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The nature and duration of adaptation following
long-term odor exposure
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Any individual living or working in an odorous environment can experience changes in odor per-
ception, some of which are long lasting. Often, these individuals report a significant reduction in the
perception of an odor following long-term exposure to that odor (adaptation). Yet, most experimen-
tal analyses of olfactory adaptation use brief odorant exposures which may not typify real-world ex-
periences. Using a procedure combining long-term odor exposure in a naturalistic setting with psy-
chophysical tests in the laboratory, we present evidence to show that reduced odor intensity
following long-term exposure is accompanied by odorant-specific shifts in threshold. Subjects were
exposed continuously to one of two odorants while in their home for a period of 2 weeks. Exposure
produced an odorant-specific reduction in sensitivity and perceived intensity compared with preex-
posure baselines: Detection thresholds for the adapting odorant were elevated following exposure
and perceived intensity ratings for weak concentrations were reduced. For most individuals, reduced
sensitivity to the test odorant was still evident up to 2 weeks following the last exposure. The per-
sistence of the change, as evidenced by the duration of recovery from adaptation, distinguishes this
phenomenon from the adaptation seen following shorter exposures and highlights the need for the

study of exposure durations that are more similar to real-world exposures.

The decrease in responsiveness that occurs following
continuous stimulation (adaptation) is a feature common
to all sensory systems, including olfaction. In situations
where information is provided by dynamic sources of sen-
sory input, unvarying stimuli often cease to be detected
or perceived at the original intensity.!

This phenomenon can be readily observed in situations
where ambient odors are chronically present. Individuals
who live or work in such an odorous environment often re-
port that, with continued exposure, their perception of the
ambient odor intensity is greatly reduced. Moreover, the
perceptual changes that result from chronic exposure can
be quite profound and durable. For example, it is commonly
reported that following extended absences (hours to days)
from the odorous environment, reexposure to the odor may
still fail to elicit perception at the original intensity. At face
value, this change seems to represent a very persistent
type of adaptation. Yet, a review of numerous laboratory
studies of olfactory adaptation (see Cometto-Mufiiz &
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Cain, 1995, for a recent summary) yielded no clear in-
terpretation of the perceptual changes that follow long-
term odor exposures or evidence of sensory adaptation as
the basis for these changes.

The uncertainty arises because most research on olfac-
tory adaptation (and studies of adaptation in sensory sys-
tems, generally) examines relatively transient changes in
stimulus detection or perceived intensity. For example, in
experiments on olfactory adaptation, the duration of ex-
posure to the adapting stimulus (and hence the period of
adaptation) has rarely exceeded several hours and is
often far less (e.g., Berglund, 1977; Berglund, Berglund,
Engen, & Lindvall, 1971; Cain, 1970; Cain & Polak, 1992;
Ekman, Berglund, Berglund, & Lindvall, 1967; Pierce,
Wysocki, & Aronov, 1993). Because olfactory adaptation
can be produced with relatively short exposures, these du-
rations are sufficient for investigating many parameters of
the phenomenon. One sniff of an odorant can result in a
significant decrease in the perceived odor intensity and
continuous exposures of as little as 20 min have been suf-
ficient to produce elevated detection thresholds. Recovery
from adaptation proceeds rapidly: Once the odorant is re-
moved, intensity judgments and detection thresholds often
return to preexposure levels faster than the adaptation
reaches asymptotic levels (see, e.g., Cain, 1974; Steinmetz,
Pryor, & Stone, 1970).

However, exposures to odors in natural environments
often occur over far longer periods than have heretofore
been investigated. Many individuals use the same fra-
granced products daily for weeks or months; others enter
the same odorous workplace 5 days a week for many
years. Changes in the detectability or perceived intensity
of an odorant that occur after weeks or years of exposure

Copyright 1996 Psychonomic Society, Inc.



782 DALTON AND WYSOCKI

may differ materially from the changes occurring after
5 min, an hour, or even a single day. Several areas of in-
vestigation have been suggestive of this idea. Odorant
exposures of up to 7 h have produced shifts in threshold
or in perceived intensity that show only partial recovery
from adaptation by 90 min following cessation of expo-
sure (Andersen et al., 1983; Gagnon, Mergler, & Lapare,
1994; Mergler & Beauvais, 1992). In addition, numerous
researchers have reported both general and specific olfac-
tory dysfunction following chronic exposure to various
chemicals in the workplace (Ahlstrdm, Berglund, Berg-
lund, Lindvall, & Wennberg, 1986; Schwartz, Ford, Bolla,
Agnew, & Bleecker, 1991).2 Nonetheless, the nature of
olfactory adaptation that develops in normal individuals
following repeated or chronic odorant exposures remains
largely unexplored under controlled conditions.

The adaptation produced by prolonged exposure to an
odor may differ qualitatively from short-term olfactory
adaptation. For example, electrophysiological studies in
animals show that even brief pulses or short periods of
odorant stimulation produce transient decrements in
receptors in the olfactory epithelium, a process termed
“receptor fatigue” (Ekblom, Flock, Hansson, & Ottoson,
1984; Mozell, 1962; Potter & Chorover, 1976); such
changes may also be associated with desensitization of the
chemoreceptive membrane (Getchell, 1986). Prolonged
odor stimulation, however, could produce more durable
response decrements, either through changes in the peri-
phery or more persistent decrements in responsiveness in
structures higher in the central nervous system (CNS)
pathway (i.e., the olfactory bulb; Potter & Chorover, 1976).
Alternatively (or additionally), prolonged odor exposure
may produce response decrements mediated by cognitive
processes, such as attention and memory (Engen, 1982).

The present investigation focuses on assessing the char-
acteristics of human olfactory adaptation resulting from
prolonged exposure to an odorant. We examined the de-
velopment of oifactory adaptation and recovery for two
odorants over both short-term and long-term exposure du-
rations. In the short-term experiment, we measured adapta-
tion produced during 10-min exposures to an odorant. In
the long-term experiment, we measured the development
of adaptation over daily odorant exposures for a 2-week
period. In the long-term experiment, we used field expo-
sures in the home as a practical way to simulate environ-
mental odor adaptation. These field exposures were com-
bined with psychophysical assessments at weekly intervals
to determine the effect of chronic exposure to an odor-
ant on its detectability and perceived intensity. This re-
search had three objectives: (1) to develop a method for
exposing individuals to an odor for an extended period in
order to study olfactory adaptation similar to that described
in real-world contexts, (2) to document the extent and locus
of any changes in detectability or perceived intensity fol-
lowing such exposures using traditional psychophysical
measures of olfactory sensitivity and intensity, and (3) to

compare subjects’ perception of odor intensity in the home
environment with sensitivity measured in the laboratory.

In Experiment 1 we investigated self-adaptation (a de-
crease in perceived intensity following exposure) and
cross-adaptation (the decrease in perceived intensity fol-
lowing exposure to a different odor) for two perceptually
distinctive odors (citrus and balsam) in a short-term adap-
tation paradigm. After establishing that exposure to each
of these two odorants produced significant short-term
self-adaptation (but not comparable cross-adaptation),
we used the same odorants in Experiment 2 to measure
the development and specificity of long-term adaptation
and recovery on thresholds and judged intensity, pro-
duced by 2 weeks of daily odorant exposure.

