Schistosoma 0.572 7.56
haematobium infection (0.2-0.9) (4.7-12.5) 13.3
(n=11) (n=19)
Vancouver: cigarette 0.56 3.34b
smokers (0.0-0.8) (1.6-6.5) 5.96
(n=20) (n=20)
Okanagan Valley: 0.60 3.36
pesticide sprayers (0.2-0.8) (1.1-5.3) 5.6
(n=10) (n=5)

aFigures represent average percentage of micronucleated exfoliated
cells, with the range given in parentheses.
bgo-65 cigarettes per day.

Discussion

Urine Clastogenicity Associated with Pesticide Exposure. The current
investigation indicates that individuals exposed to high concentra-
tions of pesticides show substantial genotoxic activity in their
urine. In contrast, pre-spraying urine samples collected from the
same subjects demonstrated only low “baseline" levels of clastogenic
activity. The mean percentage of CHO cells with chromatid aberra-
tions increased fivefold for the group during the peak spraying
season, strongly implying the association of pesticide exposure with
the high urinary clastogenic activity.

Genotoxicity of urine from pesticide sprayers has not been
previously reported. However, evidence of the ability of pesticides
to induce cytogenetic damage in humans is known. Yoder et al. (36)
noted a marked increase in the chromatid lesions of lymphocyte
cultures prepared from individuals exposed during heavy spraying
periods. The aberrations were particularly striking among workers
exposed primarily to herbicides. Crossen et al. (37) and Dulout et
al. (38) both found a significantly elevated incidence of sister-
chromatid exchanges (another endpoint for genotoxic damage) in
peripheral lymphocyte chromosomes of subjects occupationally exposed
to pesticides. However, some of these findings have not been
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substantiated by other investigators (39-42). Differences in the
degree of exposure or the use of different pesticides may have
contributed to the negative findings.

The high urine clastogenicity associated with pesticide exposure
was only observed in urine specimens collected within 6 to 8 hours
of pesticide spraying. Urine collected within 16 to 24 hours of
spraying demonstrated no significant increase in clastogenic activity
over control baseline values. It can be speculated that the maximum
excretion rate of pesticides generally occurs within hours of
exposure. This indicates the importance of collecting urine at a
period when the metabolite excretion rate is high or optimal.

Interindividual variations were found in the levels of clasto-
genic activity in urine collected during the spraying period. Some
individuals had extremely high activity, whereas a few showed
moderate to low levels of activity. These variations may reflect
differences in absorption, distribution, metabolism and excretion of
pesticides between individuals. Alternatively, they may also be an
indication of the variations in personal working habits and hygiene.
The inclusion of a conventional patch test to determine pesticide
exposure may help to explain some of the variability observed in
clastogenic activity (43). High urinary clastogenic activity may be
interpreted in one of two ways. The rapid clearance of clastogens
from the body may be taken as evidence of diminished risk. On the
other hand, such facile excretion may mean that organs such as the
bladder will be exposed to high concentrations of genotoxic material
(44).

It should be emphasized that the tested doses of organic
material in the urine extracts are not very different from those
present in urine in the bladder. Creatinine concentrations in the
urine typically ranged from 0.5 to 2.5 mg/ml. Many of the urine
extracts obtained from the orchardists during the spraying period
were active in vitro at 4.0 mg creatinine equivalence per ml of
tissue culture medium or less. Thus the concentrations of genoctoxic
materials used in the assay are reasonably comparable to the concen-
trations to which bladder mucosal cells may be exposed.

Monitoring Urine Genotoxicity as a Means of Detecting Exposure to
Environmental Carcinogens and Mutagens: Limitations and Applications.
The present study demonstrates the value of using urine analysis as
a means of assessing human exposure to environmental contaminants.
It is necessary to emphasize here that the study is only an attempt
to make a qualitative association between exposure to a potential
carcinogen or mutagen and abnormalities observed in the proposed
genetic endpoints. Several advantages of the biocassay of urine are
illustrated in this investigation. Unlike epidemiological studies,
urine analysis for genotoxicity takes into account the variations in
exposure regimes, and thus the screening procedure can pinpoint
individual risk (45). With the implementation of such screening
techniques, exposure to high risk environments may be minimized long
before the occurrence of any irreversible pathological changes.

The assay of urine for genotoxicity does not measure the
activity of just one chemical component, but the activity of a
combination of the pesticides per se and the metabolites present in
the urine as a result of complex exposures. Within the urine are
thousands of chemicals, some of which may be inhibitors or enhancers
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of genotoxic activity. The assay of urine samples measures the net
effect of the chemicals present together, taking into consideration
the synergistic or antagonistic interactions that may be significant.

Another advantage of analyzing human urine is the accessibility
of the samples. Urine collection procedures are non-invasive and
can be conducted on a repeated basis. In addition, the analysis of
urine for genotoxicity may be coupled with quantitative chemical
analysis. Overall, the analysis of urine samples is simple and rapid.

Urine monitoring is most useful in evaluating human exposure to
multiple agents. Rarely is an individual ever exposed to a single
agent. In the majority of cases, the extent of exposure or the route
(e.g., dermal, respiratory, ingestion) will not be known. For
example, in our investigation, most sprayers were exposed to a
variety of pesticides, and it was unknown whether this mixture would
be genotoxic in vivo. This question can be answered by urine geno-
toxicity assays. The actual presence of genotoxic activity coinci-
ding with the time of exposure to the suspected genotoxin serves as
evidence that exposure had occurred, and that cells in various organs
were thus at risk for genetic damage while the chemicals were being
systematically distributed throughout the body. Thus the biocassay
of urine is useful for identifying carcinogenic and mutagenic risks
associated with various work environments.

However, the analysis of urine for genotoxicity is not without
its limitations. Unlike chemical analysis, there is a lack of
sensitivity for specific chemicals (46). As demonstrated in this
study, although clastogenic activity_aas observed with pesticide
usage, the identity of the clastogens remains unknown. Because of
the unknown nature of the compounds, the assay results can only be
interpreted in a qualitative manner in terms of exposure assessment.
To gain more useful information (quantitative assessment), chemical
techniques (e.g., analytical high-pressure liquid chromatography)
must be employed in conjunction with the examination for urine
genotoxicity.

Moreover, our studies and those of others (2,47,48) show that
urine analysis may be useful only for monitoring recent exposures.
Cumulative exposures cannot be detected (49). Depending on the
xenobiotic, metabolites may be eliminated into the urine within one
to perhaps two days. Beyond this period, the levels of metabolites
in the urine may be too low for detection. Thus it is necessary to
either determine the excretion kinetics of the metabolites or to
obtain multiple urine samples after exposure to an agent. Since both
choices are likely to be impractical, the collection of urine a few
hours after exposure or late in the evening may be a reasonable
alternative. Kriebel et al. (50) found that an evening urine sample
provided a good estimation of ‘the mutagen concentrations of a 24-hour
urine sample. Nevertheless, regardless of the sampling schedule
used, the collection of urine samples far beyond the optimal meta-
bolite excretion period will result in levels of genotoxic activity
undistinguishable from normal background values.

Decomposition of urinary clastogens may present a problem in the
analysis of urine. Some metabolites are short-lived and may never be
detected in the urine. Only those metabolites with long half-lives
can be assayed. Even storage at -20°C does not ensure the stability
of the extract components. A few individuals have investigated the
stability of urine concentrates. Putzrath et al. (51) observed the
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loss of genotoxic activity of a few urine concentrates with storage.
Beek et al. (52) also noted decreased genotoxic activity with re-used
urine extracts. 1In both cases, the authors attributed the loss of
activity to repeated freezing and thawing of the urine extracts.

Genotoxins may also be lost through the extraction and concen-
tration procedures. For example, with our methods, volatile com-
pounds (e.g., nitrosamines) may be lost through the rotary evapora-
tion or freeze-drying process. Loss of activity may also occur
through limitations in the extraction procedures. Because of the
presence of high salt concentrations in the urine, hydrophilic
materials are difficult to isolate. Toxicity of the salts to
mammalian cells also makes it impossible to test hydrophilic compo-—
nents in urine. This toxicity problem was evident when freeze-dried
unconcentrated urine was assayed for genotoxic material. New
procedures must be developed to extract polar organic compounds in
urine.

Finally, caution must be used in the interpretation of geno-
toxicity data. The absence of genotoxicity in some cases does not
always necessarily indicate a lack of exposure. Metabolites may be
present in concentrations below the detectable limits of the assay
system. In addition, compounds excreted through routes other than
urine (e.g., lungs, feces, sweat) may never be detected by urine
assays. Some chemicals may also be biotransformed into products that
cannot be reactivated in vitro (53). Glucuronide and sulfate con-
jugates may be readily cleaved b§~the inclusion of B-glucuronidase
and sulfatase enzymes in the assay system (1,2). In contrast,
chemicals conjugated to glutathione cannot Bg_éasily cleaved to yield
the compound in its original form. Instead, glutathione conjugates
are likely to be metabolized such that the glutathione-metabolite
linkage is retained (54). This class of metabolites is not detecta-
ble in urine clastogenicity or mutagenicity tests (55). Other
methods such as those that assay for mercapturic acids and other
thiocethers must be used to detect glutathione conjugates (56).
Another factor to consider is that although absorption of the com-
pound by the body may have occurred, the suspected agent may not have
yet been metabolized. This pertains, in particular, to lipophilic
substances that persist in the body for a long period of time. The
slow release of these compounds from tissue stores will make their
detection quite difficult.

Confounding Factors Affecting the Urine Clastogenicity Assay. The
presence of genotoxic activity in urine from cigarette smokers has
been demonstrated in several studies (2,4,45,51,57,58). Findings of
increased urine mutagenicity related to passive smoking have been
reported (2,3,59). Certainly, these results illustrate the impor-
tance of restricting urine studies to non-smokers when attempting to
demonstrate occupational exposure to environmental chemicals other
than cigarette smoke. Smokers should only be used as a positive
control population.

Low levels of urinary clastogenic activity were detected in many
subjects in the present study, despite the absence of exposure to
pesticides or cigarette smoke. Similar findings of low levels of
urine mutagenicity unrelated to occupation or smoking have been
reported (45,52,60,61). Recently, various dietary factors affecting
the urine mutagenicity assay have been discovered, such as ingestion
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of a fried beef meal (ég) or a fried pork or bacon meal (5), but not
microwaved meat (48). Urine mutagenicity was also increased in
another study where subjects were restricted to a vegetarian diet
consisting of soy products, nuts, fruits and vegetables (6). These
studies demonstrate that consumption of mutagen-containing foods may
be partly responsible for the presence of urine genotoxicity.

The use of medication may also be a contributing factor.
Patients treated with the antitumour drug, cyclophosphamide (62),
and with the antischistosomal drugs, niridazole and metronidazole
(63), and psoriatic patients receiving crude coal tar therapy have
exhibited mutagenic activity in the urine (12). Some drugs may
synergize the mutagenic activity of urine in combination with other
agents. For example, Recio et al. (64) noted that the use of an
arthritic drug (Ascription A.D.) increased the mutagenic activity of
the urine of a cigarette smoker fivefold above that of urine of other
smokers. However, the potential confounding effects of drugs, as
illustrated by the above studies, do point to the need to exercise
caution in the interpretation of results. Finally, the appearance
of low levels of clastogenic activity may be the result of unknown
exposure to envirommental contaminants such as automobile exhaust
(65). 1In any urine study, it is virtually impossible to control for
exposure to such environmental substances. The only solution would
be to analyze repeated urine samplings to establish a baseline to
account for interfering exposures.

The Micronucleus Test on Exfoliated Human Cells. Although this study
demonstrates the presence of clastogenic activity in urine extracts
from orchardists during the spraying season, the question arises as
to whether the compounds causing this clastogenic activity with in
vitro cultures would act in vivo to induce genotoxic damage. A
whole organism may possess activation/inactivation mechanisms which
would provide protection from such genotoxic components. In an
effort to answer this question, exfoliated epithelial cells were
isolated from the urine of pesticide sprayers and examined for the
frequency of micronuclei. Unfortunately, few of the examined urine
samples contained sufficient cells to permit an accurate assessment
of damage. However, samples with sufficient cells did show a signi-
ficant increase in micronucleated cells. Future studies with this
procedure should involve repeated sampling of each examined indi-
vidual (e.g., 2-3 successive days). Isolated cells would be stored
in ethanol and pooled just prior to dropping them onto slides.

The combination of analysis of biological fluids for genotoxic
activity and the concurrent assessment of exposed epithelial cells
for in vivo damage is highly promising. This approach has been used
previously to elucidate the relationship between exposure to geno-
toxins and the induction of genetic damage in target tissues. One
such group assayed were tobacco/betel quid chewers in the Philippines
and India, a group at elevated risk for oral cancer. Saliva samples
taken from individuals during chewing were found to contain genotoxic
agents, a portion of which have been identified as tobacco-specific
nitrosamines (66-68). Oral smears of exfoliated cells from these
chewers showed a significant elevation in micronucleus frequencies.
Subsequently, a combination of the two approaches was used to
identify components which would act in these populations to increase
(e.g., cigarette or alcohol usage) or reduce (chemopreventive agents
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such as beta-carotene) genotoxic damage (69). A similar approach
could be used to study genotoxins in the urine of carcinogen-exposed
individuals.

We would be remiss at this point if we did not insert a note of
caution in the use of the micronucleus test on exfoliated cells to
monitor populations such as pesticide sprayers. Prior to this study,
all of the examined population groups had been more or less chroni-
cally exposed to carcinogenic agents. All of the populations at
risk for oral cancer consisted of tobacco users with a chronic usage
of either chewing tobacco or cigarettes. Bilharziasis patients at
risk for urinary bladder cancer may be exposed for several years to
carcinogenic agents in the urine (16). A similar situation exists
for the second population in which an elevated micronucleus frequency
was observed in urinary sediments (cigarette smokers in British
Columbia) (15). In the case of acute exposure to a genotoxic agent,
such as in this study, a temporary elevation in micronucleus fre-
quencies could be missed if only a single sampling is made. Our
experience with periodic samples of cancer patients receiving
radiation to the pelvic region encompassing the urinary bladder is
that the frequency of micronucleated cells in urine samples increases
10-12 days after treatment begins, and declines within a week after
treatment is terminated, reflecting the time required for damage in
the dividing cells of the basal layers of the epithelium to produce
micronuclei in daughter cells, and for these cells to reach the
surface of the epithelium and be exfoliated. These kinetics should
be kept in mind when examining individuals receiving acute exposure
to an agent, and a repeated sampling procedure over these time
intervals should be employed.

In conclusion, this study indicates that the examination of
extracted urine samples for clastogenic activity in in vitro cell
cultures may be a valuable indicator of exposure of pesticide
workers to genotoxic agents. More studies are required prior to
judging the suitability of employing the exfoliated cell micronucleus
test as a routine monitor of in vivo genotoxic damage in such
workers.
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Chapter 9

Neuropathy Target Esterase
in Blood Lymphocytes

Monitoring the Interaction of Organophosphates
with a Primary Target

Marcello Lotti

Istituto di Medicina del Lavoro, Universitd degli Studi di Padova, Via
Facciolati 71, 35127 Padova, Italy

Selective toxicity is initiated by specific
interactions of the toxin with primary targets. The
identification of such targets and their
accessibility in human fluids will allow an
evaluation of dose-effect relationships at a
molecular level. Inter- and intra-individual
variations of dose response relationships may then
be rationalized and acceptable thresholds properly
set. However, the assumption is made that the
ultimate toxin 1s equally delivered to the
accessible target and to where toxicity takes place.
Some organophosphorus (OP) pesticides cause a rare
selective toxicity called organophosphate—induced
delayed polyneuropathy (OPIDP). The initiation of
this toxicity involves specific interactions of a
protein in the nervous system called Neuropathy
Target Esterase (NTE). This protein is present in
blood lymphocytes and its measurement after exposure
to certain OP pesticides has been suggested as a
biomonitor for OPIDP. NTE inhibition in blood
lymphocytes predicts the development of OPIDP in
man. However dose-response relationships are not
available for man and a threshold is not yet
established. Human lymphocytic NTE shows large
interindividual variation, suggesting the need for
an 1individual ©baseline to evaluate occupational
exposures. An attempt to monitor occupational
exposures showed a substantial effect on lymphocytic
NTE not followed by toxicity. A likely explanation
is that the assumption on the delivery previously
made was incorrect. Furthermore the turnover of NTE
in the target organ might be faster than in the
monitored one and thus the effect of exposure
overestimated.
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Biological monitoring of occupational and environmental exposures
to chemicals will become more meaningful for risk assessment when
the mode of action of the chemical is understood (1).

