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Factors Affecting the Protection Period
of Mosquito Repellents

By Cannon N. Snvert, I H. Grosenr, Wasny K. Gover, Manconm {0 Tiowarss,
¥rep Aorge, Jr., and Cravoe H. ScEMIDT, Brfomolopy Rescarch Division, Agri-
culinral Research Servicg’

Since 1942 thousands of compounds have been screened and eval-
nated as mosqrito repellents at Orlando, Fia. These studies have been
summarized by King (1954) and Gilbert ot al. (1957).2 TIn most of
this work the criterion of effectivencss has been the prokection period,
or length of time a liberal application of the repellent has prevented
mosquitoes from biting through treated skin or clothing. This eri-
terion has also been uwsed in most of the inscct-repellent studies by
Granett (1940), Pijoan et al. (1945}, Pijoan (7947). and Kasman et al.
(1952). Occasionally effectiveness has been judged by the minimum
roncentrafion vequired to prevent biting at the time of appiication, or
tha initial repellency of a very small dosage. 'Ihis second criterion
was used in studies by Altman and Smith {7955), Bar-Zeev and Smith
11953), Gilbert et al. (1957), and Gouek et al. (7957). The profection
periodl usually varies greatly, not only between repelionts hut nlso
between different individuals with the same repellent, Qifferent popu-
fations of mosquitoes, and diferent envivonmental conditions,

In 1957 studies weee undertaken at Orlando to determine the factors
that aflect the length of the profection period, with particular em-
phasis on the manner in which the repelient is Tost from the treated
surface.

‘The protection period conveyed by any given dosage of repellent
obviously depends on (1) the minimum effective dosage, hereaftor
designated the MED, which is the minimum amount per wnit of sur-
face required to profect against the given population of inseets, and
12} the rate at which the applied dosace is depleted to the Tevel of the
MED, that is. the rate of lose. The MED may be sot st any level, such
as M-pereent protection. 30-percent proteclion, onc conlirmed bite, or
five bites in 5 wminutes.  1lowever. nt any given level it will presuniably
he altected by Factors other than those mherent in the repelilent, such
as (1) the avidity of the insects and (2) the desirability of the host.
Such envivonmental conditions as temperature and relative humidity
may be expected o exert the greater part of any ¢ffect they may have
an the MED through ene of these two {actors, alihough high tem-
perature conceivably conld incrense the effectiveness of a ropellent by
inerveasing the rate of volatilization and thus affeet the MED.

P The authors are indebted fo A, WL Lindquist for many vilnable sngeestinng
during these sludies and te Neizson Smith, David W, Meifor!t, Richar! I Fve,
and Rouseile . Rutton of this Dirvision for assistanee in condneting the
experiments.

*The rear in itatics after the anthor's mung ix the key to {he velerence in
Literature Cited, pr. 36,

1
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The rate of loss has been presumad to depend principally on actual
physicul loss, which may be due to (1) abrasion, (2} evaporation, and
(3) absorption. Destruction of the repellent on the skin has also
been postulated as a possible mode of loss by Kasman et al. (£955).
At the beginning of these studies it also appeared possible that the
vepellent might lose effectiveness on the skin, thongh not be destroyed,
by admixture with such emanations from the body as sweat and carbon
dioxide. Tt is well established that sweating conditions reduce the
protection pericd with most, it not all, repellents, but this reduction
has been attributed to increased attractiveness of the host, mereased
cvaporation or absorption of the repellent, and dilution of the
vopellont.

wince 1n practical use much of the repellent is rubbed oft the skin
by contact with the clothing or other objects, abrasion probably con-
stitutes the principal mode of loss. The loss by abrasion is subject to
extreme variation, depending on the activity ot the user. Abrasion is
avoided in most experimental evalualions, where the arms are pro-
tected from rubbing in order {o compare other aspects of the effective-
ness of the repellents. Towever, complete evaluation of a repelient
{Smith 1958) should include studies of its resistance to loss by abra-
sion. Grilbert eb al. (2957) have shown that repellents vary widely in
this attribute. They reported that diethyltoluamide withstood 2 to 4
times as much wiping as ethyl hexanediol (ibid.) and at least 10 times
as much as dimethy1 phthalate {unpublished data).

MATERIALS AND METHODS

The repellents used in these studies were dimethyl phthalate, ethyl
hexanediol, and deet (N, A-diethyl-m-toluamide, tecluieal, about 94
percent meta isomer). They are representative ot three chemieal
groups, and all have been exiensively tested against a large number
of species under many different conditions.

All tests were made with the vellow fever mosquito (Adedes gegypti
({T..}) from a colony that has been muintained at the Jaboratory for
many years. Thio species Is easy to rear and populations i test cages
maintain a uniform biting rate over a Jonger test period than the
common malaria mosquito {Anopheles quadrimaculatus Say), another
species colonized ab the laboradory. Studies by Goungle and Smith
(1962 showed that the avidity of eaged populations of mosquitoes
when exposed to marginad concentrations of repellents mereased rap-
wlly with age up to 6 davs and was more uniform thereafter, but ot all
aves avidity was wuch lower each morning than during the previous
atternoon. To obtain the greatest uniformity, 7- to S-day-old mos-
gititoes were used in these studies, and dosages were adjusted so that
tests could be completed in o half day whenever possible. Except as
noted, all tests were vun in the moming.

Most of the tests on human subjects were conducted with six Cau-
easinn men, designated as subjects A through F. In some studies two
young Cancasian women. designaled G and L, also served s subjects.

Biting-rate tests were made to determine the relative atfvactiveness
of different subjects to the mosguitoes when no repellent wus on the
gkin, In prepariag for these tests each subject put his arm into a stock
cage nfested with n large number of mosquitoes and allowed about 50
to start biting.  Ile then removed his arm cavefully and deposited
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the mosquitoes in & test cage. Bach subject performed this tagk twice.
This assured a test cago stocked with avid mosquitoes not too numerous
for acearate counts. In conducting a test two subjects exposed their
right arms simultaneously and thei their left arms simultancously in
the test cage. Counts of biting mosquitoes were mude at the end of 1
minute. Bach test consisted of two exposures. Tle results were aver-
aged in computing the counts on the basis of biies per square inch.
When three subjects were participating, the tests were run in a round-
robin series, or incomplete block design.  Bach subject paived arms
with each other subject, as shown in figure 1, for an equal number of
timnes.

Frorre 1 —Biting-rate test, in which two subjects expose untreated arms in o
cage of mosquitoes and count the wmosquifoes that bite in 1 minute,

In protection tests the repellents weve applied ab full strength ov
at variouws ditutions in ethanol to measured arveas of the forearms of
subjects. The hands were protected by cotton gloves. The arms were
exposed in cages of mosquitoes for 3 minuies, or until a coutirmed bite
{a bite followed by another in the sume or the subsequent exposure
period) or w Jarger wiven number of bites was received, as shown in
ligire 2. The required number of bites and the intervals between
exposures vavied fronyone experiment to another, The repellents were
applied from individually calibrated pipettes and spread with a glass
rack. ‘The repellent remaining on the rod was recovered by rinsing
with alcohol.  “The amount recovered was determmined by spectrophoto-
metric measurement and was subtracted from the amount deliverod
Trom the pipette to determine the actual amount applied, which varied
slightly from the intended dosage. Tn most experiments the tests
wero condncted 1n one ur mere round-robin series.

To determine the rate of evaporation from various surfaces, meas-
uved arcas of the forenrms of huinan subjects, guinea pigs, or picees of
cloth were treated with the repelients at full strengfh or at various
concentrations in ethanol and exposed in evaporation chambers, which
consistedd of two S-liter conieal pereolators placed horizontally in a
vack, as shown in fignre 3. The large end of each percolator was
closed by a plastic disk, perforated with a civcle of twelve 34a-ineh
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Prvue 2—Exposing an arm breafed with repellent in o cage of dedeys aeyypti.
Seme of the mosguitoes that appear te be on the avi may actunliy be on the
wire sereen betwoeen the arvim aogd the canery,

holes to admit nir. In tests with treated arms the disk had a central
vrifice with a Monel * inetal gleeve to permit entry of the armi, In tests
with cloth it had two smull openings to permib the pussage of water
tubrs.  The small end ol each percolator was connceted by 34-inch
copper tubing to o series of two 300-ml. and two 250-ml. gas-washing
bottles, which in turn were connected to a vacuum pump, which
maintained o How ol air through the system,

The nie How was adjusted to nmie of 26 liters per minute, 18 meas-
ured by a flowmeter inserted in the system divectly following the
pereolabor. During all test periods air was constantly passing over tho
enelosed arm. guinea pig, or clotl, vut the snall end of the vessel,
and Hivough ethanol in the gus-washing botrles, wheve the evaporating
repellent was coliceted. A thermometer in the percolafors was used
o observe the temperature, which varied between 83° and §7° .

