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ABSTRACT A new module for quantitative evaluation of arthropod repellents in human subjects
wasdesigned, constructed, andprotocols foruseof themoduleweredeveloped.Dosesof 3 arthropod
repellents, 1-[3-cyclohexen-1-ylcarbonyl] piperidine (AI3-35765), 1-[3-cyclohexen-1-ylcarbonyl]-
2-methylpiperidine (AI3-37220), andN,N-diethyl-3-methylbenzamide (deet),were evaluated using
themosquito,Anopheles stephensiListon. Biting responses to varied doses of the repellents onhuman
skin were quantiÞed, and the effectiveness of the 3 repellents was compared. The new module
consists of 6 test cells andpermits the simultaneous comparisonof up to 5 repellent doses or chemical
types and a control using a complete randomized block design with minimal treatment interaction
and with $6 replicates per human subject.
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LABORATORY TESTS OF toxicologically safe arthropod-
repellent compounds and formulations applied to the
skin of humans are useful in research and develop-
ment (Frances et al. 1993, Coleman et al. 1994, Hoch
et al. 1995,Crockroft et al. 1998).At least 2human-skin
test methods have been used predominantly in this
area of research. One method (Shreck and McGovern
1989) determines duration of repellency by spreading
test chemical on one forearm of a human subject and
a deet (N, N-diethyl-3-methylbenzamide) standard to
the other forearm. Each arm is exposed to several
hundred caged mosquitoes for 3 min at 30-min inter-
vals until repellency is lost as evidenced by one bite
followed by another within 30 min. The effectiveness
of a candidate repellent is based on protection time
(i.e., the time between treatment and the 1st con-
Þrmed bite). Performance of a candidate repellent is
compared with deet. This method does not lend itself
well to the rapid bioassay of varying repellent doses,
and it requires lengthy periods for observation and
replication.

A 2nd standard laboratory testing method (Anon-
ymous 1983, Robert et al. 1992) involves the use of an
American Society for Testing and Materials (ASTM)
standard rectangular screened plastic cage (18 by 5 by
4cm)having5circular (29-mm-diameter)openings in
the ßoor of the cage. The ßoor was Þtted with a slide
that permitted opening and closing of the 5 openings.

In practice, a template matching the ßoor openings is
used to mark and randomly treat 5 circular areas on a
volunteerÕs forearm. One area serves as control and
the remaining4areasusually are treatedwithdifferent
dosesof repellent.Theopencage, containing10mated
female mosquitoes, is strapped to a subjectÕs forearm
over the treated areas, the ßoor is opened, and the
number of mosquitoes feeding on each treated area in
theopencagewithin90 s is recorded.Observations are
replicated over time using the same or different vol-
unteers. This bioassaymethodwas attractive to us, but
we were concerned that use of an open cage with
treatments sharing a common space was a potential
source for chemicalÐtreatment interaction.

We report on the design, construction, and use of a
new test module that is used easily, minimizes the
likelihood of treatment interaction, increases the
number of possible treatments per replicate, and per-
mits large numbers of replicated observations for each
human test subject. The module could serve as a stan-
dard device for determining effective repellent con-
centrations on human skin or repellent-treated cloth
over human skin. We call the new module the Klun &
Debboun module (K & D module).

Materials and Methods

Fabrication of the K & D Module. Details of the
design and construction of the test module are pre-
sented in Fig 1. The K & D module was made of
Plexiglas and had 6 cells. Each cell had a stoppered
access hole for transfer of mosquitoes to the cell, and
a bottom with a rectangular 3 by 4-cm hole that
opened and closed by a sliding door. The concave
bottom conformed to the curvature of a human sub-

In conducting this research, the guidelines established by the Na-
tional Institutes of Health for tests involving human subjects were
adhered to, and protocols were approved by the Walter Reed Army
Institute of Research.

1 Department of Entomology, Division of Communicable Diseases
and Immunology, Walter Reed Army Institute of Research, Wash-
ington, DC 20307Ð5100.
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Fig. 1. Three dimensional, exploded, and side views of the K & D module. (A) 0.3 by 5.6 by 26.2-cm top. (B) 0.3 by 5
by 26.2-cm back. (C) 0.3 by 5 by 5-cm dividers (7). (D) 0.3 by 5 by 26.2-cm front with six 1-cm-diameter holes. (E) 0.63 by
7 by 30.2-cm bottom with six 3 by 4-cm openings machined on center in each section, and the bottom machined with a 9-cm
radius. F 5 0.3 by 4 by 7 cm with a 0.47-cm round for stop.
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jectÕs thigh. A separate bottom section with the same
dimensions served as a skin-marking template. Six
K & D modules were constructed for dose 3 response
tests with 3 repellent compounds.

