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Abstract

Relatively, few studies have focused on how nasal irritation changes over time. To simulate the rhythm of natural respiration,
subjects received 3-s pulses of volatile organic compounds interspersed with 3-s pulses of clean air. Each trial, subjects received
9 pulses of a chemical vapor over about 1 min. Subjects rated nasal irritation from each pulse using magnitude estimation.
Within a trial, compound and concentration were fixed. Compound (ethanol, n-butanol, or n-hexanol) and concentration (4
levels for each compound) varied across trials. For all stimuli, rated irritation decreased over time (adaptation). Plots of log-rated
intensity versus elapsed time were approximately linear (intensity decreased by a fixed ratio per unit time). Interestingly, the
slopes of intensity versus time functions differed very little: Regardless of concentration and compound, rated irritation
decreased by about 32% over the 9 pulses. The basic mechanism of short-term adaptation may be the same for the 3 alcohols
studied. Regardless, these data suggest that very simple models might be able to describe some aspects of perceptual dynamics

quite well.
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Introduction

Airborne chemicals can stimulate somatosensory nerves,
causing sensations such as burning, warming, cooling, pun-
gency, irritation, and stinging (Bryant and Silver 2000; Doty
and Cometto-Muiliz 2003; Cometto-Muiiz et al. 2010). The
eyes and upper airways are more sensitive than the dry kera-
tinized skin that covers most of the body because mucus
membranes offer easier access to nerve endings and molec-
ular receptors. Mild to moderate sensory irritation is vital to
our enjoyment of many beverages, foods, and personal prod-
ucts (Cardello and Wise 2008). On the other hand, irritation
from environmental exposure can constitute a material im-
pairment of health, and government regulators set many oc-
cupational exposure limits accordingly (NIOSH 1994; Cain
1996; Fisk and Rosenfeld 1997). Thus, basic data on the rela-
tionship between stimulus and sensation are of great interest,
particularly in humans.

How molecular properties relate to sensation qualifies as
one important concern (Doty and Cometto-Muiiiz 2003;
Abraham et al. 2010). Within an aliphatic series of mole-
cules, which share a common functional group but vary in
the number of methylene units in the base chain, irritant
potency tends to increase with carbon chain length (Cometto-
Muiiiz et al. 1998; Cain et al. 2006; but also see Cometto-

Muiiiz et al. 2007). One parameter that increases with chain
length is lipid solubility, an important predictor in some suc-
cessful structure—activity models of irritant potency (Abraham
etal. 2003; Hau et al. 1999). That lipid solubility matters makes
sense, given that molecules must pass into lipid-rich tissue
to reach nerve endings (Finger et al. 1990). Regardless, valid
models of irritant potency could be valuable to regulators in
government and industry responsible for setting limits for
environmental and occupational exposures.

Stimulus dynamics, or how stimuli are distributed over
time, is another important concern (Shusterman et al. 2006;
Wise, Zhao, and Wysocki 2009). Most of the literature on
the relationship between irritant potency and molecular pa-
rameters is based upon brief exposures in the laboratory, often
a single sniff or brief pulse from an olfactometer (Wise,
Zhao, and Wysocki 2009). Yet, with continuous exposure,
irritation tends to wax over time, plateau, and may eventu-
ally wane as adaptation or desensitization occurs (Cain et al.
1986; Anton et al. 1992; Hempel-Jorgensen et al. 1999;
Shusterman et al. 2003; Wise et al. 2003). The time course
of irritation clearly varies across compounds (reviewed in
Shusterman et al. 2006; Wise, Zhao, and Wysocki 2009).
However, to the best of our knowledge, there have been
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few, if any, systematic structure—activity studies of how the
dynamics of nasal irritation varies with molecular properties.
Thus, current models of irritant potency, lacking informa-
tion on how people experience compounds over time, may
provide incomplete information.

