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ABSTRACT Electrophysiologic and lesion studies of an-
imals increasingly implicate the amygdala in aspects of emo-
tional processing. Yet, the functions of the human amygdala
remain poorly understood. To examine the contributions of
the amygdala and other limbic and paralimbic regions to
emotional processing, we exposed healthy subjects to aversive
olfactory stimuli while measuring regional cerebral blood flow
(rCBF) with positron emission tomography. Exposure to a
highly aversive odorant produced strong rCBF increases in
both amygdalae and in the left orbitofrontal cortex. Exposure
to less aversive odorants produced rCBF increases in the
orbitofrontal cortex but not in the amygdala. Change of rCBF
within the left amygdala and the left OFC was highly inter-
correlated, indicating a strong functional interaction between
these brain regions. Furthermore, the activity within the left
amygdala was associated significantly with subjective ratings
of perceived aversiveness. These findings provide evidence
that the human amygdala participates in the hedonic or
emotional processing of olfactory stimuli.

How the human brain processes emotions is unclear. Studies
using electrophysiologic and lesion techniques suggest that the
amygdala plays a crucial role in emotional processing in
mammals (1, 2). Amygdala lesions critically disrupt the devel-
opment and expression of conditioned fear in rodents (3).
Nonhuman primates with amygdala lesions demonstrate ab-
normal emotional responses to biologically significant stimuli
(Kluver-Bucy syndrome), including marked reductions in the
expression of fear and aggression (4). Single cell studies of the
amygdala in nonhuman primates indicate that the activity of
many amygdala cells depends on the hedonic significance of
stimuli (5, 6). These cells do not respond to sensory stimuli per
se but to stimuli with unconditioned or conditioned aversive
(punishing) qualities. Such research suggests that the amygdala
may play an important role in emotional processing and
psychopathology in humans. However, an understanding of the
functions of the human amygdala has proven elusive.

Data regarding the role of the amygdala in humans remain
scarce and are largely limited to case studies of patients with
neurological conditions. The observation that electrical stim-
ulation and seizures focused on the human amygdala fre-
quently produce fear or other emotional responses provides
strong evidence implicating the amygdala in emotional pro-
cessing in humans (7, 8). However, lesions of the amygdala in
humans rarely produce the constellation of emotional abnor-
malities associated with lesions of the amygdala in nonhuman
primates, except when amygdala damage occurs in conjunction
with diffuse cerebral disease (9). Recently, several cases of
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selective amygdala lesions due to Urbach-Wiethe syndrome
have been reported. Studies of these patients indicate that
bilateral amygdala lesions cause impairments in storing or
recalling emotional memories, selective impairments in the
recognition of fearful (but not positive) facial expressions, and
impairments in cross-modal associations of olfactory and
visual stimuli (10-12).

The anatomy and behavioral features of olfactory processing
suggest that hedonically valenced olfactory stimuli may act as
useful probes for studying limbic regions. The perception of
smell is dominated by a hedonic (pleasantness—unpleasant-
ness) dimension, and exposure to odorants produces robust
approach and withdrawal responses (13, 14). For example, the
smell of smoke can evoke potently either fear and withdrawal
responses or happiness and approach responses, depending on
the circumstances surrounding odor perception. Such phe-
nomena reflect the inextricable anatomical connections be-
tween the mammalian limbic and olfactory systems. The
primary olfactory cortex (POC) is continuous with the anterior
portion of the amygdala and projects directly to the amygdala
and posterior orbitofrontal cortex (OFC) as well as perirhinal,
entorhinal, and insular cortices (15, 16). Approximately 40%
of the neurons in the rodent amygdala respond to olfactory
stimulation (17). Despite the amygdala’s diminishing role in
olfaction during evolution (18-20), primates retain direct
projections from the lateral olfactory tract to the anterior
cortical nucleus of the amygdala, and the medial nucleus of the
amygdala remains intimately connected with the POC (15). As
such, olfaction is the only exteroceptive sensory modality
possessing direct bidirectional projections between the amyg-
dala and primary sensory cortex. This anatomy suggests a high
level of functional connectivity between the olfactory and
limbic systems. Not surprisingly, the medial amygdala has been
observed to increase its firing during the inhalation of odorants
as measured electrophysiologically in conscious monkeys and
humans (21, 22).

