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Studies on Exposure during the Use
of Anticholinesterase Pesticides

WAYLAND J. HAYES, JR 1

Relatively few studies have been made of the exposure of workers to pesticides. Of
these, approximately half involved chlorinated hydrocarbon insecticides, and most involved
agricultural applications. Some important matters, especially indoor spraying-e.g., for
malaria control-have been investigated experimentally with DDT only. Fortunately,
information on exposure during agricultural use-which is of considerable interest in
itself-can serve as a rouigh guide in connexion with the exposures associated with vector-
control activities. This paper reviews the different methods of measuring exposure and
the significance of some of the results that have been obtained.

METHODS OF MEASURING EXPOSURE

Dermal, respiratory, and oral exposure to pesti-
cides may be measured directly and separately by
means of absorbent pads and clothing, washes, and
other techniques. The total occupational exposure
may be inferred from direct measurements of the
concentration of pesticides in the air. Finally, the
total exposure may be measured indirectly from the
concentration of the compounds or their metabolites
in body tissues or excreta. Durham & Wolfe (1962,
1963) have reviewed in detail the methods available
for making and interpreting such measurements,
with emphasis on the problem of distinguishing the
contribution made to absorption by different routes
of exposure. Briefly, the results of direct measure-
ments of exposure to pesticides may be used in
evaluating the relative hazards of different routes of
exposure, different operational procedures, and
different protective devices. The results of indirect
measurements may be used for the same purposes;
in addition, they may serve as indices of dosage at
the tissue level, showing somewhat better correlation
with clinical effects. It has not so far been possible
to use measurements of exposure in planning the
indoor application of a pesticide so as to permit
the safe use of a pesticide that is inherently much
more toxic than DDT or malathion.

1 Professor, The Centre in Toxicology, Department of
Biochemistry, Vanderbilt University School of Medicine,
Nashville, Tenn., USA.

t Names against which this symbol appears are identified
in the Glossary on pages 445-446.

The measurement of plasma and red-cell cholines-
terase reached a practical state of development earlier
than any other method for measuring the absorption
of (and, therefore, exposure to) anticholinesterase
pesticides. The advantages and disadvantages of dif-
ferent methods for measuring cholinesterase were
discussed by Witter (1963).
Methods for measuring several of the chlorinated

hydrocarbon insecticides in body fat, blood, and
urine have been widely used for several years. There
is surprisingly little overlapping between the values
found in members of the general population, persons
with occupational exposure, and persons poisoned
by the compounds.

Until recently no such general monitoring of
organic phosphorus insecticides in tissue and excreta
was possible. It was feasible to measure p-nitro-
phenol (a metabolite of parathion, parathion-
methyl, and EPN t) in the urine of persons who
had received environmental or occupational expo-
sure (Elliott et al., 1960). It was also possible to
measure, as phosphorus, metabolites extractable
with organic solvents from the urine of persons who
had been heavily exposed to malathion (Mattson &
Sedlak, 1960). However, these methods were not
applicable to a wide range of compounds.
A great advance was made recently when a method

was developed for measuring the dimethyl and
diethyl phosphates that are metabolites of nearly all
the organic phosphorus insecticides (Shafik & Enos,
1969). Furthermore, the new method is sufficiently
sensitive to detect metabolites of the most common
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Table 1
Summary of published studies on potential exposure of workers to anticholinesterase pesticides,

using direct methods*

Compound Activity, etc. tration Respiratory Dermal Total Refer-
in air ReprtoyDral Ttl ence

(mg/m3) (mg/h) (mg/h) (% of toxic

____________________________________________ - .______ _______ _______ doseperh)

checking cotton for insect damage

air-blast spraying fruit orchards at night

air-blast spraying orchards in daytime

air-blast spraying orchards

filling spray tank (dust)

working in formulating plant (dust)

air-blast spraying fruit orchards

preparing formulations

operating aerosol device against mosquitos

preparing vaporizers

operating aerosol device

air-blast spraying fruit orchards

persons out of doors during aerial applic-
ation of spray to populated area

air-blast spraying fruit orchards

air-blast spraying orchards with concentrate

spraying orchards with high-pressure power
hand-gun

spraying tomato plants with mist from hand-
operated knapsack sprayer

checking cotton for insect damage

1.1

0.6

2.8

(4.2)

0.6

12

<2.2

0.6

0.067

0.014

0.09

0.15

0.03

<0.02 c

0.47

0.54

0.26 c

0.1

0.04 c

1.27 c

0.56 c

0.29 c

0.48

(0.3) c

(0.3) c

0.08 C

0.11 C

(0.055)

(0.012)

0.06 c

0.03 c

0.02 c

0.06 c

0.19 C

0.29 c

<0.01 c

5.4

541

755

12.5

9.9

27.2

52.9

10.1

25.3

24.9

(3)