In the skin tests a treated and an untreated arm of a subject were
enclosed in the pereolators immiediately alter the repellent had been
applied, and the Monel metal sleeves were senled fo the upper arms
with adhesive tape. v was drawn over the treated avn for 2 hours,

*q'he mention of proprietacy products dees nol constifute their endorsement by
the T8, Deparimient of Agriculture.
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IMwirne 3 ~Bguipment for collecting the repellent losk by evaporntion, Ajr is
drawn by oo vaeawin pap over the trested aros of the gubjecs amd through
clhnol iy the gas-washing bottles, where (e repellent is coliecled.

immedintely alier which (he vepellent cemaining on the arm was
recovered by vinsing it with 300 ml. of distilled ethauol, ag gshown in
ligurs . The stimie procedure was used on untveated avms to establish
blanks for the spectrophotometric readings,  After a laege nuuber of
tests had demonstrated that the blank readings were negligible, treated
arms of two subjects were exposed simultancously, and tesls were
conducted in round-robin series.

The percolators were rinsed with ethanol o remove any adhering
repelient.  The winounts of repelleni in the ethanol from the gas-
wishing bottles and rinsed from the arm and pereolaior were deter-
mined spectrophotometrically. The niethods of Schmide et al. (7958)
for deet and of Bowman et al. (4839) for ethyl hexanediol were
used. Dimethyl phthalate was vead at 225 mg ATl nmeasurcinents
were compuied in terms of milligrams of repellent per square inch
ot skin.

The guinea pigs were restrained in o rack in w supine position,
and a T.o-stpave-mneh arew on the shaved veutral sueface wuas freated
with the vepellent. Other fest procedures were the stine as thoze with
treated arms, except that -hour evaporation periods were used in
some tests,

Clotlt tests were mudde with sleeves of cotton sheeting 9 inclies
circumference and 715 inches long. The sleeves were washed and
axtracted to remove ethanel-soluble impurities and then stretehed over
alass eylinders 23 inches i dinmeter and LD inehes long. The repel-
lent was applied in w S-pereent ethanel soluiion to assuve thorough
suturation of the eloith.  Cyvlinders with treated and unlveated clolls
were placed in the percolators and maintatned at a temperadure of
05° T, with warm water, whicll was eiveulated through the eytinders
by means ol fubes passing through the disks closing the percolators,
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travre -L— Ringing a freated nrm with elbunsl to remove the regellent remain-
ing aller a test Lor measurvement of the rosidue by ultraviolet spectropho-
tomelry.  The man at the Wft is blowing a tine siream of sthanol from u
witshing bottle ever the treated arm, from which it runs through the funnel
into the flask,

Ster w 2-hour evaporation period, the sheeting was cut from the
exlinder and the remaining vepellent was recoverod by exteaction with
cthanol in a Soxhlet npparatus.

The wmount of repellent ubsorbed into the skin of the wem or the
guinea pig was determined by subtracring the ameunt lost by evapo-
ration and the amounts rinsed from the skin and percolators from
Lhe total amount applied. Less than S-pereent crror was mewrred i
this method, as demonstrated in studies with guinea pigs by Selinide
et al, (2959) with CY-labeled dect. Radioactivity equivalent to 95-06
pereent of the dosage caleulafed to be ubsorbed ‘was recovered in the
urine, feces, and samples of the skin and bair, although some activity
Sl remained in the last two, and the total recovery reached 98-99
pereent of the applied dosawe.

-4 balaneed, incomplete block design, or ronnd-vobin serios. was
ciuployed in most experiments, exeept those witly a range of Jdosigres.
With this design each vepellent, subject, or experimontal condition i
the series was paired against eneh other repelfent, subject, or condi-
Gon.Xicadjusted average, whicl conmpensafes lor variation helwoeen
hosts and testing conditions, was computed by w statistionl method
suggested by Jo Ul MeGuive of the Entomoloey Resenveh Division and
modified From Kempthorne (/52). ¥From the ahalysis of vacinnee
the least signilicant difference at the 3-percent love] het woen nna wo
repellents, subjects, or conditions was derermined.  Tn some CXPer-
ments the vavions repellents, =uljects, or conditions were tested in
sevies of paivs, rather than in a single integratod design. I such
experiments (he significant difference between means way compufed
from the “t” value of the standard error of (e mean diilerence.
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FATE OF REPELLENTS ON SKIN AND
CLOTHING

Repollents are effeclive for much longer pertods when applied to
the elothing than when applied to the skin and persisy foe days or
weeks ruther than hours. At Lhe beginning of these studies it was
asgrnted that losses by evaporation from skin and elothing would be
comparuble, but that skin applications would uiso be subject 1o losses
by absorption and deterioration.  Experiments were mado wiih ap-
plications to the arms, guinen pigs, and cloth (o determine loss hy
evaporation, lo the arms and guinea pigs Lo determine loss by absorp-
(ton, and to the arms only (o determine loss by deterioration,

Physical Loss

Aoprehmimnry sevies of  tests wax condueted (o defermine the
amouns of dimethy! phthaluie fost by evaporation in 2 howrs from
heavy and medium applicaiions i the ams of six sebjects. "Che
averuges of the resnlis obindoned were as follows:

A lmousd - Hiavy Medivm
Applied (mg, poer sq. ind . . . 13, 00+ 0. 71 7oA L0 A2
Faaporated G per sgind o L A U LG E QG
Bvaporated (pereenty L L L - - A, G 8.2

The loss by evaporation was almost identieal at hoth desages when
expresserd inomiiligrams per sgqnave ineh of <kin surface and Gwice as
ireeat al the medinm rate ns af the heavy rate when expressed as a
percentage of the amounr applicd,  Kasman et al. (7853) likewise
notedd that the evaporalion of dimethy! phrhalate from filter paper
depended on the stirface ares and not on the amount of repelieni -
phied. From these results it is appareni that pereentage tosses are
relative, whereas loxses per unit of surface are delinite, and the latter
value was ied thronghout tlie remainder of these studies,

Addifional teats were made fo determing the individial varistion in
eviaporation rufes onosix subjecis treated with dimethyl phihakaie at
aouniform rate. The loss in 2 hours was Faivly wniforn, ranging trom
(.52 to 0.6E wy, per square ineh, as shown in table 1,

Aseries of tests was condneted (o dotermine the total amonnts of
theee repellents lost from the arims over varinus periods of {ime when
the subjects were free to move about In o rosm maintained ar abont
ST The vepeflents were applind at aceurately measared dosages
helween B.05 and T.25 mg. per square inch, A fter periods of 5, 30, 60,
120, nud 240 minntes the armes woere vinzed with distitied aleobol o
remove the repellent, which wps derermined granditatively by speciro-
photometry. The loss alter 5 winuies was (aben as representing the
antount of repellent unreeoversbie tmmedintely after application,
This mmoeunt was subtracted from the total Tost T ench of The ofher
perisds in ealvulating the amonnis lost per square ineh per minute.
LFach test wis replicaled six ov elght tinwes aod twice on each of {hree
or Yongr subject=. The same rubjects wern not uzed with every repel-
lent,  The average vesults of flis Hest series ave slown i aible 2,

Asiiehit deeline in the rate of loss per minare with inereasing length
of the exposure perlod was evident in this seviese. Over the longer
perinds dimethyd phthalate showed The higliest vate of loss and erhyl
hoxanediol the lowest, although the differences were suall

BTRRAG. Al ..
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Tanrn L—Fvaporation of dimelhyl phthulate from arms of 6 sub-
jects during 2 hours in gluss pereolators.  (cLir flow 20-27 liters
perminule; average of 2 tests)

Amount of repellent per
Burface of arm square inch
Bubject Lranfod
Applied Tovaporaled
Sq. in, Mg. My.
A e i idacecimaaan G2.9 7.7 0. 54
D T e ceman 70. G G. 89 . 5
S e 70,3 6. 93 LB
. 69. 3 6. 99 . a7
Fo e e e 5.7 6. 65 .02
¥, e e e ceam—maan 6. L 6. 97 .57
Avertggon. oo s GRLO8 | 7032+, 131 L8T5 & 016

A similar series was condueted in which each repellent was applied
to the same three subjects.  The results of this second series are shown
in table 2.

There was relatively little diflerence between the rates of loss on
the different subjects and no consistent difference. In this series of
tests tho Josses were, in general, slightly lower than in the preceding
sevies. L'he loss of deet after 30 minutes was unexplainably low for
all three subjects, and thers was less trend toward deerensed vates of
loss with lenger exposure periods,

In a third sevies of tests the repellents weve applied to two female
subjeets.  The avernge individual fosses in two tests are shown in
table 2,

There woers no consistent differences in the rates of loss hetween the
two subjects.  In genernl, losses wero slightly higher than in the two
preceding series on men, but were not consistently so.  The overall
average losses in milligrams per square inch per minute were 0,010
for dimethyl phihalate, 0.009 for deet, and 0.008 for ethyl hexanediol.

