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northwest. The results indicate that near
Laramie adult Aedes move approximately
5 mi, in a period of 14 to 26 days. Ap-
parently a second brood of plains Aedes
is seldom of importance near Laramie.
This confirms the work of Owen (1951)
as to the relative importance of second
brood Aedes in the high plains of Wyo-
ming.

Adult control may be practical in mos-
quito producing fields near populated
areas if 2 or 3 weeks of control can be
achieved by adulticiding these nearby
mosquito producing fields. These efforts
can give relief from mosquito infestations
in centers of population.
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EVAPORATION RATES AND PROTECTION TIMES
- OF MOSQUITO REPELLENTS

MARK L. GABEL, THOMAS S. SPENCER anp WILLIAM A. AKERS

Department of Dermatology Research, Letterman Army Institute of Research,
Presidio of San Francisco, CA 94129

ABSTRACT. Evaporation rates and protection
times of 5 mosquito repellents were determined,
and an inverse relationship of the evaporation rate
to the protection time was shown. Three new
repellents were found to have a low volatility

The duration of repellent protection
against mosquitoes is partially affected
by the rate of loss of repellent due to
abrasion, penetration, and evaporation.
Consequently, the repellent evaporation
rates can be regarded as one physical
property of repellents which might affect
repellent efficacy. In early work on re-
pellent evaporation, Kasman et al. (1953)
measured the evaporation rate of di-

compared to deet. It is proposed that repellent
evaporation rate can be used to determine a rea-
sonable dose for screening new repellents against
Aedes aegypti prior to appliction to man or
apimal.

methylphthalate from filter paper and de-
termined that the rate of evaporation de-
pended on the surface area of the filter
paper. Later Smith et al. (1963) reported
repellent evaporation rates for dimethyl-
phthalate, 6-12, and deet from the skin
of guinea pigs and humans. They at-
tributed the differences in repellent pro-
tection time to differences in the mini-
mum effective dose of repellents necessary
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to repel mosquitoes and also to differences
in the rate of loss of repellent from the
skin.

In studies to relate repellent evaporation
rate to repellent protection time, the most
widely used repellent, deet, was shown to
have a volatility approximately one-half
that of 6-12 (Smith et al 1963). How-
ever, for most new repellents volatility at
ambient temperature has been evaluated
only indirectly by boiling point considera-
tion (Johnson et al. 1967 and 1975). The
current report relates evaporation rates to
protection time against mosquitoes for 5
repellents. In addition, the relative vola-
tilities are compared to deet which previ-
ously has been considered as a low vola-
tility repellent.

MateriaLs anp MEeTHODs.  Repellents
used were Eastman’s 2-ethyl-1,3-hexane-
diol (6-12)®, Practical; N,N-diethyl-m-
toluamide (deet), Practical; Stanford Re-
search Institute’s 3,6,9-trioxapentadecan-1-
ol (SRI-6), (Johnson et al. 1975) g¢6 per-
cent; n-butane-hexamethyleneimine-sulfon-
amide (sulfonamide), (Pervomaiskii et al.
1963) 99 percent; and cyclohexamethylene-
carbamide (carbamide), (Stephanor et al.
1969) 99 percent. Instrumentation consis-
ted of a Cahn RTL miillibalance coupled to
a Honeywell recorder inside a 46 x 75 x 91
cm incubator. Drierite® was used to con-
trol the humidity inside the incubator.
Temperature was regulated by means of
a heating strip and a refrigerated water
bath. A r1.13 cm? planchet containing roo
mg of repellent was placed on the weigh-
ing pan of the millibalance. The planchet
and repellent were then tared to 9.0 mg,
and the repellent was allowed to evaporate
over a roo-hour period. Four replicates
were run for each repellent at selected
temperatures between 25° C and 60° C.
Tare runs were made using a planchet
without repellent to correct for electronic
drift or other variations in signal which
were not caused by evaporation of repel-
lent.

RepeLLeNT ProTEcTiON TiMmEes. Repel-
lents in ethanol solution were applied to
» X 10 cm sites on the ventral forearms of

test subjects such that the applied dose
would be 0.32 mg/cm2 Sbjects were
tested in groups of 4 with 4 repellent-
treated sites (2 on each foremm) per in-
dividual (Shimmin et al. 194). Appli-
cation of formulations was romted among
the 4 sites so that each repelleat appeared
on a different site among the 4 subjects
and every repellent was paired with every
other repellent on the same forearm at
least twice in a group of 8 subjects. Data
were analyzed by paired comparison with
the deet control using Tukeys w-proce-
dure. Subsequent to applicatn, the sub-
ject inserted his arm into a plastic sleeve
with holes corresponding to the repellent-
treated sites and introduced his forearm
into a cage containing 250 adive female
Aedes aegypti mosquitoes for a 3-minute
exposure. The test was repeated at hourly
intervals until 2 bites were reeeived on a
treated site. Then that site was covered;
the protection time was remrded; and
testing continued until all sites had failed.