(6.6)

2.5

30

(0.89)

(0.25)

77.7

2.4

19

28

55.8

9.1

0.7

(0.04) 7

6.5 (3.5) d 1 1

8.4 (4.9) 11

(0.1) 5

0.15 8

0.18 13

0.72 (0.46) e 5

(0-1) 5

0.03 6

0.02 8

I 2

(0.003) 4

10

(0.003) 4

0.002 (0.001) d 6

0.01 13

(<0.001) 3

(<0.001) 3

(5.4) 1

0.43 (0.18) d 6

1.33 12

1.95 1 2

(3.9) 1

(0.82) 9

(0.02) 7

* Based on a table in Wolfe et al. (1967), with modification and the addition, by the present author, of certain new data. Reproduced
by permission of the American Medical Association.

a Values shown in parentheses were not included in the original sources listed in the last column, but were calculated.
b References: 1, Batchelor & Walker (1954); 2, Best & Murray (1962); 3, Caplan et al. (1956); 4, Culver et al. (1956); 5, Jegier

(1 964a); 6, Jegier (1 964b); 7, Quinby et al. (1958); 8, Simpson (1965); 9, Simpson & Beck (1965); 10, Stein et al. (1966); 11, Wasser-
mann et al. (1963); 12, Wolfe et al. (1966); 13, Wolfe et al. (1967).

c Measurement by respirator pad technique.
d Calculations based on the original authors' published dermal and respiratory exposure data indicated that the correct total exposure

as a percentage of the toxic dose per hour should be as shown in parentheses rather than the figure originally published.
e The original value was calculated on the basis of maximum exposure. The recalculated value shown in parentheses is based on mean

exposure.
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EXPOSURE DURING USE OF ANTICHOLINESTERASE PESTICIDES

Table 2
Comparison of the threshold limit values for some
pesticides with observed concentrations of the same
materials in working areas and in community air

Observed concentrations
TLv a

Compound (mg/m3) Work areas b Community c
(mg/m3) (mg/m3)

azinphos-methyl 0.2 0.6-4.2

carbaryl 5.0 0.6-12

DDT 1.0 7.1 22 x 10-6d

1 x 10-6e
dichlorvos 1.0 < 2.2

malathion 15.0 0.01-0.60 0.1 x 10-6d

parathion 0.1 0.03-0.15

a Threshold limit values are those issued by the American
Conference of Government Industrial Hygienists for 1970.

b With the exception of the value for DDT, which is taken from
Wolfe et al. (1959), the values are taken from Table 1.

C Values from Tabor (1966), Abbott et al. (1965), and Antom-
maria et al. (1965).

d Highest value recorded in an agricultural community resulting
from the treatment of crops. The highest values that have been
recorded in communities as a result of the application of pesticides
to the community itself (e.g., for mosquito control) are 0.008 mg/m3
for DDT and 0.00014 mg/m3 for malathion.

e Highest level recorded in a city distant from agricultural
activities.

organic phophorus insecticides in the urine of a
large proportion of the general population and
to measure a significant degree of occupational
exposure to almost all such insecticides.
The metabolites of at least some carbamates-

e.g., carbaryl, propoxur, and m-isopropylphenyl
methylcarbamate-can also be measured in the
serum and urine of occupationally exposed persons
(see page 284).

RESULTS OF DIRECT MEASUREMENTS OF RESPIRATORY
AND DERMAL EXPOSURE OF WORKERS

The respiratory and dermal exposure of workers
has been thoroughly reviewed by Wolfe et al. (1967),
and Table 1, which deals with anticholinesterase
insecticides, is based on one prepared by these
duthors. Where possible, the same measurements are
presented in terms of both concentration in the air
and hourly exposure. Clearly, the concentrations of
pesticides in the air to which workers are ordinarily
exposed are of a totally different order of magnitude
from those occurring in community air (Table 2).
Much higher occupational exposures than any

shown in the tables have been reported, although
rarely, and the reason for their occurrence is not
understood. Thus, Wassermann et al. (1960) re-
ported gamma-HCH concentrations of 2.6-
12.5 mg/m3 and DDT concentrations of 4.6-
25.5 mg/m3 in the air during the application of these
insecticides to forests.