The loses L_\' evnporation and abzovption of repellents applied to
three male and two temale subjects, guinen pigs, and cloth were in-
vestigated in cight series of (ests. The rvesults are presented in
tnble 3.

The (irst two series were conducted to compacre the losses of i-
methyl phthalate and deet on subjects A and G, who had shown long
and short profection periods, respectively (see p. 18}, "The resulls tor
both subjects were very similar,  Dimethyl phthalale evaporafed
about twice ns fast as deet, buk the latter was move vapidly absorbed,
and (he total losses of both repellents were aboul the sume.  In the
third series the losses of ethyl hexanediol on these subjects and subject
B were determined.  Agnin the losses by evaporation for the three
subjeets were similar, It there wera stightly larger dillerences in
absorption, The rale of evaporation was similar (o that of dimethy!
phthalate, but absorption and total logs were generally lower, exeept
Tor subject C.

In series | the losses of all three vepellents were compared on two
wonten, subjeets (¢ and TI and in series 3 on the twu women and «



http:ovel'a.lI

PROTECTION PERIOD OF MOSQUITO REPELLENTS 9

Taswe 2—Lvaporation per minute of 3 repellents from arms of §
subjects during warious intervals after treaiment in 3 test series.
(0.76-7.25 mg. per sq. in. applied)

SERTES 1 (6-8 THSTS)

Amount of repellent evaporaled per square
inch at indieated interval affoer trentment
Repellent and subjeet t

30 60 120 240
minitles minules minutes mintles

Ay, Myg. Mg, My,

Dimethyl plihalate 0. 010 8. 011 {. 009 1. 009
Dect LA 010 . Bos . 007
LOI10 -0 005 . 006G

BEHIRE 2 (1 TEST}

0. 013
LGl
016G

001
o1
. Dol

Q10
- 008
013

SERIES 3 (2 TESTE)

. 004 . 009
. bos LA

. 00D | O
N . 008

. 008 05
. 008 l . 088

*In series | the results with three or Toar subjects wore pooled,

man, subject B. Rates of evaporation in milligrams per square ingh
were similar on all subjects for deet (0.235-0.20), slightly less for
dimethyl phthalate (0.48-0.37), and still more diverse for ethyl hex-
ancdiol (0.33-0.46). T.osses by absorption generally showed greater
variation between subjeets—0.42-0.52 for dimethyl phihalate, 04—
0.88 for deet, and 0.30 to 043 for cthyl hexanediol.  Totul losses per
minute were about the same for dimeihyt phthalate and deef, averag-
ing 0008, and were slightly lower fur ethyl hexanediol (0L.006).
Losses of dimethyl phthalate and deet from guinea pigs were de-
termined in sertes 6, Theve was more vaviation hetween individun!
guinea pigs than belween individual human subjeeis, and losses were
higher on guinea pigs by both evaporation and absorption. Dimethyl
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TavLe 3.—Lvaporation, absorption, and loss per minute of 3 repel-
lents applied to human subjects, guinew pigs, and dleached muslin

during 2 hours in glass percolators in 8 test series.

30-pereent solutions in ethanol)

SERIES I {8 TESTS}

(Applied as

Repellent and subject

Amount of repellent per sguare inch

Applied | Bvaporated 1 Absorhed

Lost per
minuie

Dimethyl phthalage:
A

Myg. Ag. g,
7. 02 0. 54 4. 4
7. 01 . 83

Afyg.
4. 009
. 009

SERIES 2 {3 TESTS)

7.03
6. 48

SEHIES § {3 TESTS)

7.03
7. 46
7.01

SRRIES 1 {2 TESTS)

5. 60
.16

. 83
i 8%

5 43
. 63

BERIES 5 (4 TESTS}

Diépvthyl plithalate:
1. -

Eth \l texanediol:
G -

..

3.

1
B

]|
b B3

. 52
Y
5. 47

12

5, 1
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TasLe d.—Ewvaporation, absorpiion, and loss per minute of 3 repel-
lents (app{ced to haman subjects, guinea pigs, und blenched muslin
during 2 hours in glass percolators in 8 test series. (clpplied as
30-percent solutions in ethanol)—Continued

BEHIES 0 (12 TESTS)

[ Amount of repellent per square fngh
Repellenl and subject
Applied @ Beaporated T Absorbed § Lost per
; mrinile
DImLLh}l phibalate, guinen )
My, Ay, Ag. My,
7. 80 0. 87 1.7l u. )22
500 A2y . 56 R
LAUH .78 2, 48 . 124
7. 89 1. 01 2 14 026
6. 72 .35 1, 00 011
612 .30 1. 18 013
§. 48 .93 LU LU
G, 47 .35 L1 L 012
7. 85 Ik 1. 95 24
8. 00 .42 , ot L010
8. 00 .78 240 . 027
| SO R
SERIES 7 (& TEST)
e - =
Deet, gulnea 1):1, i I
Cl .. .. . e 6. 38 ! i), bt 1. 68 0. 010
C2.... i imn -___-.; 6,31 . T4 1. 70 L0100
C3...-- e PO .28 | . 68 L. 51 i . 009
L S ‘ fh 14 i . BH 1. 48 [ RSN
HRRIHS § (i TIsTS)
- e e e —
Dimethyl phihalate, muslin_ . 6. 9 0.28 ' e
Dect, mushno .o .. . ...... G, 04 | J [rmemm s
1 : : !
WEIGIHTED AVERAGES
Diwmgthyl phihalute: ; ’
Human subjects. .o .. .. L O 0. 54 : 0, 44 {. 008
Guines PIgs . oo el e 82 1. 70 21
COoMuslin. D L p:2< T PN
Dreet: : |
Human seubjccts. U A L2654 e L AN8
Guinea pigs.. .. _. B . .36 I S A 4 .12
Muslin.o.. . coeaaiodeeaas .11 ] .......... [
Ethyl hexanediol, hummn sub- i
RS o e e e oo T T . oy7
|

Lal-hour exposure.
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phthalate evaporated about twice as fast as deet. In series 7 guinea
pigs treated with deet were retained in the glass percolators for 4
heurs instead of 2. The average losses by evaporation were about
doubls those for © hours (0.678 vs, 0.355)}, showmg that the rate re-
maited constant throughout this period even though the amount on
the skin had decreased by about one-third. TLosses by absorption were
ouly about 50 percent larger than at 2 hours (1.39 vs. 1.03).

Losses by evaporation from cloth were determined in series 8.
Dimethyl phthalate was lost twice as fust as deet, but both were lost
only half as fast us by evaporation from human subjects and one-
third as fast as from guinea pigs.

The weighted-average losses are also given in table 8 for all the
2-hour tests on liwunan subjects, guines pigs, and cloth,

A test was made to determine the evaporation rate of deet from o
guinen pig over a 24-hour period. The ethanol trups in which the
c\-'z'tporn.teﬁ repellent was collected were changed every 3 hours. A
total of 46.66 mg., or 6.22 mg. per square inch, was applied. The
amounts lost by evaporation L‘ﬁu‘ing cach 3-hour interval after treat-
ment were as Tollows:

Admount lost

Toted per squtre
Hours wiount logt inch

Aly. My,
=8 e __ 2 34 {.312
¢ 2.35 . 312
O e _____._ 2. 60 . 340
O e _._ 2, 43 . 324
L T 2. 88 . 384
1518 e _ . 80 . 108
W82 ... .47 . 063
R e S .34 . 045

The evaporation rate was essentially constant over the first 12
howrs, increased slightly during the next 3 hours, then decreased
Slmrpﬁ , and continued to clecrease more slowly., Since the rate of
absorption has been shown to exceed that of evaporation by two or
three times during the first 4 hours {fable 8, series 6 and 7), it seems
probable that very little repelient was left on the gkin after 15 howrs,
when the evaporation rate first declined.

The preceding tests, and others mentioned previously, indicate that
the rate of evaporation of a repellent from the skin remained fairly
constant under uniform environmental conditions even though the
dosago or amount remaining per square inch might be changed, as
long as the dosage remained high, Tests were made to compare the
rates of evaporation of three repellents at high and low dosages on
each of two human subjects.

A 6-mg. dosage per square inch was paired with & 1-mg. dosage on
opposite arms of tho same subject, and a 12-mg. dosage was paired
with 0.5 mg. To obtain the different dosages, different concentrations
of repellent in ethanol wero used, since it was impossible to cover the
arms adequately with the full-strength repellent at the lower dosages.
Tho two arms of the subject were exposed simultaneously in the glass
percolators. The gas-washing bott{'es used fo collect the dimethyl
phthalate and deet were changed every half hour for 2 hours. Those
used to collect the ethy) hexanediol were only removed at the end of
the 2-hour test period. The repeilent remaining on the arms at the
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end of the 2-hour test period was recovered by rinsing and the amount
absorbed during the entire 2 hours was computed.