When the molecular target of toxicity for a given chemical 1is
identified, dose-response studies are possible (2). If the target
is accessible, such studies occupy a unique position in biological
monitoring because they deal directly with adverse effects
produced by chemicals. In addition, they supply integrated
information on exposure, absorption, distribution, and response
(3). A good example of an accessible target that predicts toxic
effects at an inaccessible site is the acetylcholinesterase enzyme
in the red blood cells which predicts neuronal cholinesterase
activity (4). The purpose of this paper is to report another type
of test to monitor a different toxicity caused by some
organophosphorus pesticides, the organophosphorus induced delayed
polyneuropathy (OPIDP).

OPIDP is a syndrome distinct from acute cholinergic toxicity
and is caused by some but not all OP pesticides. Symptoms and
signs of a peripheral polyneuropathy, axonal in type, are delayed
2-5 weeks after a single exposure and less predictably after
repeated exposures (5). The central nervous system might also be
involved (6). Several commercial pesticides have produced OPIDP in
man, including trichlorphon, trichlornate, methamidophos, and
chlorpyrifos (7).

The mechanism of initiation of OPIDP was elucidated by M.K.
Johnson and reviewed several times (5,8,9,10,11), as well as the
consequent practical gains for human OPIDP biomonitoring
(12,13,14). This paper gives a brief account of these studies and
discusses some limitations of the biomonitoring test which is now
available.

The molecular target for OPIDP is a protein with esteratic
activity called Neuropathy Target Esterase (NTE). OPs which cause
OPIDP phosphorylate more than 70% of NTE of the target axons soon
after dosing in the hen (10, 15). A further step, called aging of
the phosphoryl enzyme complex, leads to a negatively charged
complex and binding of the alkyl group lost during this process to
membranes. This two step reaction usually takes place within hours
after dosing and correlates with the development of OPIDP three
weeks later. Recently another aspect of the pathogenesis has been
identified: a marked reduction of retrograde axonal transport
occurs 3-5 days after dosing in peripheral nerves which eventually
degenerate (16). OPs and related inhibitors which produce a
non-ageable NTE complex do not cause OPIDP and also protect from a
subsequent challenging dose of an effective OP.

Dudek and Richardson reported the presence of NTE activity in
the hen lymphatic system (17), and this finding was confirmed in
man (18). The question was raised whether measurements of NTE
activity in blood lymphocytes after exposure to OPs causing OPIDP
can be used to monitor this toxic effect in humans. Validation of
this test in humans proceeds, for obvious reasons, rather slowly.
Nevertheless, some data have been accumulated so far and their
significance recently discussed (14). Briefly, a case of death due
to the organophosphate dimethoate (phosphorodithioic acid,
0,0-dimethyl S- (2-methylamino)- 2 ~ oxoethyl ester) validates the
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animal data on the negligible potential of this OP to cause OPIDP,
i.e. dimethoate does not inhibit NTE in either animals or man at
doses far above the lethal ones (19). In a suicide case with
chlorpyrifos (0,0 - diethyl - O - 3,5,6,-trichloro - 2- pyridyl
phosphorothicate), inhibition of lymphocytic NTE correlates with
that in peripheral nerve (20). After a large dose of the same
chemical to man, substantial inhibition of lymphocytic NTE
predicted the development of OPIDP when measured several days
before the onset of symptoms (21). All the evidence collected so
far, however, leaves the key question open about the threshold of
NTE inhibition/aging required to trigger the toxic response in man.
As more data become available, also with a larger use of the
lymphocytic NTE test, the question will probably be answered.

NTE activity as studied in peripheral lymphocytes of an
unexposed population reveals a large interindividual variation
(22). To ascertain that low lymphocytic NTE activity represents an
effect of occupational exposure, the accurate measurement of
baseline values is necessary.

It is possible that "“false positive” or "false negative”
results maybe occur when lymphocytic NTE is used to monitor OPIDP.
Table 1 lists some situations where inhibition of NTE in peripheral
lymphocytes might not be related to OPIDP (false positives).

As clarified by mechanistic studies, NTE inhibitors like
phosphinates, carbamates and sulphonates do not cause OPIDP. To my
knowledge however, mnone of these protective NTE inhibitors are
commercial pesticides. The second situation where “"false positive”
results might arise is when inhibited NTE ages slowly. Usually,
whenever routine tests using NTE assay are performed, it is assumed
that the aging process, if formally possible, is very rapid
(23,24). This assumption ignores the possibility of slow aging of
inhibited NTE, and recent evidence has modified this view. Several
OPs exist in steroisomeric forms and studies with chiral isomers
have revealed a high degree of stereoselectivity in enzyme
reactions with inhibitors and substrates and in biological
activities (25).

It is known that racemic EPN (O-ethyl O-(4-nitrophenyl)
phenylphosphonothioate) and its L(-)-EPN isomer cause OPIDP in the
hen (26), but not the D(+)-~EPN isomer (27). In repeated dosing
experiments L(-)-EPN caused OPIDP in the hen, whereas D(+)-EPN had
very marginal effects (28). Some years ago we were puzzled by
results obtained in vitro with NTE and AChE when challenged with
the resolved optical isomers of EPNO (EPN-oxon), because it had
been suggested that the ratio AChE ISO/NTE I, in _vitro is
predictive of the likelihood for a given OP to cause OPIDP in vivo
(29). Both EPNO isomers showed the same ratio of 0.0l, suggesting
an identical potency in causing OPIDP (Lotti M.; Johnson M.K.
Unpublished results, 1978). The solution came years later when it
was demonstrated that the phosphonyl-NTE complex, when formed by
L(-)-EPNO, ages quickly, while that formed by D(+)-EPNO ages very
slowly (30). The same effects on NTE occur in vivo either with EPA
or EPNO isomers and the development of OPIDP is correlated with the
rapid aging of phosphonylated NTE (31). The unaged phosphonylated
NTE also protects the animal from a subsequent challenging dose of
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an effective OP. In such cases of slow aging OP isomers, we might
therefore observe inhibition of NTE without the c¢linical
correlate.

TABLE 1: "False Positive"” Results When Measuring Lymphocyte NTE
Activity for OPIDP Biomonitoring

a. non-aging inhibited NTE (example: phosphinylated,
carbamylated and sulphonylated NTE) (8).

b. slow-aging inhibited NTE (example: D—(+)-EPN phosphinylated
NTE) (32).

ce. different access of the inhibitor to lymphocytes and nervous
system (example: highly reactive metabolites, perhaps DEF
metabolites) (33).

d. different sensitivity to OPIDP because of interindividual
varlations of the threshold (?).

e. the turnover of inhibited NTE is different in the nervous
system (permanent cells) and in blood lymphocytes (variable
pool) (?).

Number in brackets indicate references. (?) data not available

Another possibility is when NTE inhibition in the predictive
organ does not correlate with that in the target organ. This may
have been the case when a substantial inhibition of lymphocytic NTE
was observed in an occupational exposure to the cotton defoliants
DEF (S,S,S - tributylphosphorotrithioate) and Merphos (tributyl
phosphorotrithioite) (32). Parallel to enzyme measurements,
electrophysiological tests performed on exposed workers, indicated
no exposure-related effects on peripheral nervous system functions.
The hypothesis is that the active metabolite(s) of these chemicals
as formed in the liver (?), is highly reactive and preferentially
inhibits NTE in Ilymphocytes rather than in the nervous system.
However, the possibility that NTE was inhibited below the threshold
cannot be ruled out.

Once the threshold of NTE inhibition/aging without toxic
response 1is known, possible interindividual variations in
sensitivity might also be detectable.

In repeated exposures to OPs capable of causing OPIDP, another
possibility of misleading results should be taken into account:
that the turnover of inhibited NTE is different in lymphocytes and
in the brain leading to either higher or lower inhibition in one
organ as compared to the other. This 1s because the nervous cell
population is stable, whereas the pool of circulating lymphocytes
is highly variable.
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TABLE II: “False Negative” Results When Measuring Lymphocyte NTE
Activity for OPIDP Biomonitoring

a. delayed inhibition/aging of NTE (example: peak NTE inhibition
several days after chlorpyrifos) (33).

b. different sensitivity to OPIDP because of interindividual
variations of the threshold (?).

Ce. the turnover of inhibited NTE is different in the nervous
system (permanent cells) and in blood 1lymphocytes
(variable pool) (?).

Numbers in brackets indicate references. (?) data not available

Measurements of lymphocytic NTE activity might also give
“false negative” results (Table II). This might occur when the
timing of measurement is not carefully selected. We suspected such
"false negative” results in a patient who attempted suicide by
ingesting a large amount of chlorpyrifos (21). Surprisingly,
lymphocytic NTE was still inhibited more than 20 days after the
poisoning; however, the usual delay between high NTE inhibition and
the clinical onset of OPIDP was maintained (2-3 weeks). As a
result of this observation some experiments with hens were
performed to clarify this and other discrepancies observed in the
poisoning case. Chlorphyrifos caused OPIDP in hens but the effect
did not correlate with the inhibition of NTE in the nervous system
24 hours after dosing, as it usually occurs. At that time, the
inhibition of nervous system NTE was below the threshold (about
50%) and the peak occurred 4-5 days later (33). It is concluded
therefore that for certain OPs, the usual 24 hour interval after
exposure might not be appropriate to observe the maximal effect on
NTE.

In conclusion, the understanding of the mechanism of action of
certain OPs in causing OPIDP and the identification of the
molecular target led to the development of a specific test to be
used in human biomonitoring. Further mechanistic studies and
clinical observations are leading to a better appreciation of the
limits of this test.
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Chapter 10

Percutaneous Absorption and Inherent Toxicity

Ronald C. Wester and Howard I. Maibach

Department of Dermatology, University of California School of Medicine,
San Francisco, CA 94143—0989

The aim of a toxicological study is to determine the
inherent activity of some chemical relative to a target
tissue. This process requires delivery to the target
tissue -- usually described as bicavailability. With
topical products, bicavailability is the process of per-
cutaneous absorption and it is as important as the inhe-
rent activity of the chemical. Failure of a patch test
system to deliver chemical into skin will produce false
negative results. In the skin, the amount of chemical
present can correlate with erythema response and
epidermal tumors. The skin also has metabolic potential
and can alter chemical to more reactive metabolites.

Relationship: Percutaneous Absorption and Inherent Toxicity

The skin is recognized both as a barrier to absorption and as a
primary route to the systemic circulation. The skin's barrier
properties are often, but not always, impressive. Fluids and elec-
trolytes are reasonably well retained within the body, while at the
same time many foreign chemicals are partially restricted from
entering the systemic circulation. Despite these barrier proper-
ties, the skin is the route by which many chemicals enter the body.
In most instances, the toxicology of the chemical is slight, and/or
the bicavailability (rate and amount of absorption) of the chemical
is too low to cause an immediate response. However, some chemicals
applied to the skin have the potential to produce toxicity.

It is now recognized that local and systemic toxicity depend on
a chemical penetrating the skin. Table I shows the relationship of
percutaneous absorption to toxicologic activity. A local or
systemic effect cannot occur unless the chemical has inherent
toxicity and the chemical is able to overcome the barrier properties
of skin and enter a biologic system (local skin and/or systemic
circulation (1). This chapter explores this concept of percutaneous
absorption and inherent toxicity.
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Table I. Relationship of Percutaneous
Absorption to Toxicologic Activity

Property of Chemical Local or systemic
effect
Absorption Inherent
through skin toxicity
- - None
+ - None
- + None
+ + Reaction

Patch Test Systems

The development of topical drug products requires testing for skin
toxicology reactions. A variety of patch test systems are available
with which chemicals are applied to skin. The purpose of this study
was to determine the skin absorption of the allergen paraphenyl-
enediamine (PPDA) from a variety of patch testing systems. {14C]-
PPDA (1% in petrolatum,USP) was placed in a variety of patch test
systems at a concentration normalized to equal surface area

(2 mg/mm2). Skin absorption was determined in the guinea pig by
urinary excrtion of 14C. There was a six-fold difference in the
range of skin absorption (p N 0.02) (Figure 1). In decreasing
order, percent skin absorptions from various patch test systems were
Hill Top Chamber (53.4 + 20.6), Teflon Control Patch (48.6 + 9.3),
Small Finn Chamber with paper disc insert (34.1 + 19.8), Small Finn
Chamber (29.8 + 9.0), Large Finn Chamber (23.1 + 7.3), AL-Test
Chamber (8.0 + 0.8). Thus, the choice of patch system could produce
a false negative error if the system inhibits skin absorption, and
subsequent skin toxicology reaction (2).

The highest efficiency of skin absorption was with the Hill-Top
Chamber. Polikandritou and Conine (3) performed comparative studies
using the Hill-Top chamber system and Webril patch system to compare
delayed contact hypersensitivity. Reactions were induced at
significantly lower concentrations for samples tested with the
Hill-Top Chamber. The reason for this may have been higher skin
absorption.

Metabolic Production of Cutaneous Carcinogens

Much attention has been focused on polycyclic aromatic hydrocarbons
because they produce skin carcinomas. Metabolic activation of these
compounds is usually the first step toward the induction of skin
cancers. The metabolites of benz[alpyrene (BP) generally fall into
three classes: phenols, quinones, and dihydrodiols. It is the
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1.0+
E ® Hill-top chamber
8- O Teflon
) # Small Finn chamber with paper
7 O Small Finn chamber
6 A Large Finn chamber
A AL test chamber

Percent dose absorbed/hour

24 48 72 96 120
Midpoint (hours)

Figure 1. Skin absorption of p-phenylenediamine, measured by using various patch-testing
systems,

In Biological Monitoring for Pesticide Exposure; Wang, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1988.



134 BIOLOGICAL MONITORING FOR PESTICIDE EXPOSURE

dihydrodiols that, when metabolized to epoxide diols, become the
more potent carcinogens. The epoxides react with cellular nucleo-
philes such as DNA, RNA, or proteins. The same is true for other
polycyclic aromatic hydrocarbons such as 3-methylcholanthrene and
benz[a]anthracene derivatives. These compounds induce skin tumors
and this probably is caused by a reactive metabolite (an epoxide).

Knowledge of the binding of BP metabolites to macromolecules
has reached a higher level of sophistication. Binding of
BP-dihydrodiol epoxides was found to occur with high stereo-
selectivity. These investigators isolated the polymer adducts that
were formed when [3H]BP was applied to the skin of mice. There are
two stereochemical configurations for the BP-7,8-dihydrodiols, and
they may both be metabolized to the respective 9,10-epoxide. The
epoxide may then react with cellular nucleophiles such as DNA, RNA,
or proteins. For nucleic acids, the in vivo binding occurred
preferentially to guanine at the 2-amino group (in both DNA and
RNA). Both stereoisomers bound cellular components, but isomer A
formed mostg of the covalently bound products (4). Thus, any
compound such as benzo[a]pyrene that penetrates the skin must first
pass into and through the epidermis and would be subject to an
extensive metabolic reaction.

Percutaneous Absorption and Epidermal Tumors

Wester and co-workers (5) determined the effect of frequency of
application on percutaneous absorption of hydrocortisone (Table II).
When material was applied once or three times per day there was a
statistical difference (p 0.05) in the percutaneous absorption of
hydrocortisone. One application per 24-hour exposure gave a higher
percutaneous absorption than if the material was applied at a lower
concentration but more frequently, namely, three times per day.
This was confirmed with a second chemical, testosterone (6).

Table II. Application Frequency and Percutaneous
Absorption of Hydrocortisone

Dose Application Total dose Absorption
(ug/cm2) (times/day) (ug/cm2) (ug/cm2)
13.3 1 13.3 0.18

13.3 3 40 0.29

40 1 40 0.84

There is a correlation between frequency of application,
percutaneous absorption, and toxicity of applied chemical. Wilson
and Holland (7) determined the effect of application frquency in
epidermal carcinogenic assays. Application of a single large dose
of a highly complex mixture of petroleum or synthetic fuels to a
skin site increased the carcinogenic potential of the chemical
compared to smaller or more frequent applications (Table III).
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This carcinogenic toxicity correlated well with the results of
Wester et al (6), where a single applied dose increased the
percutaneous absorption of the material compared to smaller or
intermittent applications.

Table III. Shale Oil-Induced Incidence of Epidermal Tumors

Total dose No. of animals

Dose Frequency per week with carcino—
Shale oil (mg) (per week) (mg) genic tumors
OCsO No. 6 10 4 x 40 2

10 2 x 40 4

40 1 x 40 13
PCSO II 10 4 x 40 11

30 4 x 40 17

40 1x 40 19

Cosmetic Chemicals and Toxicity

Table IV shows the relationship between percutaneous absorption and
erythema for several oils used in cosmetics. The authors attempted
to correlate absorbability with erythema. The most absorbed oil,
isopropyl myristate, produced the most erythema. The lowest
absorbing oil, 2-hexyl- decanoxyoctane, produced the least erythema.
Absorbability and erythema for the other oils did not correlate (8).
The lesson to remember with percutaneous toxicity is that a toxic
response reqguired both an inherent toxicity in the chemical and the
percutaneous absorption of the chemical. The degree of toxicity
will depend on the contribution of both criteria.

