














- TABLE 2 Descriptive statistics of respiratory and dermal exposures

Na. of Samples Arithmetic Mean Gemetric Mean Geometric Standard Deviation Range
Respiratory exposure (ug/md) 28 1.8 0.6 3.9 0.1-240
Dermal exposure
Individual pads (ug/cm?2.h)
Head 28 0.4 0.3 1.6 0.1-1.1
Neck 27 05 0.4 1.8 0.1-1.3
Left wrist 27 1.5 0.7 27 0.2-8.7
Right wrist 25 1.4 0.8 27 0.1-9.2
Back 26 1.1 0.7 2.7 0.1-9.6
Leg 27 1.3 0.8 2.7 0.2-6.2
Ankle 28 0.6 03 22 0.1-6.8
Total dermail
exposure (mg/h) 28 08 0.5 2.2 0.2-5.7
injuries had been caused by defective spraying equip- % recovery

ment or by contact of the legs with recently-sprayed
weeds. Eye problems (n = 2} of redness, irritation, and
burning sensations had been caused by paraquat solu-
tion splashing in the eyes while the tank was being
pushed or by wind rebounding the spray solution. Nail
problems were reported by three workers, and three
workers had experienced epistaxis, one of them fre-
quently. One worker mentioned an occasional burning
sensation in the nose cavity. Five also reported nonspe-
cific systemic complaints in relation to paraquat expo-
sure, including headache, stomachache, nausea, and
blurred vision. Two of these workers said that they
experienced these problems every time they applied
paraquat.

External and Internal Exposure Measurements

Recoveries and limiis of detection. Recoveries of para-
quat were between 70% and 95% from PTFE filters
(tested concentrations ranged from 0.05 to 1.0 pg/
mL), and 79% and 84% in urine samples (tested con-
centrations 0.15 and 0.30 ng/mL). Coeflicients of vari-
ation of analysis (CV,) ranged from 5% to 26% for PTFE
filters and from 7% to 20% for urine. Recoveries with
standard deviations (SD) for the a-cellulose pads are
summarized in Figure 1. Because of the low values, all
skin-pad samples were corrected for recovery using Fig-
ure 1.

Limits of detection were defined by analyzing blank
a-cellulose and PTFE filters, and 12 urine samples of six
unexposed men. The mean of the concentrations mea-
sured on the blanks was defined as background noise,
Background noise plus three times the SD of the back-
ground noise was taken to be the limit of detection. Lim-
its of detection for the PTFE filters, a-cellulose filters,
and urine were 0.03, 1.5, and 0.03 pg/mL, respectively.

Dermal and respiratory exposures. Table 2 shows de-
scriptive statistics of the respiratory and dermal expo-
sure measurements. The table shows that the wrists,
back, and legs were the most exposed body areas. The
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Figure 1—Recovery of parcquat from skin pad,

relative contribution of each exposed area to total der-
mal exposure is shown in Figure 2. The exposures of the
wrists, legs, and back was almost equal and together con-
tributed 87% of the total exposure.

Table 1 shows the results of respiratory and dermal
exposure measurements summarized per company.
Geometrical means of both dermal and respiratory ex-
posures were higher at plantation A than at the other
plantations (#tests, p-values 0.02 and 0.01, respectively).
Al plantation B a lower respiratory, and at plantation C
a lower dermal, exposure was present (#tests, pvalues
< 0.001).

Table 3 shows the geometric standard deviations
(GSDs) and variance ratios (R95s) of total dermal
exposure (mg/kg) and total respiratory exposure
(mg/m3kg). Differences in average dermal exposures
between plantations were slightly larger than those be-
tween spray operators and between days for the same
operator, which were almost the same. Differences in av-
erage exposure levels were larger for respiratory than
for dermal exposures. Respiratory exposure levels
showed less variation between workers than between
companies and from day to day. The highest value of
respiratory exposure per kg was over ten times higher
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Flgure 2—Reiative contributions of paraquaf recovered from individual
skin pads to total dernmal exposure.