The results ave given in table 4. AL ull dosages deet was lost about
half as fast as the other repellents. ‘Lhere was some inerease in {he
amount of ench repellent lost with each increase in the dosage applicd,
but the amount lost did net represent w constant percentage of the
amount applied. Tor example, 60 percent of the 0.5-my. dosage of
dimethyl phthalate was lost during 2 hours as opposed to unly & per-
cent of the 12-mg. dosage. The rate of Joss usually remained faivly
constant for each half-hour period, but at the 0.5-mg. dosage it
declined in each successive period.

TapLi o8& vaporction and absorption of 3 repellonts during various
interpaly gfter roidment from arms of 2 subjects Lrealed wilh vari-
vus dosuges. (Average of 2 tests on cuch subyect; allwmounts inmg.
Jer sy, i)

Amount of repelicat evapo- | Tatal . Total
. rated i indieated fnterval evapoealed absorbed
Repodlent . after {realment t fur gubyjeet— | for subjeegl—
angt dosnge :

130 D360 GO0 120 A ¢ A, C

Aninules inues - minnies minales ' ) :

' ; 1

Dimethyl ; ! : : N i

phihalater H : : i
2 D10 0,170 ) 0,063 1 0,160 0,62 1 0.70 ) 0.78 ) 0.95
G PR S A 3 | I3t L1835 L5838 .57 .82 .S
b coop o102y 091 ) L0841 .oscf .82 .40} L8B3 .66
1)'5'" DT Tege i L0851 .0ed | .062| .80} .31 'BQI 0

Jeot: ¢ : i

19 e, . -0 L0789 L0801 .0T53; 078 i TR S C 20 B DR S0 - 1
Bumn oDl olowst 0T LGTLY QTR el sz Ls6 .80
e e S ENT S BT X 0 [ 1 R TR B B [ M| .17 41t .35
SIITUTITIT 40| 039 Lo3ky L0320 16| L15) .28 .26

Ethyl t l i :

hexanediol: } b 1
1. e et - . LLoLzo.es| LT3, .80
Bovew oo e e b oo o e i LoLe3 ] sl Len ) L8
O SIS SRR | ) IR (I S 11 .52
B e e e e e .. .u3b oLeT| o813

! 1 ) !

Deterioration on Skin

studies were conducted to determine whether the vepellents dete-
riorated during a period of aging on the skin, either by absorption of
<kin secrelions that reduced their eflectiveness or by chemical
bregldown,

Since the skin gives ofl carbon dioxide. and cavbon dioxide atiructs
mosquitoes ab certain concentrations, tests were made to determine
whether o decrense in the ctfectiveness of a repellent was caused by
passing carbon dioxide throngh it.  Carbon diexide was pussed
through 160 ml. of dimethyl phthalate for 1, 2, 4, and 16 hours at
tho rate of 2 lilers per minute. Profection tests with the repellent
immiediately after vemoval of the carbon dioxide flow showed no
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decrease in eflectiveness in comparison with untreated dimethyl
phthalate.  Cuarbon dioxide determinations were made immediately
after removing the repellent from the flow and after 20 and 43 hours
ab room temperature, “The repetlent becune saturated in 16 hours or
less and lost earbon dioxide rapidly after standling in open containers
ab roon: temperature.

A test with carbon diexide passing through water-free and water-
saturated dunethyl phthalate for 1 hour showed no biological ditfer-
ences on cotton stockings, skin, or artificial membranes, or in Llood
supplying the avtificial membranes. The method for testing on cot-
ton stockings is given by Smith (7958) and that on membranes or in
bloed by Bar-Zeev and Smith (1959). The failure to obfain biologi-
i - i ffevences may be caused by the rapid evaporation of the carbon
dioxide when applied to cloth, skin, artifieial membrane, or blood.

Tests weve conducted to determine the effect of adding sweat to
threo repeilents.  Sweat was collected from the arms of each of three
subjects. Iithanol solutions containing equal parts of sweat and repel-
lent wers tested on one arm of the same subject from which it was
collected and paired with an equal concentration of the vepellent nlone
on the other arm. The sverage protection times to the fivst confirmed
bite are given in kable 3, The addition of sweat cansed no consistent
reduction in the etlectiveness of ihe vepellent, alihough there was o
significant reduction with deet on subject C.

Tance 3—Protection time with ethunol solutions of 8 repellents, alone
wnd mived with equal concentrations of sweat, on 3 humun subjects
against Aedes negypti. (4 tests)

_ Proteetion tme
Repelient {eoncentration mind amount per
forearm) wad subject

Without With Ratio
swend swieiet

Minutes | Minutes

Dimethyl phthadaie {23 perecul, 2-4 b
A L L . e .. 166 88 0. 88
B e e 140 130 iy
Coo o e o et 21 i1 . GY
Beet {10 perevat, T al):
A e e e 353 385 1. 08
Bo_o__... e e e 373 371 . B9
G .. e e e e il : 339 216 173
Bihyl bexanediol €25 pereent. T omb;
F o, 2G4 363 .89
L 25¢ 245 i
L I 233 1,13

P DilTerener siguificant wi d-pereent lovel

To determine whether bacteria on the <kin contribute to decreasing
the effective period, dimethyl phthalate was tested concurrently on
unwashed arms and on avins that had been washed twice with a 1:1,000
solution of merthiolate and riused twice with aleohol. The merthio-
late solution alone did not prevent biting.  1he period of protection
was almost identical on the aseptic and nonasepfic arm= of four sub-
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Tasne 6—Lrofection time with aseplio wnd wonnseplio army of 5 sub-
jeets trealed aeith 1 g of donethyl phthalute against Aedes
acgyph

Proteciion tiue on- -

Subjeet Sevpdic arm Lo : NORA=RePEHIC arm (0 —

2 hites ¢ Fbites 1 2 hites | 5 bites
.‘._.—-.._..__;.,_,— PR t__ ——— ..——-i—-...——-—-...,.,-....-—_

Minnies | Minndea V' Minules Mindes
A 225 R 5 233
oo INT 4 T 68 218
p) . : 128 ¢ 158 128 158
I . 1535 (a5 0 153 155
¥ . . 74 DFy Y R 73

jeors amd slightly longer on the nonazeptic arm of a fifrh subject.  The
detadled vesudiz e given in mable 6.

Anadditional series of tests was conducted to determine whether
a repellent treatment Eailed te give protection after a period of aging
an the skin solely beenuse of the quantity fost or whethey the remain-
ing vepellenr had deteriorated and was therefore less effective than
an equal mmount of vepelient freshly applied. Dosages of deet sinall
enciigh to permit completion of a test I a single morning were ap-
ptied {6 the right forcarms of sach of two subjecrs. The subjects
alternately exposed thelr rreated arms (n the suome cage of mosquiioes
until live bites were received In 3 minues. The foreaving were imme-
diztely rinsed with 300 ml of distitled aleobol and o quantitaiive
determination was immediniely made by uliravioler spectrophotom-
ctryv.  Fresh applications of deet in the amount recovered from the
arits were then nude ro ghe lelt forearms of the sanse snbjects, which
were innnediately tested in the »ame cage of mosguiioes,

The resttlisave given inble 7.0 The wmount of vepellent recovered
mmedintedy after five bites were received maneed from 033 to 0.50 ing.
per square Inch Tor subject X and fram 036 to 4 mp. for subject O
When approximately cqual amoants were applied to the orher arm,
A veceived five bites immedintely in rwo tests and Hve bites after 30
minuies i fwo othiers: O reveived five bites immediately in three tests
and five bites afrer 60 minutes n another, The MED in this series
of fexts wax therefore between U530 and 0.4 mg. per square ineh, and
Fro-hiy applied repellent was no more effecrive than an egual nmeount
ofF repellent remaining as an aged residue from o heavier origimal
application.

Fn o further eflors to deternine whether any ehemiceal breakdown
ocetrred duving the iime ihe repellent waz aging on the skin, snmples
of recoyered repellent were anndyzed by infraved spectrophotometry,
One wem of subject A was e ved with deet and one arm of suhject O
with diniethyl phthalate.  Afier 6 hours of aging the repellents were
vecoverod by vinsing the arms wich ethanol. and the untreated nrms
were al=o rinsed with ethanol (o provide o blank or ackeround read-
ing. Through the kindness of 3. N, Hall wnd Morton Beroza of the
Entomology Researel Division, Belisville, Md., these selutions were

[HEH T B
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Tasre T—Effectiveness of fresh upplications of dect to left arms of
2 subjects in aniounts equud (o those recorered by vinsing from vight
arms immediutely after receiving 5 bites from cuged Aedes aegypti.
{ L wmounts inmg. per sq. in.)