EXPERIMENT 1
Short-Term Adaptation and Cross-Adaptation

A test of odorant-specific self-adaptation necessarily
required measuring sensitivity to two odorants. One odor-
ant was used as the adapting/exposure odorant for half of
the subjects and the other odorant served as the control (to
rule out general shifts in olfactory sensitivity or changes
in criterion). A citrus odor (citralva, International Fla-
vors & Fragrances, Union Beach, NJ) and a balsam fir
needle odor (iso bornyl acetate, International Flavors &
Fragrances, Union Beach, NJ) were chosen. These two
odorants were selected to serve as test and control odor-
ants for both studies on the basis of three criteria: (1) They
were single-odor compounds, not mixtures; (2) they were
perceptually dissimilar; and (3) they were both relatively
pleasant and familiar. Although in the real world odor-
ants are typically experienced in mixtures, the first crite-
rion was included because most research on olfactory
self-adaptation has been conducted with single odorants
(but see Berglund & Engen, 1993; Schiet & Cain, 1990).
The second criterion was used because perceptually sim-
ilar compounds may be more likely than perceptually dis-
similar compounds to show cross-adaptation (see, e.g.,
Cain & Polak, 1992; Késter, 1971; Todrank, Wysocki, &
Beauchamp, 1991). The third criterion was included to
facilitate compliance by subjects who agreed to live with
this odorant in their home for 2 weeks.?

Because the primary goal of this investigation was to
measure self-adaptation following long-term odorant ex-
posure, it was important to establish that the chosen stimuli
would self-adapt but not cross-adapt. If cross-adaptation
occurred between the two odorants, exposure to one could
produce a decrease in perceived intensity for both. This
result could not be discriminated from a general decrease
in olfactory sensitivity. Recently, a simple procedure for
assessing the degree of both short-term self- and cross-
adaptation was developed by Pierce and his colleagues
(Pierce et al., 1993). We briefly describe the procedure
below. Readers are referred to the original paper for a
full description of the method.



Method

Subjects

Eight subjects (5 female, 3 male) were recruited from the Uni-
versity of Pennsylvania. Their mean age was 25.8 years. All sub-
jects were paid for their participation.

Stimuli

A 12-step binary dilution series ranging from strong to weak
was used for each odorant. The odorants were diluted in 10 ml of
odorless, light, white mineral oil and were presented in cleaned
270-ml polypropylene bottles with plastic flip-top caps. The dilu-
tion series for citralva (MW = 149.2) ranged from 1.19 M (Step 0:
20% v/v; 178 g/Lyto 0.58 mM (Step 11: 4 X 1073% v/v; 0.086 mg/L).
The iso bornyl acetate series (MW = 196.3) ranged from 2.51 M
(Step 0: 50% v/v; 492 g/L) to 1.22 mM (Step 11: 1.22 X 1072%;
0.240 mg/L).

Procedure

All subjects were tested in two sessions, separated by a day, in
which each odorant served as the adapting odorant. A forced-choice
staircase procedure was used at the beginning of the session to
equate the intensities of each odorant. For most subjects, Step 2 or
Step 3 of citralva was judged as perceptually equivalent to the
Step 2 concentration of iso bornyl acetate and was used as the test-
ing stimulus. The next higher citralva concentration and Step 1 of
iso bornyl acetate were used as the adapting stimuli.

After a 2-min rest, subjects rated the intensities of the iso bornyl
acetate Step 2 stimulus and the matched citralva stimulus, using
magnitude estimation. This provided a check on the matching pro-
cedure: If the estimates were different by more than 20% the
matching procedure was repeated. This continued until magnitude
estimates were in agreement with the intensity matching procedure
and it could be concluded that the two stimuli were perceptually
equivalent for that subject.

After the stimuli were matched, the adaptation phase was begun.
Subjects were required to repeatedly sniff the adapting stimulus
(either Step 1 of iso bornyl acetate or the next stronger step above
the equivalent intensity of citralva). Every 15 sec during the adap-
tation period, subjects received a test probe berween sniffs of the
adapting stimulus. The test probe, either iso bornyl acetate or cit-
ralva, alternated on sequential trials so that subjects made a total
of 20 ratings (10 iso bornyl acetate, 10 citralva) during the 5-min
adaptation period.

Following the adaptation period, subjects stopped sniffing the
adapting odorant and simply made 10 ratings (5 1so bornyl acetate
and 5 citralva) of the test probe. These ratings were made every
15 sec during the period of recovery.

Results

Each magnitude estimate was converted to a propor-
tion of the initial magnitude estimate for each odorant.
Figure 1 shows these estimates averaged across all 8 sub-
jects (each subject contributed one observation on each
test probe). Repeated measures analyses of variance
(ANOVAs) were performed to ascertain whether esti-
mates were significantly different from the initial esti-
mate for the odor (100%). Planned comparisons revealed
that both odorants showed significant self-adaptation
when estimates made during adaptation were contrasted
to the original magnitude estimate [for citralva, £(1,7) =
359.53, p <.0001; for iso bornyl acetate, F(1,7) = 263.41,
p <.0001, respectively]. In contrast, we did not judge ex-
posure to one odorant to produce cross-adaptation to the
other at equivalent levels: When estimates made during
adaptation were contrasted to the original magnitude es-
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Figure 1. Perceived intensity of iso bornyl acetate and citralva dur-'
ing adaptation to citralva (top panel); perceived intensity of iso bormyl
acetate and citralva during adaptation to iso bornyl acetate (bottom
panel).

timate for that odor, the differences were not highly sig-
nificant [for citralva, F(1,7) = 7.42, p =.03; for iso
bornyl acetate, £(1,7) = 5.37, p < .05]. Repeated mea-
sures ANOVAs comparing the self-adaptation ratings
with the cross-adaptation ratings for each odorant re-
vealed significant differences for both citralva [F(1,7) =
133.37, p<.05] and iso bornyl acetate [F(1,7) = 227.91,
p <.05].

Discussion

Exposure to both citralva and iso bornyl acetate pro-
duced significant decreases in perceptual intensity (self-
adaptation) that reached asymptotic levels for all sub-
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jects after only 15 sec of exposure. Importantly, there was
no evidence of equivalent cross-adaptation. Although
ratings to the control odorant decreased minimally dur-
ing the adaptation phase, we did not take this as evidence
of cross-adaptation. In extensive studies of self- and cross-
adaptation for numerous odorants, Koster (1971) observed
that the act of continuous sniffing of one odorant always
produced some suppression in rated intensity of probes
of another odorant; he concluded, and we concur, that
this suppression is different from odorant-specific cross-
adaptation.

