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Abstract

Two experiments examined the trade-off between concentration and stimulus duration in nasal lateralization of n-ethyl alcohol.
In nasal lateralization, a commonmeasure of irritation threshold, subjects receive chemical vapor in one nostril and clean air in the
other. Subjects try to determine which nostril received the chemical. Within experimental runs, subjects received fixed concen-
trations (1650–5000 ppm) of ethanol, and durationwas varied to find the shortest, lateralizable stimulus. In Experiment 1, a small
group of subjects was tested intensively to obtain stable individual data. In Experiment 2, a larger group was studied using more
rapid methods. In both cases, subjects could lateralize increasingly weaker concentrations with longer stimulus presentations.
Hence integration occurred. However, more than a twofold increase in duration was required to compensate for a twofold
decrease in concentration to maintain threshold lateralization. These results suggest that an imperfect, mass-integrator model
can describe short-term integration of nasal lateralization of ethanol.
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Introduction

When airborne chemicals interact with endings of somato-

sensory nerves, resulting sensations include burning, warm-
ing, cooling, pungency, irritation, and stinging (Bryant and

Silver, 2000; Doty and Cometto-Muñiz, 2003). Under some

circumstances, chemical somesthesis, or chemesthesis (Green

et al., 1990), can cause problems. Government regulators

view chemical irritation as a material impairment of health

and set many occupational exposure limits based on irritation

(NIOSH, 1994; Cain, 1996). Researchers have made consid-

erable progress toward understanding chemesthesis (Bryant
and Silver, 2000; Doty and Cometto-Muñiz, 2003; Doty et al.,

2004). However, basic data that relate stimulus to sensation

remain limited in some areas, especially among humans.

Data concerning temporal integration in detection of nasal

irritation are particularly limited. Through temporal integra-

tion, sensory systems sum stimulus energy over time to detect

weaker signals than they otherwise could (Garner and Miller,

1947; Baumgardt, 1972). Sensory scientists also use the term
‘‘time–concentration trading’’ to indicate that a given sensory

impact may come from either a long presentation of a weak

stimulus or a short presentation of a stronger stimulus. Be-

cause integration occurs, researchers must explore the do-

main of time to fully understand any sensory system.

Studies have shown that suprathreshold irritation grows

as stimulus duration increases (see Hummel, 2000; Frasnelli

et al., 2003; Hummel et al., 2003). For a fixed concentration,

perceived irritation may grow over the course of seconds

(Cometto-Muñiz and Cain, 1984; Anton et al., 1992; Wise
et al., 2003) or even over many minutes (Cain et al., 1986;

Hempel-Jorgensen et al., 1999). Fewer studies have investi-

gated integration at threshold level. However, some studies

have examined short-term integration in nasal lateralization

of carbon dioxide (CO2) and ammonia (NH3) (Wise et al.,

2004, 2005).

In a nasal lateralization paradigm, subjects simultaneously

receive clean air in one nostril and chemical vapor in the
other. Subjects must identify the nostril that received chem-

ical vapor. Humans have little or no ability to lateralize odors

(Kobal et al., 1989; Doty and Cometto-Muñiz, 2003; Porter

et al., 2005). As mentioned above, chemesthesis is mediated

by the somatosensory system, which does register location.

Thus, subjects can lateralize chemicals they can feel. Investi-

gators now commonly use lateralization rather than detec-

tion to measure chemesthetic thresholds in the nose since
subjects usually smell most chemicals at concentrations too

low to feel (Doty and Cometto-Muñiz, 2003; Wysocki and

Wise, 2003). That lateralization thresholds agree well with

detection thresholds measured in subjects who lack a sense

of smell supports the validity of the method (Cometto-Muñiz

and Cain, 1998; Cometto-Muñiz et al., 1998a).