. Amount Amount
Bubject and wmowl Time w 5 - rerovered applicd 1o Time to 5 bites
appiicd to right acm bites - from right © left arm
; { REM ;

A

: Minutes -  Minwles
(1493 o 12] 0. 50 - .50 | {mmediately,
080 § 2] .38, .43 130

thsi) ' 150 1 a4 30,

.61 . 0 L 43 | Immedintely,

{0 123 .36 .37 Do.

0.7 ‘ 00 bl e Da,

0.7y . . f22 1 L 3Y A0 | 840,

1.3 : 36 .36 .39 | Immediately.

compired with standard solutions of the fresh vepellents, The infra-
red curves indieated thar there had been no appreciable change in
cither repellent,

Excretion in Urine

The possibahity of recovering unchanged repellent frow the urine
of treated subjects was investigated. Nnown amounds of repellent
were dded to nrine samples. X 100-mil sumple of urine was shalen
up with equal parts of isooctane for 3 minutes to mix thoroughly. A
d0-ml sample of the mixture of izooctane and urine was centrifuged
to separate the isooctune from the solids. The clear sumple of isooc-
tane was run oh the nltraviolet spectrophotometer. The amount of
deet recovered Trom the frst extraction was about 74 percent and that
of dimethyl phthalufe about 100 percent of the minount used. Samples
of urine from the untreated su})jects were collected over a 24-hour
period and pocled. A check snmple wus run on the spectrophotometer
from these collections.

The forenrms were then treated with about 18 mg. of deet or di-
methyl phthalate, whiell remained on the arms for 6 hours. Urine
samples collected for 24 hours affer treatment and also samples for
tho -t8-hour period afier trentment were analyzed for the repellents by
spectrophotometry. No differences were observed between the read-
ings of the treated and check samples on the spectrophotometer, indi-
caling that no deet or dimethy] phthalate in its original form was
present in the urtne, or that the amount eliminated unchanged was too
~mall for detevmination.

These resnlts were confirmed in subsequent studies by Schmidt et al.
L190) with (P-labeled deet applied to guinea pigs.  Their findings
demonstrated that, although most of the absorbed radioactivity was
excrered in the urine, no unchanged deet was present.

Nasnmn et aul. {(1953) found evidence that u metabolite of the re-
pellent 1-phenyl-2-hvdroxypropanone-1 wag present in considerable
guantity in the urine from a treafed guinea pig. They concluded that
ab~orption was a signtlicant factor in vepellent loss,
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FACTORS AFFECTING PROTECTION PERIOD

The length of thme any given dosage of a repellent vemning effective
depends not ouly on the rute ab which it is lost rom the skin bet also
on the minimum residuai amount that will continue to prevent biting.
& factor that has sometiines been overlooked. For example, Kasman
et al. {7953) found that dimethyl phthalate was lost by evaporation
from filter paper ab 0000k mp. per square centimotor per minute.
From this, nssuming that it would evaporate at the snme rate from »
guinex pig, They caleulated that the protection timo shonld be 3,900
minutes from a dosago of LT gm. per stuare centimeter if evaporation
wers the only mode of loss, o computation that also assumes that the
repellent would give protection as long as any apprecinbls quantity
remained on the skin,

The studies conducted at Orlando, however, showed that this is a
minimum cflective dosage, or MED, which wiil presumably be affected
by such factors as Lhe avidity of the inseets and the ativaetivenoss of
the host, as well as the efliciency of the vepelient. Variations in the
avidity of the mosgtitoes as o fuetor in the MIED were eliminaled as
much us possible by {he procedures deseribed nnder Materinds nnd
Methods.  Studies on the effect of the host on the protection oldnined
included experiments on the amounts of repelient remaining on dil-
ferent subjects at the time the fivst bites were veceived, the nmounis
required to provide prolection when {irst applied, correlaiions befween
wltractiveness of the host without repellent aud the protection ve-
ceived, the elfeet of hair and sebum on altractiveness and profeetion,
andd the relative elfecliveness of vepellents on humnus and animals,

Residual Effectiveness and Rate of Loss in Relation
to Protection Period

Two series of tests were conducted to determing the mmounts of
dimethyl phthalate that remained on the arms of six subjeets at the
timo the repeleney dropped fo o level that allowed five bites in a
d-minute exposure. Lo the fivst series puived tests were mude in an
incompleta block design that consisted of three tests with cach arm
of each subject. This experiment was made early in the general study
before the techuique of recovery of repellent from the arms by rinsing
had been developed. Ay soon as lve bites were received, recovery was
made by wiping the arms with ethanol-sonked cotton pads and dry
pads and extracting the repellent from the pads, "This technigue
proved (o be less efficient than rinsing, and the sctual amounts of
repellents remaining on the arms were probably stightly higher than
the amounts measured.  Howoever, the dafa arve presenfod in table 8,
as they provide a valid comparison of the differences and similurities
between subjecls.

The avernge protection times ranged from 52 {o 200 minules on
differeni subjects. with an overall average of B8 niinetes. The re-
covery rates ranged from L 10 Lo 5,68 me. per square inch, with an
average of LA9. Loss per suuare ineh per minute ranged from 0,010
to 0.020 my. with an average of 0815 Five subjecis had almost
identienl anmounts of repellent remaining on the arms when five bites
werg received (L 10 fo B3 ), atthough their protection imes
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Tavne S~Lrofection e with dimethypl phthalate on 6 hwman sud-
Jrets against Xedes negypt, amount of repellent cecovered by weip-
ing wefler F bifes were recelvod. and ealewdnted rade of tons. (cleer-
age of Fang. per sg. i applicd D G texts)

Amount of repriteat per square inch
Protestion
subjeet Line

minute !

. i
: _ :

Reros ered Last i Lost por
l

Minnles - My. .o My,
200 BN ! 0. at0
172 : 013
94 43T 23 . 020
157 0 20t L0153
Al 3 015
l-'

1 016

Avernge . . I-I;‘s '

VS g per sguare fnel was untecoverable h_\ Ll-l- mnlhud unmn(h\ttl\
after appli =ation, wud (his amount was =ublra ted from the total lost before the
lo== per minute was campured.

showed a pwofold ranee (99w 200 minues). The protection fhme
was inversely correlated with the rate of loss, RHobject 15 veceived
hites with a higher residund dosaee of vepellent than the others and
haal the shortest protectton period. even though he lost repeflent at the
averase rate,

A zecond more extensive series of rests was made with subjeets A
arl ) who hasd shown long and showt protection iimes, respecrively,
to confrm the differences ob=erved in e st 2eries and o determine
wihether there was a signilicant difference bevween the profection
times on opposite arms of e sane =ehjecet.

Six paived tests were ran. Fiest the rvight arm of each subject,
then the lefe arm of ench, was exposed in o single cage al ench ex-
posnre perivd. New cages were used Tor every exposure period (o
assire Fresh mosquiroes. The repellent was wiped from the avins in-
modintely afrer i beenme meifective, that is, when tive bites were
adlowed in 3 minutes. The vesuli=are given in table 9,

Aain there were signifieant dilferences in the protection thue and
Inss per minate between subjects, bt oot between opposite arms of
the =ame =ubject=. Suabject A, with the longest proicction periosd,
lo<t BLOLE me. per square ineh per minute from the right arm and
0,013 from the leff. abour the =ame as in the previens fest series
A0y, Sobjeer OO wich the shorlest proteciion peciod, lost (1028
nud 0023 me per sguare ineh per minute, =lightly more than i the
previous test (120203, However, in this sevies 1here was also o stalis-
fieally sienificant. though sl ifference in ihe nvernige amount re-
covered from the arme az ~ubjecr X received bites with more repellent
on hizarms than subject (.
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Attractiveness in Relation to Protection Period

Seven sevies of tests weve made to study the attractiveness of five
subjects to mosquitoes and the relationship of atrractiveness to the
protection porio[(ll obtained with vepellents.  Aftractiveness was meas-
ured by the biting-rate rests previously deseribed (p. 2). The frst
series was conducted to determine the relative attractiveness of three
sibjects, A, Byoand C. who had shown Jong, intermediate, and short
protection periods, respectively, with dimethyl phthalate” (table 8).
Tests were made in the morning and afrernoon with exch arm of each
subject in o round-robin series. The results are shown in table 10.

Tavre W0 Nealural wtiractiveness of wrms of 2 subjects to caged Aedes
aegypti. (. Leviage of 20 tests)
Bites per square ingh per minute

Hubjoed Left amm . Right{ arm
e e+ e e e . Average !
AM. | PD AL | paL
Num- Nan- N N Num-
ber ber Y ler ber ber
7 (0. 43 1 (o, 27 i 0. 42 0. 35 0. 34
B .. 1 A Bt Loy LUl
e I 1 T < 0 18 .26
LS.D. at— |
l-pereent Tevel, o oL L. 21 1 22 1Y .10
S-pereent level L. L. oL 13 ] : 171 L4 .08
t b '

! 30 Lests.

