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Stimulus Selection for Intranasal Sensory Isolation: Eugenol Is an Irritant
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Abstract

Both the olfactory and the trigeminal systems are able to respond to intranasal presentations of chemical vapor. Accordingly,
when the nose detects a volatile chemical, it is often unclear whether we smell it, feel it, or both. The distinction may often be
unimportant in our everyday perception of fragrances or aromas, but it can matter in experiments that purport to isolate
olfactory processes or study the interaction between olfaction and chemesthesis. Researchers turn to a small pool of
compounds that are believed to be “pure olfactory” stimuli with little or no trigeminal impact. The current report reexamines
one such commonly used compound, namely eugenol, a flavor and fragrance ingredient that has anesthetic properties under
some conditions. Using a standard method involving many trials during an experimental session (Experiment 1), subjects were
unable to reliably lateralize eugenol, consistent with claims that this compound is detected primarily through olfaction.
However, with more limited exposure (Experiments 2 and 3), subjects were able to lateralize eugenol. We speculate that
anesthetic properties of eugenol could blunt its trigeminal impact in some paradigms. Regardless, the current experiments
suggest that eugenol can in fact stimulate the trigeminal nerve but in a complex concentration-dependent manner.
Implications and strategies for selection of model odorants are discussed.
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Introduction

The human nose detects volatile compounds via at least 2
sensory systems. The olfactory system detects chemicals us-
ing specialized receptor neurons distributed on a limited
dorsal area of the nasal mucosa and sends signals to the
brain via the first cranial (olfactory) nerve. In the nose,
mouth, eyes, and other facial areas, the trigeminal system
detects chemicals using the more widely distributed free
endings of the fifth cranial (trigeminal) nerve, though other
systems could also be involved (Tizzano et al. 2010). This
facial chemical feel is a subcomponent of body-wide chem-
esthesis. Most volatile compounds can stimulate both sen-
sory systems, though higher concentrations are generally
required to stimulate the trigeminal nerve. Thus, when
the nose detects a chemical, we might smell it, feel it, or
both. Both sensory systems contribute to our experience
of fragrance and aroma, and in daily life, the distinction
may not matter unless the odorant creates an irritating
or painful experience.

In contrast, the distinction is critical in laboratory experi-
ments that focus on olfaction or interactions between olfac-
tion and chemesthesis (Cain and Murphy 1980; Hummel
et al. 1996; Wysocki and Wise 2003). Several methods can
determine whether people feel volatile compounds, thus en-
abling an experimental isolation of the olfactory system. One
approach is to study intranasal perception in people who
lack a functional sense of smell, that is, anosmics (Doty et al.
1978; Cometto-Muniz and Cain 1990; Cometto-Muiliz et al.
2005). Another is nasal lateralization, a paradigm in which
subjects simultaneously receive clean air in one nostril and
chemical vapor in the other (Wysocki et al. 2003). Subjects
then attempt to determine which nostril receives the chemical
vapor. Published work suggests that people are unable to lat-
eralize volatile chemicals based on olfaction but are able to
do so when concentrations reach levels high enough to feel
(Kobal et al. 1989; Lundstrém, Hummel, et al. 2003; Boyle
et al. 2006; Frasnelli et al. 2009; but see Wysocki et al. 2003;
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Porter et al. 2005). Compounds that cannot be lateralized, or
that anosmics cannot detect, have been used as “pure olfac-
tory” or “nontrigeminal” stimuli in experiments. Common
examples include vanillin, phenylethyl alcohol (PEA), hydro-
gen sulfide, and eugenol (though, as with any other volatile
compound, concentration is an important consideration,
a point to which we shall return in the General discussion).

Eugenol, a phenylpropene extracted from clove oil, nut-
meg, cinnamon, basil, and bay leaf, is a particularly interest-
ing stimulus. In a previous experiment, anosmics reported
that this common flavor and fragrance ingredient did not
produce noticeable irritation (Doty et al. 1978) and, in other
experiments, normosmics failed to lateralize eugenol (Porter
et al. 2005). Of course, to conclude that subjects cannot later-
alize is to accept a null hypothesis, and the statistical power
of the test will matter a great deal (we will return to this issue
in the discussion, as described below). Nevertheless, these
experiments would seem to suggest that eugenol is not a po-
tent trigeminal stimulus and may be detected primarily via
olfaction. Other work, however, has shown that eugenol
can be lateralized when presented monorhinally (Hummel
and Kobal 1994) or when presented roughly 3 times in a ses-
sion, over multiple sessions, in which 12 odorants were eval-
uated for nasal lateralization (Cometto-Muiiz et al. 2005),
that is, few well spaced trials with eugenol in a session.