Wise et al. (2004, 2005) measured the briefest stimulus

durations that allowed reliable lateralization for a range
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of concentrations of CO2 (;10,000–65,000 ppm) and NH3

(37–721 ppm). For both compounds, fixed-ratio decreases

in concentration could be compensated for by fixed-ratio

increases in stimulus duration to maintain a constant level

of lateralization performance, at least for durations up to
;3 s. These findings suggest that detection depends in

some simple way on total mass delivered to the nose. In

a model of integration, detection would depend on the prod-

uct of time (T) and concentration (C). A model of this type

is commonly used in toxicology. Haber’s rule states that

T multiplied by C equals a constant for a fixed outcome

(see Miller et al., 2000).

For lateralization of both CO2 and NH3, however, it re-
quired more than a twofold increase in stimulus duration

to compensate for a twofold decrease in concentration.

For CO2, it required a 3.4-fold increase in duration. Integra-

tion was closer to perfect for NH3 but still fell short: a

2.5-fold increase in duration was required to compensate

for a twofold decrease in concentration. These findings sup-

port an imperfect mass integrator. A more general form of

Haber’s rule can model imperfect integration: CnT = k

(Miller et al., 2000). Solving for T yields T = kC�n. Since

the equation is a power function, plotting threshold stimulus

duration versus concentration in log–log coordinates allows

data to be fit with a simple linear equation:

logðTÞ = � n½logðCÞ�+k:
The term ‘‘T ’’ represents the minimum (threshold) stimulus

duration required for reliable lateralization. The term ‘‘C’’
represents concentration, and k is a constant. The slope,

n, indicates degree of integration. A slope of �1 indicates

complete integration or perfect time–concentration trading.

A slope less than �1, that is, a steeper slope, indicates imper-

fect integration. This model described lateralization of CO2

and NH3 quite well over the range of concentrations studied

(Wise et al., 2004, 2005).

CO2 stimulates by acidifying tissue (Hummel, 2000;
Shusterman and Avila, 2003). NH3 is a base. The current

experiments extend these results to ethanol, a nonreactive,

volatile organic compound (VOC). In Experiment 1, a small

number of subjects were tested intensively. In Experiment 2,

a larger group was tested by more rapid methods.

Experiment 1

Experiment 1 examined the trade-off between stimulus du-

ration and concentration by measuring the duration thresh-
olds for lateralization of six concentrations of ethanol. A

small group of subjects was tested intensively to obtain stable

individual data.

Materials and methods

Subjects

Three male (aged 25–35) and three female (aged 23–29)

healthy nonsmokers participated. Subjects provided in-

formed consent on forms approved by the Institutional

Review Board of the University of Pennsylvania. Authors

P.M. Wise and T.M. Canty were subjects 4 and 5, respec-

tively. Other subjects were paid. The authors were blind

to any conditions that could cue responses trial by trial. Data
from the authors resembled data from the other subjects.

Apparatus

An olfactometer presented stimuli to the nose (Figure 1). The

design had two key features. First, it allowed stimulus presen-

tation with minimal changes in humidity, pressure, and tem-

perature. Flow from all channels entered the nose at 5 (±0.05)
l/min, 35 (±0.7)�C, and 85 (±3)% relative humidity. Second,

the device allowed good control of stimulus timing. Fast-

response solenoid valves switched from clean air to VOC-

laden air very close to the nostril (Wise et al., 2004, 2005).

Three channels for each nostril. Flow from an air pump was

first dried and filtered. Next, air was warmed and humidified.

The treated air fed three channels for each nostril. One chan-
nel (background) continued to the nose with no further treat-

ment. The background channel constituted a steady flow that

entered the nostril before and after stimulus presentations.

Two other channels passed to a Teflon manifold. One channel

(blank) consisted of clean air. The other channel (ethanol)

was split into two subchannels. One subchannel flowed

through a chamber containing pure ethanol. The other sub-

channel bypassed the ethanol chamber. The two subchannels
rejoined at a mixing chamber before passing to the manifold.