The current study will begin to address this issue by mea-
suring how nasal irritation changes over time for a model
group of homologous irritants, namely aliphatic n-alcohols.
Eventually, it would be desirable to bridge the gap between
very brief exposures in the laboratory and natural exposures,
for example, up to 8 h in the workplace. Of course, perfectly
natural, whole-body exposure entails less control over stim-
ulus parameters, for example, how quickly and deeply sub-
jects inhale, whether they inhale through the mouth or only
through the nose, which tissues are exposed, and how con-
centration varies over time. In the current study, which rep-
resents a very early stage in the effort to bridge the gap
between the laboratory and workplace, we chose to maintain
tight control of the stimulus by injecting air laden with a vol-
atile organic compound (VOC) into the nose using an air-
dilution olfactometer. Vapor was pulsed in 6-s cycles to
roughly simulate the rhythm of natural respiration: Three
seconds of VOC were followed by 3 s of clean air. Subjects
received 9 cycles to simulate exposures of up to about 1 min,
such as might occur when a worker enters a contaminated
room to complete a brief task.

Materials and methods

Subjects

Seventeen (9 female) healthy nonsmokers (22-38 years of age,
average = 26.8) participated. Subjects provided written in-
formed consent on forms approved by a University of Penn-
sylvania Institutional Review Board. Most subjects were
employees of the Monell Center. Others were recruited from
the local community. Employees had no special knowledge
regarding the research beyond the information provided to
all subjects during the informed consent procedure. All had
previous experience with psychophysical testing, including
evaluations of odor and nasal irritation.

Stimuli

Stimuli included ethanol (CAS# 64-17-5) at 1367, 2269, 3753,
and 5868 ppm, n-butanol (CAS# 71-36-3) at 560, 735, 972,
and 1271 ppm, and n-hexanol (CAS# 111-27-3) at 4.0, 8.3,
17.5, and 38.6 ppm. These values were targets, but actual
values varied by 5% or less (see Calibration, below).

Based upon pilot work and previous findings using the
same apparatus (Wise et al. 2007), the lowest concentration
of each compound was selected to fall just above irritation
threshold, that is, the lowest concentration that most subjects
can reliably lateralize with 3.0-4.0 s presentations (methods
described in Wise et al. 2006, 2007; Wise, Toczydlowski,
et al. 2009). Additional pilot work suggested that these

low concentrations were 1) approximately matched in per-
ceived intensity across compounds, 2) more irritating than
blanks (clean air), but 3) substantially less irritating than
a standard stimulus (headspace above a 12.5% v/v aqueous
solution of ethanol; see Procedures). The highest concentra-
tion of each stimulus was selected to cause moderate nasal
irritation, roughly matched in intensity across the 3 com-
pounds. Intermediate concentrations were selected by creat-
ing 2 logarithmically spaced steps between the low and high
concentrations. Thus, we selected 4 concentrations of each
stimulus that spanned the range from fairly weak to moder-
ate nasal irritation, with comparable irritation levels across
compounds.

Apparatus

Stimuli were delivered via a computer-controlled air-dilution
olfactometer described in previous reports (Wise et al. 2005,
2006, 2007; Wise, Toczydlowski, et al. 2009). Air was dried
and filtered before passing into a temperature-controlled en-
closure. In the enclosure, the air was rehumidified. Some of
the rehumidified flow passed through glass vessels containing
pure liquid VOC. This VOC-laden air was then mixed with
additional rehumidified air to form the desired stimulus con-
centration. A system of 3-way solenoid valves could gate
a stimulus (either VOC-laden air or a clean air blank) to
either nostril. Stimuli entered the nostrils at 5 (£0.05)
L/min, 37 (£0.5) °C, and 90 (£3) % relative humidity. Stimuli
were embedded in a steady (background) flow of air with the
same flow rate, temperature, and humidity as the stimuli,
which allowed a focus on chemical stimulation of somato-
sensory nerves. The device could switch between clean
and odorized air rapidly (within ~15 ms) with little change
in temperature, flow, or humidity.

Stimulus presentation

Subjects practiced velopharyngeal closure, a breathing tech-
nique in which the soft palate is used to isolate the nasal cav-
ity from the rest of the airways to help prevent fluctuations in
pressure and flow from respiration (Kobal and Hummel
1991). Subjects practiced closure until they could breathe
for up to a minute without fogging a mirror held under
the nose, though closure was not monitored during experi-
mental trials. The olfactometer injected stimuli into the nose
through flexible, 4.0-mm outer diameter Tygon tubes, which
extended about 0.75 cm into the nostrils. Flow exited the
nostrils around the tubes.