TABLE 3 Varldiions in demmal and respiratory exposures
between planiations, between workers, ond from day to day

Dermal Resplratory
Exposures Exposures
Geomelic Varonce  Geometric  Varlance
Standard Ratio Standard Ratio
Devidation (R95) Deviation (RID)
Total 245 33.3 5.67 898.7
Between
plantations 1.82 10.5 3.00 74.6
Between
workers 1.62 6.6 2.16 20.3
Between
doys 1.60 6.3 3.00 74.6

than the next highest value, 0.240 and 0.018 mg/m?® «
kg, respectively. Excluding this value from the analysis
decreased the total variation (GSD 4.51, R95 367.3), but
the relationship remained the same. Total respiratory
exposure did not correlate with total dermal exposure
(r = 0.07, p = 0.74) or with paraquat levels on individ-
ual pads (r = —0.21-0.26, p = 0.16-0.84), and only the
left-wrist-pad value correlated almost significantly with
respiratory exposure (r = 0.36, p = 0.06).

Although all the operators wore boots, remarkably
high exposures of the ankles were sometimes present,
which could have been the result of indirect exposure
due to run-off of paraquat down the leg. Exposures of
the ankles and legs were correlated (r = 0.55, p =
0.002). No difference in the exposures of wrists and legs
was detected in comparing workers using gloves or over-
alls with workers not wearing them. Spray operators us-
ing an apron at the back all had relatively low dermal ex-
posures on the back, but no lower exposure was found
after performing a Wilcoxon rank-sum test (p = 0.93).
Workers wearing long trousers had significantly less leg
exposures (#test, p = 0.002) than did workers wearing
shorts or overalls. To exclude the possibility that this ef-
fect was due to an overall lower level of dermal expo-
sure, the relative contribution of leg exposure to total
skin exposure per worker was taken into account, which
also turned out to be lower for workers wearing long
trousers (#test, p = 0.001).

Internal exposure. Paraquat was not detected in urine
samples collected before work started. Paraquat was de-
tected in two of 28 urine samples taken after work, and
contained 11 and 22 pg paraquat per mmol creatinine.
The positive samples were those of one of the workers
of plantation A on the third sampling day (worker 1),
and one of the workers of plantation D on the first sam-
pling day (worker 9), respectively.

Relationship of external-internal exposures. Table 4 shows
external and internal exposures of the two workers with
detectable paraquat in their urine samples and summa-
rizes the data of all other workers. Worker 1 had rela-
tively high dermal exposures on all sampling days, while
Worker 9 had a high dermal exposure only on the day
that paraquat was detected in his urine. Both worker 1
and worker 9 had relatively high respiratory exposures
on the days that paraquat was detected in urine, but the
respiratory exposure of worker 1 was also high on an-
other sampling day. Generally, a positive urine sample
was associated with a higher total dermal exposure
(Wilcoxon, ¢ = 0.04) as well as a higher respiratory ex-
posure (Wilcoxon, p = 0.04) on the same measuring day.

DISCUSSION
Limitations of the Study

This study had several limitations, First, skin-pad expo-
sure values had to be adjusted for low recovery. This cor-
rection was justified because a linear relationship (r =
1.0} existed between spiked samples and their mea-
sured concentrations, and the coefficients of variation
of recoveries were relatively low. Second, the numbers
of knapsack spray operators and measurement days
were relatively small, resulting in only two positive urine

TABLE 4 Internal and external exposures of workers 1 and ¢
to paraquat

Paraquat
Dermal Respiratory In Urine
Exposure Exposure” {pg/mmol}
(mg) {mg) Creatinine
Worker 1 -
Day 1 11.3 0.086 —¥
Day 2 8.4 0.004 —
Doy 3 .4 0.055 11
Worker 9
Day 1 6.9 0.035¢ 22
Day 2 1.7 0.007¢ —
Other workers
Arithmetic mean 24 0.007 —
Range (1.1-56.3) (0.001-0.032)5 —

*Resplrotory ventilation of 1.8 m3h is assumed, according to an O, up-
fake of 1.5 L/min and pulmonary ventilation of 20 £ O, during manuol
labor.45

tNon-detectable after correction for creatinine level.

tA face Mask was worn.