Table IV. Relationship of Percutaneous Absorption and
Erythema for Several Oils Used in Cosmetics

Absorbability
(greatest to least) Erythema

Isopropyl myristate +
Glycerol tri(oleate)
n —Octadecane
Decanoxydecane

2-Hexyldecanoxyoctane

Io++ 1+

Ten Steps to Percutaneous Absorption

The preceding examples have shown that two components, namely
inherent chemical activity and percutaneous absorption, are
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necessary to get a toxicological reaction. It is the rate and
extent that a reactive chemical is delivered to the target tissue
that determines the degree of toxicological response. However,
percutaneous absorption is not a simple act of apply chemical to
skin and then "seeing what happens". Percutaneous absorption is a
complex process consisting of many factors, any of which can affect
the final outcome. Wester and Maibach (9) have summarized the
process in ten steps (our current view, but presumably many steps
remain to be discovered).

Ten Steps to Percutaneous Absorption

1. Vehicle release
2. Absorption kinetics
a. Skin site of application
b. Individual variation
c. Skin condition
d. Occlusion
e. Drug concentration and surface areas
f. Multiple-dose application

3. Excretion kinetics

4. Effective cellular and tissue distribution

5. Substantivity (nonpenetrating surface adsorption)
6. Wash and rub resistance

7. Volatility

8. Binding

9. Anatomic pathways

10. Cutaneous metabolism
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Chapter 11

Dinocap Dermal Absorption
in Female Rabbits and Rhesus Monkeys

Implications for Humans

Stephen L. Longacrel, Laura J. DiDonatol, Ronald C. Wester’, Howard I
Maibach?, Susan S. Hurt!, and Richard D. Costlow

lToxicology Department, Rohm and Haas Company, Spring House,
PA 19477
’Department of Dermatology, University of California School of Medicine,
San Francisco, CA 94143

The dermal absorption of dinocap was determined in
female rabbits and rhesua monkeys as part of the risk
?3sessment for Karathane™ Fungicide/Miticide.

C-2,4-Dinitro-6-(1-methylheptyl)phenyl crotonate
(2,4-DNHPC) was used as the model isomer for dinocap
in these studies. 1iIn rabbits, the dermal absorption
of 25 mg/kg (approximately 2500 ug/cmz) 2,4-DNHPC was
4-9%, whether 2,4-DNHPC was applied neat (undiluted)
or dissolved in acetone, or applied as the wettable
powder or liquid concentrate formulation. The total
absorption of 13 dai1¥ 6-hr dermal doses of 25
mg/kg/day (2500 ug/cm“/day) of neat 2,4-DNHPC in
rabbits was 6%, similar to the percent absorption
observed following a single dermal dose. In rhesus
monke¥s, the dermal absorption of 2,4-DNHPC at 2500
ug/cmé (in acetone) was similar to the dermal absorp-
tion in rabbits (5%). _Dermal absorption of 2,4-DNHPC
in monkeys at 40 ug/cm“ was 16%; this dose approx-
mated a use-dilution. The absorption data for
2,4-DNHPC in rabbits and monkeys support the conclu-
sion that, under expected use conditions, dermal
exposure to dinocap does not pose an unreasonable
developmental risk to man.

Dinocap (KarathaneR Fungicide/Miticide) was registered by Rohm and
Haas Company in the United States in 1951, and is principally used
as a fungicide for control of powdery mildew and as a miticide.
Dinocap contains as its active ingredients a mixture of 2,4- and
2,6-dinitrooctylphenyl crotonates in an approximate 2:1 ratio,
where "octyl" refers to a mixture of 1-methylheptyl, 1-ethylhexyl,

NoOTE: A more detailed version of these data will be published in a toxicology journal.

0097-6156/89/0382—0137506.00/0
© 1989 American Chemical Society
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and 1-propylpentyl isomers (Figure 1). Small amounts of the
corresponding free phenols are also present as active ingredients.

Developmental toxicity studies in New Zealand white rabbits
indicated that oral exposure to dinocap technical during the period
of organogenesis produced terata, which were manifested as hydro-
cephalus and/or malformations of the neural tube and skull (1).

The no-observed effect Tevel (NOEL) and the minimum effect level
(MEL) for dinocap oral developmental toxicity in rabbits were
judged to be 0.5 and 3 mg/kg/day, respectively (1).

Residues of dinocap on crops are such that the risk of dinocap
to humans by the oral route is negligible. To ascertain the
possible risk of dinocap to agricultural workers, several studies
were performed. These studies included a dinocap dermal/oral
absorption study in rabbits, and a dinocap dermal absorption study
in rhesus monkeys. Qur objectives in these absorption studies were
a) to compare the percent dermal absorption of dinocap in the
rabbit and rhesus monkey at dose Tevels used in rabbit dinocap
toxicology studies, and b) to determine the percent dermal
absorption in the rhesus monkey at potential worker exposure
concentrations. To facilitate the 1nterRHetation of the data, the
absorption studies were performed using ' 'C-2,4-dinitro-6-
(1-methylheptyl)-phenyl crotonate (2,4-DNHPC) as the model compound
for the alkyl substituted isomers of dinocap (Figure 2).

Materials and Methods

Test Compounds. 14C-2,4-DNHPC (7.58 mCi/g; radiopurity = 96.5%;
molecular weight = 256 g/mole), and nonradiolabeled 2,4-DNHPC
gpurity = 97%) used to dilute the specific activity of the
4¢-2,4-DNHPC, were both synthesized at Rohm and Haas Company
(Spring House, PA). The test compounds were light amber colored
oils.

Animals. Female New Zealand white rabbits (34-42 weeks old;
2.9-3.9 kg; Hazleton Dutchland; Benver, PA), and female rhesas
monkeys (5.4-10.7 kg; University of California at Davis Primate
Cente;; Davis, CA) were used in these studies (3 or 4 animals per
group).

Rabbit Intravenous Study. 14C-2,4-DNHPC, dissolved in dimethyl
sulfoxide (DMSO), was administered in the jugular vein (0.1 ml/kg)
at 3 mg/kg (3 uCi/kg). Urine and feces were co11?ﬁted at intervals
up to 4 days after dosing and analyzed for total '*C-label. A1l
rabbits were humanely ki]&ed by an intracardiac injection of
eu%hanasia solution (T-61"; American Hoechst Corp., Somerville,
NJ).

Rabbit Oral Studies. 14C-2,4—DNHPC, suspended in aqueous 1% gum
tragacanth, was administered by gavage (5 m1/kg) at 0.5, 3, or

25 mg/kg (3-17 uCi/kg). Urine, feces, and plasma were c?l1ected
at intervals up to 4 days after dosing and analyzed for '“C-label.

Rabbit 6 Hr Dermal Exposure Studies. The fur on the dorsal side
of _.each rabbit was cTipped to expose an area of approximately 280
cm® 1-3 days prior to dosing. Plastic collars were p}iced on each
rabbit to prevent preening of the application site. C-2,4-DNHPC
(23-31 uCi/kg) was applied directly onto a 5 x 8 cm” area of the
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NO,
HC==CH—CH,
/

o,N 0—co

CH3(CH,),CH (CH,)5_,CH4

CH3(CH,), HC==CH—CH;,
3 N Y
CH 0—CO
/
CH4(CH,)5.n

Figure 1. Structural formulae of the active ingredient
components of dinocap [2,4-dinitrooctylphenyl crotonates (top)
and 2,6-dinitrooctylphenyl crotonates (bottom)]l; "n" equals

0, 1, and 2.

o

C—CH=CH—CHjg

/

Figure 2. Structural formxla of 14C-2,4-DNHPC; the asterisks
indicate location of the " 'C-label.
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clipped dorsal site as a) the neat (undi]utﬁd) material at 25
(2.2), 100 (8.3), and 220 mg/kg (18.3 mg/cy”); b) the wettable dust
(WD) formulation at 25 mg ai/kg (2.4 mg/cm“) applied as a 20.4% ai
paste (1:1.3 paste:water) at 0.28 g paste/kg; c) the 1iquid
concentrate (LC) formulation at 25 mg ai/kg (2.5 mg/cm” applied as
a 39.8% ai solution {0.06 ml/kg); or d) inacetone at 25 mg/kg (2.2
mg/cm“) applied as a 39.8% ai solution (0.06 mi/kg).

Six (6) hr after dose application, the application sites were
wiped with gauze pads soaked with aqueous 95% ethanol, followed by
wiping with pads saturateq4w1th water. Application sites of
rabbits treated with the ' 'C-2,4-DNHPC-WD formulation were wiped
with distilled water on%x. The wipes were extracted with acetone
and analyzed for total C-label. Urine, feces, and ?lasma were
collected at intervals up to 7 days and analyzed for '"C-label. At
termination, the application ﬁite skins were collected, dissolved
in tissue so1ub11iz?£ {Uniso1™; Isolab Inc.; Akron, OH), and
analyzed for total '“C-label.

Rabbit 7 Day (Leave-On) Dermal Exposure Study. 14C-2,4-DNHP was
applied dermally as the neat material at 25 mg/kg (2.1 mg/cm®; 30
uCi/kg), and was left on for 7 days. Urine, feces, and plasma were
%211ected at intervals over the 7-day period and analyzed for

C-Tabel. At termination,1£he application site skins were
collected and ana]yﬁﬁd for 'C-label. The application sites were
not wiped prior to '“C-analysis of the skin, since a large amount
of fur had grown back.

Rabbit Multiple Dermal Dose Study. Neat ''C-2,4-DNHPG was_applied
as 13 daily 6 hr doses at 25 mg/kg/day. The 5 x 8 cm” application
area was rotated among 7 sites such that consecutive doses were not
applied to the same or13djacent sites. The application sites were
wiped 6 hr afﬁﬁr each " 'C-dose application, and the wipes were
analyzed for "“"C-label. Urine, feces, and plasma were collected at
intervals during the 13 day dosing phaiﬁ and for up to 10 days
after the last dose, and analyzed for C-label. Rabbits were
killed 10 days after the 1as£ dose, and the application sites were
collected and analyzed for T4c-1abel.

Monkey Intravenous Study. 14C-2,4-DNHPC dissolved in DMSO, was
administered in the femoral vein (0.1 ml/kg) at 0.2 mg/kg {(0.15
uCi/kg). Plasma was collected at intervals up to 2 days after
dosing, while urine and feces were ?811ected at intervals up to 4
days after dosing and analyzed for '"C-label. Fecal samples were
pooled prior to analysis. These animals were used in subsequent
dermal studies once11t was determined that plasma and urine con-
tained no residual C-label.

Monkey Percutaneous Study (40 ug/cmzl. 14C-2,4—DNHPC, dissolved in
400 u} acetone, was applied to 40 cm® of abdominal skin at 40

ug/cm® (1.6 mg/monkey; approximately 0.2 mg/kg; 12 uCi/monkey).

The animals were restrained in metabolic chairs during the dermal
exposure period, and were returned to metabolic cages immediately
following the dose wipe-off. The application sites were wiped with
cotton balls ladened with water, or with aqueous 95% ethanol
followed by a water rinse 6 hr after application; the wipes were
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analyzed for 14C-label. Plasma was collected at intervals up to 2
days, while urine12nd feces were collected at intervals up to 4 days
and analyzed for '"C-label.

Monkey Percutaneous Study (2500 ug/cm?). 14C-2,4-DNHPC dissolved
in 142u1 acetone, was applied to 0.64 cm“ of abdominal skin at 2500
ug/cm® (1.6 mg/monkey; approximately 0.2 mg/kg; 12 uCi/monkey).

The application sites were wiped with aqueous 95% ethanol, followed
?X water, 6 hr after dose application; the wipes were analyzed for
C-label. Plasma was collected at intervals up to 2 days, while
urine and fec?a were collected at intervals up to 4 days and

analyzed for '"C-label.

Percent Absorption. The fraction of an oral or dermal dose of
TAC-2,4-DNHPC absorbed represented the urinary 14C-excretion after
oral or dermal administration divided by the urinary '"C-excretion
after iv administration (2, 3).

Results

Rabbit Intravenous Study. Most (58-85%) of an iv dose of
""C-2,4-DNHPC was excreted from rabbits within 24-48 hr (Figure 3).
Urinary ' 'C-excretion was 5-fold greater than fecal excretion; 73%
of the dose was recovered in the urine by 96 hr.

Rabbit Oral Studies. The percent absorption of an oral dose of
T4C-2,4-DNHPC {0.5-25 mg/kg) was 60-69% 45ab1e 1.

Practically all of an oral dose of "C-2,4-DNHPC was
eliminated in the excreta of rabbits V'thin 48 hr (Figure 3). The
percent cumulative urinary and fecal C—excretioq4were each
similar among the three oral dose groups. Fecal -excretion
(57-72% of dose) was slightly greater than urinary '"C-excretion
(35-5]% of dose) by 96 hr.

C-2,4-DNHPC-derived 14C—1abe1 was rq&1d1y absorbed after
oral administration, reaching pe?ﬁ plasma '~C-concentrations within
1-3 hr (Table II). Peak plasma C-qgncentration was proportional
to dose (Table II). Elimination of ' 'C-label was biphasic for all
groups; a rapid elimination phase (t 1/2 = 2.2-3.8 hr), lasting
approximately 24 hr after dosing, preceded a slower terminal
elimination phase (t 1/2 = 33.3-55.1 hr).

Rabbit 6 Hr Dermal Exposyre Studies. The percent absorption of a
6 hr dermal exposure of '"C-2,4-DNHPC was 4-9%, regardless of the
dose or the formulation/vehicle (Table I).

A majority of th applied 14C-2,4-DNHPC (60-95% of dose;
89-95% of recovered '"C-label) was recovered in the 6 hr wipe-off
regard]qas of the dose or the formulation/vehicle (Table III).
Little ""C-label (0.02-1% of dose) was recovered in the appli-
cation site skins at the end of the 7-day in-1ife pqise (Table III).

A total of 5-12% of a 6 hr dermal exposure of '*C-2,4-DNHPC
was eliminated in the excreta within 7 days regardless of the dose
or the formulation/vehicle (T?H1e II1I1). Also, the percent
cumulative urinary and fecal '"C-excretion were comparable among
the dermal groups, regardless of the dose or the formulation/
vehicle. Most of the excreted '*C-label was eliminated within 2-4
days (Figure 3), and was essentially evenly distributed between the
urine and feces.
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Table I. Percent Absorption of 14c—2,4-DNHPc
in Female Rabbits and Rhesus Monkeys

Dose Exposure Formulation/ Percent
mg/kg ug/cm? n Route Time Vehicle Absorption?

Rabbit

3 - 3 iv - DMSO 100 + 6

0.5 —_— 4 oral - Gun TragP 69 + 29

3 - 3 Oral - Gum Trag 60 + 4

25 - 4 Oral - Gum Trag 64 + 6

25 2150 3 Dermal 6 Hr Neat 4 + 2

100 8310 3 Dermal 6 Hr Neat 5+ 3

220 18,300 3 Dermal 6 Hr Neat 5+ 4

25 2390 3 Dermal 6 Hr WD 9+ 3

25 2450 3 Dermal 6 Hr IC 4+ 1

25 2220 4 Dermal 6 Hr Acetone 7+ 2

25 2060 4 Dermal 7 Day Neat 13 + 6

25 1850-2313 4 Dermal 6 Hr (x13) Neat 6 + 1
Monkey

0.2 - 4 iv - DMSO 100 + 16

0.2 40 8 Dermal 6 Hr Acetone 16 + 7

0.2 2500 4 Dermal 6 Hr Acetone 5+ 3

2 percent absorption (% of dose); mean + standard deviation.

b one (1) percent gum tragacanth suspension.

Figure 3. Cumulative excretion of 14C-1abe1 in the urine (Q),
feces (@), and combined urine and feces () of female rabbits
administered an11v, oral, 6 hr dermal, or 7-day (leave-on)
dermal dose of ' 'C-2,4-DNHPC.
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Table II. Peak Plasma l4c-Concentration in_Female Rabbits and
Rhesus Monkeys Administered l4c-2, 4-DNHPC

Peak Plasma

Dose Exposure Formulation/ l4c-concentration?
mg/kg ug/cm?  Route Time Vehicle n (ppm) (hr)
Rabbit
0.5 —- oral - Gum TragP 4 0.29 + 0.04 1
3 - Oral - Gum Trag 3 1.26 + 0.42 3
25 - Oral - Gum Trag 4 14.55 + 6.62 3
25 2150 Dermal 6 Hr Neat 3 0.15 £ 0.05 6
100 8310 Dermal 6 Hr Neat 3 0.47 + 0.10 6
220 18,300 Dermal 6 Hr Neat 3 1.51 + 1.12 24
25 2390 Dermal 6 Hr WD 3 0.19 + 0.03 24
25 2450 Dermal 6 Hr LC 3 0.24 £ 0.07 6
25 2220 Dermal 6 Hr Acetone 4 0.28 + 0.00 24
25 2060 Dermal 7 Day Neat 4 0.24 + 0.19 6
25 1850~ Dermal 6 Hr Neat 4 0.89 + 0.33 318
(x13) 2313 (x13)
Monkey
0.2 40 Dermal 6 Hr Acetone 4 ND€ -
0.2 2500 Dermal 6 Hr Acetone 4 ND -

a plasma concentration of l4c-label as ug 2,4-DNHPC equivalents/ml
(ppm) ; mean x standard deviation.

b one (1) percent gum tragacanth suspension.