The current experiments studied nasal lateralization of eu-
genol more thoroughly, using 3 different experimental meth-
ods. In Experiment 1, we attempted to measure both absolute
detection and lateralization thresholds for eugenol using
a modified staircase procedure (which entails a number of tri-
als at various concentrations over the course of an experimen-
tal session) (Wysocki et al. 2003). In Experiment 2, subjects
attempted to lateralize a moderate fixed concentration in a sin-
gle trial. In Experiment 3, subjects attempted to lateralize neat
(pure) eugenol in 11 trials.

Materials and methods

Experiment 1

The aim of this experiment was to determine sensitivity of
intranasal chemesthesis to eugenol. It was conducted as
a part of a much broader program designed to explore inter-
actions between chemesthesis and olfaction.

Participants

Ten people (8 women) participated (8 Caucasians, 1 African
American, and 1 Asian). Their ages ranged from 22 to 39
(mean * standard deviation [SD] = 30 £ 10.4), and all signed
informed consent approved by the University of Pennsylvania
Institutional Review Board.

Chemosensory stimuli

Eugenol (ACROS Organics; 99% pure; CAS 97-53-0) was
the stimulus of interest. We constructed a 3-fold dilution

series in propylene glycol (which was slightly tinged to match
the color of eugenol). Tinged propylene glycol diluted with
clear diluent served as the series of matched blanks. The first
step of eugenol was neat with a total of 19 steps. Each step
had 10 mL of solution or the diluent. Stimuli were contained
in clean 250 mL glass bottles with a screw-top cap having
2 holes. A short Teflon tube was inserted in 1 hole, over
which a plastic fitting was applied. The fitting supported
a Teflon nosepiece, which had been machined to have a hol-
low core and a convex tip to allow easy insertion of the prox-
imal end into a nostril. The other hole in the cap was fitted
with a longer Teflon tube, which ended just above the fluid in
the bottle. This tube allowed external air to enter the bottle as
the subject sniffed the headspace through the nosepiece.

Procedures

Initially, olfactory detection threshold (ODT) was obtained
by using a 2-alternative forced-choice modified staircase
method (Wetherill and Levitt 1965; Wysocki et al. 1997),
a procedure that is commonly used by chemosensory re-
searchers to measure olfactory thresholds (Wysocki and
Wise 2003). On the first trial, the subject was given 2 sets
of bottles; 1 pair consisted of 2 blanks and the other pair con-
sisted of 1 blank and a dilution concentration step of eugenol
previously determined to be slightly above average ODT,
namely step 13, that is, 0.000565% v/v. The set of bottles that
was presented first on each trial was determined randomly;
however, all individuals received the same sequence. Upon
receiving the pair of bottles, the subject inserted the Teflon
nosepieces into each nostril and sniffed (the side of the nose
receiving the odorant was randomized throughout testing).
After both sets had been sampled, the subject indicated
which set contained the odorant. If the odorant pair was cor-
rectly identified in 2 consecutive trials, the concentration was
decreased by 1 dilution step (a potential reversal point). If an
incorrect answer was provided, the concentration was in-
creased by 1 dilution step (another potential reversal point).
If the sequence in concentration exceeded 3 dilution steps, all
previous reversals were ignored. The sequence terminated af-
ter at least 5 legitimate reversals had occurred. To calculate
the threshold, the first legitimate reversal was ignored, and
the mean of the concentrations of the next 4 reversals was
defined as the detection threshold.

Two lateralization threshold series were then conducted.
Thresholds were obtained using a similar 2-alternative
forced-choice modified staircase method. Unlike the ODT
trials, each lateralization trial required that the subject sniff
only from a single pair of bottles; one bottle was a blank and
the other contained eugenol. The subject simultaneously
placed the Teflon nosepieces into the nostrils and sniffed.
After removing the nosepieces, the subject indicated whether
the stimulus had been presented to the left or to the right
nostril. In general, the sequence of events for determining
lateralization thresholds was the same as those for determin-
ing detection thresholds but testing commenced at the



subject’s ODT. The lateralization threshold was then calcu-
lated as the mean of the concentration of irritant at which the
4 reversals occurred. After a 5-min rest, the procedure was
repeated to obtain a second lateralization threshold.