STwelve values were below the detectable limit.
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TABLE 5 Dermal, respiratory, and infernal exposures of knapsack spray operators in vatious studles

Dermal Exposure Respiratoryl Exposure (mg/h)  Internal Exposure {mg/L Urine) Spray Dilution (w/w %)
Present study 0.2-5.7 mg/h* (0-43).10-3 <0.03-0.24 0.1-0.2
3.5-113.0 mg/kg*
Sri Lanka? 940-2,710 mg/kgtt N.A, <0.03 0.03-0.04
Malaysia'® 0.3-12.4 mg/h*¢ (G-5)»10-3 <0.05-0.649 0.1-0.2
12.1-169.9 mg/ht
United States?® 0.01-0.57 mg/h*% <1+10-3 N.A. 0.2
Mataysia'? N.A, N.A. <0.1-0.32 0.05

*Direct dermal expasure, exposure af the (uncoverad) skin.

TPotential dermal exposure, expasure af the clothing (and uncovered skin),
Measured by using a Tyvek coverall.

SMecsured according to WHO standard protocol (1975).

N.A. = not assessed. '

samples. Nevertheless, the design allowed the idendifi-
cation of determinants of exposure, and the relation-
ship between external and internal exposures could be
explored because the measurements were performed si-
multaneously.

Exposure Measurements

Table 5 compares the ranges of exposures in our study
with those found in other studies. The values of our
study are of the same order of magnitude as those found
in previous studies. Dermal exposure compares well
with those in other studies that measured direct dermal
exposures, except that of Staiff et al.? who reported ex-
posures more than tenfold lower. The reason for the
discrepancy could not be deduced from their paper.
Respiratory exposure in our study was higher, but when
the highest value is not taken into account, the ranges
compare well. Alse, the amounts of paraquat found in
urine compare well with those in the other studies, ex-
cept the Sri Lankan study,!” where paraquat was not de-
tected in urine despite present dermal exposure. How-
ever, because external and internal exposures were not
measured simultaneously in that study, dermal expo-
sures may have been lower at the days urine was sam-
pled.

Regarding the variability of the dermal exposures
measured in our study, it seemed that the level of der-
mal exposure was explained mostly by complaint factors
{company and operator). Therefore, improvement of
working circumstances at plantations and modification
of the working habits of paraquat spray operators would
be likely to result in reduction of exposure. Regarding
respiratory exposures, the variability in the measured
concentrations of paraquat was mainly determined
by variations between companies and days. The latter
could be due to variable wind speeds and other weather-
related factors. Differences in dermal and inhalatonal
variability could be due to the fact that dermal exposure
is also determined by direct contact with paraquat, such

as splashes, as opposed to contact with spray mist.?3 Be-
sides, wind speed is likely to have more effect on the
small droplets of the inhalable fraction than on total
spray mist, which determines dermal exposure and also
contains larger droplets.

Hazardous Activities

Table 6 summarizes the hazardous activities and possi-
bly exposed body parts that have been defined using ob-
servations of work practices and information from the
questionnaires. The activities do not necessarily explain
the measured exposures but do reflect situations where
exposures are likely to occur.

The preparation of the spraying solution could be a
serious source of exposure for the spray operators of
plantations B and C, because high concentrated solu-
tions were diluted by the operators themselves. How-
ever, because average exposures were lower at these two
plantations, this activity did not seem to contribute to
measured dermal exposure. The operators probably
handled the solution without spilling it. Nevertheless,
the risk of high exposure while diluting paraquat is evi-
dent. Exposure due to walking in the spray mist can be
worsened when application takes place against the wind
or when spraying is not carried out at the right angle,
for example, when spraying uphill. Indirect exposure of
the legs can be high when contact with recently sprayed
weeds occurs and results in exposure of the feet when
the spraying solution leaks into the worker's boots.
Falling of workers in the rough and muddy field was as-
sociated with rushing through the plantation. Spray op-
erators may be motivated to run because they are payed
per sprayed area.