It would appear from Table 2 that the concentra-
tion of pesticides found in working areas bears little
relation to the toxicity of the compounds. Under
practical conditions, the greater toxicity of some
compounds is not fully compensated for by the use
of smaller amounts and more dilute formulations.
The concentrations of pesticides in the air of

agricultural and other work places often exceed the
threshold limit values for the compounds, but this
does not necessarily indicate that the concentrations
reported are dangerous or that the values are set
too low; the threshold limit values are more conser-
vative for pesticides than for other industrial chemi-
cals of comparable toxicity. However, many of the
work situations that have been studied involve inter-
mittent exposure and therefore may not represent
critical tests of the threshold limit values. Spraying
for malaria control involves exposure for many hours
each day, for five or more days per week, and for
many consecutive weeks. Unfortunately, few mea-
surements have been made in connexion with this
kind of exposure. An exception is the observed
average concentration of 7.1 mg/m3 for DDT in the
breathing zone of a spray-man (Wolfe et al., 1959).
In this instance, at least, and in view of the safety
record of DDT, it appears that the threshold limit
value is unnecessarily conservative.
Another important point illustrated by Table 1 is

that dermal exposure is generally greater than
respiratory exposure and sometimes very much
greater. Wolfe et al. (1967) found that respiratory
exposure to a number of pesticides ranged from
0.02% to 5.8%, with a mean of only 0.75%, of the
total dermal plus respiratory exposure. The work of
other investigators, reviewed in the same paper, has
also shown that occupational exposure to pesticides
occurs mainly through the dermal route. It is no
wonder that the amount of pesticide actually
absorbed from the skin is sometimes much greater
than that absorbed from the respiratory tract. This
is true even though only a small percentage of the
material impinging on the skin may be absorbed.
By measuring the urinary excretion ofp-nitrophenol,
a metabolite of parathion, Durham & Wolfe (1963)
found that workers wearing ordinary clothing
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absorbed from 0.1 % to 2.8% (mean 0.90%) of the
parathion deposited on their skin as a result of
occupational exposure.

These values were calculated on the assumption
that all respiratory exposure led to absorption. Fol-
lowing separate spraying operations under regular
operating conditions, the average total excretion of
p-nitrophenol expressed as parathion was 1.09 mg
per person. Of this total, 0.23 mg might be accounted
for by respiratory exposure, leaving 0.86 mg (790 of
the total absorbed material) as the minimum derived
from dermal exposure.

In a different kind of study in which volunteers
were provided with (a) absolute dermal protection
(rubber and plastic clothing), (b) absolute respiratory
protection (supplied-air respirator), or (c) no pro-
tection while they carried out routine spraying
operations, it was found that absorption from res-
piratory exposure alone amounted to only 20% of the
total absorption in the " control " worker with no
protection (Durham, personal communication, 1970).
The close agreement of the results of these inde-

pendent tests is noteworthy: about 80% of the total
absorption of parathion occurs via the dermal route
under conditions of orchard spraying. Obviously this
conclusion cannot be applied to other compounds
or other situations without further study.
The average proportion of malathion that was

absorbed, when it was applied experimentally to
simulate its use as an anti-louse powder, ranged from
1.8 % to 3.3% in different groups, but one man
absorbed an average of 7.70%, with a peak absorp-
tion of 18.0%. This is not intended to suggest that
malathion is absorbed any more readily than
parathion, because the conditions of study were
entirely different from those of orchard spraying;
malathion was applied in higher concentration to
the entire body except the head and hands, and it
was left in place about 23 hours each day (Hayes et
al., 1960).
On the other hand, the rates at which different

compounds are absorbed may vary widely. Thus,
under standardized conditions, the rates of absorp-
tion of parathion and paraoxon by rabbits were
0.06 and 0.32 ,ug/min/cm2, respectively. A similar
comparison involving malathion has not been made.

Different formulations may be absorbed at diffe-
rent rates. Even with the same compound and the
same formulation, however, differences in the thick-
ness or nature of the skin on different parts of the
body, or the presence of injury to a given area,
may influence absorption. It can easily be demon-

strated by animal experiments that minor, unnotice-
able injury of the skin can greatly increase the absorp-
tion- of some compounds (Malkinson & Rothman,
1962). Wolfe (personal communication) has described
several cases in which injury to the skin was appa-
rently responsible for serious or fatal parathion
poisoning in man.

FACTORS INFLUENCING RESPIRATORY AND DERMAL

EXPOSURE

The exposure of workers to a given compound
may be influenced by (a) the type of formulation,
(b) the concentration of the formulation, (c) the
method of application, (d) the duration of applica-
tion, (e) the type of work, (f) the wind and other
environmental factors, and (g) the attitude of the
worker.
Although it is not always possible to determine the

relative importance of different factors, it is im-
portant to remember that individual measurements
may indicate great differences in the exposure of
men doing the same work with a given pesticide.
Thus, Wolfe et al. (1967) reported that the dermal
exposure associated with the application of dilute
parathion spray to fruit trees with an air-blast
machine showed variations reaching about 200-fold,
and that the respiratory exposure associated with the
application of the same compound in the form of a
concentrate for the same purpose showed variations
reaching almost 300-fold.
The respiratory and dermal exposure of workers to