Based on evidence cited above, we hypothesized that odor-
ants with strong hedonic qualities would activate the human
amygdala and other limbic or paralimbic regions receiving
olfactory input. To test this, we exposed healthy subjects to
aversively valenced olfactory stimuli while regional cerebral
blood flow (rCBF), a marker of neuronal activity, was mea-
sured with positron emission tomography (PET).

METHODS

Subjects. Twelve healthy women (ages 19-49 years, all
right-handed) were exposed to a highly aversive odorant (a
mixture of sulfide gasses) while cerebral activity was assayed

Abbreviations: OFC, orbitofrontal cortex; PET, positron emission
tomography; POC, primary olfactory cortex; rCBF, regional cerebral
blood flow; ROI, region of interest; UPSIT, University of Pennsylva-
nia Smell Identification Test.
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through measurement of rCBF with PET. Informed consent
followed procedures approved by the Veterans Affairs Medical
Center Institutional Human Studies Committee and Radioac-
tive Drug Research Committee. Two subjects were excluded
from group subtraction analysis of the highly aversive condi-
tion because they failed to meet the a priori cutoff for an
aversive response (rating of less than 4 on a scale described
below). However, these two subjects were included in corre-
lational analyses.

Materials and Experimental Procedure. The sulfide cock-
tail (25 ppm each of dimethyl sulfide, ethanethiol, and meth-
anethiol) was delivered from a 1-liter plastic bag with the outlet
positioned ~15 cm from the nostrils. Gas release began upon
the start of radiotracer infusion and continued through the first
60 s of scan acquisition. The concentration of sulfides was
below the level expected to produce trigeminal activation, and
no subjects reported nasal irritation. To examine whether less
aversive stimuli produce similar rCBF changes, eight of the
subjects were scanned using identical imaging techniques while
smelling four mild to moderately aversive stimuli. Scents were
selected according to individual and normative ratings of
unpleasantness from the University of Pennsylvania Smell
Identification Test (UPSIT) (23). The set of four UPSIT
odorants, each applied for 8 s, was presented in sequence two
times during the scan. The control condition, performed first,
had no odorant. Subjects were instructed for all three condi-
tions as follows: “Close your eyes. Breathe through your nose,
and see if you can smell anything.” After each scan, subjects
rated the odorant for pleasantness—unpleasantness (visual
analog scale of 0-10, with: 0, extremely aversive; 5, neutral; and
10, extremely pleasant) and intensity (visual analog scale of
0-10 with: 0, undetectable; and 10, extremely intense).

Imaging and Analysis. Blood flow was estimated from the
normalized (1000-count) tissue radioactivity (after correction
with measured 2-dimensional attenuation) using a Siemens
ECAT 953B camera (Knoxville, TN) with septae retracted; a
slow bolus injection of H,'>O [814 MBq or 22 mCi (1 Ci = 37
GBgq) initial dose infused at a constant rate over 30 s] (24), a
90-s scan acquisition beginning upon radiotracer arrival into
the brain; and a 10-minute interscan interval. Images were
reconstructed using a 3-dimensional reconstruction algorithm
with a Hann filter (0.5 cycle/pixel) (25). Measured coinci-
dences were corrected for randoms and electronic dead time;
no corrections were made for decay or scatter. Software
developed and provided by Minoshima and coworkers (26-28)
enabled: normalization of global activity; coregistration within
each study session; placement of the intercommissural line
from image fiducials; and nonlinear warping of each subject’s
scans to a reference stereotactic atlas (29). ANALYZE (BRU,
Mayo Foundation, Rochester, MN) was used for image display.
Final image resolution was ~12 mm full width at half maxi-
mum. It is important to distinguish image resolution (here
approaching the size of the human amygdala) from brain
mapping resolution (approaching 2-3 mm with these methods)
(30). Although two activation foci separated by less than the
image resolution cannot be resolved, the peak of a single
activation focus can be mapped accurately well below the
image resolution.