Results and discussion

The average ODT was 3.76 x 10~% v/v in solution (headspace
concentration was not measured). ODTs ranged from 5.23 x
107%% to 3.76 x 107*% v/v across all 10 subjects. In the current
context, this result is an important positive control. The sub-
jects were able to detect eugenol (to discriminate it from
a blank), and the staircase procedure was able to successfully
characterize ODTs for the compound in all participants.

In contrast to the odor thresholds, the staircase method failed
to yield valid lateralization thresholds. In each of the 20
attempts (2 attempts per subject), subjects failed to lateralize
the highest concentration on some trials, and the staircase
procedure called for a higher concentration than neat eugenol.
Thus, according to the staircase procedure, the lateralization
threshold for eugenol must be higher than that of headspace
above neat eugenol at room temperature and pressure. Impor-
tantly, many of the subjects contributed lateralization thresh-
olds in other experiments using other compounds, for example,
acetic acid, acetone, butanol, and menthol. Lateralization
thresholds were always obtained for each individual.

Thus far, the experiments are consistent with the idea that
eugenol has little or no trigeminal impact. However, eugenol
has long been used as local anesthetic in dentistry (Lee et al.
2005). Though large-scale clinical trials are lacking, eugenol is
known to act on both voltage-gated sodium channels and the
transient receptor potential channel TRPV1 (Park et al. 2009).
Furthermore, oral administration in rats causes analgesia ac-
cording to several pain models (Park et al. 2011). Of course,
application of liquid to the oral mucosa or oral administration
may differ from inhalation of vapor-phase eugenol. Regard-
less, if eugenol does desensitize the nasal mucosa over time, it
could have complex effects, possibly even blunting its own tri-
geminal impact over the course of a test session so that it is
detected by both the trigeminal and the olfactory systems on
initial exposure but only by the olfactory system later.

Experiment 2

If eugenol does in fact stimulate the trigeminal nerve but de-
sensitizes the mucosa over the course of an experimental ses-
sion, then subjects should be able to lateralize in a single trial.
Thus, we prepared and presented 11% (v/v) eugenol (diluted
as above) versus a blank (diluent only) and asked 11 individ-
uals (2 males) to take a single sniff from the Teflon nosepieces
atop the bottles (the nostril that received eugenol was ran-
domized). Of 11 subjects, 9 were able to correctly lateralize
the eugenol-stimulated side, which was significantly greater
than chance according to binomial statistics (P = 0.027). This
brief experiment suggests that subjects can in fact feel, as well
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as smell, intranasal eugenol, though the very small number of
experimental trials involved is a serious limitation.

Experiment 3

An additional group of subjects attempted to lateralize
a higher fixed concentration of eugenol (neat) to provide ad-
ditional evidence that intranasal eugenol can stimulate the
trigeminal nerve. Each subject contributed multiple trials
so that performance could be assessed within individuals us-
ing a high concentration of eugenol. Since previous studies
showed that subjects are able to reliably lateralize a fixed
concentration of menthol (Frasnelli, Albrecht, et al. 2011;
Wise et al. 2011), subjects also attempted to lateralize men-
thol as a positive control.

Participants

Ten healthy adults (6 women) with an age range from 25 to
41 (mean £ SD = 32 £ 5.7) participated after providing
informed signed consent. All aspects of the study were
approved by the University of Pennsylvania Institutional
Review Board.

Chemosensory stimuli

We used eugenol (CAS 97-53-0: Sigma Aldrich, >99% pure)
and L-menthol (menthol; CAS 2216-51-5: Fisher Scientific,
Acros Organics, labeled >99% pure). The purity of the eu-
genol was verified using gas chromatography/mass spec-
trometry to ensure that lateralization performance was
unlikely to be influenced by trace contaminants. Neat euge-
nol (20 mL) was presented in amber glass sniff bottles (as
described above for Experiment 1). Filtered light mineral
oil served as a blank in lateralization trials but was not tinged
because amber bottles were used. Menthol crystals (20 g) also
were presented in identical amber glass sniff bottles. Sea salt
(20 g) served as a blank.