aerosols and dusts has not been studied to the same
extent as exposure to sprays. Wolfe et al. (1967),
after studying numerous pesticides and work situa-
tions, compared the results of exposure to these
different particulate materials (Table 3). Respiratory
exposure was found to be highest with aerosols,
intermediate with dusts, and low with dilute sprays,
results that were consistent with those reported
earlier and reviewed by these authors. Thus, the
smaller the particles, the higher the proportion that
may be expected to be inhaled.
The kind of particulate material to which the

worker who applies it is exposed is determined in
part by the formulation and in part by the method of
application. The fineness of a dust depends almost
entirely on its formulation (especially its original
grind). Whether a liquid formulation will form a
spray or an aerosol depends largely on how it is
applied, except that the particle size of water-
dispersible powders cannot be made any smaller
than the original grind.
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Table 3
Relative respiratory exposure of workers applying

different pesticide formulations *

Type
of formulation

dilute spray

aerosol

dust

Respiratory exposure a

Range Mean
(%) (%)

0.02-0.5

0.3-5.8

0.05-3.2

0.23

2.87

0.94

Adapted, by permission of the American Medical Association,
from Wolfe et al. (1967).

a Expressed as a percentage of total dermal plus respiratory
exposure.

The exposure of men doing the same type of work
is presumably directly proportional to the concentra-
tion of the formulation that is applied. However,
there is no objective evidence on the matter because,
under comparable circumstances, formulations of
similar concentration are generally used. The
effects of such small variations as may occur are
easily obscured by other factors.
The size and number of particles to which a worker

is exposed depend not only on the state of the
formulation as it leaves the nozzle but also on
N hether the spray stream strikes a wall or other
sufficiently solid object; contamination of the
operator or his clothing during the spraying of
houses for the control of vector-borne diseases is
caused largely by particles that bounce back from
the wall against which the spray is directed. If the
formulation is completely liquid, the drops will be
further subdivided by the impact. Thus, the average
size of the particles reaching the house spray-man is
often smaller than the average size of the particles
dispersed by the sprayer. The reduction in size
depends on the velocity of impact, and this, in turn,
depends on the pressure at the nozzle.
The exposure of spray-men may be somewhat

reduced by the use of pressure regulators and also by
the use of long spray wands that permit standing at
a greater distance from the treated surface.
The method of application may influence not only

the particle size of the dispersed pesticide but also the
total rate of exposure to it. The height of application
is especially important, whether it involves a distinc-
tion between air and ground application or one be-
tween ground application directed upwards and that
directed downwards from a relatively low initial level.

Thus, Wolfe et al. (1967) found that the operator of
an air-blast sprayer that directed a formulation up-
wards into fruit trees received 12 times the exposure
received by the operator of a boom-type sprayer that
directed a comparable formulation downwards into
row crops. In a similar way, spraying that includes
coverage of the ceilings or the underneath of the
roof of a house leads to greater exposure of the
operator than spraying that is confined to the walls
(Wolfe et al., 1959).
As pointed out by Wolfe and his colleagues, the

application of pesticides to agricultural crops is
usually seasonal and is often carried out in sepa-
rate periods of application, each lasting a few days
or even less. If spraying is interrupted by wind or
some other adverse condition, the spraying period
is extended but the number of hours per day is
reduced. Brief intermittent exposure favours the
detoxification and excretion of absorbed toxicant.
However, this factor must be balanced against the
great variation in degree of exposure that often
characterizes agricultural application. Thus, the
factory worker may receive more continuous but
much less variable exposure, which can be con-
trolled by built-in ventilation. The degree of expo-
sure actually associated with any given work situa-
tion must be determined by measurement, although
the experienced toxicologist can often make a useful
estimate on the basis of observation and earlier
measurements made in similar situations.

Different members of a spray team may receive
different average exposures, which are determined by
their type of work. For example, in the aerial
application of 1% TEPP dust to a fruit orchard, the
exposure received by the loader was about 3 times
that received by the pilot and 4.5 times that received
by the flag-man. Activities that do not involve
direct contact with a formulation before or during
application usually produce relatively low exposures.
In general, the exposure of checkers, irrigators,
cultivators, and pickers who work in treated crops
is lower than that of the worker who applied the
pesticide initially. An unexplained exception involves
the exposure of crop-workers to some residues of
parathion (Quinby & Lemmon, 1958; Milby et al.,
1964).
Wind makes a great difference in the exposure of

workers out of doors. Paradoxically, the absence of
wind indoors leads to greater exposure in indoor
than in outdoor house spraying. Wolfe et al. (1967)
considered wind the most important environmental
condition determining exposure. Pesticides should
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not be applied if the wind velocity is such as to cause
undue exposure of the worker or improper coverage
of crops being treated. It may be undesirable to
apply dust if the wind velocity is greater than
6 m/min. At higher wind speeds, drift is increased
so that less dust or spray is deposited on the crops
and more is carried to areas where it may be harmful.
In theory, it would be safer for the operator to apply
pesticides at higher wind speeds if he could always
keep his back to the wind. In practice, however,
higher wind speeds lead to greater exposure because
the worker has only a limited choice of the direction
in which he sprays and, furthermore, the direction of
the wind may change suddenly, while the direction of
spraying remains unchanged.
Wind speed is so important in determining drift