€ ND: Not detected. Plasma l4C-concentrations were in the range
of background to twice background.
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T4¢- 2,4-DNHPC-derived 14C-1abel was moderately to slowly
absorbed fo]]ow1ng a 6 hr dermal exposure; peak plasma
4c- conﬁentrat1ons were achieved within 6-24 hr (Table II). Peak
p1a$ma C-concentration following application of the neat material
33 proportional to dose (Table II) ?lm11ar peak plasma
C-concentrations were achieved when C-2,4-DNHPC was applied as
the WD or LC formulation, or dissolved in acetone compared to an
equivalent derm?l dose of the neat material (Table II).
Elimination of '"C-Tabel was biphasic for all 6 hr dermally exposed
groups; a rapid elimination phase (t 1/2 = 7.9-21.8 hr), lasting
approximately 2-3 days after dosing, preceded a slow terminal
elimination phase (t 4/2 = 119-369 hr).
The peak plasma C-concentrat1 n (0.15-0.28 ppm) following
a 6 hr dermal exposure of %2 mg/kg '"C-2,4-DNHPC was 52- to 97-fold
less than the Reak plasma '“C-concentration of an equivalent
oral dose of 1%C-2,4-DNHPC (14.55 ppm).

Rabbit 7 Day (Leave-On) Dermal Siydy. The percent absorption of
a 7-day Teave-on dermal dos? of '"C-2,4-DNHPC was 13% (Table I).
Most of the recovered 14C-label (71%; 39% of applied dose) was
present in or on the application site skin at the end of the 7-day
in-1ife phase (Table 1II). A total of 17% of the dose had been
?liminated in the excreta by 7 days (Figure 3). The excreted
C-label was eliminated in a linear fashion at a rate of 1.4 and
1.0% of the dose excreted per day from the urine and feces,
respe%£1ve1y
C-2,4-DNHPC-derived 14¢-1abel was moderately to slowly
?Rsorbed fo110w1ng application of a leave-on dermal dose of
C-2,4-DNHPC, similar to 6 hr dermally exposed rabb1§z Also,
7-day exposed animals achieved a similar peak plasma '“C-concentra-
tion by 6 hr compared to 6 hr dermally exposed animals (Table II).
The 7-day exposed animals exhibited a short rapid elimination phase
(t 1/2 = 3.3 hr), which preceded a steady state phase; the latter
persisted for the remainder of the in-life phase.

Rabbit Multiple Dermal Dose Study. Six (6)% of 13 daily 6 hr
dermal doses of 25 mg/kg/day '*C-2,4-DNHPC was absorbed (Table I).
Most of the multiple dermal doses was recqxered in the daily
6 hr wipe-offs (82% of dose; 92% of recovered '*C-label); 0.1% of
the total dose was recovered in the app11?2t1on site skins 10 days
after the last (13th) dose (Table III) C-Excretion was
greatest between 6 and 48 hr after the initial dose; excretion then
slowed for the remainder of the in-life phase (Figure 4). Only 8%
of the multiple doses had been eliminated in the excreta by the end
of the 10-da¥ post-dose phase (Table 1II).
Plasma '4C-concentration increased approximately 6-fold from
0.16 ppm 6 hr after the first dose to a peak plateau 1 C-concen-
tration of 0.89 ppm_6 hr after the 13th (last) dose (Table II).
The elimination of '"C-label from the plasma following completion
of the dosing phase (t 1/2 = 131 hr) was comparable to the terminal
limination rate following a single 6 hr dermal exposure of
C-2,4-DNHPC.

Monkey Intravenous Study. A total of 49 and 35% of the dose was

excreted An the urine and feces, respectively, within 4 days.

Ur1naqx C-excretion was eﬁaent1a11y completed within 24 hr.
C-2,4-DNHPC-derived ' C-label was rapidly eliminated from

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
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Figure 4. Cumulative excretion of
feces (M), and combined urine and
6 hr dermal doses of 25 mg/kg/day
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the plasma in a biphasic manner; a rapid elimination phase (t 1/2 =
1.4 hr) lasting approximately 10 hr preceded a slower elimination
phase (t 1/2 = 24 hr).

Monkey 6 Hr Dermal Exposure Studies. The percent dermal absorption
of 40 and 2500 ug/cmZ in monkeys was 16 and 5%, respectively
Table I).

Most of a dermal dose of 14C-2,4-DNHPC yas recovered in the
6 hr wipe-off [69 and 95% of the recovered L C-]Ebe1 (29 and 75%
of the applied dose) following 40 and 2500 ug/cm“, respectively].
A total of 13 and 4% of the applied dose was e1im%nated in the
excreta within 7 days fo]]oqlng 40 and 2500 ug/cm®, respectively
(Table III). The excreted C-label was eliminated at a fairly
linear rate gver most of the 4-day in-1ife phase, espe%1a11y from
the 40 ug/cm® dosed animals (Figure 5). The excreted 4c-1abel
was essentially 2ven1y distributed between the urine and feces,
similar to the '*C-excretion pattern observed for 6 hr dermally
exposed rabb] S

Plasma '“C-concentrations were in the range of background to
twice background (1limit of sensitivity T 0.002 ppm) following
dermal application of 14C-2,4—DNHPC (Table II).

Discussion

A concurrently performed study indicated that dinocap technical did
not produce developmental toxicity in rabbits following dermal
application of 25, 50, and 100 mg/kg/day (1). Dinocap did cause
irritation at all dose levels, however. Because of the severity of
the irritation, 100 mg/kg/day was the highest dose studied. Even at
that, the application site needed to be rotated among 7 sites such
that consecutive doses were not applied to the same or adjacent
sites. Maternal toxicity, manifested by reduced feed consumption
and reduced weight gain, was produced at 100 mg/kg/day. The NOEL
for dinocap-induced developmental toxicity by the dermal route was
> 100 mg/kg/day. Results of the absorption studies support the
conclusion that dinocap does not cause developmental toxicity in
rabbits by the dermal route in that a) the dermal absorption of
dinocap1ls significantly less than the oral absorption, b) peak
plasma '"C-levels are much less after dermal application compared
to oral administration of an equivalent dose, and c) dinocap does
not accumulate upon multiple dermal dose administration.
The rabbit oral and dermal absorption studies described

here were designed to simulate the designs of the oral and dermal
developmental toxicity studies. The oral doses in the absorption
study included the NOEL and MEL doses of the oral developmental
toxicity studies. The dermal doses in the absorption study
bracketed those used in the dermal developmental toxicity study;
the high dermal dose of 220 mg/kg in the absorption study
represented the maximum dose of commercial ginocap LC formulation
%Hat physically could be applied to a 40 cm® dose area.

C-2,4-DNHPC was dermally applied as the neat material to simulate
the exposure to dinocap technical in the dermal developmental
toxicity study. Finally, 13 daily 6 hr dermal doses of

American Chemical Society
Library
1155 16th St., N.W.
In Biological Monitorirasiviagton, 6y r<20086 R. eta.;

ACS Symposium Series; American Chemical Society: Washington, DC, 1988.
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Figure 5. Cumulative excretion of 14C—]abe] in the urine (Q),
feces (@), and combined urine and feces (@),of female rhesus
monkeys following a 6 hr dermal exposure of ' C-2,4-DNHPC in
acetone.
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14C-2,4—DNHPC were applied to 7 rotating application sites to
similate the doilng regimen of the developmental toxicity study.
Results of the ''C-2,4-DNHPC multiple dermal dose study indicated
that dinocap does not accumulate in the skin or alter the barrier
function of the skin as to permit greater absorption following
multiple dose application compared to single dose application.
Similar results have been observed for malathion and several
steroids in humans (4, 5).

Additional groups were included in the design of the dermal
absorption study to investigate other parameters useful in the risk
estimation of dinocap. For example, dinocap is sold commercially
as both the WD and LC formulations.  The similarity in the dermal
absorption and pharmacokinetics of 14C-2,4-DNHPC applied as the WD
and LC formulations compared to the neat material strongly suggests
that these formulations do not pose any more of a developmental
risk in rabbits than does the techn1?21 material. The effect of
acetone on the dermal absorption of '*C-2,4-DNHPC in rabbits was
studied to compare these results to the monkey absorption results.
The monkey dinocap dermal study utilized acetone as the vehicle,
since a significant data base of human and monkey dermal absorption
studies exists which utilized acetone as the vehicle (6-10)}. It is
noteworthy that the dermal absorption of dinocap in rabbits and
monkeys was similar, since a number of compounds are known to be
more permeable in rabbits than in monkeys and humans 410).

Results indicated that oral and dermal doses of '"C-2,4-DNHPC
in rabbits were each handled in a similar (linear) fashion
pharmacokinetically. First, the percent absorption was similar for
all doses after each route of zdministration (Table 1). Second,
the fraction of the excreted '4C-label recovered in the urine or
feces was similar for all dose levels for each route Rf
administration (Table III). Third, the peak plasma 14¢-concentra-
tion was proportional to do§$ after each route of exposure.

Fourth, the elimination of , ;C-label from the plasma and the
patterns of elimination of 14C-1abe1 in the excreta were similar
for all doses after each route of administration. Thus, the
observed toxicity at the higher dose levels following oral
(developmental toxicity) or dermal (maternal toxicity)
administration d1d120t appear to alter the absorption, distribution,
or elimination of '"C-2,4-DNHPC compared to lower, no-effect doses.
The linear pharmacokinetics indicate that extrapolation from high,
effect-Tevel doses to lower no-effect level doses may be performed
with greater confidence.

The monkey was used as a model to estimate the dermal
absorption of dinocap in humans, since the monkey has been shown to
be an appropriate model for studying dermal absorption of various
xenobiotics in man (10, 11). The dermal absorption of dinocap in
monkeys was investigated at two concentrations which approximate
potential wgrker exposure concentrations. The high concentration
(2500 ug/cm“), which was also used in the rabbit dermal develop-
mental and absorption studies, approximates the exposure which
might result from contact with undiluted dinocap product
(Streelman, D. R., Rohm and Haas Company InteE—Company Communica-
tion, 1986). The low concentration (40 ug/cm”) approximates the
exposure which might result from contact with dinocap formulations

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
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at their use dilution. The percent absorption was 3-fold greater
at the Tow exposure concentration compared to the high concentra-
tion (16 versus 5%). A greater efficacy of dermal absorption at
lower exposure concentrations has been observed for a number of
compounds (9, 12). Since different worker exposure situations
(i.e., working with the full concentrate or the use-dilution)

can result in substantially different contact exposures, it is
imperative that the appropriate absorption factors be used when
basing the risk estimation of dinocap on absorbed dose.

Conclusions

The risk assessment for dinocap included a) the determination that
the percent dermal absorption of dinocap in rabbits (a sensitive
species for dinocap-induced developmental toxicity) was similar to
the dermal absorption in monkeys (a non-human primate model), and
b) the measurement of the percent dermal absorption of dinocap at
potential worker exposure concentrations in a non-human primate
model. This approach is both practical and appropriate for use in
evaluating the risk of dinocap to man by the dermal route. Using
this approach, the dermal absorption of full concentrate dinocap
formulations in man is estimated to be 5% of the applied dose. The
dermal absorption of dinocap at its use-dilution in man is
estimated to be 16% of the applied dose. These absorption data, in
conjunction with measured field exposures, support the conclusion
that agricultural uses of dinocap do not pose an unreasonable
developmental risk to man.
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Chapter 12

Percutaneous Absorption in Rhesus Monkeys
and Estimation of Human Chemical Exposure

Ronald C. Wester', James McMasterl, Daniel A. W. Bucks', Eugene M.
Bellet’, and Howard 1. Maibach'

"Department of Dermatology, University of California School of Medicine,
San Francisco, CA 94143
?Chemical Consultants International, Overland Park, KS 66204

Skin absorption estimate is dependent upon animal model
for predicting human health hazard for a chemical
entering the body through skin. An example is Dinoseb,
which, when applied to skin of rats (acetone vehicle; 72
hr exposure) is 90% absorbed. The literature shows
absorption through rat skin to be much higher than in
man. Dinoseb applied to the skin of rhesus monkeys
(Premerge-3; 24 hr exposure) gave absorption of less
than 10 percent. Balance in the monkey study accounted
for greater than 80 percent of the applied dose, the
majority of which was unabsorbed Dinoseb removed from
the skin with the post 24 hr scap and water wash.
Comparative absorption data for other chemicals show
skin absorption in rhesus consistent with man.

Central to the determination of human health hazard effects for skin
exposure of chemicals is the estimate for percutaneous absorption.
This value estimates the rate and extent that a chemical will
penetrate the living human epidermis and becomes systemically
available for distribution in the human body. Percutaneous
absorption is a complex process involving many variables which can
affect the estimate for systemic availability (1). However, the
objective is crystal clear; an estimate of percutaneous absorption in
vivo in man. Therefore, the study design should minimize variables
and include aspects most relevant to man. This paper focuses on the
variables of the animal model, and on accountability for applied
dose. It is hoped that the conclusions derived from the information
presented here will aid in producing relevant study designs and
continued relevant data.

Animal Model

The best estimate for human percutaneous absorption would be an in
vivo study in man. Factors such as risk, cost, and access to human
volunteers necessitate use of an animal model. Cost and access

0097-6156/89/0382—0152$06.00/0
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suggest a small laboratory animal. The historical use of the rat in
toxicological studies suggests its use. What may get lost in the
choice of animal is the priority of relevance to man for percutaneous
absorption.

Table I shows the percutaneous absorption of several chemicals
by rat, rabbit, pig and man (2). Questions for relevancy should be
if the skin absorption in the animal is the same as in man and, if
not the same, then is the skin absorption consistently proporticnally
different from man? The answer to both guestions for rat and rabbit
is no. For the pig, the answer is a maybe.

Table I. Percutaneous Bbsorption of Several Compounds
by Rat, Rabbit, Pig and Man (in vivo )

Penetrant Percent Dose Absorbed

rat rabbit pig man
Haloprogin 95.8 113.0 19.7 11.0
Acetylcysteine 3.5 2.0 6.0 2.4
Cortisone 24.7 30.3 4.1 3.4
Caffeine 53.1 69.2 32.4 47.6
Butter yellow 48.2 100.0 41.9 21.6
Testosterone 47.4 69.6 29.4 13.2

Source: Bartek et al (2)

It is beyond this paper's scope to present all comparative data
involving in vivo and in vitro skin absorption in laboratory
animals and man. Details are in references (3-7). This paper
focuses on the use of the rat and the rhesus monkey as relevant
animal models.

Table II shows the comparative in vivo percutaneous absorption
of testosterone in several small species. Absorption in the
laboratory species (rat, rabbit, guinea pig) are on the upper end of
the absorption scale, while those in the pig, rhesus monkey and man
are on the lower end of the scale.

Table II. Comparative Percutaneous Absorption
of Testosterone on Several Species

Species Percent of Dose Absorbed
Rat 47.4
Rabbit 69.6
Guinea pig 34.9
Rhesus monkey 18.4
Man 13.2

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
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Table III summarizes the existing comparative in vivo
percutaneous absorption in the rhesus monkey and man. The list
includes a variety of chemicals and a broad range of skin absorption
estimates. In all cases, the percutaneous absorption in the rhesus
monkey is consistent with that found in man.

Table III. In Vivo Percutaneous Absorption
in the Rhesus Monkey and Man

Chemical Percent Dose Absorbed Reference
Rhesus Monkey Man

2,4-Dinitrochlorobenzene 52.5 + 4.3 53.5 + 6.2 (8)
Nitrobenzene 4.2 % 0.5 1.5 + 0.3 (8)
Cortisone 5.3 + 3.3 3.4+ 1.6 (9)
Testostercone 18.4 + 9.5 13.2 ¥ 3.0 (10)
Hydrocortisone 2.9+ 0.8 1.9+ 1.6 (10)
Benzoic acid 59.2 ¥ 7.6 42.6 + 16.4  (10)
Resorcinol 0.18 + 0.03 0.08 + 0.03 (11)
P-Phenylendiamine 0.18 + 0.06 0.19 + 0.04 (11)
2-Nitro-PPD 0.55 ¥ 0.10 0.1 4+ 0.04 (11)
HC-Blue #1 0.13 ¥ 0.03 0.15 + 0.12 (11)

Basic to scientific inquiry is the dose response. For skin
absorption in man, the percent dose absorbed will be dependent on the
applied dose (Table IV, references 10,12). The dose response is
similar for the rhesus monkey.