Subject . who had the shortest profeetion period, had fewer bites
than subject AL who had the longest.  However, the difference wus not
stgmificant o the morning tests with either arm or with the left arm i
the afternoon, and the difference in the overall average was just sig-
rificani at the S-pereent level, Subject B owag about ihree times as
sthrnetive as either A or Gy hat had protection periods intermediate
between them, There was no consistent difference between the morn-
ing and aflernvon biting rates, The overall average was 0.51 bite per
spuare inch per minute in the morning and .50 in the afternoon.
Crouck and Smith (796.2) found greater avidily in mosquitoes tested
sgainst low concentrations af repellent in the afternoon than in the
morting.  Tlowever, in the tests reported here no vepellent was nsed,
and all the mosquitoes in the capes were selected as biters w few
ininutes bolore the tests were made.

Adthough tliese jests showed no covrelation belween the natural
attractiveness of the subjects and the relative protection they had
ohiained with dimetlivl philalate, there was considerable variation in
their biting rates from day to day and it seemed advisable fo compare
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the two phenomeny concurrently. Six round-robin series of tests were
run, three with subjects A, B, and (', using three repellents, and three
with subject A and two female subjecls, (+ and 1. The i)';ting—r:li'e
tests and protection-time tests were made during the forenoons of the
same days to assure identical avidity in both types of tests. As soon
as the biting-rate tests were completed, the same measured srea of the
Torearm was treated with repeilent. The treated arm was then ex-
posed to mosquitoes 3 minutes after treatment and every 30 minutes
theveatter unlil a confivmed bite was veceived. 'The remmining repel-
lent was rinsed from fhe arm with ethunol and determined spectro-
photometrically, and the amount lost per square inch of skin per
minute was calculated. The vesults ave given in fable 11,

In all tests comparing subjects A, B, and C (series ia, 1b, and ic),
subject B showed the greatest natural attvactiveness (highest biting
rate) and subject (! the least. The differences between I3 and A were
always signiticant ; those between A and C were sigmificant in fwo of
the thres series. Subject F always had significantly shorter protes-
tion periods than B and A, Tle alzo lost vepellent fasier, significantly
so in two of the three series. .\ received signilicantly longer protee-
tion than B with dimethyl phthalate only and showed no congistent
difference in vate of loss, T these tesls the failure of the vepellents to
protect € as long as the other subjeets eannot be attributed o greater
natural attractiveness, but it was appavently corvelated with o faster
rate of loss.

Tn the three sevies with subjeets G, TL and A (2a, 2, 2¢), there
was no correlation between the relafive attractiveness of the subjects
and the amount of protection recetved, and only incomplete corvela-
tion between the vare of Joss and the protection time,  Subject A the
man, was the least atfractive in all (hvee zevies of tests. “The differ-
ences were statistieally significnt in two series, but they closely
appraached significance in the athey series.  In the series of tests with
deet, & was signifieant]y less atoraciive than (3 but not 11, Tost repel-
lent faster than 11 but vet 3, and had o signifieantly shorter protee-
tion period than either {3 or H. Wirh dimethyl phthalate, A did not
losa repellent as fart ax either (3 or T1, but had a significantly shorter
proteetion time than H, With ethy] hexanediol. A had the smailest
vate of loss amd the bongest protection time. Sabjoeet IT was Jess altrac-
tive than (¥ in fwo series and more alfractive in one, but alwavs lost
repellent move slowly and had longer protecfion periods. Subjects
(r and 11 were not compared directly with B and C, but comparisons
may be made on the basis of their ralios to \, as given in table 11,

Additional experiments by Gouck and DBowman (7959) demon-
strated that the avms of 13, the most attractive subject, gave off the
most earbon dioxide and the least water, those of C, the least atfrae-
tive subject. the least carbon dioxide and the most water, and those of
A, intermedinte quantities. The application of repellents to the arms
did not alfect the reiense of moisture, but dimethyl phthalate, ethyl
hexanediol, and deet reduced the earbon dioxide ontput of A and B,
and deet veduced it on C alzo, However, no conclusive evidence indi-
cated that the reduction of carbon-dioxide output resnlted in the
repellent action.
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Minimum Effective Dosage

The minimum effective dosage (MED) of thres repellents on each
ot live subjects was determined in two Series of tests, the first with
subjects A, B, and C and the second with subjects A\, G, and H. The
MED will vary with the avidity of the mosquitoes, but a series of
tests with mosquitoes of uniform avidity provides a valid comparison
between different repellents and different individuals. In these tests
a measured area of forearm was treated with various dosuges of each
repellent. The arms were exposed to moszquitoes 3 minutes after
treatment and at half-hour intervals thereafter until a confirmed bite
was received. The arms were rinsed with 300 ml. of distilied alcohol
immediately after termination of the test, and the amount of repellent
recovered was determined by spectrophotometry.

It no variations oceurred from test to test and the MED could be
letermined exactly, 16 would be the lowest dosage that would barely
prevent bites in the initial test, and consequently it would alwiys
allow bites after 30 minutes, when some of the repellent had evapo-
rated or been absorbed. Since variations do occur, the MED can be
expected to permit bites in the initial exposure in some tests and to
give profection nfter 30 minutes in others. The results of these tests
are given in table 12,

The MED's for deet were rather uniform on all subjects in both
series of tests. Those for ethyl hexanediol were always higher than
those tor deet. They were much higher in the second series than in
the first series {about three times as high on subject A), but were
fairly uniform on all subjects in any one series.

The MIED’s for dimethyl phthalate were much higher than those
for deet or ethyl hexanediol, but were fairly uniform on all subjects
in both series of tests except on subject G, who was unable to obtain
initial protection with dimethy! phthalate in moss tests in this series,
even though it was applied to the point of runefl. This was not due
entively to the inordinate avidity of the mosquitoes.

A\ comparizon between the MISD's in these tests and the residual
doswgres at the time of biting in table 11 shows that although the
MIED's for dimethyl phthalate were higher than the residues in table
11, those for the other two repellents were equal to the residues or
lower, indicating that the avidity was within the normal range.

Hair and Sebum

Studies were made to investigate the offect of hair and sebum on
the relative attractivencss of subjects A, B, and C and on the protec-
tion obtained with repellents. “The left arm of cach subject was
shaved smooth. The arms were examined hefore each fest and shaved
when necessary to vemove the stubble. The amount of hair removed
from the avms waz as follows:

Autgnnd of hair vemoved (mg.)
. Per square
Subject Totul ineh

Ao .. . - 433. 3 0. 45

354,35 363

393. 4 o, 30
Biting rates w round-robin tests were taken as deseribed previously.

The resulta ave shown in tabls 13,
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The unshaved arms remained in the same order of attractiveness as
observed previously, with subject B about three times as atiractive as
A and about four times as attractive as C. With the hair removed
tho attractiveness of all subjects wus about equal, Indieating that the
thicker hair of subjects A and C gave more natural protection than
the hair of subject B.

Tests were conducted to determine the rales of evaporation and
absorption of three repellents from the shaved aud unshaved avms of
the subjects. The two arms of each subject were treated with the
sume repellent und exposed for 2 howrs in the glass pevcolutors. The
results are given in table 14

The evaporation vates were about the swme on the shaved and
unshaved arms of each subject with each vepellent, except with ethyl
hexanediol on subjects B and C, where the rate was slightly higher
on the unshaved arms. The absorption rates showed greater differ-
ences than the evaporation rates between shaved and unshaved arms
(up to 200 percent), but there was no consistent difference attributable
to shaving. The absorption rate was higher on the shaved arm of A
with deet and lower with the other repellents, whereas the reverse
occarred with B und C.

The effect of hair on the profection time obtained with vepellents
and on the rate at which the repellents were lost from the skin was
studied by means of paired tests with repellents applied to one shaved
and one unshuved arm of each of three subjects. The results ave given
in table 15. The rutes of loss were generally equal or about equal on
shaved and unshaved arms, but when differences did occar the greater
loss was on the shaved arm. With dimethyl phthalate on subject C
the difference was substantial. Differences between protection pariods
on shaved aid unshaved arms were greater but less consistent, The
longer periods sometimes occurred on the shaved arms and sometimes
on the unshaved, The amount of dimethyl phthalate required to
give protection oun subject C was much higher than in most previous
tests, but it was lower than in the tests to determine the MED
{table 12).