Calibration

All parameters were measured at the output of the olfactom-
eter. Experimenters measured flow rate (Gillibrator 2 flow-
meter; Gillian Instrument Corp.), humidity (Digitron 2020R
hygrometer; Topac Instruments), and temperature (BAT-12
thermocouple reader; Physiotemp Instruments). A fast-
response pressure transducer (CyQ line, custom made;
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Cybersense) was used to verify that minimal changes in flow
occurred during presentation of VOCs. Vapor phase concen-
tration of the VOC to be studied was adjusted daily to the
desired value using photoionization detectors (MiniRAE
2000 for ethanol and n-butanol; ppbRAE Plus for n-hexanol;
both from RAE Systems). Standards were created by inject-
ing known masses of VOC into air-filled Tedlar gas sampling
bags. The standards were used to convert PID readings to
parts per million values.

Subject training

Most subjects expressed an understanding of the difference
between odor and irritation. Regardless, during an initial test
session, subjects were presented with beakers of ethanol.
Subjects gently sniffed wafted vapor at arms length to expe-
rience odor, then approached the beaker more closely and
sniffed more vigorously to experience irritation. Further-
more, experimenters discussed several examples of pure odor
sensations, for example, those of coffee and rose, and sensa-
tions that also involve irritation, for example, those of ace-
tone and ammonia. Subjects were told to rate the strength of
irritation, for example, burning, stinging, prickling, pun-
gency, and to ignore odor, throughout the experiment.
During the initial session, subjects also practiced magni-
tude estimation with a modulus. The modulus, or standard,
consisted of a 5 cm line on a piece of paper and was assigned
a value of “100.” Subjects were instructed to rate the length
of other lines proportional to the standard, for example,
a line half as long should be rated as ““50,” whereas a line
twice as long should be rated as “200.” An experimenter ver-
ified that ratings of several lines were roughly proportional
to length to ensure that subjects understood the magnitude
estimation procedure. Finally, subjects rated irritation from
a VOC (randomly selected concentration and compound) in
6 practice trials, using the methods described in Procedures.

Procedures

Subjects were instructed to rate nasal irritation proportional
to the irritation from a modulus, namely the headspace
above 20.0 mL of a 12.5% v/v aqueous solution of ethanol.
The standard stimulus, presented in a 250-mL glass bottle,
was replaced several times per week to maintain potency.
At the beginning of each experimental session, subjects took
a single sniff of the standard through a Teflon nosepiece at-
tached to the cap of the bottle. The (mild) irritation the stim-
ulus caused was assigned a value of ““100.” This standard
helped ensure that different subjects used comparable ranges
of numerical values and that subjects maintained compara-
ble criteria across experimental sessions. A pause of about
5 min followed the sniff of the standard.

During an experimental session, subjects received a fixed
concentration of a single VOC. Subjects were not told that
the concentration of the stimulus remained the same during
a session. Subjects were told that the intensity of irritation
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may or may not change during a trail and session. During
each trail, subjects placed the output tubes of the olfactom-
eter in their nostrils, established velopharangeal closure, and
clicked a mouse to start. After a warning tone, a series of
9 pulses began. Pulses consisted of 3 s of VOC followed
by 3 s of clean air to simulate the rhythm of natural breathing
(Figure 1). A tone accompanied each pulse so that subjects
were familiar with the rhythm of stimulation. During each
session, subjects completed 6 trials, with at least 5 min elaps-
ing between trials. During 2 trials, the steady stream of air in
one nostril (right in one trial, left in the other) was period-
ically replaced with a clean air blank. During 4 trials, the
steady stream of air in one nostril was periodically replaced
with a fixed concentration of a particular VOC (2 left and 2
right). The 6 trials occurred in semirandom order, with the
constraint that a particular nostril could not receive odorized
air in consecutive trials. In all trials, subjects were aware of
the nostril to be stimulated. The main purpose of presenting
stimuli to one nostril was to help avoid adaptation, that is, to
present fewer stimuli to each nostril during an experimental
session. Subjects rated the intensity of each stimulus pulse by
writing a numeric response on a pad of paper.

Subjects were instructed to avoid eating or drinking (ex-
cept for water) for at least 1 h before experimental sessions.
Concentration and compound varied in an irregular fashion
between sessions. In total, subjects completed 13 experimen-
tal sessions: 3 compounds X 4 concentrations, plus a training
session. Sessions were conducted over 10 weeks.