Procedures

Methods of stimulus presentation matched those for Experi-
ments 1 and 2 for the most part. However, because differen-
ces in stimulus appearance between menthol crystals and sea
salt could not be completely eliminated with the use of amber
bottles, subjects were blindfolded, and experimenters held
the bottles for subjects while they held on to the nosepiece
and sniffed. In 1 block of 11 trials, subjects attempted to
lateralize eugenol. In another block of 11 trials, subjects at-
tempted to lateralize menthol. The order of blocks (menthol
first vs. eugenol first) was counterbalanced across subjects.
A 30-s interval elapsed between successive trails for both
stimuli. Two identical sets for each odorant were used to
allow the headspace to regenerate between trials. In each
block of trials, stimulation of the left or right nostril followed
a pseudorandomized sequence, with each nostril stimulated
either 5 or 6 times.
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Figure 1 Number of correct lateralization trails for each individual and
each odor. Dashed line in graph indicates a statistical value of P < 0.05
according to the binominal distribution.

Results and discussion

For eugenol, the mean number correct was 10.1 (SD *1.2)
(Figure 1). Relative to an expected value of 5.5 (chance level),
lateralization scores for the group reached significance, *(9) =
40.82, P < 0.001. According to binomial statistics, an individ-
ual must achieve 9 correct to exceed chance (P = 0.033). Of
10 subjects, 9 met this criterion (binomial P = 0.0098). For
menthol, the mean number correct was 10.6 (SD +0.9). As
with eugenol, lateralization scores for the group reached
significance, ¥%(9) = 48.82, P < 0.001, and lateralization
performance exceeded chance for 9 of 10 individual subjects.
The 1 participant that failed to reliably lateralize each com-
pound (different individuals for the 2 compounds) obtained
8 of 11 correct. Thus, under the conditions of the current
experiment, humans were able to lateralize both menthol
and eugenol. These results support those of Experiment 2
in suggesting that intranasal eugenol in fact does stimulate
the trigeminal nerve and agree with the findings of Hummel
and Kobal (1994) and Cometto-Muiiz et al. (2005).

General discussion

A few publications infer or explicitly state that eugenol is
a pure olfactory stimulus, having no irritant properties
(Von Skramlik 1926; Allen 1929; Doty 1975; Doty et al.
1978; Porter et al. 2005). The results of Experiment 1 are con-
sistent with this view. However, Experiments 2 and 3 provide
clear evidence that eugenol also produces intranasal irrita-

tion via the trigeminal system. The results of Experiments
2 and 3 are consistent with at least 2 published reports which
showed that eugenol vapor can be correctly lateralized under
some circumstances (Hummel and Kobal 1994; Cometto-
Muiiiz et al. 2005) and can produce patterns of evoked po-
tentials consistent with activation of the trigeminal nerve
(Hummel and Kobal 1994).

Though the current experiments do not directly test the hy-
pothesis that eugenol anesthetizes the nose over the course of
an experimental session, this is a possible explanation given
that eugenol can act as a local anesthetic (Park et al. 2009)
and has for many years been used as such in dentistry clinics
(though it has not been shown that sniffing eugenol vapor
can anesthetize the nasal mucosa). Eugenol might also cause
more rapid or profound self-adaptation than other nasal-
trigeminal stimuli. Regardless, it is clear that eugenol is
not strictly an olfactory stimulus and that the ability to later-
alize will depend on both concentration and dynamics of
stimulation.

Regarding concentration, in one study in which anosmics
reported no intranasal irritation, subjects sampled the head-
space above neat eugenol (Doty et al. 1978). However, be-
cause the wide-mouth odor-vessels were not sealed, subjects
could have taken in room air along with eugenol vapor,
thereby diluting the samples. In addition, the judgments were
subjective, and the criterion by which irritation was judged
may not have been totally clear. Finally, because anosmics
can differ from normosmics with respect to irritation sensitiv-
ity, anosmics may not be a perfect model (Frasnelli et al. 2006,
2007). In a recent study in which normosmics were unable to
lateralize eugenol, concentrations were not provided (Porter
et al. 2005). Regardless, the extent to which eugenol stimulates
the trigeminal nerve will almost certainly depend on concen-
tration and method of presentation, which future studies can
elucidate in more detail.