The self-adaptation did not persist following odorant
removal. Intensity estimates given to test probes of each
of the adapting odorants showed complete recovery from
adaptation within 2.5 min, similar to other short-term ol-
factory adaptation studies (e.g., Cain, 1974; Steinmetz
et al., 1970). The main goal of this investigation, how-
ever, was to describe the dynamics of adaptation to odors
present for prolonged periods in the natural environ-
ment. To what degree does the reduced odor intensity
from short-term olfactory adaptation resemble the loss
of odor intensity that follows exposures of longer dura-
tions? In Experiment 2 we significantly increased the
frequency and duration of odor exposure in an attempt to
answer that question.

EXPERIMENT 2
Long-Term Exposure, Adaptation, and Recovery

Anecdotal reports that long-term exposure to an odor
reduces or even eliminates subsequent perception of that
odor are quite common. If the perceptual changes that fol-
low prolonged odor exposures are the result of odorant-
specific olfactory adaptation, like that seen for short ex-
posures, exposed individuals should exhibit elevated
detection thresholds and/or a reduction in suprathreshold
intensity ratings for the adapting odorant only (see, e.g.,
Engen, 1982; Pryor, Steinmetz, & Stone, 1970; Stein-
metz et al., 1970). However, if the perceptual changes are
produced by the redirection of attentional resources from
a familiar stimulus, threshold or suprathreshold mea-
surement tasks (which, by their nature, direct attention to
the stimulus) should be relatively unaffected.

We were particularly interested in determining whether
the exposure effects on psychophysical measures per-
formed in the laboratory were mirrored by changes in
odor perception in the exposure environment. Frequently,
individuals who become adapted to a persistent odor in
the natural environment experience reduced odor inten-
sity while in the presence of that odor. However, they are
rarely tested in order to document a change in olfactory
sensitivity. Deficits in olfactory sensitivity as a correlate
or consequence of chronic odor exposure have been as-
sessed primarily in chemical-exposed worker popula-
tions or in investigations of the effects of pollutants on ol-
factory perception (e.g., Ahlstrém et al., 1986; Schwartz
et al., 1991). Because these studies measured olfactory
sensitivity following exposure, however, they cannot doc-

ument the degree or time course of the change in olfac-
tory sensitivity that exposure to an odorant can produce
within an individual

Experiment 2 was designed to (1) obtain baseline
measures of sensitivity and intensity, (2) expose subjects
to an odorant for 2 weeks and test them at weekly intervals
to assess the development of adaptation, and (3) continue
to test subjects following odorant removal to record re-
covery from adaptation. A combined field and laboratory
investigation was used primarily because it was imprac-
tical to expose individuals to odorants in the laboratory
for the frequency and duration necessary to simulate
real-world exposure. Moreover, it seemed desirable to
develop an exposure procedure in which subjects would
experience odors in an ecologically valid way. However,
merely assessing changes in the perceived intensity of
the odor in the home could overestimate the degree of
sensory adaptation, particularly if attentional processes
were involved in adaptation. The procedure we employed
required 2 weeks of exposure in the home coupled with
weekly psychophysical assessments of the individual’s
response to that odor.

Short-term adaptation is usually measured either as a
threshold change (see, e.g., Berglund et al., 1971; Chees-
man & Mayne, 1953) or as a change in perceived inten-
sity of suprathreshold concentrations (see, e.g., Cain,
1970). Although threshold shifts are often used to pre-
dict shifts at suprathreshold levels, these methods are not
necessarily interchangeable. Therefore, as recommended
by Steinmetz et al. (1970), we used both methods to index
changes indicative of adaptation. Comparisons of these
various measures could yield a more comprehensive pic-
ture of the time course, specificity, and conditions under-
lying long-term olfactory adaptation. Additionally, by
measuring thresholds and suprathreshold intensity to
concentrations of both the exposure and a controt odorant,
we could confirm or refute the heretofore anecdotal claim
that prolonged exposure to an odorant produces a durable
change in sensitivity or perceived intensity to the adapt-
ing odorant that can persist for days beyond exposure.

Method

Subjects

Eight females were recruited from the University of Pennsylva-
nia community. Their ages ranged from 18 to 42 years, with a
mean of 23.75 years. All subjects were screened for the absence of
active head cold or allergy, ability to perform a threshold and scal-
ing task, and sensitivity to the odorants used in the experiment.
They were paid for their participation. None of the subjects had
participated in Experiment 1.

Test Stimuli

Threshold stimuli. Odorants were diluted in odorless, light,
white mineral oil and presented in 270-ml polypropylene squeeze
bottles with plastic flip-top caps. Each bottle contained 10 ml of
the diluted odorant. Blanks consisted of 10 ml of mineral oil with-
out odorant. A 26-step binary dilution series was prepared for iso
bornyl acetate and citralva. The dilution scheme for iso bornyl
acetate (MW = 196.3) ranged from 5.01 mM (Step 0: 1 X
1071% v/v; 985 mg/L) to 1.36 uM (Step 25: 3 X 1078% v/v;



0.295 mg/L). The dilution scheme for citralva (MW = 149.2)
ranged from 5.96 mM (Step 0: 1 X 1071% v/v; 890 mg/L) to
1.98 uM (Step 0: 3 X 1078% v/v; 0.267 mg/L).

Suprathreshold stimuli. The regular suprathreshold stimuli
consisted of a series of five concentrations each of citralva and iso
bornyl acetate, diluted in odorless, light, white mineral oil and pre-
sented in squeeze bottles. Each bottle contained 10 ml of the di-
luted odorant. For citralva (MW = 149.2) the concentrations
ranged from 5.96 M (Step 0: 100%; 890 g/L.) to 368.63 mM
(Step 4: 6/25% v/v; 55 g/L) in a binary dilution scheme. For iso
bornyl acetate the concentrations ranged from 5.01 M (Step 0:
100%; 985 g/L) t0 313.3 mM (Step 4: 6.25%; 61.5 g/L) in a binary
dilution scheme. The blank contained 10 ml of mineral oil. On the
second baseline and the final recovery test, subjects were also
tested with a third odorant, amy! acetate, as a control for changes
in scale usage. The five concentrations of amyl acetate (MW =
130.2) ranged from 1.34 M (Step 0: 20% v/v; 175 g/L) to 83.71 mM
(Step 4: 1.25% v/v; 10.9 g/L) in a binary dilution scheme.

Exposure Stimuli

During the exposure phase, half the subjects were exposed to cit-
ralva; the other half were exposed to iso borny! acetate. The expo-
sure stimulus was constructed in the following manner: A fra-
grance cartridge filled with absorbent material and covered with a
membrane to control evaporation rate (supplied by the Waterbury
Co., Waterbury, CT) was filled with 28 g of a solution containing
the odorant in light, white, mineral oil. The fragrance cartridges were
supplied with plastic, battery-powered fan-driven fragrance dis-
pensers into which the odorant cartridge was placed (World Wind
Dispensers, Waterbury Co., Waterbury, CT). These dispensers con-
tinuously odorized the environment. Tests performed by the man-
ufacturer indicated that although loss of odorant would occur at an
approximate rate of 5 g in 2 weeks, the cartridge contained suffi-
cient odorant that the fragrance would remain at the same percep-
tual intensity in rooms equal to or smaller than 1,500 cu ft for at
least 3 weeks (Waterbury Co., Waterbury, CT).5 The rooms in which
the odorant dispensers were placed were all determined to be smaller
than 1,440 cu ft.