Data analysis

Replicate ratings (2 per combination of nostril, compound,
concentration, and pulse number) were averaged using the
arithmetic mean. These average ratings were log-transformed
prior to further analyses because magnitude estimates are
usually log-normally distributed (Lawless 2007). Effects
were assessed via repeated measures analysis of variance
(ANOVA), using Statistica software (Version 8.0, Statsoft).
Initial analyses found violations of sphericity, so both univar-
iate analyses with corrected degrees of freedom (Greenhouse
and Geisser 1959) and multivariate analyses of variance
(Wilk’s test) (Gill 2001) were conducted. Both approaches

Rate Int. Rate Int. Rate Int. Rate Int.
3s 3s 3s 3s 3s 3s e 3s 3s
VOC| Air | VOC| Air | VOC| Air VOC| Air
Pulse 1 Pulse 2 Pulse 3 Pulse 9

Elapsed time = 54 sec, 9 ratings of intensity in total

Figure 1 Time course of a trial. Trials lasted 54 s, with cycles of 3 s of VOC-
laden air followed by 3 s of clean air (or, for blanks, 3 s of clean air followed
by 3 s of clean air). Subjects rated the intensity of nasal irritation from each
VOC pulse via magnitude estimation.
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supported the same conclusions, hence we only report the
univariate results below (significance criterion of P <
0.05). When needed, post hoc contrasts with a Bonferroni
correction for multiple comparisons were used to examine
effects in more detail.

Results

Ratings of the blanks (clean air)

Initial analyses focused on ratings of irritation from the
blanks (clean air). The modal response was “0”’ or no re-
ported irritation. The average rating was 3.9 (standard devi-
ation [SD] = 6.7). Considering that the headspace above
a 12.5% ethanol solution (the standard) was assigned a value
of 100, most ratings for the blanks were essentially null.
Furthermore, according to ANOVA, ratings for blanks
did not vary systematically with time, concentration, or com-
pound. Accordingly, data for the blanks were not considered
further.

Ratings of VOCs

Next, ratings for VOCs were submitted to a 4-way ANOVA:
Nostril (left vs. right) x Compound (ethanol, butanol, hex-
anol) x Concentration (4 levels) x Time (pulses one through
9). The effect of Concentration was significant, Fy 71, 2743 =
166.02, P <0.000001, demonstrating an expected increase in
rated irritation with concentration. The effect of Time also
was significant, Fj ¢3, 26.14 = 69.10, P < 0.000001. Rated in-
tensity tended to decrease over time (Figure 2). Finally, the
effect of compound reached significance, F ¢s. 2601 = 3.71,
P <0.05), indicating that the 3 compounds were not perfectly
matched in intensity. Contrasts showed that subjects rated
butanol as stronger than the other 2 compounds, though
the difference was not large. Average (across concentrations)
intensities were 74.1, 95.5, and 81.3 for ethanol, butanol, and
hexanol, respectively. The remaining main effect, that of
Nostril, failed to reach significance.

In contrast to most of the main effects, none of the inter-
actions were significant. To a first approximation, regardless
of concentration, compound, or nostril, perceived intensity
seemed to decrease in a consistent fashion; however, the
reader should note that the Concentration x Time interaction
approached significance, Fy 757605 =2.11, P < 0.08. Inspection
of Figure 2 suggests that intensity may decrease more sharply
over time at the lowest concentrations.

Decline in intensity over time

Linear fits to plots of log-rated intensity versus pulse number
(Figure 2) accounted for an average of 94.3% (SD = 0.05%)
of the variance in log intensity. Thus, intensity appeared to
decrease by a constant factor per unit time. As suggested by
the ANOVASs described above, differences in slopes appeared
modest. Based on the fitted functions, intensity decreased by
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Figure 2 Ratings of intensity as a function of pulse number (elapsed time)
and concentration. x axis: pulse number (elapsed time). y Axis: log-rated
intensity (“2" is the value assigned to a standard of 12.5% v/v ethanol). (A)
Ethanol. (B) n-Butanol. (C) n-hexanol. In each graph, the 4 data series
represent different stimulus concentrations. The lines represent linear fits
(least squares regression) to functions of log intensity versus pulse number.
Error bars represent standard errors of the means.

an average of 32.2% (SD = 0.06%) from the first pulse to the
last. Under the current conditions, there was no clear indica-
tion of nonmonotonic effects of time, that is, sensitization
followed by desensitization.