RESULTS

Analysis of psychoperceptual ratings indicated that the sub-
jects rated the sulfides as highly aversive (mean = 1.3, SD =
1.2) and highly intense (mean = 8.6, SD = 1.4). They most
frequently described the odor as smelling like rotting vegeta-
bles and reported increased muscle tension, repulsion, disgust,
or fear that the gasses were dangerous. UPSIT odorants were
rated significantly less aversive [mean = 2.8, SD = 1.6;
12-42i1(16) = 2.3, P < 0.04] and less intense [mean = 5.8, SD =
1.3, tr421(16) = 4.1, P < 0.001] than the sulfide mixture.
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The most significant rCBF increases during the highly
aversive sulfide condition relative to the no odorant condition
are listed in Table 1 and are depicted in Fig. 1. The two largest
responses occurred bilaterally within the amygdala (Fig. 1C).
Activation within the left hemisphere included the amygdala,
as well as areas lateral to the amygdala extending to the inferior
insula. A significant additional focus mapped within the left
posterior-lateral OFC (Fig. 14). Fig. 14 displays the presence
of a similar area of activation in the right OFC (x = 28,y = 28,
z= —18; Z score = 3.1), but this failed to reach conservative
levels of statistical significance. A weaker bilateral band of
activity extended from anterior to posterior along the ventral
surface of the frontal lobe to the junction of the frontal and
temporal lobes (Fig. 1 4 and B). This area is consistent with the
localization of POC as defined by histological studies and
overlaps with the location of human POC visualized previously
by PET (15, 31). A post hoc analysis using a region of interest
(ROI) with a 5-mm sphere placed on the coordinates of the
POC identified with PET by Zatorre et al. (31) demonstrated
increased rCBF [right POC, #5.,i(9) = 2.6, P < .05; left POC,
tril(9) = 2.3, P < .05]; POC activation did not reach the
conservative threshold used to correct for multiple compari-
sons.

When subjects were exposed to the mildly aversive UPSIT
odorants, a significant increase in rCBF again was observed in
the left OFC (x = —24,y = 28,z = —11; Z score = 4.2).
However, activity within the amygdala did not increase signif-
icantly over the control condition (see Fig. 2). No other areas
of rCBF reached statistical significance in this condition. Fig.
2 also shows the asymmetrical pattern of rCBF within both
stimulation and control conditions. Even during odor detec-
tion (in which no odorant was presented), the right amygdala
showed greater activity than the left amygdala. The OFC
demonstrated a similar asymmetrical pattern of activity. In
both stimulation and control conditions, the right OFC focus
showed ~25% higher rCBF values than the left OFC focus (all
paired f5.,i1, P < .005). Thus, left OFC activation was greater
than right OFC activation in the contrast between the condi-
tions of aversive odorant and control although right OFC rCBF
was significantly greater than left OFC rCBF across all con-
ditions.

The data from both aversive conditions (sulfides and UPSIT
odorants) were pooled and submitted to correlational analysis
to test the hypothesis that rCBF change was related to the
subjective ratings of unpleasantness. Data from both the
sulfide and UPSIT stimuli (12 and 8 scan pairs, respectively)
were combined for this analysis to provide a range of unpleas-
antness ratings and to provide a sample size with adequate
statistical power. The difference in amygdala rCBF between
odorant and nonodor conditions was calculated for each
subject’s scan pairs by averaging the difference in rCBF in each
pixel (after normalization for global activity and anatomy as
above) within an ROI (sphere, 5 mm radius) centered upon the

Table 1. Locations of increased blood flow during aversive olfactory
stimulation by sulfide odorants