The concentration of citralva in the odorant cartridge was 20%;
the concentration of iso bornyl acetate was 50%. These concentra-
tions were chosen on the basis of the results of a preliminary exper-
iment; Ten subjects (6 males, 4 females) sniffed a binary dilution
series of iso bornyl acetate ranging from 100% to 6.25% and rated
the intensity of each stimulus using a labeled magnitude scale
(LMS; Green, Shaffer, & Gilmore, 1993). The 50% solution of iso
bornyl acetate was chosen because it was consistently rated in the
moderately strong range on the LMS. Subjects then matched the
intensities of citralva to the 50% iso bornyl acetate solution; 20%
citralva matched the 50% iso bornyl acetate solution.

Procedure

Instructions to subjects. Subjects were required to return at
the same time and on the same day each week for testing in the lab-
oratory. However, the test time differed for each subject to facili-
tate work/study schedules; some subjects were tested shortly after
leaving the exposure environment in the morning and others were
tested after spending as many as 7 h away from their home envi-
ronment. They were asked to maintain a constant dietary and ac-
tivity routine on the day prior to testing. Subjects were not re-
stricted in their use of fragrance, with the exception that they were
asked to refrain from using any new fragrances or odorized prod-
ucts for the entire duration of the study.

Schedule of tests. Table 1 shows the schedule of testing and ex-
posure for all subjects. All subjects were tested at weekly intervals
for 5 weeks. The first two tests (B1 and B2), prior to home expo-
sure, took place on the 1st and 8th days of the subjects’ participa-
tion. On the 8th day, the subjects were given the fragrance dispenser
and commenced exposure. Subjects were instructed to place the
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Table 1
Protocol for Long-Term Exposure

Test Session Day Exposure Condition
B1 Baseline Test ] 1 Preexposure laboratory test to
(no exposure) measure baseline sensitivity
B2 Baseline Test 2 8 Preexposure laboratory test

Immediately following, subjects
begin exposure at home

Home exposure to odorant

(no exposure)

Al Adaptation Test 1 15
(1 week of exposure)

A2 Adaptation Test 2 22
(2 weeks of exposure)

Subjects discontinue odorant
exposure at home

IH In-Home Test 23 Subjects tested in exposure
(24-h recovery) environment with odor removed
R1 Recovery Test 1 29 Odor removed for 1 week

(1 week of recovery)

R2 Recovery Test 2 35 Odor removed for 2 weeks

(2 weeks of recovery)

fragrance dispenser in their dormitory room/bedroom in a central
location (but not in front of a window), where it was to run con-
tinuously for 2 weeks. During the course of the study, subjects
were asked to keep the window(s) closed as much as possible. Be-
cause testing took place during the late winter/early spring, com-
pliance with this requirement was not reported to be a problem.

Subjects were tested twice during the exposure phase, on Day 15
(Test A1) and on Day 23 (Test A2). Prior to coming to the labora-
tory on Day 23, subjects removed the battery from the fragrance
dispenser, sealed the unit in a special plastic bag, and returned it to
the laboratory. Twenty-four hours following the removal of the fra-
grance from the environment, the subjects were tested in their home/
dormitory room. Two additional tests were administered during the
recovery phase, on Day 29 (Test R1) and Day 36 (Test R2).

Threshold detection. Olfactory detection thresholds were ob-
tained for each of the two odorants, citralva and iso bornyl acetate,
using a two-alternative forced choice, up/down, staircase method
with a five reversal criterion. On each trial, subjects were pre-
sented with a bottle containing the stimulus and a blank (in random
order), and after sniffing from each, sequentially, were asked to
identify the bottle containing the odorant. An incorrect detection on
any trial resulted in the presentation of the next higher concentra-
tion, while two consecutive correct detections at a given concentra-
tion resulted in the presentation of the next lower concentration. If,
at any time, a subject moved more than three consecutive steps ei-
ther up or down, all reversals up to that point were disregarded and
four more reversals were required. In order to further control for
thresholds that appeared to “drift” up or down, an extra criterion
was added: To be counted, the final reversal (hit or miss) had to oc-
cur at a concentration where another corresponding reversal (hit or
miss) occurred during the last four. If the subject achieved five re-
versals but did not meet the additional criteria, testing was contin-
ued until the criteria were met. The threshold was calculated from
the mean of the last four reversals. Testing could be terminated under
four different conditions: (1) Five valid reversals were achieved
and the extra criteria were met, resulting in a threshold value; (2) a
subject failed to correctly detect the stimulus at the highest concen-
tration; (3) the subject correctly identified the stimulus on two con-
secutive trials at the lowest concentration; (4) the subject did not
meet the criteria for a threshold before the 40th trial. Condition 4 did
not result in a usable threshold value. Condition 2 was considered
evidence of a subject’s complete inability to detect the stimulus in
the test context.

Thresholds were obtained for both odorants in the same test; that
is, citralva and iso bornyl acetate were presented on alternating trials
until the threshold criteria were reached for each odorant separately.
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Table 2
Mean Detection Thresholds for Control and Adapting Odorant at Baseline (B1, B2),
Adaptation (A1, A2), Recovery (R1, R2) and Test In Home (IH)
B1 B2 Al A2 R1 R2 IH

Odorant M SD M SD M SD M SD M SD M SD M SD
Control 7.91 .85 11.47  1.50 12.03 170 13.91 1.80  14.28 1.90 1541 1.80 1546 2.10
Adapting  8.11 1.01 1206  1.40 9.94*  1.05 9.31* 96 1034 1.78  12.34* 1.98 9.46* .74

*Significantly different from control odorant (p < .01).

In all cases, we used the threshold value representing the first thresh-
old obtained for a given odorant, despite the fact that continued
presentation occasionally resulted in an apparent shift in threshold.

The starting concentration used for both odorants on the first
baseline test was Step 6. On subsequent tests, the starting concen-
tration used was one step weaker than the threshold obtained on the
previous test.

Suprathreshold intensity estimates. In addition to obtaining
detection thresholds, subjects were asked to rate a series of supra-
threshold stimuli for intensity using a labeled magnitude scale
(LMS; Green, Shaffer, & Gilmore, 1993). The LMS is a category-
ratio scale that allows subjects to scale and rate the intensity of
stimuli using natural language descriptors. With this scale, ratings
of odor intensity are made in the context of all previous experience
with odors. The scale has been validated, against magnitude estima-
tion, for olfactory stimuli; ratings obtained with this scale have ratio
properties equivalent to magnitude estimation (Green et al., in press).