Discussion

For all concentrations and compounds, intensity decreased
over the course of 9 simulated inhalations (about 1 min). The
rate at which intensity decreased did not differ greatly be-
tween concentrations of a given compound or between
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compounds. To a first approximation, rated irritation was
about 32% lower after 9 simulated inhalations, regardless
of concentration or compound. Furthermore, though the ex-
periment was not specifically designed to examine this issue,
the concentration needed for a comparable level of irritation
decreased with carbon chain length (Figure 2), which is con-
sistent with past structure—activity work on irritant potency
(Doty and Cometto-Muiiz 2003; Abraham et al. 2010). If
these findings generalize to other VOCs, then it may be pos-
sible to predict how nasal irritation changes over time using
relatively simple extensions of existing structure—activity
models, at least during exposures of up to about 1 min.

Dynamics of nasal irritation

An earlier set of experiments examined the effect of stimulus
duration on absolute detection of nasal irritation from the
same aliphatic alcohols (Wise et al. 2007). Subjects were able
to reliably detect nasal irritation at progressively lower con-
centrations as stimulus duration increased, at least up to
about 4.0 s. Whether subjects might detect irritation from
even lower (subthreshold) concentrations by integrating
across inhalations remains an open question with consider-
able relevance for indoor air quality. However, based on
the monotonic decrease in perceived intensity over time ob-
served in the current experiment with weak to moderate
suprathreshold concentrations, integration across inhalations
seems less likely, at least for exposures up to about 1 min.
In addition, the previous study on absolute detection
found a clear effect of carbon chain length: integration over
time became more complete (closer to a perfect trade-off in
which a 2-fold increase in duration could compensate for
a 2-fold decrease in concentration) as carbon chain length
increased (Wise et al. 2007; also see Wise, Toczydlowski,
et al. 2009). In contrast, carbon chain length had little or
no impact on dynamics in the current work. Absolute detec-
tion and suprathreshold ratings of intensity are very different
paradigms (but see Wise et al. 2005). Still, we speculate that
the biophysics of diffusion and transport in the nasal mucosa
might matter more for detection of very brief stimuli,
whereas the dynamics for longer suprathreshold exposures
might be determined by changes in neural response, with
a common mechanism of adaptation among the 3 compounds.
Considering that other suprathreshold studies generally
find increasing irritation during the first phase of exposure
(reviewed in Brand and Jacquot 2002; Shusterman et al.
2006; Wise, Zhao, and Wysocki 2009), the current mono-
tonic decrease in intensity may seem surprising. However,
many past studies have employed longer exposures and sam-
pled rated irritation more coarsely, for example, one rating
per minute. Again, different mechanisms, such as accumula-
tion of algogenic peptides released from nociceptors (Bryant
and Silver 2000), may come into play at longer durations.
Of course, the results may be particular to aliphatic alco-
hols. Ethanol, in particular, has wide-ranging effects on
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neural function, including anesthesia (Weight 1992; Catlin
et al. 1999). Furthermore, repeated application of ethanol
to the tongue did not cause a build-up of burn, unlike re-
peated application of the hot chili principle capsaicin (see
Green 1990). It would be unwise to generalize the current
results even to other nonreactive VOCs without further work
on additional compounds.

Though we have chosen the current stimulus duration and
interstimulus interval to roughly simulate natural respira-
tion, it would be informative to vary the rhythm of stimula-
tion. In both the mouth and the nose, the next application of
a given irritant may feel either more or less intense than the
previous application, depending on the interstimulus interval
(Green 1990; Hummel et al. 1994; Hummel et al. 1996; Brand
and Jacquot 2002). It seems reasonable to suggest that one
might observe both waxing and waning of irritation for most
compounds, depending on stimulus dynamics. Ultimately,
dynamics must be explored in detail for a full understanding
of chemical irritation.