Area X y z Z score
Left amygdala =34 -4 -1 52
Right amygdala 26 -1 -—14 5.0

Left orbitofrontal cortex (BA 11) —42 35 -14 4.7

Stereotactic coordinates (in millimeters) identify the location of the
maxima of rCBF change after intersubject averaging and anatomical
normalization to the atlas of Talairach and Tournoux (29). x, medial—
lateral position relative to the midline (+ = right hemisphere); y,
anterior—posterior position relative to the anterior commissure (+ =
anterior); and, z, inferior-superior position relative to the intercom-
missural plane (+ = superior). For the purposes here, a threshold of
Z score = 4.2 was used; such a conservative cut-off corresponds to a
statistical significance of at least P < 0.05 regardless of the method
used to correct for multiple comparisons.
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Fic. 1. Cerebral activation during aversive olfaction. Changes in rCBF are rendered in color with white indicating the greatest magnitude (Z
score > 5) of activation. The relative positions of coronal sections (4, B, and C) through the frontal (a and b) and temporal (c) lobes are shown
schematically in the upper left. Maximal areas of rCBF change are displayed superimposed on a standard T-1-weighted magnetic resonance image.
The rCBF maxima map to the amygdala bilaterally and the left posterior lateral OFC. The right side of this figure shows the left side of the brain.
VCA, vertical line through anterior commissure; CACP, intercommissural line.

peak coordinates of the amygdala and left OFC activation
from Table 1. Increases in rCBF within the left amygdala
correlated significantly with decreases in numerical scores,
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FiG. 2. Mean rCBF in the left and right amygdala during odorant
(sulfides and UPSIT) and control (no odorant) conditions. Normal-
ized rCBF was estimated as normalized regional tissue activity
(counts). Both amygdalae showed significantly increased rCBF for the
highly aversive sulfides but did not change significantly for the milder
UPSIT odorants.

denoting greater perceived unpleasantness (r = —0.51, P <
0.05) (Fig. 34). In contrast, the correlation between rCBF
change in the right amygdala and affective ratings did not reach
significance (r = —0.20, P > 0.10). No significant association
was observed between ratings of odor intensity and rCBF
change in either amygdala (both P > 0.05). A methodological
problem arises in these correlational analyses because eight
subjects contributed more than one scan pair to the analyses,
which compromises the statistical assumption of independent
observations. The appropriateness of this practice remains
unclear, although investigators frequently treat each scan pair
as if it were an independent observation. A more conservative
approach to this problem involves taking just one scan pair
from each subject. To accomplish this, we used whichever
odorant condition came first in the eight cases in which subjects
received both the sulfide and the UPSIT conditions, resulting
in a total of 12 scan pairs (8 sulfides, 4 UPSIT). rCBF change
in the left amygdala remained significantly correlated with
ratings of unpleasantness (r = —0.56, P < 0.05). Finally,
correlational analyses of rCBF change in the left amygdala and
ratings of unpleasantness were performed separately for the
UPSIT and sulfide conditions to ensure that the observed
correlations did not reflect an artifact of combining the
different methods of stimulus presentation. These analyses
produced correlations in the same direction with equal or
greater magnitude to those produced by the combined data set
(r = —0.50 in the sulfide condition and r = —0.65 for the
UPSIT condition), but neither reached statistical significance
because of the small sample sizes (n = 12 and §, respectively).
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F1G.3. Post hoc correlational analyses of rCBF change and subjective scores (low scores indicate high aversion). Correlations are shown between
subjective ratings of aversiveness and left amygdalar rCBF (A4) and left OFC rCBF (B) changes and between left amygdalar and left OFC rCBF
changes (C). There were no significant correlations between rCBF in these regions of interest and subjective ratings of odor intensity.

The peak activation of the left amygdala was slightly lateral to
the coordinates of the amygdala in the atlas of Talairach and
Tournoux (29), so a final post hoc analysis was performed with
a 5-mm ROI placed on the center of the left amygdala in the
atlas (x = —24,y = —3,z = —12). The results of this analysis
were extremely similar to those produced by centering the ROI
on the peak pixel, with the one exception that the correlation
between perceived intensity and amygdala activation reached
statistical significance (r = 0.62, P < 0.01). This may reflect the
tight association between ratings of intensity and perceived
unpleasantness that typifies psychoperceptual ratings of odor-
ants (14).