The ratio of the flows through the two subchannels, con-

trolled via rotameters, determined the vapor phase concen-

tration of ethanol. Three-way, Teflon solenoid valves

determined whether the blank or ethanol passed through

Air pump Desiccant Carbon
filter

Heater/
humidifier

Manifold

SV SV

MC

Ethanol Chamber

Vent (out
of room)

SV
BG

SV
Stimulus

Vent (out
of room)

Tube into
nostril

Vent (out
of room)

Temperature-Controlled Enclosure

Figure 1 Simplified schematic of the olfactometer. Note that, for the sake of
simplicity, the diagram illustrates channels for one nostril only. The full olfac-
tometer has duplicates of the parts pictured. MC = glass mixing chamber,
SV = three-way Teflon solenoid valve, and BG = background. Arrow heads
on lines indicate direction of airflow. Solid lines indicate tubing that carries
flow toward the subject. Dashed lines indicate tubing that carries flow out of
the room (vent). Flow rate through all channels is controlled by rotameters
(not shown). The text provides more detail.
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the manifold, that is, whether the nostril in question received

ethanol or a blank. When not directed into the manifold,

flows were vented from the room. All flows were constant.

Switching at the nose. The background channel passed to

a three-way Teflon solenoid valve close to the nose. The valve

normally gated flow into a tube that entered the nostril. Flow

from the manifold (either ethanol or blank) passed to another

valve. The second valve normally gated flow out of the room.

To present a stimulus, a computer energized the background
solenoid to vent the background flow from the room. After

a delay of 10 ms, the computer activated the stimulus solenoid

to gate ethanol (or blank) to the nose. The 10-ms delay re-

duced pressure transients from switching. Timing of switch-

ing was controlled by an analog DAQ card (PCI-6023E,

NationalInstruments,Austin,TX).Needlevalves(notshown)

equalized back pressure between vent lines and the tube that

entered the nostril to help reduce pressure transients.

Calibration. All measurements were made at the output of the

olfactometer. Experimenters checked flow rate (Gillibrator 2

flow-meter, Gillian Instrument Corp., Wayne, NJ), humidity
(Digitron 2020R hygrometer, Topac Instruments, Hingham,

MA), and temperature (BAT-12 thermocouple reader, Phys-

iotemp Instruments, Clifton, NJ) for all channels daily, after

the device warmed up. A fast-response pressure transducer

(CyQ line, custom made, Cybersense, Nicholasville, KY) ver-

ified that minimal changes in flow occurred with switching

between background and stimulus. Vapor phase concentra-

tions of ethanol were set for both nostrils using a photoion-
ization detector (MiniRAE 2000, RAE Systems, Sunnyvale,

CA). Experimenters calibrated the detector daily using a stan-

dard gas. Experimenters rechecked flows and concentrations

periodically throughout the day, making small adjustments

when needed.

Stimulus presentation. Subjects practiced velopharyngeal

closure during stimulation. In velopharyngeal closure, sub-

jects use the soft palate to isolate the nasal cavity from the
rest of the airways (Kobal and Hummel, 1991). This breath-

ing technique helps prevent fluctuations in pressure and flow

in the nasal cavity from respiration. Stimuli were injected

through flexible Tygon tubes (4-mm outer diameter) that ex-

tended about 0.75 cm into the nostrils. Flow exited the nos-

trils around the tubing.

Stimuli

All subjects received ethanol at 1650, 2050, 2560, 3200, 4000,

and 5000 ppm. Pilot work determined the highest concentra-

tion: The apparatus failed to reliably produce concentrations

higher than 5000 ppm. Pilot work also determined the lowest
concentration: Subjects failed to reliably lateralize concentra-

tions lower than 1650 ppm at durations of 10 s or less. The six

concentrations selected divided the resulting range into equal

log steps (successive concentration steps increased by a factor

of 1.25). In addition, subjects who lateralized 1650 ppm re-

ceived 1330 ppm.

Procedure

To begin a trial, subjects placed the tubes in their nostrils,

established velopharyngeal closure, and clicked a mouse.
The mouse click triggered a countdown of 10 s. Beeps accom-

panied the last 3 s. After the last beep, the computer pre-

sented a stimulus of variable duration. The nostril that

received ethanol varied randomly from trial to trial. Subjects

remained in position for 3 s after the stimulus ended, then

recorded which nostril received ethanol. After a 45-s inter-

trial interval, the computer prompted the subject to begin

the next trial. Including the countdown, more than 55 s
elapsed between stimulus presentations.