Limitations and future directions

The current method of stimulus presentation, namely passive
injection of stimuli into the nose, is clearly not physiological.
Flow rates and patterns of flow in the nasal cavity, which can
influence deposition and absorption of volatile compounds
(e.g., Frederick et al. 1994, 1998; Morris 2001; Kurtz et al.
2004), probably differed from those of natural breathing. In
addition, our regular 6-s cycles, with changes in concentra-
tion that approximated a temporal square wave, probably
did not match natural breathing. Though we favor the tight
stimulus control that our methods offer at this early stage of
investigation, additional studies using more natural breathing
techniques would complement the current results.

Readers should also consider the possibility that the odors
of the stimuli influenced ratings of irritation, though subjects
received training in this regard. There is evidence that sub-
jects can in fact focus on irritation, though the contribution
of odor to perceived irritation is not perfectly understood
(Doty et al. 1978; Kendal-Reed et al. 1998). It would be valu-
able to repeat the experiment with a sample of subjects who
lack a functional sense of smell (anosmics). This approach
also has limitations in light of evidence that anosmics and
normal controls might differ in their sensitivity to nasal irri-
tation (Walker et al. 2001; Hummel et al. 2003; Frasnelli et al.
2010). Regardless, tests in anosmics and normal controls
could complement one another well.

Finally, though we have focused on factors associated with
the stimulus (molecular properties, concentration, and dy-
namics), other factors influence the time course of sensation
as well. Future studies could examine the influence of expect-
ations, beliefs about stimuli, personality factors, and individ-
ual differences in underlying physiology on the time course
of sensation (Stevens 1990; Dalton et al. 1997; Shusterman
2002). Ultimately, we must account for the interaction
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between stimulus- and subject-driven factors to achieve
a complete understanding of chemical irritation.

Funding

This work was supported in part by Kraft Foods through the
Term Chair in Chemosensory Psychophysics at Monell to
P.M.W_; National Institute of Environmental Health grant
[SRO3ES013969 P.M.W.]; and the Monell-Jefferson Chemo-
sensory Clinical Research Center grant from National Insti-
tute on Deafness and Other Communication Disorders,
SP50DC006760, which supports the research of K.Z.

Acknowledgement

We thank Mr Sean E. Toczydlowski for technical assistance.

References

Abraham MH, Hassanisadi M, Jalali-Heravi M, Ghafourian T, Cain WS,
Cometto-Muniz JE. 2003. Draize rabbit eye test compatibility with eye
irritation thresholds in humans: a quantitative structure-activity relation-
ship analysis. Toxicol Sci. 76:384-391.

Abraham MH, Sanchez-Moreno R, Gil-Lostes J, Cometto-Mufiz JE, Cain WS.
2010. Physicochemical modeling of sensory irritation in humans and
experimental animals. In: Morris JB, Shusterman DJ, editors. Toxicology
of the nose and upper airways. New York: Informa Healthcare USA, Inc.
p. 376-389.

Anton F, Euchner I, Handwerker HO. 1992. Psychophysical examination of
pain induced by defined CO, pulses applied to the nasal mucosa. Pain.
49:53-60.

Brand G, Jacquot L. 2002. Sensitization and desensitization to allyl
isothiocyanate (mustard oil) in the nasal cavity Chem Senses. 27:
593-598.

Bryant BP, Silver WL. 2000. Chemesthesis: the common chemical sense. In:
Finger TE, Silver WL, Restrepo D, editors. The neurobiology of taste and
smell. 2nd ed. New York: Wiley-Liss. p. 73-100.

Cain WS. 1996. Overview: odors and irritation in indoor pollution. In:
Gammage RB, Berven BA, editors. Indoor air and human health. 2nd ed.
Boca Raton (FL): Lewis. p. 23-30.

Cain WS, Lee NS, Wise PM, Schmidt R, Ahn B-H, Cometto-Mudiz JE,
Abraham MH. 2006. Chemesthesis from volatile organic compounds:
psychophysical and neural responses. Physiol Behav. 88:317-324.

Cain WS, See LC, Tosun T. 1986. Irritation and odor from formaldehyde:
chamber studies. In: IAQ ‘86: Managing the Indoor Air for Health and
Energy Conservation. Atlanta (GA): American Society of Heating,
Refrigerating and Air-Conditioning Engineers. p. 126-137.