Eugenol has often been used as a stimulus in olfactory neu-
roimaging studies, sometimes with the explicit or implicit mo-
tivation that it is a good model to isolate olfactory processing
(Yousem et al. 1999; Savic and Gulyas 2000; Savic et al. 2000,
2005; Bengtsson et al. 2001; Suzuki et al. 2001). However, as
demonstrated above, eugenol is a complex stimulus that in
certain concentrations most probably acts as an anesthetic
on the trigeminal system and potentially also on the olfactory
system, whereas in other concentrations, eugenol produces
a clear irritation. Based on these data, we recommend that
eugenol should not be used in chemosensory experiments un-
less the expressed interest is merely to produce the perceptual
quality of cloves.

If moderate levels of eugenol produce even perithreshold
(not clearly recognized but detected above chance) irritation,
what could this mean for interpretation of experiments? To
take one example, Chen et al. (2011) conducted an experiment
in which nominally pure odors of different qualities were pre-
sented to opposite nostrils to determine whether subjects
could lateralize odors of different quality. The 1 pair of odors



that was lateralized above chance level included eugenol. In
light of the current results, even some mild trigeminal stimu-
lation on a few trials could have produced the result, which
provides an alternative interpretation to the conclusion that
subjects can lateralize odors of different quality.

In other studies, eugenol has been used to mask the pres-
ence of other compounds. In studies of human chemical
communication, the odors of chemicals produced by the hu-
man body have been masked with eugenol (Lundstrom,
Goncalves, et al. 2003). Because eugenol was presented both
with and without putative chemosignals, use of eugenol does
not invalidate the conclusions of these studies. However, the
complex physiological effects mean that eugenol might not
be an ideal choice if the goal is to simply mask odor. This
consideration might be particularly important if dependent
measures include autonomic nervous system response be-
cause even very low levels of trigeminally active compounds
can effect sympathetic response (Jacquot et al. 2004).

What volatiles should be used when the aim is to experimen-
tally manipulate the olfactory system in isolation? PEA is
widely used as a pure olfactory stimulus. Yet, ethmoid nerve
recordings in rats show that PEA vapor can stimulate the tri-
geminal nerve in at least some individual animals (Silver and
Moulton 1982), and one human study suggests that some peo-
ple can lateralize PEA vapor at above chance levels (Frasnelli,
Hummel, et al. 2011). To date, vanillin vapor has not been
reported to elicit a trigeminal response (Doty et al. 1978;
Cometto-Muniz et al. 2005; Frasnelli, Hummel, et al
2011). Unfortunately, vanillin is often an impractical model
stimulus because it may not render a strong percept and tends
to leave a residual odor in olfactometers. Regardless, one
should keep in mind that compounds that produce no clear
irritation at room temperature may do so when vapor-phase
concentration is increased by heating, although this does not
occur for vanillin (Cometto-Muiiiz et al. 2007). In the extreme
case of applying neat liquid to the mucosa, even PEA and van-
illin can elicit a clear sensation (Prah and Benignus 1984). Fur-
thermore, hydrogen sulfide, another compound sometimes
used as a pure olfactory stimulus, can actually cause neuro-
genic inflammation of the airways under some conditions
(Trevisani et al. 2005). Thus, any interpretation of experimen-
tal findings that depends on stimuli being detected only by ol-
faction should be received with caution. In addition to asking
what volatiles should be used to avoid trigeminal stimulation,
one must also consider concentration.

Rather than searching for a “pure odor,” a more direct
solution is to present a lower concentration that is able to pro-
duce a clear odorous sensation but without rendering a mea-
surable trigeminal response. A lateralization task similar to
that described above will probably offer the most useful infor-
mation regarding trigeminal stimulation. Of course, to con-
clude that an odor cannot be lateralized is to accept a null
hypothesis. One should consider how even a weak perithres-
hold trigeminal response might bias results and determine
whether the lateralization task used is powerful enough to
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identify such effects. Furthermore, it may not be possible
to depend on published results, unless the method of stimu-
lation is exactly the same.

Regarding isolation of the trigeminal system, to the best of
our knowledge, no nontoxic compound exists that activates
the trigeminal system in isolation. Carbon dioxide (CO») is
often used in studies exploring trigeminal processing, and
few subjects report an odor sensation when stimulated with
CO,. However, although it produces little or no conscious
odor perception, CO, does activate olfactory neurons at
low concentrations in some nonhuman species (Coates
and Ballam 1990; Hu et al. 2007).

In conclusion, most previous research in which eugenol
served as a stimulus, either as an odorant per se or as
a masker of another odorant, should be reevaluated. In
the future, investigators should carefully consider concentra-
tion and dynamics of stimulation if eugenol is selected as
a pure olfactory stimulus.
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