that some states in the USA have enacted laws
specifying the highest velocity at which the applica-
tion of certain herbicides is permitted.
The exposure received by operators spraying

indoors is about 5 times that received by those
applying the same formulation to the outside of
houses (Wolfe et al., 1959). The difference is due in
part to the greater height of spraying indoors and in
part to the fact that there is no drift indoors, whereas
even an imperceptible breeze outdoors will dissipate
some of the spray that otherwise would reach the
operator.
Another environmental variable of potential im-

portance is temperature. Ambient temperature is
one of the factors that determine the rate of
volitalization. There is also evidence that tempera-
ture influences the rate at which a pesticide is
absorbed from the skin (Funckes et al., 1963).
Apparently, there is no record of ambient tempera-
ture alone having determined whether a given
operation was safe or not. However, the temperature
on or near some building materials may be entirely
different from that near other materials at the same
general ambient temperature. This has been most
clearly relevant to the use of certain carbamates for
malaria control.
Barlow & Flower (unpublished report to WHO,

1966) pointed out that metal roofs exposed to tropical
sunshine may reach a temperature of 70-90'C.
Their laboratory experiments showed that if roofs at
these temperatures were sprayed with m-isopropyl-
phenyl methylcarbamate (OMS-15) the insecticide
would vaporize so rapidly that while the spray-men
were in the house they could be exposed to a high
vapour concentration as well as to spray drift. It is
possible that the rapid poisoning previously observed

during house-spraying with this compound could be
due to vapour action. Two closely related com-
pounds, propoxur and 3-methyl-5-isopropylphenyl
methylcarbamate, evaporate almost as rapidly as
OMS-15 at 90°C but, because they are intrinsically
less toxic, could be less hazardous. At temperatures
of 70-80°C, which probably are more common
under field conditions, they are not so volatile as
OMS-15 (Table 4).

Table 4

Vaporization of three carbamates from metal
surfaces at temperatures similar to those of iron roofs

in the tropics

Half-life (min) at
Compound

70°C 80°C 90°C

3-isopropylphenyl
methylcarbamate 37.0 12.5 4.5

3-methyl-5-isopropylphenyl
methylcarbamate 93.5 23.5 5.0

propoxur 108.0 26.5 5.5

Barlow & Flower pointed out that, quite apart
from possible toxicity hazards, there is no likelihood
of obtaining any residual action on surfaces at such
high temperatures owing to the high rate of volatili-
zation, and insecticide should not be wasted by
spraying such surfaces.
Although it was difficult to document, Wolfe et al.

(1967) noted that workers differed in their attitude
towards safety, so that some consistently received
greater exposures than others in similar situations.
These investigators observed differences in the care
with which concentrated and dilute formulations
were mixed or dispensed, in the use of protective
equipment, and in personal hygiene. Furthermore,
careless operators sometimes sprayed on windy days
or in other adverse situations, while careful ones
waited for better conditions.

RESULTS OF DIRECT MEASUREMENTS OF ORAL EXPOSURE
OF WORKERS

Accidental splashing of a concentrated formu-
lation into the mouth or intentional contact of the
lips with a grossly contaminated object (e. g., a
plugged nozzle) may lead to critical-even fatal-
exposure. However, strictly oral exposure has not
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been found to be an important source of absorption
of pesticides by workers, regardless of the compound
or the work situation involved. This does not mean
that exposure and absorption may not occur in the
gastro-intestinal tract. Depending on particle size,
a high proportion of inhaled particulate material
impinges in the upper respiratory tract and even-
tually is swallowed.
Of course, if workers were to be sufficiently

careless as to keep food near the work area, it might
become contaminated and account for a major part
of their exposure and even lead to poisoning. It at
first appeared that this is what occurred in a case
reported by Quinby et al. (1963) in which serious
poisoning of a worker was traced to his eating a
candy bar that he had carried, partially unwrapped,
in his shirt pocket while spraying parathion. How-
ever, Quinby (personal communication) later found
that suicidal intent may have been involved.
Wolfe et al. (1963) measured the exposure that

might result from smoking cigarettes while applying
endrin. They found a maximum of only 0.001 mg of
the insecticide on individual cigarettes handled by
spray-men with dry hands and a maximum of only
0.002 mg on cigarettes handled with slightly wet
hands. In a somewhat similar way, Wolfe (personal
communication) found that men applying parathion
to apple orchards by means of air-blast machines
deposited 0.003-0.005 mg of parathion on each
cigarette when their hands were dry, 0.020-0.050 mg
when their hands were wet, and up to 0.235 mg
under the worst conditions. Similarly, each worker
who had been thinning fruit in a recently sprayed
orchard deposited approximately 0.1 mg of para-
thion on his lunch in the process of eating it.
Apart from the effects of a serious accident or of

gross neglect of personal hygiene, the oral route
is not an important route of exposure. However,
anything that may be ingested must be added to
the amount derived from other routes. It should be
particularly easy to minimize oral exposure.