Minmmum  Errecrive Do (MED).
The repellent dosage necessay to repel
mosquitoes was determined by application
of a repellent at 0.05 mg/cm® to one of
four 7 x 10 cm test sites on the ventral
forearms. After a 15-minute drying pe-
riod, the site was exposed to mosquitoes
as described above. 1If the repdlent failed,
a higher dose was applied to a second site,
and after 15 minutes that site was exposed
to mosquitoes. If the first ste did not
fail in the 3-minute exposum, a lower
concentration was applied to the second
site. The third and fourth application
for each individual was used to bracket
the MED precisely with repellent concen-
trations ranging from 0.0025 ® 0.20 mg/
cm?.

Mosquitoss. Aedes aegypti mosquitoes,
7-10 days old, were maintained at 27° C
and 8o percent relative humidity under
constant light. Sugar solution from cotton
was available ad libitum.

VorLunteers. Healthy, active duty mil-
itary personnel were selected at random
from a volunteer population of 30 males,
averaging 22 years in age (ramge 20-28).
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All volunteers gave written, informed con-
sent prior to participation in the tests,

Resurts. Data from the strip chart re-
corder were analyzed by determining the
evaporation at a given temperature over
a measured time period (Table 1). Over
the temperature ranges included in our
testing, the plots of weight loss vs. time
were consistently linear with r-correla-
tions of 0.973 or greater for 20 data points
in each run. This indicates that the air
in the incubator did not become saturated
with repellent vapor. Saturation would
cause a decrease in the measured evapora-
tion rate with time.

Table 1.

Discussion.  Duration of repellent pro-
tection on human skin is influenced by
the mosquito population, less of repellent
from the skin, human vamables and the
intrinsic repellency ! of the repellent.
Changing any of these varibles can alter
the duration of protection against mos-
quitoes. Two of these vamables, the in-
trinsic repellency and repelknt-skin inter-
action, are difficult to measure and will be
considered to be approximaely the same
for the repellents studied. With these
factors in mind, the followmg discussion
relates the effects that repdlent evapora-
tion rates have on the evaluation of topical

Physical properties of five repellents

Evaporation Rate at

Energy of Activation of Boiling Point

Repellent 30° C (ug/cm2/hr) Vaporization (kJ/mole)  (°C) at 0.smm Hg
6-12% 56.5%5.01 70.7 95
Deet 22.642.83 97.0 105
SRI-6 9.314%2.97 71.5 122
Sulfonamide 8.257%1.45 91.6 115
Carbamide 2.23%1.91 96.2 120

Repellent evaporation rates at 30° C are
shown in Table 1. The evaporation rates
determined at different temperatures were
then plotted using-the Arrhenius relation
of In K vs. 1/T, where K is the rate of
repellent loss and T is temperature in
degrees Kelvin (Figure 1). The slope
(Figure 1) is —E,/R, where R is the gas
constant and E, is the activation energy of
vaporization, or the relative energy neces-
sary to vaporize molecules of repellent
from the planchet. E, for the repellents
studied is shown in Table 1. By extrapo-
lation, the —E,/R provides an estimate
of evaporation rates at specified tempera-
tures other than those tested. Assuming
pressure effects are constant, extrapolation
over a reasonable temperature range is
accurate (Moore 1972). However, when
dealing with Arrhenius plots over a large
temperature range, 1oo° C or more, one
might expect deviation from linearity due
to the temperature dependence of E,
(Moore 1972). Repellent protection times
and MED’s are shown in Table 2.

vapor-phase mosquito repellents.

The most obvious effect of evaporation
is repellent loss from the skin which af-
fects the duration of repellest protection
from mosquitoes. Carbamsde and sul-
fonamide with lower evaperation rates
than deet provide longer protection times
against mosquitoes, while 6-12 with a
higher evaporation rate has a shorter pro-
tection time than deet (Tables 1 and 2).
A plot of protection time versus the loga-
rithm of the evaporation mte produces
a statistically significant correlation (r—
—0.943, n=5, Table 2). There is an

1 Intrinsic repellency is a term which is used to
compare the repellent effect of a giwen number of
molecules of one repellent with am equal number
of molecules of a second repellent. In recognition
that different repellents might a by different
mechanisms, the intrinsic repelleney will be de-
fined as the minimum concentration of repellent
present in the air adjacent to the receptor of an
arthropod which will prevent the arthropod from
biting the host. This definition has a precise
meaning only when associated with specific spe-
cies and test conditions.
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Fig. 1. Arrhenius plot of evaporation rate vs.