Protective Clothing
The protective equipment used did not effectively con-

trol dermal exposure, for no lower exposure was mea-
sured. Overalls, vinyl back aprons, and gloves were clean
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TABLE 6 Hazardous activities with regard to high incidental exposures to paraquat

Exposure®
Activity Risk Dermai Respiratory Oral Eyes
Dilution Spilling Hands - - +/-
Transport Splashing Face, hands - +/— +
Tank skipping off Whole body - +/- +
Filling Hands in solution Honds, wrists - - -
Spilling foarm Back - - -
Application Walking in spray mist Hands, arms, legs + +/- +
Contacting sprayed weeds Legs, ankles - - -
Leaking equipment Back, legs. testicles — - -
Folling with fonk Whole body - - -
Repairing Fumbiing without tools Hands - + -
Blowing out nozzle — - - -
After work Not showering Whole body - - -
Contaminated clothing Whole body - + +
Eating food contaminated by hands — - + -
"+ = exposure llkely to occur; +/— = exposure could occur occasionally; — = exposure not likely to occur.

at the beginning of the working day, so contamination
cannot be explained by the wearing of contaminated
protective equipment. Use of protective clothing does
not necessarily result in adequate protection, since the
herbicide may get under clothing and gloves, resulting
in an increased penetration through the covered
skin. 335 Also, perspiration resulting from the use of
protective equipment can increase dermal absorp-
ton.? When a worker is wearing gloves, liquid can en-
ter easily at the top of the gloves, or exposure can occur
when reusing the gloves during the day. Vinyl back pro-
tection is likely to reduce dermal exposure on the back,
because the use of this protection was consistently asso-
ciated with low levels of exposure of the back, while
without it high-level exposures of the back sometimes
occurred. The fact that the overalls were very thin and
the operators’ thicker trousers provided more protec-
tion might explain why the wearing of long trousers led
to significantly less leg exposure compared with the
wearing of shorts, while the wearing of overalls did not.
The overalls, originally provided to protect against der-
mal exposure to granulated nematocides, were made of
cotton, instead of linen, which is required by the Min-
istry of Health for the use of paraquat.3 Whether or not
the respiratory protection used at plantation D func-
tioned well could not be assessed since respiratory ex-
posures were measured outside the masks.

Relation of External and Internal Exposures

Paraquat was detected only in urine samples collected
after work, suggesting that measured internal exposure
is determined by external exposure during the working
day. This agrees with the elimination time for paraquat
in dogs, which after absorption of small amounts of
paraquat excrete approximately 80% within three

hours and almost 100% within 24 hours.2% The kinetics
of paraquat in dogs were found to be comparable to
those in humans.3? Although a statistically significant re-
lationship was found between both dermal and respira-
tory exposures and internal exposure to paraquat, der-
mal exposure is more likely to have resulted in internal
exposure in the case of worker 9, who used a face mask.
Assuming that this operator wore his mask throughout
the working day and it was effective, the respiratory ex-
posure route did not contribute to his internal expo-
sure,

Arelatively high level of dermal exposure to paraquat
did not always result in internal exposure, but seems to
be essential for it. This can be explained by individual
differences in paraquat absorption®® and kinetics, but
also by the fact that skin damage can enhance absorp-
ton 5 to 20 dmes.? Worker 9 did in fact have skin aber-
rations on his wrist in combination with a high paraquat
exposure. Worker 1 did not have visible skin damage
but was exposed to relatively high levels of paraquat dur-
ing all three sampling days. Since paraquat itself can
make the skin more permeable, 34 and because it is
able to accumulate in the skin,*! previous dermal expo-
sure could have led indirectly to the measured internal
exposure on the third day.