The suprathreshold intensity judgments always followed the
threshold test, on the same schedule (Table 1). The test series con-
sisted of the five concentrations each of citralva and iso bornyl ace-
tate described earlier plus one blank. Five concentrations of a third
odorant, amy! acetate, were added to the suprathreshold test series
on two occasions: at the second baseline test (B2) and again at the
second recovery test (R2). Thus, each subject always rated the per-
ceived intensity of a control odor (to which he/she was exposed
only at test) as well as the adapting odor; on two occasions they
rated an odor that appeared only in that test. The ratings of perceived
intensity to the control odor (either iso bornyl acetate or citralva)
were obtained as a control for general changes in perceived inten-
sity as a function of adaptation to a single odorant. The ratings of
intensity to the amyl acetate were collected to control for changes in
scale usage over the weeks of the study. At test, subjects were pre-
sented with each bottle twice in an individually randomized se-
quence for a total of 22 judgments, except at Test B2 and R2, in
which the inclusion of amy! acetate made for a total of 32 judgments.

Questionnaires. During the exposure phase subjects also were
given questionnaires that asked for the following information:
(1) the number of hours spent each day in the odorized environ-
ment, (2) quality descriptions of the odorant, (3) intensity estimates
of the odorant in the environment, (4) the duration of odor percep-
tion upon returning to their room, and (5) comments made by visi-
tors to their room who noticed the odor.

Each questionnaire was to be filled out no more than 24 h prior
to their third and fourth test (which took place following 1 and 2
weeks of exposure, respectively) and returned during the next ap-
pointment. At each appointment subjects were also asked to indi-
cate the number of hours that had elapsed since their last exposure
to the odorant.

Results

Threshold Detection

All thresholds were expressed as binary dilution steps
of the odorant series, with Step 0 as the strongest con-
centration and Step 25 as the weakest. Thus, increasing
numbers represented greater sensitivity and decreasing

numbers represented less sensitivity. The individual
thresholds obtained at each test were averaged across
subjects for the control odorant and the adapting odorant
separately. Again, for 4 subjects, the control odorant was
iso bornyl acetate and the adapting odorant was citralva;
the reverse was true for the remaining 4 subjects.

An omnibus ANOVA with type of odor (control vs.
adapting) and test session (B1 or B2, Al or A2, Rl or
R2) as within-subject variables was performed on the
thresholds. Thresholds varied significantly across tests
[F(6,42) = 5.923, MS, = 8.8, p < .01]. Of greatest im-
portance, however, was the finding that there was a sig-
nificant interaction of type of odor (control vs. adapting)
and test session [F(6,42) = 3.53, MS, = 6.75, p < .01].
Post hoc comparisons on the means, which are summa-
rized in Tables 2 and 3, provided a more complete descrip-
tion of shifts in detection thresholds across the weekly test
sessions.

1. Baseline. Table 2 shows that baseline thresholds for
the control and the adapting odorant did not differ at either
Test 1 or 2. However, thresholds shifted significantly be-
tween Tests 1 and 2 for both the control and the adapting
odorants. Figure 2, which depicts the average thresholds
for the 8 subjects across all six laboratory tests (and the
one in-home test), shows this difference most clearly.
The y-axis depicts thresholds in binary dilution steps,
where 0 is the highest concentration and 25 is the weak-
est. The x-axis depicts the six test sessions (which are sep-
arated by 1 week). Thresholds showed approximately a
16-fold shift between these two baseline tests, indicating
a significant increase in sensitivity to both odorants.

2. Adaptation. We saw reliable evidence of the devel-
opment of adaptation during this period as sensitivity to
the adapting odorant decreased steadily from the final
baseline test to the two tests during the exposure phase.®
By the end of 1 week of exposure, 6 of the 8 subjects had
shown a measurable, albeit not significant, loss of sensi-
tivity. Following 2 weeks of exposure, the loss of sensitiv-
ity was significant. Six of the 8 subjects showed losses in

Table 3
Summary of Significance Tests Comparing Threshold at Final
Baseline (B2) With Thresholds at Other Test Sessions
Odorant Bl B2 Al A2 R1 R2 IH
Control * - n.s. n.s. * * *
Adapting * - ns. * * n.s. *
Note—B1, baseline; Al, A2, adaptation; R1, R2, recovery; IH, test in
home. *Significantly different from threshold at B2; n.s., not signifi-
cantly different from threshold at B2; —, planned comparison not made.
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Figure 2. Average olfactory detection thresholds for the control and
adapting odorant across the seven test sessions (two baseline, adap-
tation, and recovery tests, one in-home test).

sensitivity at the end of the first week and all showed
losses by the final test during exposure. In contrast, their
apparent sensitivity to the control odorant increased
across tests in the exposure phase, although not signifi-
cantly. As Table 2 shows, there was a significant differ-
ence between thresholds for control and adapting odorants
following 2 weeks of exposure to the adapting odorant.

3. Recovery. Following removal of the odorant from
the bedroom, we saw sensitivity to the adapting odorant
increase. The last threshold obtained during recovery did
not differ from the threshold obtained during the final
baseline test for the adapting odorant. However, sensitiv-
ity to the control odorant continued to increase during the
recovery phase. Both thresholds obtained during the re-
covery phase for the control odorant were significantly
different from that at baseline.” Thresholds for the con-
trol and adapting odorant were still significantly different
at the final test.

4. Home test (recovery). Twenty-four hours following
odorant removal, our standard assessment of olfactory
perception (detection threshold and perceived intensity
ratings) was conducted in the subject’s exposure room.
As shown in Table 2, detection thresholds for the control
and the adapting odorant were significantly different.
However, a comparison with the thresholds obtained in
the laboratory 24 h earlier revealed no significant differ-
ences for thresholds obtained in the two contexts.

Suprathreshold Intensity Estimates

To analyze the intensity ratings for the suprathreshold
odors, all scale values (which ranged from 0 to 95 units)
were converted to log values. This was done because
data collected with this scale previously were logarith-
mically distributed (Green et al., 1993); these data were
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no exception. The ratings made during the in-home tests
were recorded on paper rather than with the computer used
in the laboratory, so the home data were rescaled from
the paper scale to the computer scale. For each test, rat-
ings were averaged across replicates at each concentration.

Amyl acetate was included at the second baseline and
the final recovery test as an additional control for changes
in scale usage. The intensity ratings for amyl acetate were
unchanged across the two tests. Analyses revealed no
main effect of test or a significant interaction of test with
concentration (Fs < 1). Because there was no apparent
change in scale usage for an unadapted odorant that was
tested only twice, we subsequently disregarded these data.

In general, ratings of the suprathreshold stimuli across
the weekly tests did not shift as much as the detection
thresholds did. We first compared the ratings given to the
control and adapting stimuli (and the blanks) only within
the two tests in each phase (B1 vs. B2, Al vs. A2, R1 vs.
R2). Perceived intensity ratings did not significantly dif-
fer (Fs < 1). Thus, for presentation simplicity, we col-
lapsed the ratings across the two baseline tests, the two
adaptation tests, and the two recovery tests. Combined
with the in-home test, this yielded four separate tests of 11
ratings (5 for the control odor, 5 for the adapting odor, 1
for the blank} for each subject.