Insects. Female Anopheles stephensi Liston were
reared in the Walter Reed Army Institute of Research
insectary (Hoch et al. 1995). Females (5Ð15 d old)
were starved 36 h before testing. Ambient laboratory
conditions ('258C and 60% RH) were used and tests
were conducted from 0730 to 1030 hours.

Chemicals. The compounds used in the tests,
1-[3-cyclohexen-1-ylcarbonyl] piperidine (AI3-35765),
1-[3-cyclohexen-1-ylcarbonyl]-2-methylpiperidine
(AI3-37220), and N, N-diethyl-3-methylbenzamide
(deet),werepure chemically according to analyses by
capillary gas-liquid chromatography, and ethanol so-
lutions of 88 nmol/ml, 8.8 nmol/ml and 0.88 nmol/ml
were tested for each repellent. Deet and AI3-37220
were obtained from Morßex (Greensboro, NC) and
AI3-35765 came from the Insect Chemical Ecology
LaboratoryÕs collection of chemicals. Deet is a com-
monlyused repellent andAI3-35765andAI3-37220are
known to be effective repellents against a variety of
blood-feeding arthropods (Robert et al. 1992,
Coleman et al. 1993, Perich et al. 1995, Solberg et al.
1995, Frances and Khlaimanee 1996, and Walker et al.
1996).

Test Methods. Each of 4 adjacent cells in the K & D
modules were provided with 5 females randomly se-
lected from a cage containing '200 adults. A human
test subject wearing short pants was seated with legs
horizontally extended. Using the template and a
water-soluble marker, skin areas representing ßoor
openings of the test K & D module were outlined on
the outer, top, and inner thigh of each leg. Treatments
(3 doses of a compound and control) were applied
randomly to the 4 areas in each replicate using an
automatic pipettor. Ethanol (55 ml) solutions of each
treatment were each applied uniformly within, on,
and outside the perimeter of the outlines formed by
the marker, resulting in doses of 193.6, 19.36, and 1.936
nmol/cm2 for each compound. These doses repre-
sented 3 orders of magnitude with '40, 4, and 0.4 mg
compound per square centimeter of skin area.

Approximately 4 min were required to apply treat-
ments in a replicate. After 2 replicate areas were
treated, the 1st was exposed to mosquitoes by placing
theK&Dmoduleover it andopening4cell doors.The
number of insects biting in each cell within a 2-min
exposure were recorded, after which the doors were
closed.Thehuman test subject held theK&Dmodule

in place on a thigh and assistedwith opening the doors
of the cells.Mosquitoes in a 2ndbioassyK&Dmodule
were exposed to randomized treatments of the 2nd
replicate. Therefore, 2 replicate exposures and obser-
vations were made back to back, and repeated until 6
replicates were completed. It required '1 h to make
6 replicated observations on 1 individual. At the con-
clusion of each assay, mosquitoes were freed by open-
ing cells of the K & D module in a sleeved screened
cage. The bottom of each module that had contacted
treated skin was cleaned with an ethanol-soaked tis-
sue, dried with a fresh tissue, and blow-dried with a
warm-air hair drier. Thereafter, each K & D module
was Þtted with fresh sets of insects for tests with
another human subject. After the K & D modules had
beenusedwith 1Ð3human subjects, theywerewashed
with warm aqueous detergent, rinsed, and dried.

Dose 3 reponse tests with deet, AI3-35765, and
AI3-37220 against An. stephensi were replicated 18
times, using 3 human subjects.

Statistical Method. The median (ED50) and 95%
effective dose (ED95) expressed in micrograms of re-
pellentper squarecentimeterof skinareawith95%CL
were estimated using a modiÞed GaussÐNewton pro-
bit analysis with a Gompertz cumulative probability
distribution in (SAS Institute 1989). This statistical
method was the same used by Coleman et al. (1993)
in a study of the comparative repellent effects of deet,
AI3-37220, and AI3-35765 against An. stephensi using
the procedures of the ASTM and a plastic cage de-
scribed by Anonymous 1983.