Cardello AV, Wise PM. 2008. Taste, smell and chemesthesis in product
experience. In: Schifferstein R, Hekkert P, editors. Product experience.
Amsterdam (The Netherlands): Elsevier. p. 91-103.

Catlin MC, Guizzetti M, Costa LG. 1999. Effects of ethanol on calcium
homeostasis in the nervous system. Mol Neurobiol. 19:1-24.

Cometto-Muniz JE, Cain WS, Abraham MH. 1998. Nasal pungency and
odor of homologous aldehydes and carboxylic acids. Exp Brain Res.
118:180-188.

Cometto-Muniz JE, Cain WS, Abraham MH, Sanchez-Moreno R. 2007. Cut-
off in detection of eye irritation from vapors of homologous carboxylic
acids and aliphatic aldehydes. Neuroscience. 145:1130-1137.

Cometto-Muniz JE, Cain WS, Abraham MH, Sanchez-Moreno R, Gil-Lostes J.
2010. Nasal chemosensory irritation in humans. In: Morris JB, Shuster-
man DJ, editors. Toxicology of the nose and upper airways. New York:
Informa Healthcare USA, Inc. p. 187-202.

Dalton P, Wysocki CJ, Brody MJ, Lawley HJ. 1997. The influences of cognitive
bias on the perceived odor, irritation, and health symptoms from
chemical exposure. Int Arch Occup Environ Health. 69:407-417.

Doty RL, Brugger WE, Jurs PC, Orndorff MA, Snyder PJ, Lowry LD. 1978.
Intranasal trigeminal stimulation from odorous volatiles: psychometric
responses from anosmic and normal humans. Physiol Behav. 20:175-185.

Doty RL, Cometto-Muniz JE. 2003. Trigeminal chemosensation. In: Doty RL,
editor. Handbook of olfaction and gestation. 2nd ed. New York: Marcel
Decker. p. 981-999.

Finger TE, Getchell ML, Getchell TV, Kinnamon JC. 1990. Affector and
effector functions of peptidergic innervation of the nasal cavity. In: Green
BG, Mason JR, Kare MR, editors. Chemical senses, volume 2: irritation.
New York: Marcel Decker. p. 1-20.

Fisk WJ, Rosenfeld AH. 1997. Estimates of improved productivity and health
from better indoor environments. Indoor Air. 7:158-172.

Frasnelli J, Schuster B, Hummel T. 2010. Olfactory dysfunction affects
thresholds to trigeminal chemosensory sensations. Neurosci Lett. 468:
259-263.

Frederick CB, Bush ML, Lomax LG, Black KA, Finch L, Kimbell JS, Morgan KT,
Subramaniam RP, Morris JB, Ultman JS. 1998. Application of a hybrid
computational fluid dynamics and physiologically based inhalation
model for interspecies dosimetry extrapolation of acidic vapors in the
upper airways. Toxicol Appl Pharmacol. 152:211-231.

Frederick CB, Morris JB, Kimbell JS, Morgan KT, Scherer PT. 1994.
Comparison of four biologically based dosimetry models for the
deposition of rapidly metabolized vapors in the rodent nasal cavity.
Inhal Toxicol. 6(Suppl):135-157.

Gill J. 2001. Generalized linear models: a unified approach. Thousand Oaks
(CA): Sage Publications.

Green BG. 1990. Effects of thermal, mechanical, and chemical stimulation on
the perception of oral irritation. In: Green BG, Mason JR, Kare MR, editors.
Chemical senses, volume 2:irritation. New York: Marcel Decker. p. 171-192.

Greenhouse SW, Geisser S. 1959. On methods in the analysis of profile data.
Psychometrika. 24:95-112.

Hau KM, Connell DW, Richardson BJ. 1999. Quantitative structure-activity
relationships for nasal pungency thresholds of volatile organic com-
pounds. Toxicol Sci. 47:93-98.

Hempel-Jorgensen A, Kjaergaard SK, Molhave L, Hudnell HK. 1999. Time
course of sensory eye irritation in humans exposed to n-butanol and 1-
octene. Arch Environ Health. 54:86-94.

Hummel T, Futschik T, Frasnelli J, Huttenbrink KB. 2003. Effects of olfactory
function, age, and gender on trigeminally mediated sensations: a study
based on the lateralization of chemosensory stimuli. Toxicol Lett.
141:273-280.