Concentration of ethanol was fixed within threshold runs.

The computer varied the stimulus duration according to a

2-up, 1-down staircase procedure (Wetherill and Levitt,

1965) to find the shortest pulse subjects could reliably later-

alize. To reduce the chances of spurious thresholds, the pro-

tocol required four consecutive correct responses before the

first reversal was counted (Wise et al., 2004, 2005). Thereaf-
ter, the computer collected six reversals. Consecutive steps

changed by 0.10 log10 units. For example, a 1000-ms pulse

would increase to 1256 ms (or decrease to 794 ms). Pilot runs

suggested this step size for a balance between reasonable

speed in data collection and accurate estimation of thresh-

olds. Runs started with stimuli about 20–30% longer than

the best estimate of duration threshold. Initial estimates

for each subject were based on five to six practice runs at
various concentrations. Long starting durations provided

a relatively clear sample of the target sensation and helped

avoid spurious thresholds. Most runs required about 25–35

trials. Subjects rarely completed more than a single run in

a day. If they did complete more than one run in a given

day, 15–20 min separated successive runs. Subjects com-

pleted at least three runs for each of the six concentrations

from 1650 to 5000 ppm. Runs occurred in irregular order
(due to scheduling issues, plans for blocked, and random

orders failed for some subjects). After this testing was com-

plete, subjects who lateralized 1650 ppm also completed one

to two runs at 1330 ppm.

Data analysis

Thresholds at or below the duration where subjects first

achieved four consecutive correct responses counted. This

criterion was applied to reduce the risks of spurious thresh-

olds. Subjects repeated runs that failed to meet this criterion.

For each experimental session, threshold was estimated by
averaging across reversals. For each concentration, threshold

was estimated by averaging across experimental sessions.

For each subject, experimenters plotted threshold duration

versus concentration in log–log coordinates. Mass-integrator
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models (linear functions) were fit to the resulting curves via

least squares regression (see Introduction).

Results and discussion

With decreasing concentration, subjects could successfully

lateralize by increasing stimulus duration, at least to some
perithreshold concentration which differed across subjects

(Figure 2). Reliable lateralization failed below 2050 ppm

for subject 5 and below 2560 ppm for subject 6. The other four

subjects were unable to reliably lateralize at 1330 ppm, even

for pulses as long as 10 s. Threshold pulse duration for the

lowest detectable concentration ranged from 2444 to 4911

ms (average = 3403 ms). Linear functions, in log–log coordi-
nates, accounted for 87–96% (mean = 93%) of the variance in

thresholds. This result suggests simple integration, that is,

that detection depended in some simple way on total mass

delivered to the nose (see General Discussion). Geometric

3.0 3.2 3.4 3.6 3.8 4.0 3.0 3.2 3.4 3.6 3.8 4.0
1.0

1.5

2.0

2.5

3.0

3.5

4.0

1.0

1.5

2.0

2.5

3.0

3.5

4.0

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Concentration ethanol  (log ppm)

S6

S4S3

S1

S5

S2

T
hr

es
ho

ld
 p

ul
se

-d
ur

at
io

n 
fo

r 
la

te
ra

liz
at

io
n 

(l
og

 m
s)

Log(Th) = -2.67(C) + 12.02
R2 = 0.93
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Log(Th) = -2.47(C) + 9.31
R2 = 0.87

Log(Th) = -2.10(C) + 8.22
R2 = 0.94
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Figure 2 Threshold stimulus duration (log ms) versus concentration of ethanol (log ppm) for six subjects (1–6). Trend lines represent linear functions, fit
through least squares regression. Equations for the best-fit functions appear above.
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mean slope, calculated across subjects using absolute values,

equaled �2.54 (95% confidence interval from �2.24 to

�2.89). On average, an increase in duration of ;5.8-fold

was needed to compensate for a twofold decrease in concen-

tration to maintain threshold level lateralization. This result
suggests imperfect integration.