RELATION OF EXPOSURE TO THE TOXIC DOSE

It is obvious that the danger of exposure to a pesti-
cide by a particular route depends on the toxicity of
the compound by that route as well as on the dosage
received. It would be desirable to take both factors
into account in a single unit of measurement, and
Durham & Wolfe (1962) attempted to do so by
expressing the sum of dermal and respiratory expo-
sures in terms of the " percentage of toxic dose

received per hour ". The toxic doses for man were
extrapolated from LD50 values measured in rats. In
the large number of studies carried out by Wolfe et
al. (1967), only three compounds (endrin, parathion,
and TEPP) were used in such a way that the average
percentage of the toxic dose potentially absorbed per
hour exceeded I %. They noted that, of the com-
pounds they had studied, only these three and deme-
ton were known to have caused poisoning under the
conditions of work they had investigated. Some of
the percentages for these three compounds were very
high; for example, one man received an average of
44% of a toxic dose per hour while loading aircraft
with 1 % TEPP dust. There is, therefore, reasonable
correspondence between the objective measurements
and the safety record of a wide variety of compounds
used in agriculture.
Wolfe et al. (1967) considered that the morbidity

of occupationally exposed persons is not greater than
it is because (a) some of the more dangerous jobs
they studied occupied only a few hours per day or
per week, thus allowing detoxification between
periods of exposure; (b) the measurements of
exposure were expressed in terms of " standard
conditions " and therefore represented only potential
exposure (in fact, the workers usually wore protec-
tive clothing and devices when handling highly toxic
compounds); and (c) the proportion of material
absorbed under field conditions may be less than that
absorbed by laboratory animals. Laboratory con-
ditions are selected to favour absorption, whereas
workers may limit their exposure, and also limit
absorption by bathing and by changing clothing.

If injury occurs when the fraction of the toxic dose
received per hour is low, a significant degree of
cumulation of effect (and perhaps of the toxicant) is
indicated. Fortunately, only a few pesticides are
highly cumulative in their toxic effects. This is true
even of the chlorinated hydrocarbon insecticides,
which do show a considerable cumulation of
toxicant in tissues, especially fat. The quantitative
study of cumulative injury has been discussed else-
where (Hayes, 1967, 1971).
To sum up, occupational poisoning has occurred

in situations similar to those in which the fraction of
the toxic dose received was found to be high. On the
other hand, some pesticides are so nontoxic that
occupational poisoning associated with their use has
not been reported, and the hazard of exposure to
them (expressed as a percentage of toxic dose per
hour) is so low that it is doubtful if occupational
poisoning will occur.
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Relationship between blood cholinesterase levels and urinary p-nitrophenol excretion
for occupational groups and poisoning cases, central Washington State, USA, 1958 *

20

10
8
6

4

0.40 0.60 0.80
Cholinesterase level (apH/hour)

* Group I, planned survey, pre-exposure period (56 cases); Group II, residents near orchard during
exposure period (3 cases); Group Ill, planned survey, exposure period (25 cases); Group IV, poisoning
cases, mild to moderate (7 cases); Group V, poisoning cases, severe to fatal (3 cases). Each point
represents the mean and associated standard error for a group of cases. Only cases for which both
cholinesterase and p-nitrophenol values were known are included. Solid lines represent plasma and
dotted lines red-cell cholinesterase levels. The scale showing p-nitrophenol excretion in Mg/hour is
approximate and is based on an output of 1 500 ml of urine per day. (Reproduced, with slight modification,
from Arterberry et al., 1961, by permission of the American Medical Association.)

The expression of exposure in terms of the fraction
of the toxic dose may constitute a useful, objective
index of hazard, but, because of the number of
variables involved, this index can be used only as a
guide.