Results and Discussion

Construction of 6 bioassay K & D modules used in
this study required Plexiglas ($50) and 16 person-
hours of labor. Although Plexiglas was used in this
application, Lexan (GE Plastics, Mount Vernon, ID)
could also be used, and the bottomofmodule could be
constructed of stainless steel to increase its durability
and inertness to organic compounds.

An important design feature of the K & D module
was the small peg stop on the door that minimized
chances of a mosquito being crushed within the cell
when a door was opened. The rigidness of the K & D
module allowed human test subjects to hold the de-
vice tightly against their skin during mosquito expo-
sures andwhen thecell doorswereopenedandclosed.
Thiswas an improvementover theAnonymous (1983)
module that had to be strapped to a subjectÕs forearm.

Table 1. Repellency results against An. stephensi using the K & D module (18 replicates) compared with Coleman et al. (1993) results
using the ASTM standard plastic cage (PC) (36 replicates)

Repellent
K & D module PC

ED50 (95% CL) ED95 (95% CL) ED50 (95% CL) ED95 (95% CL)

Deet 0.13 (0.003Ð0.59) 8.44 (2.64Ð35.21) 0.56 (0.41Ð0.72) 3.99 (2.45Ð10.06)
AI3-37220 0.12 (0.004Ð0.52) 8.16 (2.76Ð28.59) 0.27 (0.4Ð0.50) 3.90 (1.79Ð92.79)
AI3-35765 0.39 (0.02Ð1.26) 30.10 (11.47Ð199.54) 2.63 (1.61Ð4.10) 5.53 (3.63Ð13.65)

Micrograms of repellent per square centimeter of skin area.
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Useof a human subjectÕs thighs for exposure instead
of the forearms used in other repellent tests was ad-
vantageous because the increased skin area permitted
larger numbers of treatments and increased replica-
tion potential.

We found it convenient to have the subject sit on a
gurney because it put the subject at an elevation that
permitted easy access for treatment applications and
positioning of the module. However, any chair that
allows a person to be seated with legs extended could
be used.

Results obtainedusing thenewK&Dmodule in the
dose 3 response repellent testing of AI3-35765, AI3-
37220, and deet against An. stephensi are shown in
Table 1. Our results compare favorably with those
reported by Coleman et al. (1993) using An. stephensi
and the same repellents and the ASTM plastic cage.
Most often, ED50 values are used to determine the
effectiveness of a repellent against different species of
mosquitoes or different repellents against a single spe-
cies of mosquito (Anonymous 1983). Inspection of
data obtained with the K & D module showed that
deet and AI3-37220 had identical ED50s and 95% CLs,
and that AI3-35765 was the least effective repellent.
Coleman et al. (1993) data support the same conclu-
sion, but theyneeded 36 replicates for their evaluation
of the 3 repellents. In contrast, the K & D module
provided the same quantitative results with 18 repli-
cates. We felt that the greater efÞciency of the K & D
module was related to the elimination of treatment
interactions by the moduleÕs design, which reduced
the sampling variance. The ED95 values from the
K & D module and the ASTM plastic cage were both
largely uninformative, because conÞdence limits for
the 3 treatments were very broad and greatly over-
lapped. Notably, the conÞdence limits for the K & D
module were wider than the plastic cage. This was a
result of having tested .3 orders of magnitude of dose
and having used fewer replicates. A better approxi-
mation of EC95 could be obtained by using several low
doses between zero and 4 mg compound per square
centimeter of skin area.

TheK&Dmodule proveduseful in thequantitative
behavioral evaluation of arthropod-repellent com-
pounds over a range of doses. Isolated cells of the
K & D module virtually eliminated the possibility of
treatment interactions within a randomized block.
Therefore, the K & D module can evaluate simulta-
neously the response of several species toward an
individual repellent at a single dose or to simulta-
neously evaluate the response of a single species or
several species to several candidate repellents. The
module also lends itself well to simultaneous study of
intraspeciÞc variation of responses to repellent using
arthropods collected across the geographic distribu-
tion of a pest. It also can be of utility in preliminary
screening tests with compounds having unknown tox-
icological properties. In this case themodulewouldbe
placed over candidate compounds on cloth positioned
over thigh skin.

Development of more efÞcacious repellents against
blood-feeding arthropod disease vectors is an impor-

tant and challenging task. The K & D module will
prove useful and perhaps become a standard method
in the sequential process by which improved arthro-
pod repellents are developed for the Þeld.
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