Table IV. Percutaneous Absorption of Increased
Topical Doses of
Several Compounds in the Rhesus Monkey and Man (in vivo )

Penetrant Dose Percent of
ug/cm2 Dose Absorbed
Rhesus Man
Bydrocortisone 4 2.9 1.9
40 2.1 0.6
Benzoic Acid 4 59.2 42.6
40 33.6 25.7
2,000 17.4 14.4
Testosterone 4 18.4 13.2
40 6.7 8.8a
250 2.9
400 2.2 2.8
1,600 2.9
a 41000 _l._4
30 ug/cm2.
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Dose Accountability

The preceding section on animal models suggests the possibility of
differences in skin absorption and subsequent human health hazard
effect estimates dependent upon animal species. The percent skin
penetration data from Table V would estimate, based on the rat, that
all of the Dinoseb which gets on skin is absorbed. Human health
hazard estimates would be prejudiced in this direction. Absorption
in the rhesus monkey would suggest that an absorption of no more than
ten percent would better estimate human health hazards. The obvious
question with the rhesus monkey data is an accountability of the
majority of the dose to ensure that nothing peculiar happened during
the study. Table VI gives an accountability of the applied Dinoseb
dose. The majority of the dose appeared in the 24 hour post appli-
cation soap and water skin wash, and thus was not absorbed. Thus,
the less than ten percent absorption is real and is probably more
relevant to man than the complete absorption observed in the rat.

Table V. In Vivo Percutaneous Absorption of
Dinoseb in Rhesus Monkey and Rat?®

Applied Dose
ug/cm2 Percent Skin Penetration Percent Dose
Accountability
RAT
51.5 86.4 + 1.1 87.9 + 1.8
128.8 90.5 + 1.1 91.5 + 0.6
643.5 93.2 + 0.6 90.4 + 0.7
RHESUS MONKEY

43.6 54 + 2.9 86.0 + 4.0
200.0 7.2 + 6.4 8l.2 + 18.1
3,620.0 4.9 + 3.4 80.3 + 5.2

®Rat = acetone vehicle; 72 hr application
Monkey = Premerge-3 vehicle; 24 hour application
Complete Dinoseb data to be published elsewhere
Reference 13 for rat data

Study Design Objective

A study design should reflect a clear objective. 1In tne case of
Dinoseb, the rhesus monkey study was designed to best estimate human
skin absorption for a 24 hour exposure period. Dinoseb was applied
as its commercially available formulation (Premerge-3), and the doses
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Table VI. Percutaneous Absorption and Accountability of
Dinoseb In Vivo Study in the Rhesus Monkey?

Disposition Applied Dose (ug/em?)
Parameter 43.6 200.0 3,620.0

Percent Applied Dose Accountability

Urine 3.3+ 1.8 4.4 + 2.39 3.0% 2.1
Feces 0.8% 0.5 1.0+ 0.6 3.0+ 1.7
Contaminated solids 0.03%0.02 0.02+ 0.02 0.07%0.08
Pan wash 0.04+0.03 0.8+ 1.1 0.4+ 0.3
Skin wash 81.11 4.0 75.0 + 22.9 73.8 + 6.8
Total Accountability 86.0t 4.0 81.2 + 18.1 80.3 + 5.2

& Complete Dinoseb data to be published elsewhere

represent concentrations which human skin would be exposed to. The
rat data was taken out of context, since its objective was to compare
skin absorption of young and old skin for a 72 hour exposure of
Dinoseb when applied to skin in acetone. The comparison of the rat
study extrapolated to a health hazard assessment in hunans would be
for human applicators to use Dinoseb, mixed in acetone, continually
for 72 hours without the benefit of a shower or bath for the 3 day
period. This clearly points up the fallacy of using .:ueppropriate
data from animal models in the extrapolation of

health hazard effects to man. The design of a proper study complete
with well though out objectives which are tied in a ratiocnal
scientific manner to human health exposure is what is required.

Animal Percutaneous Absorption Data to Estimate Human Exposure

The objective of percutaneous absorption data is to estimate the
amount of chemical which will transfer from the surface of skin
through the epidermis into the systemic circulation. That which gets
into the epidermis or systemic circulation determines the existence
or degree of local or systemic toxicity. Thus, skin absorption is
pivotal and important in estimating potential health hazards for
topical exposure, and relevant information is necessary. Data in
animal models not relevant to man for skin absorption certainly
cannot give a true estimate, and in fact may lead to further
confusion.

The best animal model for estimating percutaneous absorption
relevant to man is man him(her) self. Yet especially with agriculture
chemicals there is continual searching for "relevant" animal data,
when the correct answers can easily be obtained in man. Perhaps when
regulatory and managerial people realize this, the emphasis will
shift to the proper human studies.
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Chapter 13

Percutaneous Absorption

In Vitro Technique as an Alternative to In Vivo Assessments

R. C. Scott

Central Toxicology Laboratory, Imperial Chemical Industries PLC, Alderley
Park, Nr. Macclesfield, Cheshire SK10 4TJ, United Kingdom

Chemicals, during manufacture and use may come into
contact with human skin and have the potential to be
absorbed. Hence an integral part of their safety
evaluation should involve quantitation of percutaneous
absorption. Currently, Regulatory Agencies require 1in
vivo dermal absorption studies for this quantitation. Such
in vivo data, obtained using animal skin, are used to
predict the potential hazard to man. As the permeability
of animal skin and human skin has been shown to be
different (for many chemicals) extrapolation is difficult.
In the studies reported in this paper in vivo and in vitro
absorption data using rat skin have been obtained with two
molecules, cypermethrin and carbaryl, which have different
physicochemical properties. For both these chemicals the
in vitro absorption data which were obtained predicted the
in vivo data. In vitro carbaryl absorption data were also
obtained with human skin and compared with published in
vivo data. Again, the in vitro data predicted the
available in vivo results. As in vitro data are more
readily obtained and as human skin can be used (thus
eliminating any extrapolation step from animal to man) the
in vitro system offers a geniune alternative and
improvement to in vivo animal experiments.

Safety evaluation of pesticides and their formulations requires
an integrated series of toxicity studies. By necessity, animals
are used as models for man and the data are then extrapolated to
predict the potential hazard to man. Toxicity after the
percutaneous absorption of toxic active ingredients, such as
pesticides, is assessed currently using in vivo absorption data
determined using an animal skin (usually rat or rabbit). This
method is used since chemicals with only a limited toxicology
data base cannot, for ethical reasons, be tested in man directly.

0097-6156/89/0382—0158306.00/0
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However, once sufficient information has been gathered to enable a
fuller understanding of the toxicological profile of an active
ingredient, human volunteer studies might then be possible.
Inevitably the ability to conduct such studies is determined by
considerations of ethical committees who approve protocols. Often
pesticides are prepared in many formulations and the problem of,
for example, assessing the safety of several novel formulations (ie
the formulation which resulted in the lowest absorption rate) with
the same active ingredient by the human volunteer experimental
route would be a daunting task. In vivo, animal studies are only
marginally less complex, although the acquisition of data is
facilitated by more ready access to test subjects.

In order to facilitate the development of data on the
absorption of pesticides from various formulations, in vitro
techniques have been developed to predict in vivo percutaneous
absorption.

The major advantage with the in vitro technique 1s the safe
use of human tissue, the best model for man, in addition to a
reduction in the use of animals. It is the intention of this paper
to show that the percutaneous absorption of pesticides can be
measured in vitro with the same degree of certainty and accuracy
demanded from in vivo studies. Some of the potential experimental
pitfalls for the unwary experimentalist are also discussed and
comparisons with in vivo data presented.

The in vivo and in vitro absorption, through rat skin, of a
poorly absorbed lipophilic molecule, the insecticide cypermethrin,
has been studied (1). 1In this study 3ul of a potentlal concentrate
field formulation (nominal cypermethrin concentration, 359g/1), or
20pl of an oil-based spray dilution (nominal cypermethrin
concentration, 29g/1), was applied to the shorn backs of 4-5 week
old rats (Alpk/AP strain, Wistar derived). The application site
was left open to the atmosphere but protected by a plastic guard.

To facilitate the determination of absorption, [14C]
cypermethrin was added to the formulation. Absorption was assessed
after 8 hours. This time period was selected to represent a
typical working day period. With the spray dilution the time-
course of absorption over a 24 hour contact perlod was determined.

In both studies, determination of total absorption up to a
particular time point required animals to be killed humanely prior
to the analysis of the skin site, urine, faeces and various tissues
for [1 C] content (which was regarded as equivalent to
cypermethrin).

During the 8 hour contact period with the concentrate
formulation a mean of 1.0% (SEM % 0.4; n = 3) of the applied
radiolabel was detected to have been absorbed. In our experiments
we defined the absorbed chemical as that which had passed through
the skin, ie entered the circulatory system and, therefore, capable
of exerting systemic toxicity. A chemical which is located in the
stratum corneum (the outermost layer of the epidermis), although
potentially absorbable, cannot exert systemic toxicity, other than
local, and so 1s not regarded as absorbed.
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A series of in vitro experiments were done to obtain data for
comparison with that obtained in vivo. The application conditions
of the formulation on the skin in vitro duplicated those in_vivo.
The apparatus used for the in vitro experiments was a glass
diffusion cell (Figure 1) in which the skin membrane was sandwiched
between a donor and receptor chamber, with the epidermal surface
adjoining the donor chamber. The donor chamber was open at the top
in order to expose the epidermal surface to ambient atmospheric
conditions and the receptor chamber was placed in a water-bath
maintained at a constant temperature (30° % 10C). Two variables
were introduced into the experiment. Firstly, whole skin
(epidermis and dermis) or an epidermal membrane (dermis removed)
was used (2). Secondly, several receptor fluids (physiological
saline, 6% VOLPO in saline, 6% PEG in saline, 20% foetal calf serum
and 50% aqueous ethanol) were used with both whole and epidermal
skin membranes. The in vitro data are presented in Table 1.

With whole skin in the diffusion cells no absorption was
detected during the 8 hour contact period into any of the receptor
fluids. These results do not agree with the in vivo data. However,
when epidermal membranes were used, absorption (similar to that
measured in vivo) was detected with 3 of the 5 receptor fluids.
Cypermethrin is essentlally insoluble in the 2 receptor fluids
(physiological saline and 6% PEG in saline) into which no
absorption was detected.

These data indicate that the in vivo percutaneous absorption
of a lipophilic molecule can be predicted in vitro by using
epidermal membranes and a suitable receptor fluid in which the
penetrant is soluble. The inability of lipophilic molecules to
penetrate in vitro whole skin (though essentially the dermis) has
been demonstrated previously (2,3). In vivo chemicals must diffuse
through the stratum corneum and viable epidermis, to reach the
systemic circulation, but not the full width of the dermis. Thus
the use of epidermal membranes in vitro mimics the in vivo pathway
to the circulatory system. The need for a receptor fluid in which
the penetrant is soluble, (but which does not alter the overall
integrity of the diffusion barrier) 1s necessary and has been
reported previously (4) but this is still not appreciated fully.

The technical mistake of using whole skin and an unsuitable
receptor fluid might, in the past, have prejudiced workers in the
investigatory field of percutaneous absorption from using the in
vitro technique. Certainly, the inability to reproduce in vivo
absorption results in vitro would have been a frustrating
experlence.

The profiles of in vivo and in vitro cypermethrin absorption
against time, through rat skin, from the oil-based spray dilution
are shown 1n Figure 2., During the initial 12 hour contact period
there was no difference between the in vivo and in vitro data, but
after this time the data obtained with 6% VOLPO 20 as the receptor
fluid in vitro underestimated the in vivo absorption. The 50%
aqueous ethanol solution again demonstrated that over prolonged
contact periods, the in vitro technique is capable of predicting
the in vivo absorption.
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SupportScreen ——— & O /

<«~——— Sampling
Receptor Chamber ———» Arm

Figure 1 Diagram of the glass diffusion cell used in in vitro
percutaneous absorption experiments

Table I. 1In vitro Absorption of Cypermethrin through Rat Skin
During 8hr Contact Period from a Concentrate
Field Formulation

%Z applied dose absorbed

Whole skin Epidermis
Receptor | Receptor
1 2 3 4 5 1 2 3 4 5
ND ND ND ND ND 2.7 1.7 ND 2.1 ND
(5) (5) (5) (5) (5) 0.4 10.2 30,4
| (4) (&) (3)

Receptor fluids used:

(1) 50% aqueous ethanol
(2) 6% VOLPO 20 in saline
(3) physiological saline
(4) 20% foetal calf serum
(5) 6% PEG in saline
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Such an in vivo time course experiment, using this type of
protocol, requires the use and sacrifice of many animals (eg. 2-5
per time point), whilst the in vitro technique requires much fewer
(3-5 replicates for each receptor fluid with 3-5 skin samples from
each rat). The ability to study the effect of altering the
concentration, time of skin contact or changes in formulations
could be measured in vitro much more efficlently and the effect on
in vivo absorption predicted. In such a manner development of less
toxic formulations, ie those which cause the least percutaneous
absorption, would be facilitated.

A similar degree of accurate prediction of in vivo absorption,
using the in vitro method, has also been achieved with a more
water soluble and well absorbed pesticide, carbaryl. Initilally,
animals were given a single intravenous bolus injection of carbaryl
and the urine and faeces collected. The proportion of the dose
eliminated in the urine was then calculated. The kinetics of
elimination following percutaneous absorption were assumed to be
the same as after intravenous dosing. The [ C] carbaryl was
applied to rat skin in a volatile vehicle (acetone) and absorption
was assessed by collecting urine and assaying for [1401 which was
regarded as equivalent to carbaryl. The amount of [14C] in the
urine after dermal contact was then adjusted by the calculated
'correction factor' from the intravenous study (i.e. proportion in
the urine) to determine percutaneous absorption. This technique
has been employed successfully in monkey and human studies (5). In
vitro absorption was measured into two receptor fluids (see Flgure
3). The use of 50% aqueous ethanol provided the better agreement
than the 6% VOLPO in saline receptor fluld and predicted accurately
the in vivo data.

The percutaneous absorption of carbaryl has also been studled
previously through human forearm skin (6). We have duplicated the
absorption conditions and repeated the study in vitro with human
abdominal skin. A comparison of our in vitro data with the
published in vivo data is presented in Figure 4. Again, there is
agreement between the in vivo and in vitro data, especially when
the small amount of carbaryl applied and absorbed is considered
together with the different application site. It is possible that
a repeat in vivo study using the abdomen as the application site
would give an even better correlation.

These experimental data support the view that the in vitro
technique could be a genuine alternative to the in vivo
determination of percutaneous absorption. In vitro data which
predicted in vivo data have been obtained with different types of
chemicals (physicochemical properties) and with different speciles
(rat and man).

Extrapolation of dermal toxicity data from animal studies to
man is difficult. The ability of the in vitro technique to
quantify differences in absorption between animal models and man is
illustrated in Figure 5. This shows the absorption profiles of
[1 C] carbaryl from a 40ug cm -2 dose, applied in acetone, to rat
and human skin. The profile and rates of absorption are very
different. If the rat data were used to predict human absorption
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Figure 4 In vivo and in vitro absorption of carbaryl through
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Figure 5 In vitro absorption of carbaryl through human and
rat skin
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there would be a large overestimation. These data show clearly
that when absorption studies are done to predict human absorption
then the best skin to use is human; there 1s, as yet, no animal
skin which has proved to be a good model for human skin (7,8).

The difficulties of human in vivo studies have been discussed.
The most rational way forward, therefore, to study and understand
percutaneous absorption as 1t relates to man would appear to be
the use of an in vitro system using human skin. This approach
allows the effect of formulation changes, dose, time of contact and
other variables on percutaneous absorption, as they relate to man,
to be assessed readily.

Most determinations of absorption, particularly for the
assessment of systemic hazard by Regulatory Authorities, lead to
presentation of the data in terms of '% applied dose absorbed' at a
specified time. The precise times of interest are ill-defined but
often relate to the working day period (8-10 hours) and up to a 24
hour period. At present, there 1s no working or accepted
‘classification scheme' for the extent and rate of absorption
adopted amongst interested scientists in this area of
investigation. The data presented in Figures 2 and 3 are
further analysed in Table II, With both compounds, the extent of
in vivo absorption, together with the appropriate '% applied dose
absorbed' would have been predicted from the in vitro data (6%
VOLPO data was less accurate than 50% aqueous ethanol) at any of
the related time points. If data are required in this form then
the in vitro system classified accurately the in vivo absorption.