RESULTS OF INDIRECT MEASUREMENTS
OF TOTAL EXPOSURE

The most thorough single study of exposure to an
organic phosphorus compound is that of Arterberry
et al. (1961), from which the accompanying figure is
reproduced. Plasma and red-cell cholinesterase and

the excretion of p-nitrophenol were measured in
groups of persons with different degrees of exposure
to parathion, and their symptoms were recorded.
The results showed that the absorption of parathion
is tolerated without illness and with little or no
reduction in cholinesterase activity as long as the
concentration of the metabolite p-nitrophenol in the
urine does not rise much above 2.0 ppm. Higher
rates of excretion, reflecting higher tissue levels and,
eventually, higher absorption, are accompanied by
cholinesterase inhibition and illness. As explained
by Arterberry et al., it may be that the excretion

-0
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EXPOSURE DURING USE OF ANTICHOLINESTERASE PESTICIDES

values in the figure associated with poisoning are less
than the values that actually led to illness. In fact,
somewhat higher comparable values were reported
later by Davies et al. (1966).
The peak excretion of metabolite is necessarily

reached some time after exposure begins, and the
delay may be considerable. Under field conditions,
there is an average interval of 8.7 hours before the
excretion of p-nitrophenol reaches a peak after
exposure to parathion begins; the comparable figure
for the excretion of DDA after exposure to DDT is
10.1 hours (Wolfe et al., 1970).
A further complication of great interest is the fact

that excretion may undergo diurnal cycles after
occupational exposure has ceased. The reason is not
known with certainty but it may involve a higher rate
of absorption of pesticide from the superficial layers
of the skin when the ambient temperature is higher
(Wolfe et al., 1970).
The method of Shafik & Enos (1969) is capable of

measuring two metabolites of organic phosphorus
insecticides at concentrations found in the urine of
ordinary persons and in the urine and serum of
heavily exposed workers. The method also detects at
least four other metabolites at concentrations found
in the urine of heavily exposed workers. The meta-
bolites found most commonly are diethyl phosphate
and dimethyl dithiophosphate. The first might be
derived from TEPP, from several little-used insecti-
cides, and from the =0 metabolites of a number of
phosphorothioates, notably those of parathion and
demeton. The second might be derived from mala-
thion, from dimethoate, and from a number of less
common compounds. The method has not been used
sufficiently to permit its evaluation from any stand-
point other than the chemical. It is clear, however,
that the method would be of value for determining
the type of organophosphorus compound involved
in a case of acute poisoning, and for excluding other
types of compound. It is astonishing how few com-

monly used compounds give rise to one of the six
metabolites that can be determined analytically. In
a given case, such analysis may, in effect, reveal the
compound responsible for poisoning. It is of inte-
rest that the average concentration of dimethyl
dithiophosphate found in the urine of those without
special exposure would result from a malathion
intake of 0.7 mg per person per day (Table 5), about
100 times the rate of intake of malathion from food
as determined by the analysis of representative food
samples (Duggan, 1968). However, the metabolite
in urine may be absorbed as breakdown products

Table 5
Excretion of dimethyl dithiophosphate (DMDTP) and
diethyl phosphate (DEP) by persons with different
degrees of exposure to organophosphorus insecticides

Mean concentration in urine (ppm)
Degree of exposure

DMDTP DEP

heavy 1.52 0.68

moderate 1.00 0.04

light 0.25 a 0.03

a Equivalent to an intake of 0.7 mg of malathion per person
per day.

and not as the unchanged pesticide. Such products
have not been measured in the total diet. Further-
more, food may not be the most important source
of exposure, either to malathion or to its derivatives.
Finally, there may be other environmental sources of
alkyl phosphates. In any event, the concentrations
reported to have been found in urine are not unreason-
able. The average concentration found in samples
from members of the general population was about
half that found in samples from men who served as
controls in a study of malathion (and thereby
received some exposure from association with other
volunteers). The average concentration found in the
urine of "heavily exposed " workers was only
slightly more than half that of volunteers who were
thoroughly treated with 1 % malathion dust (Hayes
et al., 1960). The concentrations of metabolites in
urine indicate that ethyl compounds are excreted to
a much smaller degree than are methyl compounds.
If all the diethyl phosphate found in the urine of the
most heavily exposed worker were derived from
parathion, the dosage of the latter would be easily
tolerated but, if continued for several weeks, could
be expected to produce some inhibition of plasma
cholinesterase.

Cholinesterase activity alone can be used as an
index ofexposure to organic phosphorus compounds,
but the interpretation of enzyme depression is com-
plex and beyond the scope of this paper. Any
measurement of organic phosphorus compounds or
their metabolites in blood or urine will give infor-
mation of a different kind from that derived from
the measurement of cholinesterase activity, because
excretion occurs rather rapidly, while enzyme acti-
vity recovers more slowly. Thus, the analysis of
compounds or their metabolites gives information
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Table 6
Urinary excretion of metabolites following different exposures

to carbamates

Concentration
Compound Type of exposure, etc. of carbamate of subject encea

urine (ppm)

carbaryl population level 2-6 well 2

formulating 26 well 2

ingestion 44 b recovered 4

propoxur population level 19.9 well 3

21.7 well 1

spraying <54 well 1

54-80 usually well 1

>80 ill 1

morning after spraying <27 well I

3-isopropylphenyl population level 30 well 5
methylcarbamate

day after spraying 73 ill 5

a References: 1, Babione, R. W., unpublished report to WHO, 1967; 2, Best & Murray (1962); 3,
Dawson et al. (1964); 4, Hayes (1963); 5, Vandekar (1965).