A repeated measures ANOVA of the intensity ratings
of the control odorant revealed an expected main effect
of stimulus concentration [F(4,28) = 16.37, MS, = .016,
p < .01] and a significant interaction between test and
concentration [/(12,84) = 2.287, MS, = .011, p < .01].
The top panel of Figure 3 illustrates the reason for the in-
teraction. Subjects did not appear to be able to discrimi-
nate well among concentrations of the control odorant at
the in-home test.

The same analysis of intensity ratings of the adapting
odor revealed both a significant main effect of stimulus
concentration [F(4,28) = 8.635, MS, = .036, p < .01]
and test [F(12,84) = 3.635, MS, = .098, p <.01]. Nosig-
nificant interaction was present. Post hoc tests on the mean
ratings for the different concentrations revealed signifi-
cant differences in intensity ratings between the baseline .
and adapting phases only. However, as shown in the bot-
tom panel of Figure 3, the reduction in perceived inten-
sity was exhibited only for the two weakest concentrations
of the series.

A repeated measures ANOVA on the ratings for the
blank stimuli showed a main effect of test phase [F(3,7) =
5.82, MS, = .246, p < .01]. Post hoc comparisons isolated
the group that differed significantly from the others: Rat-
ings given to the blanks during the adaptation phase were
significantly lower than ratings to the same stimuli during
baseline, recovery, or in-home test.

Questionnaires: Correlation of Field
and Laboratory Measures

All subjects recorded the number of hours per day spent
in the presence of the odorant. Analysis of these records
revealed a significant correlation between the number of
hours spent in the presence of the odorant and the onset of
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Figure 3. Changes in the perceived intensity of the five concentra-
tions of the control (top panel) and the adapting (bottom panel) odor-
ant during baseline, adaptation, recovery phase, and in-home test. SI,
strongest imaginable; VS, very strong; S, strong; M, moderate; W,
weak; BD, barely detectable; NS, no sensation

adaptation as measured in the laboratory. The 5 subjects
who reported having >70 h per week of odorant exposure
showed significant adaptation following 1 week of expo-
sure (r2 = .74). The degree of adaptation for those sub-
jects appeared to reach an asymptote in the first week.
Subjects with less than 70 h of exposure in Week 1 did not
show significant adaptation until 2 weeks of exposure.

Interestingly, subjects who were tested within 1 to2 h
of the most recent exposure showed no difference in the
amount or degree of adaptation compared with those
subjects who were tested more than 4 to 7 h after expo-
sure (n = 8, r2 = .09). It is conceivable that the 1-h
delay between exposure and test (experienced by all sub-

jects) may have been sufficient to eliminate any residual
short-term adaptation that was present during and im-
mediately after exposure. Alternatively, because of the
range of normal variability in individual thresholds, it
could be argued that threshold measures were insensitive
to any between-subjects temporal variation.

Subjects chose from the following list to describe the
quality of the odorant in their home: musky, medicinal,
heavy, light, warm, cold, citrusy, pine oil, disinfectant,
woody, fruity, spicy, floral, sweet, herbal, perfumery,
camphor, incense, soapy, and lemony. Although de-
scriptor profiles showed some individual variability,
there was also strong agreement on quality descriptors
for the two odors: Citralva was most often described as
citrusy, fruity, light, and warm; iso bornyl acetate was
most often described as piney, woody, medicinal, disin-
fectant, and heavy. These descriptions are consistent
with previously published data on the character profiles
of these two odorants (Dravnieks, 1985). There were no
systematic changes in subjects’ descriptions of the odor-
ant from Week 1 to 2 of the exposure phase.

Subjects were also asked to rate the intensity of the
odor in their home. These data were collected at the be-
ginning of the exposure phase and following 1 and 2
weeks of exposure. The intensity ratings at Week 1 and
Week 2 were converted to proportions of the initial rat-
ing. Figure 4 shows the scatterplot of the subjects’ inten-
sity ratings and their corresponding detection thresholds
to the adapting odorant for each of the 2 weeks of expo-
sure. Significant correlations were observed (r2 = .72
for citralva; 2 = .80 for iso bornyl acetate; ps < .05) be-
tween the subjects’ rating of odor intensity in their home
environment and their loss of sensitivity to that odor.

One method that has been used to index short-term
adaptation is to obtain ratings of odor intensity during con-
tinuous or intermittent exposure (see, e.g., Cain, 1970,
1974). With this method, continued exposure produces a
rapid reduction in the perceived odor intensity, as in Ex-
periment 1, where self-adaptation to these substances
reached asymptotic levels within 15 sec. Although this
method was not used to measure adaptation in Experi-
ment 2, data from the questionnaire may have some bear-
ing on identifying the short-term adaptation that may oc-
cur during repeated, long-term exposures. For each day
of the exposure phase, subjects were asked to estimate
how long they continued to smell the odor upon entering
the room. During the first week, all individuals reported
being able to smell the odorant for up to 1 h after entry.
By the second week of exposure, however, a few subjects
reported smelling the odor for only about 15 min after
entering the room; the majority reported smelling it for
even briefer durations (e.g., 1-2 min). As verification that
the odorant was still perceptible, all subjects did report
that unexposed visitors to their home or dorm room dur-
ing both weeks of exposure perceived the odor readily.

At the final test, we asked the subjects to report what
they believed would be the outcome of exposure to this
odorant (e.g., would living with the fragrance in their
home affect their ability to smell it?). Interestingly, all
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but 1 subject said they expected that exposure to the
odorant would make them more sensitive and they would
be able to perceive it more readily.

Discussion

In Experiment 2 we combined both field (in-home)
exposures and laboratory assessments to explore the ef-
fects of long-term exposure to an odorant on the percep-
tual response (both at threshold and above threshold) to
that odorant. Individuals who were exposed for a pro-
longed period to a pleasant odor in their home showed a
marked and significant decrease in their ability to detect
that odorant. In as little as 1 week, this exposure pro-
duced an elevation in detection thresholds that was mea-
surable in the laboratory, in some cases more than 6 h
after being exposed. The elevation in threshold persisted
for days and for some individuals for more than a week
following removal of the odorant from their home.

Whereas long-term exposure in the home produced a
loss of sensitivity to the adapting odorant, intermittent
exposure in the laboratory produced increased sensitiv-
ity to the control odorant. Across the six laboratory tests,
thresholds to the control odor decreased an average of
eight binary dilution steps or 256-fold. Increased sensi-
tivity to an odor following repeated threshold tests for
that odor is consistent with previous reports (e.g., Rabin
& Cain, 1986; Semb, 1968), does not appear to involve
odorant-specific receptor sensitization, and may repre-
sent practice effects on the task as well as perceptual
learning in the detection of the odorant(s).