Experiment 2

Obtaining stable integration functions from individual sub-

jects (as described above) required many sessions spaced

over months. In these early stages of model development,
such data are desirable. However, such methods might prove

impractical for many applications. Experiment 2 explored

whether a more rapid method, using less intensive testing

of a larger sample of subjects, would provide comparable in-

formation regarding the slope of the integration function for

ethanol.

Materials and methods

Subjects

Four male (aged 25–35) and nine female (aged 24–32)

healthy nonsmokers participated. Subjects provided in-

formed consent on forms approved by the IRB of the Uni-
versity of Pennsylvania. Author P.M. Wise was one subject.

Analyses with his data excluded support the same conclu-

sions. Others were paid. P.M. Wise and two females had par-

ticipated in Experiment 1 (the others had not).

Apparatus

Experiment 2 used the olfactometer depicted in Figure 1.

Stimuli

All subjects received ethanol at 1800, 2450, 3300, and 4500

ppm (successive concentration steps increased by a factor of

1.36). Pilot work and Experiment 1 suggested that most sub-
jects could lateralize concentrations in this range with pulses

of 10 s or less.

Procedure

For the most part, procedures followed those of Experiment 1.
However, an ascending method of limits was used instead of

a staircase procedure (Cain et al., 1988). Stimulus duration

began at 100 ms for 4500 ppm, 200 ms for 3300 ppm, 400 ms

for 2450 ppm, and 800 ms for 1800 ppm. Pilot work sug-

gested these starting points to be more than three duration

steps below threshold for the majority of subjects. After each

incorrect response, duration increased by a single, 0.10 log10

duration step. Duration remained the same after each correct
response. Runs ended when subjects responded correctly in

five consecutive trials. If a subject achieved five correct at the

starting duration (a rare occurrence), starting duration was

halved and the run began again. Runs required about 10–15

min, on average.

After each trial, subjects recorded which nostril received

ethanol. Subjects also rated their confidence in the correct-

ness of each response on a 1–4 scale: ‘‘1’’ indicated a total
guess, ‘‘2’’ indicated low confidence, ‘‘3’’ indicated moderate

confidence, and ‘‘4’’ indicated high confidence. Confidence

was collected to help assess validity of threshold runs (see

below).

Concentration was fixed within each session. Subjects com-

pleted a single session of about 1 h for each concentration,

in irregular order. The first session began with one practice

run. The concentration presented in the first session differed
across subjects. After this single practice run, all runs

counted. Most subjects completed three runs in their first ses-

sion, including the practice run, and two runs in subsequent

sessions. Author P.M. Wise completed four runs per session.

Three subjects, who finished their two runs quickly, com-

pleted an additional run in one session. One subject com-

pleted an additional run in two sessions.

Data analysis

For each threshold run, the concentration at which the sub-

ject first achieved five consecutive correct responses served

as a threshold estimate. The average across runs estimated

threshold for each subject and concentration. The imperfect

mass-integrator model was fit to the data in two ways. First,
thresholds were averaged across subjects and the model was

applied to the group data. Second, the model was fit to func-

tions for individual subjects and slopes were averaged across

subjects.

To check the validity of thresholds, trials for each concen-

tration were pooled across runs (for each subject separately).

Next, trials were divided roughly into quartiles of increasing

stimulus duration. Proportion correct and average confi-
dence were calculated for each quartile. Finally, proportion

correct and confidence were averaged across subjects for

each concentration. The goal of the analysis was to demon-

strate that proportion correct and rated confidence, two clas-

sic psychophysical measures of detection performance, both

increased as stimulus duration increased. Trends in propor-

tion correct and confidence were assessed via linear regres-

sion. Monotonic transforms were applied to make functions
approximately linear. In one set of analyses, the normal de-

viate (Z) transform of chance-corrected proportion correct

was the dependent variable, and stimulus duration in log

ms was the predictor. In the other set of analyses, rated con-

fidence was the dependent variable, and stimulus duration in

log ms was the predictor.