b Sample collected about 18 hours after ingestion and 6 hours after recovery.

on very recent exposure, while the measurement
of cholinesterase levels-especially red-cell values
-gives a kind of summary of the physiological
effect of exposure during the preceding month or
more. Both kinds of information may be valuable.
In view of recent developments in analytical tech-
niques, the measurement of metabolites in urine is a
much more sensitive indicator of exposure than is the
measurement of cholinesterase.
The situation in connexion with carbamates is

different. Cholinesterase, when inhibited by these
compounds (as exemplified by propoxur), is reac-
tivated rapidly, and is spontaneously reactivated after
each day's exposure. In fact, much of the inhibition
reported in early field trials (Vandekar et al., 1968)
was later shown to be a reflection of inhibition in the
sample during storage rather than a true indication
of cholinesterase activity in the circulating blood
(Vandekar & Wilford, 1969). In any event, there is
some correlation between symptoms and either
(a) the blood cholinesterase activity measured at the
time of illness or (b) the urinary excretion of metabo-
lites (Table 6). However, both of these laboratory
determinations are of little practical value as warn-

ings of over-exposure. Minor illness, from which
recovery is rapid, causes spray-men to stop work
temporarily, after which they can and do continue
work without further trouble (Vandekar et al.,
1968; Wright et al., 1969). There are, of course,
other carbamates, such as m-isopropylphenyl methyl-
carbamate, that cannot be used for vector control
because they produce illness too frequently and too
severely (Vandekar, 1965).

STUDIES IN VOLUNTEERS

Information on the relationship between clinical
condition and the concentration of a pesticide or one
of its metabolites in a given tissue may be used to
evaluate subsequently occurring cases in which the
cause of illness is in doubt. The measurement of a
compound or of its derivative in timed samples of
excreta can also reveal the minimum absorbed
dosage. However, only studies in volunteers can
clarify the relationship between analytical results
and applied dosage (exposure) by a particular
route. Relevant findings for malathion, Abate, f and
propoxur are shown in Table 7. An annotated list of
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Table 7

Studies of the storage or excretion of anticholinesterase
compounds in volunteers

Route of Dosage
Compound adiitain (mg per person

per day)

Abate t

malathion

oral

oral

dermal

propoxur oral

64

1 1

58

280

1 400

2 800

50

110

116

135

Duration Concentration
of exposure in urine

(days) (ppm)

28

1

39

39

39

1

1

1.5

4.7

27

4.8

28

32

24.6 b

140 c

140 C

256 c

a References: 1, Dawson et al. (1964); 2, Hal
& Sedlak (1960); 5, Vandekar (1971).

b Gas chromatographic method.
c Colorimetric method.

studies of anticholinesterases and other pesticides in
volunteers has been prepared by Hayes (1965).

Studies in volunteers must be carried out at
harmless rates of intake. However, if several dosage
levels are investigated, it should be possible to
extrapolate the results to somewhat higher and lower
rates of intake. Thus, in cases of poisoning it may be
possible to estimate dosage from the analysis of
tissues or excreta.

If exposure can be predicted accurately (as in the
use of malathion to combat body lice or in the
addition of Abatet to drinking-water at a pre-
determined rate), or if exposure can be measured
under operating conditions, it may be possible to
gain firm assurance about the safety of a proposed
use of a compound if volunteers tolerate a much
greater and more prolonged intake than would be
involved in that use. Of course, the volunteers must
be dosed by the route through which the major ex-

posure occurs under operating conditions. Expe-
rience with propoxur illustrates the confusion that
can arise if the routes are different. When propoxur

(es et al. (1 960); 3, Laws et al. (1 967); 4, Mattson

was given by mouth at a dosage of 135 mg per per-

son, brief but pronounced illness occurred (Vande-
kar, 1971). When it was administered in the amounts
of 110 mg and 116 mg per person, the concentration
of phenols in the urine, expressed as the carba-
mate, reached 140 ppm without producing illness
(Dawson et al., 1964). In the field, however, urinary
levels of 80 ppm (as carbamate) were uniformly
associated with illness. The reason for the discre-
pancy is not known with certainty. In the rat,
the compound is much more toxic when admini-
stered orally than when administered dermally
(Gaines, 1969). However, the relationship may be
different in man. Some carbamates, notably Isolan,t
are more toxic when exposure occurs by the der-
mal route (Gaines et al., 1966). On the other hand,
the discrepancy in the results for propoxur may

indicate that it is respiratory exposure to this com-

pound that is critical under field conditions. Der-
mal and respiratory exposure are similar in that
the absorbed compound is carried directly to the
tissues without prior action of the liver.

20

Reference a

3

4

4

2

2

2

1

1

5
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