Precisely how this type of data can be used for assessment of
hazard is, however, not entirely clear. Toxicity is not related
simply to 'the percentage of applied dose absorbed' but absorption
rate and total amount absorbed or a combination of these. Data
presented 1in Table III are from in vitro experiments to determine
the absorption of [14C] carbaryl through rat skin after application
(in an acetone vehicle) at doses of 4, 40, 400 and 4000 pg/cmz.
The absorption rates and '%Z applied dose absorbed' have been
determined and calculated over two time periods. If the data are
considered in terms of '% dose absorbed' then, the higher values
are obtained with the lower doses. However, the highest absorption
rates, which would determine any toxicity, are from the higher
doses. What is also obvious with this particular compound from
this vehicle, 1s the non-linearity of the absorption rates with
dose. The in vitro system facilitates the acquisition of such
data. The '% applied dose absorbed! can only be relevant to any
particular dose applied and specific time period. Absorption rates
are more meaningful for toxicological/hazard assessments and enable
absorption from different formulations and dose levels (as can
happen in the field from spray equipment) to be compared. These
rates can be obtained using the in vitro technique.

In our laboratory we have developed, an experimental in vitro
percutaneous absorption scheme which we use to predict the
potential hazard from pesticide formulations as a result of dermal
contact (Table IV). Absorption measured from bulk 'infinite' doses
to the skin provides data relevant to the worst exposure situation.
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Table II. Comparison of the 'Z Applied Dose Absorbed!
in In Vivo and In Vitro Experiments at Various Times After
Application to the Skin

% Applied Dose Absorbed

Compound Expt Shr 10hr 20hr
In vivo 3 6 19

Cypermethrin 50% aq. eth 4 9 20
6% VOLPO 2.5 5 11
In vivo 10 20 33

Carbaryl 50% aq. eth 10 20 25
6% VOLPO 5 7.5 12

Table III. In Vitro Absorption of Carbaryl at a Range of
Doses Expressed as the Rate and '% Applied Dose Absorbed'
Over Specific Time Periods

Time Period (hr)

Dose (pg/cm?) 2 -6 20 - 40
Je % Je %

4 1.77 100 = Z

40 1.16 15 0.28 35

400 1.75 25 0.84 10

4000 5.56 0.8 1.17 2

Jg» approximate absorption rate (pg/cmz/hr)
%, total '% applied dose absorbed' at end of time point

Table IV. In Vitro Dermal Application Regime for Predicting Potential Percutaneous
Absorption From Different Formulations

Formulation Appplication Volume (pl/cmé)

Concentrate 100
Spray dilution 100
Spray dilution (x10) 100
Spray dilution (#10) 100
Spray dilution 10
Spray dilution 10

(unoccluded)
Conc: Spray dilution 100

(1:3)
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To study the effects of other than the specified spray dilution
contacting skin, as can happen if label instructions are not
followed, absorption is measured from a range of spray dilutions
which includes the recommended dilution. Additionally, to assess
absorption under exposure situations likely in the field, the spray
dilution is applied to the skin at a more realistic exposure rate
(IOpl/cmz) with both the formulations covered (occluded) to

prevent vehicle components evaporating and also open to the
atmosphere (unoccluded) to mimic actual field exposure. A further
application regime which we have recently introduced 1s to measure
absorption from a mixture of the concentrate formulation and spray
dilution (1:3) to study potential absorption for the 'mixer-loader'
operator. Obviously, this approach is geared to the spray operator
situation which we believe to be the most relevant for
consideration of risk with pesticide formulations. In all our
applications we apply specified volumes of formulations, rather
than amounts of active ingedient (although this 1s known) and the
.data can be re-interpreted in terms of '% applied dose' if

desired.

It is firmly our belief that the hazard of dermal exposure and
subsequent absorption to pesticldes needs to be assessed.
Currently, we believe that the ideal way to do this is with full
human pharmacokinetic volunteer trials, however, the accumulation
of sufficient data by this method presents many problems which
makes thils approach impractical., In order to further aid our
understanding of the factors governing the absorption of
pesticides, from different formulations and the subsequent hazard
to spray operators, we believe that the in vitro technique offers a
genuine alternative to in vivo studies.
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Chapter 14

Dermal Absorption and
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Dermal absorption and disposition of carbaryl,
carbofuran, chlordecone, hexachlorobiphenyl and
dinoseb were studied in female Fischer 344

rats. Acetone solution of the [14C] labeled
pesticide was applied to a previously clipped
mid-dorsal region of the back. At various time
intervals, animals were killed and selected
organs were analyzed for radioactive [14C]
content. A physiological compartmental model
was fitted to the skin penetration, tissue
distribution, and excretion data. The
equilibrium tissue to blood ratios and excretion
rate constants and skin absorption rate were
determined from the model. 1In many cases,
differences in kinetics and retention were found
between young and adult rats. The dermal
penetration function was single or
biexponential, requiring a one or two
compartmental model for simulating the skin
penetration process.

More than one billion pounds of pesticides are being used each
year in the United States alone to increase the productivity of
agricultural land (1). Greater reliance on use of pesticides
appears inevitable as the demand for food production increases
with increasing population. Occupational exposure to pesticides
occurs via oral, dermal, and inhalation routes. Although the rate
of absorption may be higher by pulmonary and oral routes, the
total amount absorbed after skin contact may be much greater
during occupational exposure to pesticides (2,3).

Knowledge of dermal absorption (rates and extent) of
pesticides is very important in risk assessmeht and establishment

0097—-6156/89/0382—0169306.00/0
© 1989 American Chemical Society

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1988.



170 BIOLOGICAL MONITORING FOR PESTICIDE EXPOSURE

of reentry standards for field workers. With regard to
occupational exposure to toxicants in general, risk assessment has
usually been based on studies in adults. Skin absorption depends
on a number of factors, including the chemical and physical nature
of the penetrant and type of skin. The limited literature on the
effects of age on skin penetration has been recently summarized
(4). It appears that the effect of age on percutaneous absorption
varies with species, compound, and method of assessment.

Increased skin permeability of neosynephrine (as measured by the
blanching response) in premature infants compared to full term
infants has been documented (5).

No differences in percutaneous absorption of testosterone
between the newborn and adult rhesus monkey was noted (6), while
more rapid loss of topically applied triadimefon from the skin of
young Sprague-Dawley rats has been reported (7). A recent
comparative study on percutaneous absorption of pesticides in
young and adult Fischer 344 rats reported age-dependent
percutaneous absorption for 11 out of 14 pesticides studied (8)-

We present here the comparative percutaneous absorption and
disposition of carbaryl, carbofuran, chlordecone, hexachloro-
biphenyl, and dinoseb in young and adult Fischer 344 rats
utilizing identical methodology. BAlso, comparison of the results
of in vivo and two in vitro methods for percutaneous absorption
measurements are presented. The utility of the physiological
compartmental model in simulating dermal absorption and
disposition is discussed.

EXPERIMENTAL APPROACH:

CHEMICALS

The chemicals studied, their respective specific activities,
radiolabeling position, and sources are listed in Table I.

The radiochemical purity was greater than 98% for all
pesticides studied. Unlabeled chemicals were supplied by the
Pesticide and Industrial Chemical Repository (U.S. Environmental
Protection Agency, Research Triangle Park, NC). Minimum Essential
Medium (MEM) Eagle Formula with Earl's salts andL- glutamine and
without phenol red and sodium carbonate was purchased from Gibco
Laboratories, Chagrin Falls, OH. HEPES (N- 2~
hydroxyethylpiperazine-N ’—2-ethanesulfonic acid), sodium
pyruvate, L~ serine, L- aspartic acid, and gentamicin were purchased
from Gibco, Grand Island, NY. Anhydrous sodium carbonate, sodium
hydroxide, ethyl ether (anhydrous), and acetone (reagent grade)
were purchased from Fisher Scientific Co., Fairlawn, NJ.

IN VIVO APPLICATION

Female Fischer 344 rats of 33 (young) and 82 (adult) days of age
were utilized for dermal absorption experiments. Three rats were
used for each time point. Randomized offspring from timed-
pregnant rats were used in order to have better control over the
age and weight of the animals used in these experiments. The in
vivo experimental techniques employed in this study have been
described in detail by Shah et al. (8).
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Briefly, the animal‘'s hair was clipped 24 h prior to dermal
application with Oster animal hair clippers (Oster, Milwaukee,
WI). Dosing solutions (0.1 mL young and 0.2 mL adult) containing
radioactivity and appropriate dose (285 nmol/cmz) in acetone were
applied to the previously clipped mid-back region of the rat. The
treated area, which represents approximately 2.3% of the total
body surface area (2.8 cm“ young , 5.6 cm“ adult), was protected
from grooming by placing a nonocclusive device over it. At the
end of the designated time interval, the animal was anesthetized
with ether and a blood specimen was obtained from the heart.
Various tissues were removed to determine the distribution of
dermally absorbed radio-~ labeled pesticides.

All the tissues, excretory products, and carcasses were
analyzed for radioactivity by liquid scintillation counting as
described by Shah et al. (8).

IN VITRO PROCEDURE

In vitro absorption of pesticides through young and adult skin was
determined by using both Franz cells and continuous flow-through
cells. The detailed experimental and skin preparation techniques
have been described in detail by Shah et al. (2). Briefly, back
hair was clipped 24 h prior to experiment. Animals were killed
with carbon dioxide, and back skin was carefully excised. Skin
was floated on tissue culture medium (minimum essential media,
Eagle formula with Earl's Salts). Split thickness (350 um
thickness) skins obtained with a dermatome (Padgett Dermatome,
Kansas City, MO) were mounted in the in vitro cells with epidermis
exposed to the environment. Only one skin disc was used from each
animal. The amount of pesticide (in acetone) per cm? area was
kept the same for both in vivo and in vitro experiments. Receptor
fluid was manually removed periodically from the Franz cells to
determine the rate and extent of penetration, while continous flow
through cells with a media flow rate of 3 mL/h were automatically
sampled every 3 h. Sample preparation for radioactivity
determination and oxidation of treated skin were done according to
procedure described by Shah et al. (8). Briefly, the treated skin
was combusted in the sample oxidizer to measure the remaining
radiocactivity in or on the skin. BAll other samples were mixed
with 10 mL Insta-Gel (Packard Instrument Co., Downers Grove, IL)
for scintillation counting.

Data Analysis

Statistical comparisons to determine the effect of age on skin
penetration of pesticides were made using the Statistical Analysis
System package (10) with age and age X time as class variables in
the general linear model (GLM). Reciprocal variance was used for
weighting. The significance of the laboratory method used (flow,
static, in vivo) was determined with the SAS using age, method,
and age X method, and age X method X time as class variables in
the GLM and reciprocal variance for weighting.
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A mathematical model was constructed along the lines of the
physiological model developed by Bungay et al. (11,12). Least-
squares fitting of the model to the data was done using SAAM 27, a
computer package developed at the National Institutes of Health
(NIH) by Berman and Weiss ng).

RESULTS

Skin absorption of carbofuran as determined by the three methods
is shown in Table II. The in vivo skin absorption of carbofuran
was 4.7% at 6 h and 33.5% at 72 h in young animals. In adults, it
increased from 2.0% at 6 h to 11.8% at the 72 h time point. The
static system gave 3.1% skin absorption at 6 h and 12.0% at 72 h
in young animals, while in adults, absorption ranged from 1.7% at
6 h to 8.8% at the 72 h time point. The skin absorption of
carbofuran as determined by the flow system in young animals
ranged from 27.3% at the 6 h to 41.1% at 72 h time point. 1In
adults, it ranged from 5.0% at 6 h to 11.2% at the 72 h time
point. The young/adult ratio of skin penetration at 72 h was 2.9
(in vivo), 3.7 (flow), and 1.4 (static). Thus, all three methods
gave higher skin penetration values in young rats compared to
adults. However, the static cell gave consistently lower skin
penetration values in young rats compared to in vivo observations.

Skin absorption of carbaryl as determined by the three
methods is shown in Table III. The skin absorption of carbaryl
(in vivo) ranged from 2.4% at 6 h to 38.5% at 72 h in young
animals, and in adults it ranged from 3.6% at 6 h to 38.4% at 72
h. The skin absorption of carbaryl (static) ranged from 5.3% at 6
h to 20.9% at 72 h in the young, and in adults, it ranged from
4.7% at 6 h to 20.3% at 72 h. The skin absorption of carbaryl
(flow) ranged from 18.8% at 6 h to 29.2% at 72 h in young animals,
and in adults, it ranged from 8.1% at 6 h to 18.2% at 72 h. Both
in vivo and static systems showed no significant young/adult
differences in skin penetration of carbaryl at the 72 h time
point, while the flow system gave significant differences in skin
penetration between young and adult animals, with young absorbing
more carbaryl compared to adults.

Skin absorption of dinoseb as determined by the three methods
is shown in Table IV. Dinoseb showed rapid penetration in both
young and adult rats compared to other pesticides. The results
from the in vivo method showed a statistically significant lower
skin absorption of dinoseb in young animals. In the young, skin
absorption ranged from 11.1% at 1 h to 55.7% at 72 h, while in
adults, it ranged from 22.3% at 1 h to 84.3% at 72 h. The static
method indicates significant differences in skin penetration of
dinoseb in young and adult, except at 1 h sampling period. 1In the
young, the skin absorption value (static), for dinoseb ranged from
3.0% at 1 h to 74.9% at 72 h, and in the adult, it ranged from
1.5% at 1 h to 70.8% at 72 h. The flow system indicated
significant young/adult differences in skin absorption of dinoseb
at all time points, and young absorbed more than twice the amount
of dinoseb as adults. The skin absorption value (flow) in young
ranged from 6.4% at 1 h to 47.3% at 72 h, and 2.4% at 1 h to 20.6%
at 72 h in the adult.
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Methods comparison of hexachlorobiphenyl skin penetration in
young and adult rats is shown in Table V. In vitro skin
absorption values of hexachlorobiphenyl in young and adult rats
were significantly lower than in vivo results. Skin absorption
values in young at 6 h were 0.012%, 0.071%, and 2.5% as determined
by flow, static, and in vivo methods, respectively. In adults,
skin absorption values at 6 h were 0.015, 0.019, and 0.63% as
determined by flow, static, and in vivo methods, respectively.
Skin absorption values in young at 72 h were 1.25, 2.50, and 33.2%
as determined by flow, static and in vivo methods, respectively.
In adults, 72 h skin absorption values were 1.36, 1.15, and 19.6%
as determined by flow, static and in vivo methods, respectively.
Both in vitro methods showed nonsignificant differences in skin
penetration of hexachlorobiphenyl between young and adult rats,
while in vivo results showed significant differences in skin
penetration between young and adult rats at all time points.

Methods comparison of skin penetration of chlordecone
(Kepone) is shown in Table VI. 1In vitro skin absorption values of
chlordecone in young and adult rats were significantly lower than
in vivo values. Skin absorption values in young at 6 h were 0.45,
0.022, and 0.51% as determined by flow, static, and in vivo
methods, respectively. 1In adults, skin absorption values at 6 h
were 0.052, 0.026, and 0.398% as determined by flow, static, and
in vivo methods, respectively. Skin absorption values in young at
72 h were 1.4, 2.2, and 9.1% as determined by flow, static and in
vivo methods, respectively. In adults, 72 h skin absorption
values were 1.2, 2.2, and 7.9% as determined by flow, static, and
in vivo methods, respectively. All three methods showed higher
skin penetration of chlordecone in young compared to adult
animals.

PHYSIOLOGICAL MODELING

A physiological compartmental model for carbofuran dermal
absorption and disposition is shown in Figure 1. The
compartmental volumes (VT) were the average weight of kidney,
liver, and body found in the present study. The other
compartmental volumes were derived from the body proportions given
by Lutz et al. (14). Cardiac output and blood flow rates were
scaled directly with compartmental size from the values given by
Bungay et al. (11). A blood flow rate for a 1.9 g kidney was
calculated to 53—5.33 mL/min from a plasma flow rate of 5 mlL/min
and hematocrit of 40% (lé)-

The system of differential equations describing the transfer
of material between organ compartments is given below. For blood

Q. Q.
d i i
Svo= 2 oy -ty eky
t
a’B kL vr t VP
i1
M,S
For muscle and nontreated skin
d i= Qi Qi where 1i = M,S
T TV Vs TV R e
B i1i
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Treated Skin
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Figure 1. Physiological model for carbofuran dermal absorption and disposition in the rat.
(Reproduced with permission from ref. 9. Copyright 1987 Hemisphere Publishing
Corporation.)

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1988.



14. SHAHETAL. Absorption and Pharmacokinetics 181

For kidney

dy —QKY ———QKY k.y

t

dt“ K VBB VKRKK U°K
and for liver

< -QLY —-——QLY koY

at’L B RL ™~ °F

VB VL L L

For treated skin

Sy, =-k (0) = D

¥ a¥p: YplB) = By
Nomenclature Subscripts
D0 Dermal dose (n moles) B Blood
Y; Radioactivity in compartment i (n moles) K Kidneys
Q; Blood flow rate to tissue i: (mL/h) L Liver
Vi Volume for tissue compartment i: (mL) M Muscle
R; Equilibrum tissue/blood ratio for S Nontreated

compartment i skin

kA Dermal absorption rate constant (h'1) T Treated skin
kU Urinary excretion rate constant (h-1) F Feces
kF Fecal excretion rate constant (h™') U Urine

Carbofuran levels from blood, kidney, liver, skin, carcass,
urine, and feces were fitted to the model using SARM27 to optimize
the parameters for equilibrum tissue/blood ratio (RT), the urine
(KU), and feces (KF), excretion-rate constant, and the dermal
absorption-rate constant (KA)° The parameter values are shown in
Table VII.