The respiratory exposure of worker 1 was equivalent
to only 0.6% of the total dermal exposure, as can be cal-
culated from Table 4. Half of the paraquat in the breath-
ing zone reaches the alveoli,* so the respiratory dose
constitutes only 0.3% of the total dermal exposure. Yet,
respiratory exposure should not be excluded as a possi-
ble route of uptake regarding this worker. Assuming that
inhaled aerosols that do not reach the alveoli are being
swallowed and that 56% intestinal absorption takes
place,* the dose of paragnat absorbed in the intestines of
the spray operator can be assnmed to be equivalent to
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0.17% of the dermal exposure. The percentage of
paraquat absorbed through intact skin after direct ex-
posure has been found to be 0.23-0.29%.% Therefore,
the respiratory route may be at least as significant as the
dermal route in the exposure of this worker.

Measured Exposures Related to Health Effects

Assessing the relationship between the reported local
and systemic health complaints and the paraquat expo-
sure levels measured in our study is complicated, since
the health complaints reflected circumstances in the
preceding 12 months and the exposure levels could
have been different. Two workers complained of nau-
sea, stomachache, and headache during the sampling
period, which therefore may have been caused by ex-
posure to paraquat. These effects are nonspecific for
paraquat poisoning, so it cannot be excluded that they
were caused by exposure to the emetic and stenching
additives of the paraquat concentrate. Systemic health
complaints such as headache and nausea were also men-
tioned by Weinbaum et al.,f and Swan found local ef-
fects during his study of paraquat spray operators.!?
Measured inhalable paraquat concentrations (0.1-24.0
g/ m3) are well below the threshold limit value (500
wg/m?) for inhalable paraquat,* which is based-on an-
imal studies, and it is claimed that no adverse health
effect due to long-term exposure occurs below this
value.* It should be noted that this value does not take
dermal uptake into account. Two epidemiologic studies
did not reveal adverse effects of chronic exposure to di-
luted paraquat on the liver and lungs.”® Another study
reported systemic disease in men and rats after chronic
exposures, but the paraquat selution in that study was
more concentrated than that used by the spray opera-
tors in the present study (2.8 and 0.8% vs 0.1-0.2%).9

Although it is not clear whether acute and long-term
exposure to the paraquat concentrations measured in
this study leads to (adverse) health effects, it should be
emphasized that the risk of a high and therefore haz-
ardous exposure is continuously present. Wesseling et
al. reported several fatal cases in Costa Rica due to the
spillage of concentrated paraquat on the legs, eating
food that had been in contact with contaminated hands,
spraying into the wind, spraying with a leaking knapsack
tank, and spilling of diluted spray solution on the face
and mouth after slipping.!® The occurrence of such
calamities is particularly likely when spray operators ap-
ply paraquat while their skin is damaged, as is illustrated
by a fatal case reported by Fitzgerald of a man who ap-
plied paraquat with a leaking knapsack tank while suf-
fering from dermatitis,'* or when prolonged contact
with paraquat spray solution takes place.!’®> We found
that similar situations regularly arose during normal
work practices at the banana plantations where this
study was performed. Therefore, the use of paraquat on
banana plantations cannot be considered safe.

RECOMMENDATIONS

A strategy to control exposure is necessary, and should
focus first on reduction of the risk of high-level expo-
sure. Measures that can be taken include elimination of
the exposure source, i.e., replacement of paraquat by,
for example, mechanical weed control. The potential
for exposure can be reduced by adjusting spraying
equipment (closing the tank and providing it with a tap;
replacement and better maintenance of old and defec-
tive spraying devices), by improvement of field infra-
structure (site of application, rail system), and by elimi-
nating risky activities such as mixing of spray solution.
Reducing working pressure by changing the salary sys-
tem, as well as instruction of the workers, could reduce
the risk of exposure that is due to carelessness in
paraquat application. The implementation of use of
personal protective equipment has the least priority, for
its effectiveness is questionable and the use of such
equipment is often found strenuous and uncomfortable
in a tropical climate.
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