However, increased sensitivity to the control odorant
is of special significance for measuring the degree of
adaptation in this study. If we index adaptation using
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only the loss of sensitivity to the adapting odorant, we
may seriously underestimate the amount of olfactory
adaptation. From the first to the second test (prior to any
exposure), detection thresholds decreased significantly
for both the control and the adapting odors. Therefore, in
the absence of any exposure manipulation, repeated test-
ing of the adapting odorant should increase sensitivity as
it did for the control odorant. Because it does not increase,
but in fact, significantly decreases, we suggest that the
obtained threshold for the adapting odor is the product of
two competing processes: adaptation and sensitization.
If the sensitization from experience at test masks the ac-
tual amount of adaptation, the actual degree of adapta-
tion is best estimated by assessing the net difference be-
tween the loss of sensitivity to the adapting odorant and
the gain in sensitivity by the control odorant.

The effects of adaptation from long-term exposure were
more salient at threshold levels than at suprathreshold
levels. Exposure produced a small but significant de-
crease in the perceived intensity of the adapting odorant
at the weakest suprathreshold concentrations, whereas
ratings of the control odorant did not change. The lack of
comparable adaptation effects at threshold and supra-
threshold concentrations may well be a function of the
concentration range we employed. Whereas the concen-
tration range for threshold tests was fixed by the indi-
vidual’s threshold, the range for suprathreshold tests was
an arbitrary choice. It is conceivable that suprathreshold
stimuli spanning a weaker concentration range would
have shown greater effects of adaptation. However, find-
ing adaptation effects restricted to the weakest concen-
trations is consistent with previous evidence showing
that adaptation does not change the intensity ratings for
concentrations higher than the adapting stimulus (see,
e.g., Todrank et al., 1991) and that occupational expo-
sure to odorants reduces the perception of weak concen-
trations of the odorant, while stronger concentrations are
relatively unaffected (i.e., “loudness recruitment”; Ahl-
strom et al., 1986).

It is also interesting that intensity ratings of the blank
stimuli in the suprathreshold tests changed systemati- -
cally across the test phases. Although the present research
cannot determine the cause of this effect, consistently
lower ratings to the blanks during the adaptation phase
could indicate either a criterion shift in the perceived
odor intensity of “noise” stimuli (e.g., Green & Swets,
1966) or a true shift in the sensitivity to the background.
The role that decision processes play in the perception of
odors is likely to be quite substantial and needs further
exploration.

GENERAL DISCUSSION

In the present research we investigated the develop-
ment of olfactory adaptation across two different time
periods. In Expertment 1, we measured short-term olfac-
tory self- and cross-adaptation to two compounds and
showed, consistent with many other studies, that signifi-
cant reduction in odor intensity can be achieved with as
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little as 15 sec of prolonged sniffing. In Experiment 2 we
extended the duration and frequency of exposure to an
odorant and demonstrated that long-term naturalistic
exposure to an odorant can produce self-adaptation on
threshold and suprathreshold stimuli. To the extent that
we accept the forced-choice threshold task as a bias-free
measure of olfactory sensitivity, the outcome of Experi-
ment 2 provides evidence that the reductions in odor in-
tensity from prolonged exposure in natural environments
are due, in part, to sensory adaptation, not simply to
attentional mechanisms. We now consider the degree to
which this long-term adaptation reflects the same pro-
cesses as do short-term adaptation.

Short-Term Versus Long-Term Adaptation

At the outset of this paper, we raised the question of
whether the adaptation produced by repeated, prolonged
odorant exposure would differ qualitatively or just quan-
titatively from short-term olfactory adaptation. Follow-
ing 1 week of a minimum of 6 h daily exposure, 6 of the
8 subjects exhibited reduced sensitivity to the adapting
odorant; by the end of 2 weeks this was true for all sub-
Jjects. But can we infer that the underlying process differs
from that producing short-term adaptation? Because sub-
jects spent at least 6 h in the presence of the odorant dur-
ing the night prior to their test, it could be argued that the
subsequent shift in detection threshold seen in the labo-
ratory simply resulted from a daily renewal of short-term
adaptation, with perhaps more rapid readaptation upon
subsequent exposures (e.g., savings in adaptation, Thomp-
son & Spencer, 1966). In Experiment 2, the subjects re-
ported that daily adaptation to the odor proceeded more
rapidly as the exposure phase progressed, suggesting that
an important feature of the development of long-term
adaptation may involve some savings. The locus of a sav-
ings mechanism could be peripheral, resulting from more
rapid response by the receptors; it could be central, re-
sulting from more rapid activation of the memory repre-
sentation of the odor; or it could occur at both stages,
with feedback between these two endpoints. As evidence
of the potential complexity of mechanisms of olfactory
adaptation, one can turn to studies using ipsalateral and
contralateral odorant delivery to identify the locus of adap-

_tation (e.g., Kdster, 1971). Results from these studies sug-
gest the existence of two adaptation processes: a central
process (e.g., olfactory bulb or higher) and a peripheral
process in which the rates of recovery from adaptation
appear to differ. Ultimately, when data from behavioral
and cellular studies of olfactory adaptation are merged,
it would not be surprising to discover that olfactory
adaptation, particularly to odors in natural environments,
is a complex, multilocus process.

Alternatively, recent reports have indicated that cer-
tain organic chemicals can be found in the blood for many
hours or even days after inhalation (Benignus, Muller,
Graham, & Barton, 1984). Because olfactory receptor
cells could be stimulated by these absorbed chemicals
either when they are expired or if they are directly dif-
fused from capillaries (Maruniak, Silver, & Moulton,

1983), receptor-mediated short-term adaptation may be
occurring continuously throughout the 2 weeks of ex-
posure, not just when subjects are in the presence of the
odorant cartridge.

The most significant difference between long-term
and short-term olfactory adaptation appears in responses
made during recovery. Data collected during the recov-
ery phase of Experiment 2 show that olfactory detection
thresholds are slow to recover to preexposure levels. One
week following removal of the home odorant 2 subjects
showed complete recovery and 2 showed incomplete re-
covery, but 4 showed no recovery. At the final test, 2 weeks
following odorant removal, 4 subjects showed complete
or more than complete recovery (thresholds lower than
baseline levels), but 3 still had not fully recovered from
adaptation and 1 subject had not begun to recover. After
2 weeks with no further exposure to the adapting odor
outside of the test sessions, half the subjects had not re-
gained their preexposure levels of sensitivity. In recent
work we have replicated this study, increasing the num-
ber of recovery tests and extending the recovery period.
Preliminary data suggest that it can take up to 4 weeks
following odorant removal for the thresholds for the adapt-
ing and the control odorants to converge.

It is important to note that during the laboratory assess-
ments subjects never became anosmic to the test odor or
lost their ability to detect the odor at any concentration
during threshold tests. Yet, at the end of 2 weeks of expo-
sure, many individuals reported that they no longer
smelled the odor in their home. This report led us to sus-
pect that testing subjects in their home environment might
reveal a further reduction in sensitivity that was context
specific. This was not confirmed. In fact, sensitivity to
the adapting odorant in the home test was equivalent to
sensitivity measured in the laboratory. There are several
reasons why self-reports of odor perception and mea-
sured threshold levels might differ, however. Thresholds
in the home were assessed 24 h following the removal of
the odorant and it is possible that subjects achieved their
maximal loss of sensitivity when the odor was present.
At the test, which occurred 24 h following odorant re-
moval, some recovery might have already occurred.