Tests wore conducted to determine whether the sebum on the arm
contributed to its attractiveness. The arms of two subjects were sub-
merged Lo the elbow in ¢ Titers of purified acetone for 3 minutes every
other day for 10 days. Adfter the acetone was evaporated, the ex-
tracted sebum and particles of skin were left. The skin particles were
removed by filtering, All but a trace of the sebum was soluble in
reagent-grade chloroform, an indication of the absence of any pro-
teinaceous material. The sebum recovered from subject B, who had
tho highest natural attractancy of the three subjects in previous tests,
was 3.93 mg. per 100 square inches of skin per day and that from
subject C, the least attraciive, was 2.73 mg,

A series of tests was run to compare the biting rates on the arms of
the subiects when one arm was rinsed by submersion in acetone for
3 minutes to remove the sebum nnd 1 ml. of acetone was spread on the
other avm to serve as a check, The opposite arm of each subject was
tested against each other and agninst each arm of the other subject.
The arms were allowed to remain in the cage for only 20 seconds so
that the counts would be low and the mosquitoes would not have time
to become fully fed, but the counts were recovded in bites per minnte.
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human subjects in 2 test series

Dimethyl phthalate

Deet

Ethyl hexanediol

Sabject Dosage Time to Dosage Time to Dosage Time to
per squiae confirmed per square confirmed per.square confirmed
inch hite inch hite inch bite
My, Minules My, Minules My. Minutes

6. 36 . 0 0. 36 B 0. 55 0
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8 47 0 . 38 30 .57 60
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Tavne 13-—Biting rate of Aedes negyptl on shaved and unshaved
urms of 8 subjects

Bites per square inch
per ninuke
Bubject Armn

Raunge Averapge
Xumber Number
\ {Shm'(’(l e e es 0. 33-1. 19 0. 7
Phermmmms e mromm s m e Vinshaved ... . L03- .25 15
I3 [Bhaved. ... L1 29 LT
- "“*"""“"'"""”llnah*l\t'(l-___--_. .25~ . 70 L9
o shaved .. . . L a0=1, . K2
Tt s s Unshaved _ L 03— 27 LI

L1y af—
Jepereent level . 0 oo Lo Ll fommn e n e 13
L-pereent level, . oo Cdoaoall e ... S L8
i

In ench test the arms were exposed twice and an average count was
taken, The biting rates in =ix veplicate tests ave given in table 16.

These results give some indication. not borne out by subsequent
experiments, that vemoval of the sebum by rinsing decreased the at-
fractiveness of the arms. “The rinsed nrma of B and G received less
bites than the check avms, but the dilference, though marked, was not
statistically signilicant at the J-perceut level. As in previous tests,
B's cheek arm vecei ved significantly more hites than C's check arm.
However, when the arms of both subjects were rinsed, part of the
difference was lost, and the bites received on B's vinsed arm were
signifieant, ab the T-percent level. There was no difference between
the rinsed arm of I3 and the check arm nf (', As expected, B’s checlk
arm recetved sigmificantly more bites than (s vinsed arm.

Another series of tosts was run (o oberve fhe eltect of adding the
exfracted sebum to the rinsed arms.  Exposures were made as in the
preceding sertes,  The fwonrms of each subjeef were first; tested simul-
mneouql\' without treaiment lo as=ure that no signifieant differences
between the ar mz ovcurred. Then one arny was rinsed hy submersion
for 3 minntes in avetone, dried, allowed to warm to normal tempera-
ture, and tested aguinst the untveated arm.  The rinsed arm was then
rreated with sebum from the same subject, applied at the rate at
which it hidd been extraeted, and agnin tested against the untreated
arm,  Finally, the treated arm was again vinsed in acetone, dried,
warmed. trealed with sebum fron the nrhm subjeet. and tested ‘lﬂ"llllst
the untreated arm.  The resultsare given in table 17,

In this series of iesft=, rinzing the avms to remove the sehum did not
deerease the number of bites reecived, mud adding zelium did not in-
erease the biting rate.  In fact, the only signifieant difference was a
lowered biting vate on the arm of subjeet O, the less attractive subjeet,
treated with sebum from 13, the more atrraeiive.  [£ was coneluded
thag the sehum had not eonfributed materially to the at{ractiveness of
the subjeets.  Ytowever, it is possihle that schum contains some at-
tractant that was lost during the evaporation of the nectone,
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Tapne 1§, —Profection time with 3 vepellents on shaved end unshaved
arms of 8 subjects ugainst Aedes aegypti and rate of loss of vepel-

lents from arms.

(2 tests)

BIMETHY L PHPHALATE

Amount of repelient per square ineh

. Profection
Subject and arm | _ Ltime
T Applicd Reeavered Lost per
. minute

Al Mg. RISR Ay, Minunies
Shaved .., . et 713 2. 30 0011 164
Mnshaved . .. 8, g1 3. 8% U 112

B
shaved__. ... ... . - 6 72 4 38 LOLa 160
Unshaved . B -2 '! 437 L3 135
Shaved ... 13. 63 10 49 . 039 §7
Unshaved. .. i4. 92 4. 06 . 033 175

DERT

Az
Shaved. | .. . 111 0. 34 {. 003 271
Unshaved .. ... ... 1,13 .45 . 03 2472
Slaved. .. 113 .41 . 0D4 210
Uushaved. 112 .6t . D02 225
Whaved . 214 1. 57 . 005 104
Unshaved 2001 1,00 L 004 255

$
RTHYL HENANEDIOL

A 1
Shavoed . R 2,10 1,32 . 005 165
Unzhaved . e 2,24 1. 56 . 005 150
Mhaved.. .. - 2 16 .76 . 005 262
Uushaved : 205 147 . 005 02
Shaved. .. 2, 00 L. . 605 110
Unshaved . 197 i . 005 130
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Tannk W6o--Aiding rate of Aedes aegypli on wrms wwithout sebuin,
(rinsed) wad with sebum (eheck) of 2 subjeets

Biteg per minuie
Snbjeet and paived arns

e — s s = e

Ruanpe E Average!

PR Ak s e e mam s s s = w e 4 mimm b A e e ———

1 Number Number

3, rinsel . e . 21 11 G52 ¢ 14,0
13, ek S e S Lt NSLAN I B O 1) r { I R Y
€, rinsed . . . G105 LU U
(" cleek e . (5174 87,4t
I3 check . TUL 206 ] 152 5 g 20, 4%
{', vheek. . . ' G 177 1070 417, 6
B, rvinsed ; 54 24 p 1NN 0 UR Uk
{7, rinxed . 60126 201 16
3, rinsed . (IR EY ] U5, 4 12 0
() elirek L 12 108 8K Oy
13, ebeek . o SUCOUAR L 0D g
O, rinsedd .. . BRI RV [ SN T

U¥ipniliennt st f-pereent esel; xipnifieani ag T-pereent loved,

Tawe 7. ~Riling rate of Aedes negypti on opposite arms of subjeets
12 and (F when one arm was undreated and the other was (1) un-
treafed. (2) wused in acelone to remove the sebuny ov () vrinsed
wndd re-treated with selom from the sume subject ov the other sub-
jeedo (8 fesls)

Rites per minute roeeived by -

I'aired arm< subjoet I3 Subjeet G

Range . Avernge @ Range | Averse

- Nwwnher Nimber Nunher 1 Nwmbor

Uit . 330030 ¢ 43030 24un Ty LT
Po__. . : A8 232 0 147 - 3% 18--182 - 681 12
[BI5% U808 YiY . 30 15496 Bae 12
Rinsed 27 357 180 r 37 18- 04 - 5244
Untrenten . TR % S E j2oane AT 412
Selogn frenn B0 g7 D0 =24 ¢ 12 19 1%
Unbreatd : B3~ 14 100 = 17 ° 15 214 FO 2R
sebua from L SE) B LU T PR B 06 . dl i

ki iTennt al 3-pereent level,
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EFFECTIVENESS OF REPELLENTS ON HUMAN
AND ANIMAL SKIN

The relative initinl effectivencss of three repellents on the skin of
humans and animals was determined by wmeans of the minimum eflec-
tive dosage {MED}. In this vxperiment cifectiveness was based on
protection at the level of five bites in a 3-minute exposure rather than
o vonfirmed bite. The hair was clipped from the sides of a steer and
rabbit and the belly of a pig and guinea pig. Several dosages of
each repellent were applied from a pipeite to the clipped aveas of the
animals and to the unslh:u-'ed arms of a man and & woman, subjects .
and (. T'he treated areas in square inches were 16 on the steer and
pig, 7.5 on the rabbit and guinea pig, 63 on the man's arm, and 54 on
the woman's,.  Within 5 minules after treatment the treated aven was
exposed 1o mosqguitoes,

In these tests the 7- to S-day-old mosquitoes were confined in ¢ylin-
drical wire cages 2145 inches in dimmeter.  Theve were from 41 to 111
mosqutfoes per cage, with an average of 69. During testing, the
cover wis removed from one end of the cage, and the open end was
held againgt the treated skin for 3 minutes, as shown in figure 5. If
Tess than live bites were veceived, exposuves were made each half-howr
until five bites did occur.  The vesults ave shown in table 18,