1/T, the slope (—E4/R) is used to determine the
activation energy of vaporization of the repellent.
Points indicate an average of four runs.
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Fig. 2. Evaporation rate of repellents is plqttcd
vs. the protection time afforded human subjects
against Aedes aegypti mosquitoes under laboratory
test conditions.

upper limit to the increase in protection
time. When the evaporatim rate of a
repellent is too low, there will not be
enough repellent above the kin to repel
mosquitoes. The evaporatin rate indi-
cates only the relative rate of loss by
evaporation exclusive of imminsic repel-
lency or penetration througk the skin;
the last two factors are more difficult to
measure and in some cases may have a
greater effect on protection time than the
evaporation rate,

In addition to protection time, the re-
pellent evaporation rate has a less obvious
influence on the minimum effective dose
of repellent (MED) necessary to repel
mosquitoes. The MED has been proposed
as the principal cause for differences in
repellent efficacy (Smith et al. 1963); how-
ever, repellent evaporation rates can have
a direct effect on the MED. Comparison
of MED and evaporation rates indicates
that MED is closely aligned with evapora-
tion rates of repellents (Tables 1 and 2).
When a repellent has a low evaporation
rate, more repellent (a higher MED)
might be required on the skin to maintain
the vapor concentration necessary to repel
mosquitoes. Hence, repellent volatility
should be considered when comparing
compounds which have beem shown to
exhibit repellency.

In order to use evaporation rates to help
evaluate new repellents, one must have an
accurate determination of the repellent
evaporation rate. Repellent volatility has
been determined sparingly by gravimetric
analysis in the past (Kasman et al. 1953),
and has been related to the repellent boil-
ing point by Roadhouse (1953} and John-
son et al. (1967, 1975). However, boiling
point analogies at high temperatures or
low pressures should not be extrapolated
to volatilities at ambient conditions with-
out caution. Extrapolations like those in
Figure 1 are valid only over Emited tem-
perature ranges (Moore 1972). Since
repellents are generally polar compounds
of various chemical entities, beiling point
extrapolations to ambient conditions are
adequate only when chemicak from ho-
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Table 2. Repellent efficacy against dedes aegypti mosquitoes

Protection time Minimem effective dose
Meanzsa Meanzs,

Repellent (hr) Replicates (mg/cm?) Replicates
6-12 3.9%1.6* 40 .. ..
Dect 6.8%2.0 40 0.025%+0.01y 16
SRI-6 8.5+4.6° 12 0.0397+0.01F 8
Sulfonamide 14.975.6%" 8 0.0427%+0.02 7
Carbamide 17.4%5.1%" 12 0.078%+0.048 24

* Significantly different from deet at 95% level (p<{0.05).

* Shimmin et al. 1974.

mologous series of compounds are being
compared. For example, comparison of
boiling points with evaporation rates at
30° C shows a 20-fold variation in evap-
oration rate within a narrow range of
boiling points. _

Once the volatility is determined, a stan-
dard describing a low volatility, long-last-
ing repellent would be helpful for com-
parison. Definition of low volatility is
difficult for repellents. Deet, the most
widely used repellent, is considered to
have a low volatility with one-half the
volatility of 6-12 as reported by Smith
et al. (1¢63) and as seen in Table 1. How-
ever, the evaporation rate of deet is 2%
times greater than-the evaporation rate of
the test compound SRI-6. If deet is con-
sidered to be a low volatility repellent then
the test compounds in Table 1 must be
considered in a new class of repellents with
still lower volatility. For a specified ap-
plied dose, low volatility implies a lower
repellent vapor concentration. If repellent
screening programs use low dosages of
the standard repellent deet, the new class
of low volatility repellents might be un-
fairly discriminated against. For exam-
ple, if deet and carbamide were applied
at a dose of 0.08 mg/cm? under the test
conditions used in this report, deet with
a lower MED and a higher volatility
would afford 2 to 3 hours protection
(Spencer, unpublished results). Con-
versely, carbamide would afford little or
no protection because the carbamide MED
is 0.078 mg/cm?, slightly less than the
applied dose. On the other hand, with

application of both repelnts at 0.32 mg/
cm? carbamide has a significantly longer
protection period than deet (Table 2).
Hence, in a repellent smeening program
volatility might be an important factor in
determining initial test oncentration for
a candidate compound.

Since the effective kvel of repellent
vapor will vary with the species, density
and biting activity of the mosquito popu-
lation, the baseline for evaluation of re-
pellent evaporation rates must be adjusted
to the test conditions. However, the
evaporation rate can be used as a simple
physical measurement ® aid in prelim-
inary evaluation of a repellent compound
along with other factors such as toxicity,
cosmetic acceptability asd repellency to
various species of mosquies in vitro. In
addition, once a compound has been shown
to exhibit repellent properties, the evapo-
ration rate will provide 2 means of esti-
mating approximate app¥ation doses and
relative duration of pemistence prior to
application directly to man’s skin.
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