It could also be argued that the decrease in odor inten-
sity in the exposure environment is a combination of two
concurrent processes: sensory adaptation, which reduces
responsiveness to the detection of an odorant at the level
of the specific system; and a decrease in attentional re-
sources allocated to a fixed, familiar signal in the envi-
ronment (a process often referred to as “habituation™). A
psychophysical test of odor perception naturally focuses
attention on detection of the odorant. In laboratory stud-
ies of olfactory adaptation at suprathreshold levels, it is
rarely the case that even with 90 min of exposure, sub-
jects report the odor has “disappeared.” Therefore, atten-
tion may have little or no effect on the odor perception
that is assessed by psychophysical tasks, although it may
be highly influential in terms of the perception of an
odor in the exposure context. In that light, it is probably
significant that the stimulus odors were relatively pleas-



ant and familiar to most individuals in their home envi-
ronment (i.e., scents found in numerous cleaning or air-
freshening products). The degree of odor adaptation in
natural environments that is attributable to attentional pro-
cesses may depend on both the pleasantness and the fa-
miliarity of the odor (see, e.g., Engen, 1982).

Future Directions

There are many avenues to pursue to further illuminate
the nature of long-term adaptation. In the present exper-
iments we used only one concentration of the adapting
odorant. It remains to be determined whether there is a
dose-response relationship in the degree of long-term
adaptation as there appears to be for short-term olfactory
adaptation. In addition, increasing the number of tests
during the recovery phase can reveal whether sensitivity
to the adapting odorant will recover to the level of the
control odorant or even surpass it.

We are also aware that long-term adaptation in natural
environments has certain characteristics that were not
examined in these experiments. First, it is likely that long-
term olfactory adaptation comprises multiple processes:
sensory adaptation (indexed by threshold shifts in the
present experiments) as well as attentional or memorial
processes. Future studies can address the specific con-
tribution of these separate processes to the overall loss of
odor perception in real-world environments. In addition,
because real-world odor experience is rarely limited to
the perception of a single odor (Berglund, 1974; Berg-
lund & Engen, 1993), future studies should examine long-
term adaptation to mixtures.

Finally, there is enormous theoretical and practical im-
portance in understanding the conditions that produce
olfactory adaptation. Studies of olfactory learning in other
species (e.g., rat, hamster, mouse) have found that long-
term exposure to a single, dominant-odor environment
has degenerative effects on mitral cells in the olfactory
bulb, but no consistent effects on behavioral measures of
sensitivity to that odor or other odors (Cunzeman & Slot-
nick, 1984; Laing & Panhuber, 1978, 1980; Panhuber,
Mackay-Sim, & Laing, 1987). Yet some exposure condi-
tions for humans and mice induce odor sensitization
(e.g., Wang, Wysocki, & Gold, 1993; Wysocki, Dorries,
& Beauchamp, 1989). Evidence from other sensory and
physiological systems suggests that continuously pre-
sented stimuli produce adaptation whereas intermittently
presented stimuli do not (for a review, see Post, 1980).
These distinctions may prove useful for olfaction as well.

Conclusions

Exposing individuals for a 2-week period to a pleasant
odor in their home environment produced diminished ol-
factory sensitivity with the following characteristics:
The reduction in sensitivity was specific to the adapting
odorant and evidenced by elevated thresholds as well as
lower intensity ratings to weak concentrations of the
odorant. Both of these characteristics are consistent with
short-term adaptation effects. However, adaptation in the
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exposure environment, which was measured by self-
reports of odor intensity, appeared more profound and
therefore may reflect attentional processes as well as re-
newal of short-term adaptation (savings) upon repeated
exposure.

Some features of long-term adaptation appear to differ-
entiate it from short-term adaptation. The loss of sensi-
tivity was measurable in situations outside the exposure
context more than 6 h after any exposure. Furthermore,
this loss was remarkably persistent. Detection thresholds
did not return to preexposure levels for most subjects
until 2 weeks after removal of the odorant from their
home. Comparisons with the control odorant showed an
even more persistent effect of adaptation. Because detec-
tion of the control odorant improved dramatically over
the seven test sessions, thresholds for the adapting odor-
ant were still significantly higher than were thresholds
for the control odorant, 2 weeks after odorant removal.

Long-term exposure to an odorant produces a persis-
tent, albeit reversible, decrement in the ability to detect
that odorant. Because the olfactory system is required to
process signals against a “noisy” background, the filter-
ing of constant unvarying signals that do not convey in-
formation is an important function of adaptation (see,
e.g., Voight & Atema, 1990). In this study, we have shown
that olfactory adaptation can be more than a transient re-
sponse and can be observed in a situation other than the
environment in which exposure occurs.
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NOTES

1. Adaptation, as the term is used in this paper, is sufficiently broad
to include both sensory adaptation and habituation. Sensory adaptation
involves relatively peripheral changes, whereas habituation involves
more central changes. However, the majority of olfactory adaptation
experiments do not empirically distinguish these two processes, al-
though both may be influential in the decreased responsiveness to
suprathreshold odorants seen following exposure. This distinction is
addressed further in the General Discussion.

2. Because the olfactory function of the subjects in these experi-
ments was assessed following exposure to the compound of interest,
only comparisons between exposed and unexposed individuals, or
across individuals with different levels of exposure, can be used to
infer deficits. However, those comparisons assume that the olfactory
sensitivity/function of exposed individuals was normal prior to expo-
sure. Such an assumption may not be warranted, if, for instance, defi-
cits in olfactory sensitivity could have aliowed certain individuals to
remain in jobs in odorous environments.

3. We chose odorants we hoped would be familiar to most subjects
in order to avoid the additional variable of stimulus novelty. Future work
can (and should) address the effects of odor novelty on adaptation.

4. Studies of odor-exposed individuals, such as worker populations,
can document olfactory changes by measuring the degree of deviation
in olfactory thresholds or perceived intensity from nonexposed con-
trols.

5. In a preliminary experiment, we verified the perceptual intensity
of sample odorant cartridges in several test rooms, where individuals
assessed odor intensity three times a week for 3 weeks. No decrements
were seen in rated intensity across that time period.

6. Sensitivity to both odorants increased substantially from the first
to the second baseline test. Therefore, in comparisons involving base-
line versus adaptation and baseline versus recovery we used the final
baseline test as a measure of how sensitive the subject was prior to any
exposure.

7. There was a significant difference between the first and the sec-
ond recovery phase test for the adapting odorant only. This suggests
that the increase in sensitivity to the control odorant was reaching an
asymptote; however, sensitivity was continuing to increase for at least
some of the subjects. Indeed, control odorant thresholds could not be
measured at the final test for 3 subjects because they could detect the
entire range of stimuli available for presentation. These individuals
were arbitrarily assigned a threshold value of 25.
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