The METD for dimethyl phthalate was about the same {0.07 to 0.10
mg. per square inch) on all hosts except the steer, where it was about
double (017 mg.).

e

Frgeued, STesting Lhe effecitvencss of o repellent applivd to o young pig. The
erlindrical enge conaing dedes aogypd i thosgititoss, TU i open gt the lower
emd, s thik the mosguitees must stand on the teeied skin to bife,



http:anima.Is

PROTECTION YERIQD OF AMOSQUITO REPELLENTS 33

‘Lanee 18—Minimum effeclive dosage (MED) of 3 vepellents on
various hosts wgainst Nedes negypti

MED of repellent pee syiure ineh diveetiy
] afler treatnwent and 30 minutes lator!
Repellent and bost

8 minuies ) 30 minyles

Dinwethyl phthalate: oMy b Mg, My, My
Ao L. . 0,07 . 0. 09 0.0 1l
O.. .. . . 07 LR o R
Bleer . . ' R 5° 19 BRLY I
Cluinen pig . i . : e I
Iahbit. ., . . o N . Ll P
Phe o L . . FRVLIS O .1 L3

Doet: : : : H

AL S PET S 1T
Go.. . L7 07 L0480 LY B
Sleer. .o e G I R G
Cuineu pig. L L 07 L 07 . . L0
Rabbit. . 07 .07 . i
Pl L0 i R N

Eihyl lesanedial; ' : ;
Ao T T T
a .. . L . L L
Steer oLl . : L .8 40 .l
Guinei pig . . .08 N Ll Sl E
Rabbic . S .07 08 Loe
Cigo. .. . . ! N N

ol 3 bites in 3-minute exposure,

U Bosed uny proveetion st levol

The MED for dect was about 0.07 to 009 mg. per square inch on
subject G, guinea pig, rabbit, and pig. On subject .\ it wag abou
double this amount (0,13 mg.), nil on the steer It was about double
that en subject .\ (.37 my).

The MED for ethyl hexanediol ranged from 0.08 (o 0.12 mg. per
stuare inch on subjects WA and G, guinea pig, wnd eabbit, 1 was
about twice as high on the pig (0.20 me) wd four thes as high on
the steer (0,50 my.}.

he residual elfvetiveness of the repellents on the varions skin sur-
faces, us afleeted by their Joss by evaporation and absorption, was also
stuclied. A dosage of about 0.3 mge, per square ineh aboes the MR
was applied o each <kin surface. The MED <hould give initiad pro-
tection, allowing bites af 30 minutes, il the extra 0.5 mg. should ex-
tend the protection period beyvond 30 minutes.  Differences in fhe
proteetion period would thus be due solely to differences in the rate of
loss of the additional material and would not be affected by diflerences
in the relative effectiveness on the diflerent hosts. The results are
given in table 19.

The steer lost all three vepellents faster than any of the ollier hosis,
as shown by the shorier profection tlme.  There were no consistent
dilfevences hetween either of the human subjeets and the guinea pig,
pig, and rabbit. but subject X always had shorter protection periods
than G

Under the standardized conditions of these texts the repellents were
wbout cqually elfective on human subjects, guinea pig, pig, and vabbit,
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‘Lasur 19.—Ejfectiveness of 3 repellents on various hosts ugainst Aedes
aegypti aé dosages of 0.5 mg. per square inch ubove the MILD. (4
Lests)

Intended i Dozage applied 5 Proicetion Lime
dosage §  per square inch

1]
Repellent und host poer !

square .

ineh t Range  Averape Range Averuge
! - i

Dimethyl phibalate: i My My, 0 My, Minutes | Minutes
ALl L 0. 39 0. 52-0. 60 - 0. 56 60-130 120
G .. . .59 }.39- .60 .60 | 122-180 152
e UL i I B L T . .67 45-60 52
Guinea pig-.. .. . AT 89— L 60 .39 90--90 1)
Raubbit . ... Lo .58} .63~ .63t .63 20-90 90
Pig .. . .t .60 ] .63- .63 .63 100-135 117

Decw: ; :
Al el 65§ .59- .66 .63 S4-149 112
G o8 L 50— 065 ) . 68 J65-189 183
Sweero.o. L0 Ll .87 1 .80- .82 .81 60-90 81
Guinen plg. .. . ... La7 1. 62- .63 .62 216-210 214
Rabbito._ ... ... . B9 ] L8T- 62 .Gl 175-205 142
Pig. e L .88 1 . 57— .01 .37 210240 223

Ethyl hexanediol: i

Ao o Lo L L6201 60~ L 62 . G1 60-120 90
Vo e B2 83 65 . bk 207-210 209
Bleer. oo e 1,00 §.92- .95 . .93 6R-BD 60
Guinen plg..... ... . -39 ¢ .50~ .58 . 59 G0-120 ¢ 20
Rabbit. .o .. ... _._. .88 B8~ .54 . a9 120-120 120
Phee . . . _ . . L. L7060 T3 LTl 195-240 220

but less effective on the steer. The lower effectiveness on the steer was
tlue in part io the higher MED and in part to the greater rate of loss.
IHowover, the higher MED was itself probably required by the ob-
viously greater absorptivity of the skin, which also caused the more
vapid loss. Lhe rapid absarption of the repellent by the skin was
visually evident at the time of application.

SUMMARY

The protection period conveyed by any given dosage of repellent
depends on (1) the minbmum eftective dosage, or MED, which is the
minimum amoeunt per unit of surface required to protect against the
ziven population of insects, and (2) the rate of loss, or ruate at which
the applied dosage is depleted to the Tevel of the MED.

The prineipal mode of loss of repellents in practical use is usually
abrasion, caused by rubbing the treated surface of the skin against the
clothing or other objects, and this will vary with the activity of the
subject.  Under experimental conditions, when loss by abrasion was
prevenied, subjects lost repellent by evaporation and abserption.
Tnder uniform conditions of temperature, humidity, and air civeulu-
tien, evaporation rates were usually about ihe same on different men
and women, but absorption rates showed more variation and probably
account for most of the individual ditferences obzerved in the total
rates of loss,  Evaporation rates were about twice #= high from human
skin und three times ns high from guinea pigs as from cloth. Di-
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methyl phthalate and ethy! hexanediol evaporated about Lwice as fast
as deet but were absovbed more slowly. The rate of evaporation in
milligrams per square inch remained relatively constant through a
wide range of dosages nbove a critical minimum level.

Deterioration of the repeltlent on the skin, which has also been postu-
lated as 2 possible mode of loss, did net occur, and repellents did not
lose effectiveness on the skin by admixture with emanations from the
body, such as sweat and carbon dioxide. The mmount of deef remain-
ing on the skin for 30 to 180 minutes after treatment was us effective
as the same amount of deet freghly applied.

In extensive fests with three men and two women, one male sub-
jeet, subject (!, consistent]y showed tlie shortest profection time, pav-
Heularly in tests witl dimethyl phthalate. This was associnded in
part with a higher MEL for dimethyl phihalate on this subject, but
more frequently with a more rapid rute of loss. Subject (¢ was the
least attractive of fhe subjects, and his arms gave ofl the most water
and the least earbon dioxide, whereas subject I3, the most attractive,
wave off the least waler and the most carbon dioxide. The amount
of hair on the arms appeared to be inversely correlated with the biting
rate of the mosquiloes on untreated avws, but it had no counsislend
elfect on ihe protection periods obtuined with repellents. Studies on
the elfect of sebum were inconclusive. ‘There were no consistent difler-
ences between the men and the women subjects in evaporation, absorp-
tion, atleactivenesy, or protection time.

The MELY with any given vepellent against mosguitoes of uniform
avidily varied ouly slightly between fowr of the five subjects. The
MET) for ethyl hexancdiol was 2 to 5 times as high us that for deet,
and that for dimethyl phthalate was about 20 fimes as high.

The relative inttial elfectiveness of dimethy! phthalate, deet, and
ethyl hexanediol, as defermined by means of the MEIYs, was about,
the same on the skin of humans and the shaved skin of u pig, o rabbit,
and o ogruinea pie, bul on o steer the MED's were fwo to six times as
higly us on the other hosts. The steer also lost all three repellents
Fus{er than the other hosls,

Dilferences in proiection periods between vepellents appear to be
due principally to differences in the MED, and secondarily to difter-
enees L fhe rate of loss, where resistince to loss by abrasion would be
an impoctant tactor.  Differences in protection periods between indi-
vitdunls appear to be due primarily te differences in rate of loss, prin-
vipaliy Ly absorption if loss by abrasion is uniform, and to a lesser
extent to diflerences in the MIsT). Relative individual attractivencss
witheut repellent is not, appavently, correlated with the individual

MED,
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