The dermal absorption-rate constant (KA) for young, 0.00548

h—1, is about 3 times that for adults, 0.00173 h'1. The model
results for dermal absorption were in agreement with the observed
values after 24 h for both young and adult rats. Before 24 h, the
model results were approximately half of the observed values,
perhaps indicating an additional rapid component of absorption
which was not incorporated in the model. The urinary excretion
rate constants (KU) were found to be 36.1 h~' for young and 26.1
h™' for the adult. The fecal excretion rate constants (KF) were
found to be 0.67 h™! for young and 0.24 h~! for the adult. The
increased dermal absorption~-rate constant in young compared to
adult animals appears to be balanced by the increased excretion-
rate in the young, such that the body burdens in young and adults
are about the same at 120 h.

The equilibrium tissue-to-blood ratios (Table VII) for adult
animals were higher than those of the respective organs in the
young. Most notable is the difference in the kidney-to-blood
ratio of 10.3 for adults as compared to 5.4 for young, indicating
the greater sequestering of carbofuran~derived radioactivity in
adults than in young.

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
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A steady state was reached rapidly. The model predicted
organ content to be maximum at 6 h, followed by a decrease in
content as a result of the decline in the amount that was
available for penetration. Continuous exposure was simulated with
the model by maintaining a unit constant amount on the skin.
Equilibrium levels calculated in the organs as fractions of the
amount on the skin for young and adult, respectively, were 1.5 X

4

10”4, and 0.65 X 10~% for kidney, 3.7 X 10~% and 1.4 x 1074 for

liver, 9.4 X 1074 and 4.7 x 1074 for skin, and 81 X 1074 and 40 x
10~4 for the total body. Corresponding excretion rates (fraction/
h) for young and adults were 52 X 10™% and 17 X 1074 ™" for urine

and 2.5 X 1074 h~"' and 0.34 x 1074 h~! for feces. From this
temporal experiment with a single applied dose of carbofuran, the
linear compartmental flow model provides a good fit to the data.

A more complete validation of the model would require data at a
sequence of doses as well as data from multiple dose experiments.
For chlordecone, a model developed from intravenous (iv)
dosing was used but modified to accommodate the dermal absorption
pathway. A time-varying dermal absorption rate constant was found
to enhance the model fit. The urinary excretion rate constant was

also time-dependent. Excretion began at about 0.75 h~' ana
finished at about 0.01 h_1 at 120 h. Equilibrium tissue/blood
ratios agreed with those found by iv dosing except for skin. Skin
was found to have an equilibrium tissue/blood ratio of about 3.5
instead of 6 as determined by iv dosing. This was the lowest
ratio for any tissue. The highest ratio was 10 which occurred for
liver.

Dermal absorption for dinoseb was biphasic requiring two
first order compartments to adequately simulate the observed
data. Tissue/blood ratios were lowest in muscle, about 0.15, and
highest in kidney, about 0.55. Since all ratios were less than
1.0, no sequestering of dinoseb radiocactivity is indicated. The
urinary pathway was the preferred route of excretion by about a
4:1 ratio as compared to the fecal route.

Hexachlorobiphenyl was modeled with separate compartments for
parent and metabolite as determined from published iv experiments
(14). Dermal absorption was described by a single first order
compartment but delayed by about 1 h in young rats and 4 h in
adult rats. The tissue/blood ratio for adipose for the parent
compound was found to be in the 100's or 1000's indicating a very
small release of parent from the adipose compartment. Muscle had
the lowest tissue/blood ratio for parent of about 4. The
metabolism constant for liver was about 0.02 mL/min which is quite
slow. The metabolites are readily excreted and produced tissue
blood ratios of only 1 to 4.

DISCUSSION:
A number of studies have suggested higher skin permeability in

premature and full-term infants compared to adults. Behl et al.
(4) and Maibach and Boisits (16) have reviewed the literature on

In Biological Monitoring for Pesticide Exposure; Wang, R., et al.;
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age-related percutaneous absorption. Behl et al. Q&Jl) reported
in vitro skin penetration of water, methanol, ethanol, butanol,
hexanol, and octanol in male hairless mice of different ages.
They observed increased skin permeabilities reaching maximum
values around 25 days of age, then declining sharply up to about
60 days of age, and remaining more or less invariant thereafter.

In the present study, age-related differences in percutaneous
absorption of some of the pesticides tested were observed. 1In
many cases significant influence of methods employed to determine
the skin absorption of these pesticides was also observed.

Results at 72 h from the in vivo method showed age-related
differences in skin penetration for carbofuran, dinoseb, and
hexachlorobiphenyl. The flow method showed statistically
significant skin penetration differences for dinoseb, carbaryl,
carbofuran and hexachlorobiphenyl. The static method showed
significant young/adult penetration differences only for
carbofuran and hexachlorobiphenyl. This study clearly
demonstrates that significant differences in absolute penetration
values arise from the different methods used.

A number of studies have shown good correlation between in
vivo and in vitro skin permeability values for a number of
chemicals and animal species because skin absorption has been
considered as the passive diffusion process through a rate-
limiting, nonliving barrier, stratum corneum. Franz (18) compared
the percutaneous absorption (in vitro) of 12 organic compounds
with in vivo results reported by Feldmann and Maibach (19). He
reported excellent qualitative agreement between in vitro and in
vivo methods. He further reported the discrepancies in the
quantitative agreement between the two sets of data. Later on
Franz Qgg) reported that discrepancies in quantitative agreement
was due simply to experimental variation based on additional in
vitro experiments to simulate in vivo conditions by washing skin
after 24 h. Bronaugh (21) reported identical in vivo and in vitro
rat skin absorption values for benzoic acid, acetylsalicylic acid
and urea.

The two in vitro methods utilized here, namely, the static
and flow-through diffusion cells, have been recently compared by
Bronaugh and Stewart Qgg). The authors Qgg) reported the
comparative skin absorption values for water, cortisone, and
benzoic acid through rat skin as determined by static and flow-
through diffusion cells. They reported similar absorption
profiles and guantitative values between the two diffusion systems
for water, cortisone, and benzoic acid under the experimental
conditions described. However, discrepancies in absorption values
were observed for a hydrophobic compound, [3-phenyl-2-propenyl-2-
aminobenzoate (cinnamyl anthranilate)] between the two diffusion
cell systems; the flow-through diffusion cell system gave enhanced
absorption value for cinnamyl anthranilate compared to the static
cell system. They have further reported good agreement between in
vivo and in vitro (static as well as flow-through diffusion cells)
skin permeation for cortisone and benzoic acid when each was
applied in petrolatum vehicle.

We have reported discrepancies in the skin absorption values
as determined by the two in vitro methods. We also observed poor

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
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correlation between in vivo and in vitro results for these highly
complex pesticidal chemicals. There are a number of factors that
can influence the skin absorption measurements. The influence of
receptor fluid for in vitro skin absorption measurements has been
widely documented. For example, the in vitro absorption of
chlordecone and hexachlorobiphenyl in the present study never
exceeded more than than 2.5% in both diffusion cell systems.

These two chemicals have poor water solubility (0.9 ppb for
hexachlorobiphenyl) and the receptor fluid utilized in this
investigation may not be sufficiently lipohilic to remove the
chemical from the dermis (split-thickness skin). Bronaugh and
Stewart (23) suggested that the lack of solubility of the
hydrophobic penetrant into the receptor fluid for in vitro methods
could be a contributing factor accounting for in vivo and in vitro
discrepancies in skin absorption values. Bronaugh and Stewart
(23) reported maximum absorption of cinnamyl anthranilate by using
6% PEG-20 oleyl ether receptor fluid with either type of diffusion
cell system.

Recently, Scott and Ramsey (24) reported that the highest
absorption of cypermethrin was achieved when 50% aqueous ethanol
was used as the receptor fluid which was in agreement with in vivo
absorption through the rat skin. They further reported that the
absorption of cypermethrin measured with two other receptor fluids
(6% Volpo 20 and 20% fetal calf serum) was very similar to 50%
aqueous ethanol as the receptor fluid. Thus the above mentioned
study suggests that, the solubility of the penetrant into receptor
fluid, rather than the diffusion of penetrant through the
epidermal membrane, is the rate limiting step.

It appears that the results obtained by different methods
have to be carefully evaluated with the experimental conditions
prescribed. It is also clear from the literature that the in
vitro results can be influenced by a number of factors. Perhaps
more comparative studies may improve the understanding of the in
vitro and in vivo correlation. Validation of recently recommended
guidelines for in vitro percutaneous penetration studies (25) with
a number of chemicals may help in understanding the in vitro skin
absorption process.

Utility of pharmacokinetic models has been explored for
extrapolation to man, animal species scaling, extrapolation of
results beyond the observed time point, simulation of continuous
or multiple exposure situation, tissue dose extrapolation,
improving experimental design, and overall reduction of animal
usage. Physiological models have been shown to be adequate for
other chemicals (26,27). The applications of physiologically
based modeling and its technique has been reviewed by a number of
investigators (26,28,29). In the present study, physiologically-
based pharmacokinetic models were used to decribe dermal
absorption and disposition processes for the chemicals studied.
Rate constants for dermal absorption, and urinary and fecal
excretion, as well as tissue to blood steady state ratios were
determined.

A physiological model describing carbaryl radioactivity was
fitted to the tissue distribution data. The dermal absorption was
found to be described by a single first order compartment for both

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
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young and adult rats over the experimental period. The order of
the equilibrium tissue/blood ratios was the same in young and
adult rats. The tissue with the largest tissue/blood ratio of
about 6 or 7 was kidney. The untreated skin has the lowest
equilibrium tissue/blood ratio of about 0.8 to 1.0. The rate
constant for kidney to urine excretion was large at 15 to 20 h™ .

A more complex model to include metabolism, blood clearance,
release of chemical from solvent to skin, incorporation of viable
layer, and metabolism during absorption, etc., may aid in
improving the model's utility.

CONCLUSIONS:

Percutaneous absorption was compared in young and adult Fisher 344
rats for five pesticides utilizing both in vivo and in vitro
methods. In vivo penetration of the pesticides during a 72 h
period, ranged from approximately 8.0% (chlordecone, adult) to 84%
(dinoseb, adult), depending on compound and age of the animal.
Three pesticides, (carbofuran, hexachlorobiphenyl, and
chlordecone) showed higher skin penetration values in young
compared to adult. Differences in skin penetration values were
observed among pesticides due to methods of measurement. Two in
vitro methods, namely, static cell and flow-through diffusion cell
systems gave different penetration values. A physiological
compartmental model appears to be good for simulating dermal
absorption and disposition of the pesticides studied.
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Chapter 15

Biological Monitoring Techniques
for Humans Exposed to Pesticides

Use, Development, and Recommended Refinements

T. L. Lavy and J. D. Mattice

Altheimer Laboratory, University of Arkansas, Fayetteville, AR 72703

Observations and major conclusions on the design of human
applicator exposure studies based on 10 exposure studies
are presented. An approach for determining if urinalysis
is suitable for measuring an absorbed dose of a compound is
given along with a general approach for developing an ana-
lytical technique. Whether one uses excretion of the
intact pesticide or a known urinary metabolite as the test
criteria, it is important to have quantitative human
absorption and excretion data for each pesticide to be able
to provide accurate meaningful quantitative risk assessment
information.

Pesticides benefit us in helping to produce food and fiber, but they
also have the potential to harm us. The need for protection for
those applying pesticides or those associated with their production
is a concept that has been readily accepted for over 20 years.
Although some specific information exists for a pesticide regarding
its toxicity to rats or other test animals, there is no uniform
agreement among researchers regarding the extent of protection
needed by humans in contact with the pesticide, how to achieve the
desired level of protection, how to quantify the exposures occurring
nor how to evaluate the postulated health effects from pesticides
entering the body from contaminated clothing or dermal surfaces.

In casual conversation the words "exposure" and "dose" are often
used for the same concept. In our context they have specific
meanings. Exposure is being accessible to something, such as a
pesticide. If it is on our skin or in the air we breathe, we are
exposed. Dose is defined as the amount that gets inside our bodies.
In this paper we plan to address some of the problems associated
with applicator exposure data obtained by analyzing patches attached
to clothing of workers exposed to pesticides, and absorbed dose data
obtained by measuring urinary excretion of the pesticide. Important
facts to be considered in designing studies which will provide quan-
titative absorbed dose data while at the same time allowing collec-
tion of patch data will also be discussed. The latter portions of
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the paper will outline the steps involved with developing the cri-
teria and techniques for using human urine as a biological moni-
toring tool.

For the past nine years we have been conducting studies
measuring dose and exposure for people working with 11 different
compounds (Table I). During our studies in the late 1970's on
workers applying 2,4,5-T and 2,4-D in the forest (1,2), considerable
effort was devoted to collecting both patch data and data from urine
analyses of exposed workers, One of the goals of those studies was
to find if a high correlation existed between the herbicide depo-
sited on patches and the absorbed herbicide dose as determined from
urine analysis. Earlier, Sauerhoff (3) had shown rapid and nearly
quantitative excretion of phenoxy herbicides whether they entered
the body orally or dermally. By photographing each of our workers
in his field attire, observing the photograph, and employing average
human area measurements for different body portions (4), it was
possible to calculate the total exposed dermal area for each worker.
After extrapolating the average exposure per 100 cm of patch
attached to several portions of the worker's clothing near bare skin
areas, it should have been possible to predict the amount of her-
bicide deposited on bare dermal surfaces. We had hoped that results
from this calculation would correlate strongly with the amount of
phenoxy herbicide excreted in urine of the exposed individual.
Unfortunately, from the standpoint of simplicity of measurement, a
Tow correlation, 0.377 (1), was found. Aware of this Tow correla-
tion, it thus became important to measure the parameter most Tikely
to correlate with potential health effects. Since any adverse human
health effects that may arise due to pesticide exposure will be more
a function of the levels present inside the body rather than the
amounts deposited on clothing, gloves or skin, the majority of our
efforts after the initial two forestry studies have been directed
toward. obtaining quantifiable absorbed dose information. We have
chosen total urine collection and consequent urine analysis as the
tool to measure the absorbed dose.

Although blood, urine and perhaps other body fluids or excre-
tions could conceivably be used as biological monitoring mediums, we
have used urine analyses exclusively as our biological monitoring
tool. Although workers are not eager to collect their total urine
output, they much prefer to collect their urine than to have their
blood sampled daily.

Since accurate findings of a worker exposure study are so
vitally dependent upon the full cooperation of the workers involved,
all possible communications and preparations should be made several
weeks prior to the initiation of the study. It is important that
the investigator go to the field, meet the workers, and discuss the
protocol with them at least once prior to the study.

Results of our earlier studies have shown that reproducible
quantifiable pesticide excretion data can only be obtained by making
total urine collections over the measurement period. In our initial
2,4,5-T study (1), when urine was collected over consecutive 24-hour
periods there was much less variability in the concentrations of
2,4,5-T excreted in urine when compared to consecutive 12-hour
samples. Although 1500-1700 mls of urine is an average daily uri-
nary excretion volume used by some researchers, our studies indicate

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1988.



194 BIOLOGICAL MONITORING FOR PESTICIDE EXPOSURE

Table I. Human Exposure Studies Utilizing Biological Monitoring
Techniques Completed or Underway at the Altheimer Laboratory

Dose excreted

Compound Urinary metabolite Sensitivity Urine Animal Ref
(ppm) (%)
bayleton 4-chlorophenol 0.05 90 Cow, a
pig
30-40 rat a
benomy1 MBC, 4-MBC, 5-MBC 0.10 16 dog 19
86 rat 19
bifenox 5-(2,4-dichlorophenoxy) 0.02 29-53 rat b
-2-nitrobenzoic acid
captan tetrahydrophthalimide 0.03 13 rat 16,17
carbaryl naphthyl sulfate 0.20 40-70 rat c
l-naphthol
chlorpyrifos 3,5,6-trichloro-2- 0.01 70 man 14
pyridinol
2,4-D 2,4-D 0.04 95-100 man 3
2,4-DP 2,4-DP 0.04 95-100 man 5
picloram picloram 0.01 90-97 dog, 22
cow

90 man 6

pydrin 4-chloro-(l-methyl- e 62 mice d
ethyl)benzene acetic
acid

2,4,5-T 2,4,5-T 0.04 95-100 man 23

aThornton, J. S., Mobay Chemical Corp., P. 0. Box 4913, Hawthorn
Road, Kansas City, MO 64120, Personal Communication, 1985.

bNorris, F. A., Rhone-Poulenc Inc., P. 0. Box 125, Black Horse Lane,
Monmouth Junction, N.J. 08852, Personal Communication, 1984,

CHarrison, S., Union Carbide Agricultural Products Co. Inc., P. 0.
Box 12014, T, W. Alexander Drive, Research Triangle Park, NC 27709,
Personal Communication, 1985,

dBishop, J. L., Shell Agricultural Chemical Co., P. 0. Box 4248,
Modesto, CA 95352, Personal Communication, 1986.