Hummel T, Gruber M, Pauli E, Kobal G. 1994. Chemo-somatosensory event-
related potentials in response to repetitive painful chemical stimulation of
the nasal mucosa. Electroencephalogr Clin Neurophysiol. 92:426-432.

Hummel T, Schiessl C, Wendler J, Kobal G. 1996. Peripheral electrophys-
iological responses decrease in response to repetitive painful stimulation
of the human nasal mucosa. Neurosci Lett. 212:37-40.

2T0Z ‘s J8qo1nQ uo 1enb Aq /Blo'sfeulnolployxo-aswayo//:dny woiy papeojumoq


http://chemse.oxfordjournals.org/

Kendal-Reed M, Walker JC, Morgan WT, LaMachio M. 1998. Human
responses to propionic acid. |. Quantification of within- and between-
subject variation in perception by normal and anosmic subjects. Chem
Senses. 23:71-82.

Kobal G, Hummel T. 1991. Olfactory evoked potentials in humans. In:
Getchell TV, Doty R, Bartoshuk L, Snow JB, editors. Smell and taste in
health and disease. New York: Raven Press. p. 255-275.

Kurtz DB, Zhao K, Hornung DE, Scherer P. 2004. Experimental and numerical
determination of odorant solubility in nasal and olfactory mucosa. Chem
Senses. 29:763-773.

Lawless HL. 2007. Logarithmic transformation of magnitude estimation data
and comparisons of scaling methods. J Sens Stud. 4:75-86.

Morris JB. 2001. Overview of upper respiratory tract vapor uptake studies.
Inhal Toxicol. 13:335-345.

NIOSH. 1994. NIOSH Pocket Guide to Chemical Hazards. Publication No. 94—
116. Cincinnati (OH): National Institute for Occupational Safety and Health.

Shusterman D. 2002. Individual factors in nasal chemesthesis. Chem Senses.
27:551-564.

Shusterman D, Matovinovic E, Salmon A. 2006. Does Haber's law apply to
human sensory irritation? Inhal Toxicol. 18:457-471.

Shusterman D, Murphy MA, Balmes J. 2003. Influence of age, gender, and
allergy status on nasal reactivity to inhaled chlorine. Inhal Toxicol. 15:
1179-11809.

Dynamics of Nasal Irritation 829

Stevens DA. 1990. Personality variables in the perception of oral irritation
and flavor. In: Green BG, Mason JR, Kare MR, editors. Chemical senses,
volume 2: irritation. New York: Marcel Decker. p. 217-228.

Walker JC, Kendal-Reed M, Hall SB, Morgan WT, Polyakov VV, Lutz RW. 2001.
Human responses to propionic acid. Il. Quantification of breathing
responses and their relationship to perception. Chem Senses. 26:
351-358.

Weight EF. 1992. Cellular and molecular physiology of alcohol actions in the
nervous system. Int Rev Neurobiol. 33:289-348.

Wise PM, Canty T, Wysocki CJ. 2005. Temporal integration of nasal irritation
from ammonia at threshold and supra-threshold levels. Toxicol Sci. 87:
223-231.

Wise PM, Canty TM, Wysocki CJ. 2006. Temporal integration in nasal
lateralization of ethanol. Chem Senses. 31:227-235.

Wise PM, Toczydlowski SE, Wysocki CJ. 2007. Temporal integration in nasal
lateralization of homologous alcohols. Toxicol Sci. 99:254-259.

Wise PM, Toczydlowski SE, Zhao K, Wysocki CJ. 2009. Temporal integration
in nasal lateralization of homologous propionates. Inhal Toxicol. 21:
819-827.

Wise PM, Wysocki CJ, Radil T. 2003. Time—intensity ratings of nasal irritation
from carbon dioxide. Chem Senses. 28:751-760.

Wise PM, Zhao K, Wysocki CJ. 2009. Dynamics of nasal chemesthesis. Ann
N Y Acad Sci. 1170:206-214.

2T0Z ‘s J8qo1nQ uo 1enb Aq /Blo'sfeulnolployxo-aswayo//:dny woiy papeojumoq


http://chemse.oxfordjournals.org/