Results and discussion

Subjects could lateralize increasingly weaker concentrations

if stimulus duration increased (Figure 3). One subject failed

to reliably lateralize at 1800 ppm, even for pulses as long
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as 10 s. Threshold pulse durations follow: 3127 (SD = 904)

ms for 1800 ppm, 2013 (SD = 1056) ms for 2450 ppm, 698

(SD = 409) ms for 3300 ppm, and 299 (SD = 118) ms for

4500 ppm. A linear function accounted for 98% of the var-

iance in thresholds for the group function, with a slope of

�2.66. Linear fits to data for individual subjects (not shown)
accounted for between 69% and 98% (average = 89%) of var-

iance in thresholds. Geometric mean slope, calculated across

subjects using absolute values, equaled �2.68 (95% confi-

dence interval from �2.36 to �3.04). On average, an increase

in duration of ;6.4-fold was needed to compensate for a

twofold decrease in concentration.

Proportion correct lateralization and rated confidence

both increased with stimulus duration for all concentrations
tested (Figure 4). Proportion correct for the lowest quartiles

of stimulus duration was close to chance level, that is, close

to 0.50. Proportion correct for the highest quartiles was

clearly greater than 0.75, a common definition of threshold.

There was a positive association between stimulus duration

and proportion correct (significant positive regression co-

efficient, P < 0.05) for 1800, 3300, and 4500 ppm ethanol.

For 2450 ppm, the regression coefficient approached signif-
icance, P = 0.06. There was a significant positive association

between rated confidence and stimulus duration for all con-

centrations. Accordingly, two common measures of detec-

tion performance increased with stimulus duration for all

four concentrations of ethanol tested. The finding that both

proportion correct and rated confidence increased with stim-

ulus duration suggests that responses were under stimulus

control, which in turn supports the validity of the results
from the ascending method.

Good agreement between Experiments 1 (integration-

function slope of �2.54) and 2 (slope of �2.68) also support

the validity of the ascending method. This result suggests that

the more rapid ascending method, using only one test session

per concentration, can yield valid information regarding
slopes of time–concentration trading functions. This knowl-

edge can allow studies to progress more rapidly: Experiment 2

involved about 50 h of testing, whereas Experiment 1 required

more than 130 h.

General discussion

Short-term integration in nasal chemesthesis

Studies of nasal lateralization of CO2 (which stimulates by
acidifying tissue) and of the base NH3 found that a simple,

but imperfect, mass-integrator model described short-term

integration quite well (Wise et al., 2004, 2005). The current

results extend these findings to the nonreactive VOC, ethanol.

The good linear fits to integration functions in Figures 2 and 3

show that, over some range of concentrations, a fixed-ratio

increase in stimulus duration compensated for a fixed-ratio

decrease in concentration. That the slopes of the functions
were less than �1 indicates imperfect integration, that is, that

more than a twofold increase in stimulus duration was needed

to compensate for a twofold decrease in concentration. Other

studies have demonstrated simple, but imperfect, integration

at the suprathreshold level (Cometto-Muñiz and Cain, 1984;

Wise et al., 2005). The strong general agreement among the

various studies supports the more general form of Haber’s

rule as a model of short-term integration in nasal chemesthe-
sis (the product of concentration, raised to some exponent,

and time is constant for a fixed sensory impact or CnT = k,

see Introduction). Pending results on other compounds, the

model may well prove widely applicable.
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In spite of strong agreement on the general form of time–

concentration trading functions, compounds appear to differ

in degree of integration. For CO2 and NH3, respectively,

a 3.1-fold and a 2.5-fold increase in duration compensated

for a twofold decrease in concentration. For ethanol,
a 5.8-fold increase was required. The reason for the large dif-

ferences is unclear. Compounds that stimulate through

changes in pH, particularly through positive changes, might

integrate better over time than nonreactive VOCs. Tests of

other acids, bases, and nonreactive VOCs can answer this

question. Further, alcohol has broad-ranging effects on

the nervous system, including anesthesia (see Weight,

1992; Catlin et al., 1999). According to at least one report,
high concentrations of ethanol on the tongue can cause

numbing sensations for some subjects (see Green, 1990).