€To be determined.
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the use of an average daily urinary excretion volume is not suf-
ficient to obtain good quantitative pesticide excretion data. Some
field workers regularly excreted between 500 and 600 mls per 24
hours while others excreted over 6000 mls in a similar 24-hour
period (5). Since it is not simple or convenient to collect ones
total urine output over an extended period it is imperative that the
worker be totally aware of the importance of providing all their
urine. The workers must be informed that their individual perfor-
mance will dictate whether the study is a success or failure. An
important portion of the expenses associated with conducting an
exposure study involving humans should include payments for the
workers supplying their total urine output. Although the researcher
can not be absolutely certain that all workers are complying with
his instructions, some guidelines we have followed in an attempt to
collect or account for the total urine output are: (a) If a worker
is aware that a portion of the urine sample was inadvertently lost,
an estimate of the volume lost is added to the 24 hour volume
collected. (Compliance payments are to be withheld from workers
with unusually high loss records). (b) Creatinine concentrations
are run on each urine sample. By multiplying the creatinine con-
centration (mg/1) by the amount of urine excreted (1) it is possible
to calculate the amount of creatinine excreted on a daily basis.
Since the amount of creatinine excreted daily is relatively
constant, we can determine if substantial amounts of urine have been
lost. Knowledge on the part of the worker that we will be analyzing
each sample for creatinine, coupled with the fact that the dollars
paid to the participants are not made until a period of time later
(sufficient to allow analysis of the samples for creatinine content)
helps provide us with a fair degree of assurance of worker coopera-
tion. Another factor of significance with respect to worker
cooperation is the fact that most workers are truly interested in
knowing whether they are being exposed to the pesticides and if the
amount of pesticide entering their body is likely to cause present
or future health problems. The negative publicity which is often
associated with the use of pesticides has increased the level of
concern for some of the workers.

The optimum urine collection period for achieving accurate
reproducible results is dependent on several factors, such as: rate
of entry into body, metabolic changes occurring and excretion rate
from the body. In the case of the phenoxy herbicides, Sauerhoff (3)
has indicated that well over 90% of the absorbed dose is excreted
within the first 5 days following exposure. Laboratory studies by
Nolan et al. (6) have shown that picloram is excreted in urine even
more rapidly than the phenoxy compounds.

In our study evaluating forest workers exposed to herbicide
spray mixtures containing 4 parts 2,4-D to 1 part picloram, the elu-
tion patterns for the two compounds were markedly different (Figure
1). This figure shows that picloram is eluted much more rapidly
than 2,4-D. Comparing Figure 1 with Figure 2 it is evident that the
rate of excretion has little, if any, relationship to the amount of
herbicide excreted. Feldman and Maibach (7) have shown that 6% of
dermally applied 2,4-D can be absorbed through the skin. In labora-
tory studies Nolan et al. (6) showed that only 0.18% of dermally
applied picloram would be absorbed. The composition of the spray
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mix in our study was 4 parts 2,4-D to 1 part picloram. The amount
of picloram excreted in urine was much less than that of 2,4-D, and
was considerably less than the 4:1 ratio that was present in the
spray mix. Twenty years ago if one had been attempting to explain
these low picloram excretion levels it might have been suggested
that major portions were being retained in the body. However, our
findings of relatively low levels of picloram in human urine were
predictable from Nolan's (6) laboratory studies in which he found
that only 0.18% of dermally deposited picloram would be absorbed.

A popular misconception perhaps initially hampered biological
monitoring of body fluids as a quantifiable means of measuring the
absorbed dose of pesticides in humans. With the discovery that ODT
and other highly fat soluble chlorinated hydrocarbon insecticides
are stored in fatty tissues of mammals, it was perhaps inferred that
only a small fraction of any pesticide entering the body was
excreted. Thus, the chemistry of these insecticides may have inad-
vertently provided a major stumbling block to the use of biological
monitoring techniques for more recently developed pesticides. The
banning of some of these more persistent chlorinated insecticides
and the advent of new chemistry has in many instances resulted in
the development of compounds which are more polar and hence, less
fat soluble than the earlier pesticides. Today, feeding studies
involving small animals and 14C-labeled pesticides are used to
determine if the pesticide or its metabolite(s) is excreted in
urine, feces, or both., Some information is available to the
researcher attempting to extrapolate between animal tests and actual
human excretion data. However, for most newer compounds most jnfor-
mation regarding pesticide excretion from humans must be extrapo-
lated from small animal studies.

Following are steps we feel should be taken when developing a
procedure for using urine analysis as a tool for biological moni-
toring:

Determine if the Parent Compound and/or Metabolites are Excreted
in Urine

Studies with test animals using radiolabeled compounds can help
answer this question. If most of the activity is recovered in the
urine, then urine is potentially a good choice for analysis.
However, the absence of activity in urine does not necessarily mean
that urine would not be a good choice for analysis, as will be
discussed later., At the same time, the kinetics of excretion as a
function of dermal or oral dosing can be determined to establish the
length of time during which urine will have to be collected.

Identify the Excreted Compounds that Contain the Activity

Are the compounds excreted as parent compound, metabolites, or both?
Are they free or bound to some other moiety? Chromatography and
mass spectrometry or infrared spectroscopy can be used to answer
these questions. An example of this would be the work of Gardiner,
Brantley, and Sherman (8) and Gardiner, Kirkland, Klopping, and
Sherman (9) in identifying methyl 5-hydroxy-2-benzimidazolecarba-
mate (5-MBC) as a metabolite of methyl 1-(butylcarbamoyl)-2-
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benz1m1dazo1e carbamate (benomyl) in rat urine. Rats g1ven an oral
dose of 14C-labeled benomyl excreted most of the activity in the
urine in 24 hr, A radioautogram of a fresh urine samgle developed
on a silica tic plate showed one major and two minor 14C-containing
compounds. A radioautogram of a tlc plate developed in the same
manner of a urine sample that had been enzymatically h%dro1yzed with
a B-glucuronidase aryl sulfatase solution showed one +#C-containing
compound which had an Rf different from that of the other three com-
pounds indicating that fresh urine contained glucuronide and/or
sulfate conjugates of one metabolite. The metabolite had an Rf
value the same as a known 5-MBC sample. After further clean-up with
tlc the identity of the compound was confirmed by obtaining both
infrared spectra (8) and mass spectra (9).

Decide for What Compounds the Analysis Will be Done

If several metabolites are present, it may be possible to group two
or more together and analyze for them simultaneously. For benomyl
again as an example, methyl 2-benzimidazolecarbamate (MBC), methyl
4-hydroxy-2-benzimidozolecarbamate (4-MBC), and 5-MBC can all be
analyzed for simultaneously (10).

Determine if the Amount of Metabolite Excreted Correlates with the
Administered Dose

It may be that the Tevel of metabolite is well correlated with the
amount administered orally but may not be well correlated with what
is applied dermally. The researcher would then need to know the
main route of entry into the body for the situation being studied to
decide if the metabolite in urine would provide a good measure of
dose.

Develop an Analytical Technique

A successful technique will include establishing T1imits of detection
which are Tow enough to determine if a harmful dose has been
received. Compounds which have a higher potential for harm would
require lower limits of detection. A lower Timit of detection for
3,5,6-trichloro-2-pyridinol (3,5,6-TCP), the principal urinary meta-
bolite of chlorpyrifos (l1) which has an acute oral LDsg in rats of
97 to 276 mg/kg (12), would be needed than for bifenox acid, the
urinary metabolite ¢ of 5-(2,4-dichlorophenoxy)-2- n1trobenzo1c acid
(Norris, F. A., Rhone- Pou]enc Inc., P. 0. Box 125, Black Horse Lane,
Monmouth Junction, NJ 08852, Personal Communication 1984) which
has an acute oral LDgg in rats of over 6400 mg/kg (12) Recovery
and variation in recovery need to be established as a function of
concentration with one concentration being near the Timit of detec-
tion. A means of confirming the identity of the analyte in a sample
should be established. This could be done by comparing the reten-
tion time on two columns having different selectivities on GC or
HPLC or by fingerprinting the suspect sample by obtaining a mass
spectra, IR spectra, or UV spectra and comparing it to a spectra of
a standard. Two different analytical instruments could be used such
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as GC and HPLC or two different means of detection such as GC with
electron capture detection and nitrogen-phosphorus detection.

An example of a typical analytical procedure follows: The first
step would be hydrolysis of conjugates. This is typically, although
not necessarily, accomplished with acid. The conjugates of benomy]
metabolites have been hydrolyzed by mixing 25 g of urine with 25 ml
of 15N H3PO4 and 1 g of sodium bisulfite and heating on a steam bath
for 1 hr (10). The conjugates of 4-chlorophenol, the metabolite of
bayleton, have been hydrolyzed by refluxing overnight with con-
centrated HC1 (Thornton, J. S., Mobay Chemical Corp., P. 0. Box
4913, Hawthorn Road, Kansas City, MO 64120, Personal Communication,
1985). Conjugates of 3,5,6-TCP the metabolite of chlorpyrifos were
hydrolyzed with 2 m1 of HpSO4 in 10 ml of urine at 90°C for 1 hr
(13). The preceding conditions are at or near reflux, but this may
not always be desirable. In the case of bifenox, mild acid hydroly-
sis (equal volumes of urine and 0.4 M HC1, 37°, overnight) is the
preferred method of hydrolysis (Savage, E. A., May and Baker
Agrochemicals, Lyfield Road, Ongar, Essex CM5 OHW, England, Personal
Communication, 1986). Once hydrolyzed, any analyte should remain
stable under the hydrolysis conditions.

The second step would typically be a partitioning step. This
may involve shaking with an appropriate organic solvent in a separa-
tory funnel. If the analyte has acidic or basic functional groups,
pH can be adjusted to keep the analyte in either the aqueous or
organic phase., An alternative to partitioning with an organic
solvent is to pass the aqueous sample through a solid phase extrac-
tion column. Columns are available from several chemical supply
companies and vary from nonpolar (analogous to partitioning with a
nonpolar solvent) to polar.

After partitioning, the samples may be further cleaned up with
1iquid-soTid chromatography. This may involve the use of commercial
columns mentioned above or columns prepared in the lab using silica
or florisil. Silica or florisil fully activated may retain the com-
pounds too strongly. To partially deactivate them they can be first
activated to a reproducible starting point by heating for 1 hr at
105° for silica and at Teast 5 hr at 130° for florisil (14). A
measured amount of water is then added, the containers securely
sealed, and the contents allowed to equilibrate overnight. The elu-
tion of the analyte is characterized using a standard and various
solvents or solvent mixtures. Two solvents often used for elution
from silica or florisil are diethyl ether and chloroform. The
diethyl ether should be anhydrous. Analytical grade ether contains
approximately 0.5% water which can affect the chromatography and
will not be consistent from one batch of ether to the next.
Chloroform is stabilized with either a nonpolar hydrocarbon (an
alkene) or approximately 0.5 to 1% ethanol. <Chloroform stabilized
with the nonpolar hydrocarbon should be used for the cleanup chroma-
tography. Ethanol, being much more polar than chloroform, will
cause the same problems as water does in ether. An example of this
is the elution of 4-nitrophenol and phenol using nonstabilized
chloroform and chloroform stabilized with 3/4% ethanol. The reten-
tion time of 4-nitrophenol relative to phenol was 1.6 with stabi-
1ized chloroform but 3.8 with nonstabilized chloroform (15).

In some cases derivatization may be necessary. Derivatization
may be used to increase the volatility of a compound for GC analysis
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or to improve peak shape. Esterification of acids would be an
example of this use. Derivatization may also be used to separate
the analyte from interferences. The methyl ester of 2,4-D elutes
with interfering compounds in urine, but the butyl ester elutes
later and can be quantified (2). Derivatization can also create or
enhance sensitivity for a specific type of detection.

In a large study it will not be possible to analyze all samples
immediately. Fortified samples need to be interspersed with the
unknown samples to monitor storage stability. Ideally, the samples
would be fortified with the same chemical compound that is in the
unknown samples. However, the conjugates are usually not available
and fortification will need to be done with the nonconjugated ana-
lyte.

Potential Problems in Relating Animal Urinary Excretion to Human
Studies

One of the difficulties in using urine as a biological monitor
is that in order to relate what is found in urine to what has
entered the body, we usually need to rely on excretion data from
test animals. Below are concerns to be aware of when interpreting
urine analysis results.

The Excretion Route Can Depend on the Type of Test Animal. As shown
beTow, 90% of orally administered bayTeton was excreted as urinary
metabolites from cows and pigs as compared to 30 to 40% for rats
(Thornton, J. S., Mobay Chemical Corp., P. 0. Box 4913, Hawthorn
Road, Kansas City, MO 64120, Personal Communication, 1985). The
distribution of benomyl metabolites in urine and feces was almost
reversed for dogs as opposed to rats (9).

Distribution (%)

Compound Animal Urine Feces
Bayleton cow & pig 90
rat 30-40
Benomy1 dog 16 83
rat 86 13

The Excretion Route May Depend on Sex. For a group of five male
rats orally dosed with Tabeled bifenox, 29.1% of the dose was in
urine and 63.4% in feces. For a group of five female rats, 52.6%
was in urine and 46.1% was in feces (Norris, F. A., Rhone-Poulenc,
Inc., P. 0. Box 125, Black Horse Lane, Monmouth Junction, NJ 08852,
Personal Communication, 1984). This may or may not be significant
since gene pools from a highly inbred species of rat may be so
narrow that a sex difference would show whereas human gene pools are
so varied that no difference in metabolism and excretion would exist
as a function of sex.

Results Using a Tracer May Depend on the Location of the Label.
Studies have been done using Captan labeled in the carbonyl carbon
and the trichloromethyl carbon (16-18). The distribution of
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activity as a function of the location of the label is shown below
for oral doses given to rats.

Distribution (%)

Label Urine Expired air Feces
*CCl3 52 23 16
*C=0 85 0 12

The following hypothetical examples are extreme, but possible,
illustrations of how results from a study using a radiolabel could
be misleading. Given: Compound AB is metabolized with metabolite A
being excreted in urine and metabolite B being excreted in feces.

AB —w= A{urine) + B{(feces)
If the Tabel were in A, the researcher would recover 100% of the
activity in the urine and would discover that A is a good metabolite
to analyze for to measure AB. If the label were in B, no activity
would be recovered in the urine, and the researcher may conclude
that there is no metabolite in urine.

A second example would be if AB were metabolized to A and B,
both of which are in urine. However, B is further metabolized to
¢, D, E, F, G, and H.

—»C
—,D
-

AB —w= A + B—-»F all in urine

L (3

—»H

If the lapel were in A, the researcher would recover all of the
activity in one urinary metabolite and conclude that metabolite is a
good measure for AB. If the label had been in B it would be frac-
tionated into the components C, D, E, F, G, and H. The researcher
may conclude that there is no metabolite that represents more than
10 to 20% of the dose when, in fact, metabolite A, undetected by
tracer techniques, represents 100% of the dose. Thus, although the
use of radiolabels is highly beneficial for identifying some pesti-
cide metabolites under certain conditions, their use may at times be
misleading.

In Biological Monitoring for Pesticide Exposure; Wang, R., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1988.
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The Results May Depend on the Avenue of Entry Into the Body. DeBaun
investigated the distribution of metabolites of Captan (16). Three
of the metabolites are listed below along with their distribution in
rat urine as a function of oral or interperitoneal entry into the
body. The results from the oral study indicate that A would be a
good analyte to use as a measure of Captan.

(R) (B)
il
HO3SCH2 SSCH» SO3H HO3SCH2 SSCHo SO3H
dithiobis (methanesulfonic disulfide monoxide
acid) derivative of A
(C)
ﬁHg-iH-COgH
S NH
\/
C
|
S

thiazolidine-2-thione-
4-carboxylic acid

% Recovered

Compound Oral Interperitoneal
(A) 54 0
(8) 14 0
(C) 19 major

However, if exposure were not oral, (A) might not be a good measure.
Some studies have shown that, for applicators at least, dermal expo-
sure is the main source of dose (19-21). For consumers eating
produce, results from feeding studies would be appropriate.

In most cases, there are no data on excretion of compounds from
humans as a function of dermal or oral entry, and thus we must
extrapolate from animal studies as best we can.

After the analysis has been performed, the dose needs to be
determined. Below are sample calculations showing how this would be
done with bayleton and its metabolite 4-chlorophenol as an
example.

Data

Total urine excreted for 4 days - 4738 ml

Humans body wt. - 75 kg

4-chlorophenol c