If progressive anesthesia occurs, it might undermine integra-

tion. Again, studies of other VOCs could help settle the issue.

Only studies of molecules that differ systematically in mo-

lecular properties can uncover the structure–activity rules

that integration follows. Until further research uncovers

such rules, time–concentration trading functions must be
determined empirically for each compound. Fortunately,

the simple model can allow researchers to characterize time–

concentration trading functions by measuring a few, selected

points.

Limitations

Previous reports discuss limitations more fully (Wise et al.,

2004, 2005). Briefly, the model of integration described above

covers all events from injection of the stimulus into the nose

to execution of the response. More experiments, for example,

studies of dynamics of stimulus concentration in the epithe-
lial or subepithelial layers of the mucosa (Shusterman and

Avila, 2003), are needed to elucidate components of this

‘‘black box.’’Further, passive injection of vapor into the nose

during velopharyngeal closure is not physiological. The tight

experimental control of this method has advantages, but flow

rates and patterns of flow through the nasal cavity almost

certainly differed from those of natural breathing. Since rates

and patterns of flow influence deposition and absorption of
volatile compounds in the nasal cavity (e.g., Fredrick et al.,

1994, 1998; Morris, 2001; Kurtz et al., 2004), additional stud-

ies using natural breathing techniques could help determine

how well the current results generalize to natural breathing.

Finally, the experiments focus on short-term integration,

that is, integration that occurs over less than 10 s. Other rules

of integration might apply over minutes or longer.

Basic and practical significance

Previous reports discuss basic significance of psychophysical

studies of integration more fully (Cain, 1990; Wise et al.,
2004, 2005). Briefly, integration may come from build up over

time of stimulus molecules in the mucosa, from neural inte-

grators (either central or peripheral), or from progressive

recruitment of different types of fibers. Integration may be

imperfect due to clearance or breakdown of molecules, adap-

tation or saturation of neural integrators, or decreasing

numbers of fibers left to be recruited. These possibilities

are neither exhaustive nor mutually exclusive. Psychophysics
alone cannot relate patterns of perception to specific under-

lying mechanisms. However, the psychophysical model

described above, or extensions thereof, can guide biophysi-

cists, molecular biologists, and physiologists in the effort

to uncover the mechanisms that underlie perceived irritation.

Regardless of the underlying mechanisms, the model

should prove useful for basic research. Laboratory studies

of sensitivity to irritants, both for patients and normal con-
trols, are frequently based on stimulus presentations between

0.25 and 3 s (Hummel, 2000; Shusterman, 2002; Hummel

et al., 2003). This includes a good part of the literature on

structure–activity relationships in irritant potency (e.g.,

Abraham et al., 1998, 2003; Cometto-Muñiz et al., 1998b).

Often, subjects simply sniff from bottles, with little or no con-

trol of sniff duration. Individual differences in sniff duration

might become confounded with true differences in sensitivity.
Olfactometry can control the duration of stimuli. Neverthe-

less, individuals might differ in the slopes of their integration

functions (see Wise et al., 2004, Figure 1; Wise et al., 2005,

Figure 2; Figure 2 above). Researchers who choose different

stimulus durations might obtain different pictures of individ-

ual differences. Further, if compounds differ in integration,

as current results suggest, stimuli of different duration might

provide different pictures of differences among compounds.
As suggested in Limitations, information gained from

letting subjects sample freely may also prove important. It is

unclear whether optimal sniffing strategy will prove as impor-

tant in nasal chemesthesis as it does in olfaction (e.g., Laing,

1983; Sobel et al., 2001), but this possibility exists. Neverthe-

less, current results on short-term integration suggest that

neither free sampling nor stimuli of fixed duration will pro-

vide a complete picture of nasal chemesthesis.
The imperfect integration model also has applied signifi-

cance. Chemesthesis is an important component of the

sensory impact of various foods, beverages, and personal

products. Imperfect integration means that a given dose, that

is, a given number of molecules, will have greater impact when

it is delivered over a shorter duration, even within a single,

natural inspiration. This may be particularly true for ethanol.
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