Activation of the left OFC also significantly correlated with
ratings of unpleasantness (r = —0.46, P < 0.05 (Fig. 3b) but not
with ratings of intensity (r = 0.30, P > 0.10). A similar pattern
of results was observed when the sulfides and the UPSIT
conditions were analyzed separately (r = —0.41 andr = —0.63,
respectively) and when only the first scan pairs (8 sulfides, 4
UPSITs) were used to insure independence of observations
(r = —0.44). However, none of these correlations reached
statistical significance. Change in rCBF in the left OFC
correlated significantly with rCBF change in the left amygdala
(r = 0.65, P < 0.005; Fig. 3C) but did not correlate with rCBF
change in the right amygdala (r —0.07, P = 0.5). The
correlation between the left OFC and left amygdala remained
significant when the sulfides (r = 0.68, P < 0.05) and the
UPSIT (r = 0.73, P < 0.05) conditions were examined in
isolation.

DISCUSSION

The present study demonstrates large increases in amygdala
activity bilaterally during exposure to aversive odorants. This
represents the most statistically robust demonstration of amyg-
dala activation observed to date using PET in humans. Several
methodological issues must be considered in interpreting the
current results.

First, although activation of the right amygdala centered on
the expected coordinates in the Talairach atlas, increased
rCBF in the left amygdala region extended laterally into the
inferior insula. The peak of increased rCBF actually localized
to a region slightly lateral to the Talairach boundaries of the
amygdala. However, a wide range of individual variation exists
in the size and exact location of the human amygdala, which is
not reflected in the atlas. Also, current PET methods may not
resolve independent foci in amygdala and immediately adja-
cent insula. Nevertheless, rCBF increased significantly in a
small ROI centered upon the Talairach atlas coordinates of the

amygdala, and these increases correlated with the perceived
unpleasantness of the stimuli.

The complex responses to aversive odorants further com-
plicate interpretation of amygdala activation. Subjects fre-
quently reported increased muscle tension when exposed to
the sulfides. Some subjects reported attempting to change their
breathing to reduce inhalation of the aversive odorants. No
formal measures of autonomic, visceral, or respiratory func-
tions were assayed as part of this study. Because the amygdala
receives interoceptive afferents and may play a role in auto-
nomic functions (2, 32), a plausible alternate interpretation
concerns the participation of the amygdala in respiration and
autonomic regulation. Lesions of the amygdala block condi-
tioned respiratory responses to aversive stimuli (33). Neuro-
physiological studies of nonhuman primates and other mam-
mals indicate that stimulation of the amygdala can produce
changes in respiration (2, 34). Cells in the amygdala fire in
relation to respiration (35) although the proportion of these
cells in humans appears to be smaller than in other mammals
(36). However, amygdala activation has not been observed in
previous neuroimaging studies in which subjects were in-
structed to volitionally alter their breathing (37, 38) nor has
amygdala activation occurred as a primary response in other
studies involving respiratory or autonomic changes (39, 40).
Furthermore, preliminary experiments in our laboratory in
which subjects underwent gastric dilation (which produces
robust vagal stimulation, difficulty breathing, and other auto-
nomic responses) failed to produce significant changes in
amygdala rCBF (J.V.P., S. W. Kim, P. L. Faris, B. K. Hartman,
and R. L. Goodale, unpublished observations). Although auto-
nomic or visceral components cannot be ruled out absolutely,
these factors alone probably do not account for the robust
amygdala activity observed by exposure to aversive odorants.

The correlation between ratings of unpleasantness and
changes in rCBF in the left amygdala suggests that neuronal
activity in these regions is directly related to (or dependent on)
the perceived hedonic valence of the stimuli. This result and its
interpretation need qualification because of two methodolog-
ical issues. First, the UPSIT and sulfide conditions differed in
the type, intensity, and number of stimuli used in each
condition (four stimuli presented twice vs. one stimulus).
However, when the data were analyzed separately for these
conditions, the correlations were of equal or greater magni-
tude. Furthermore, when subjects rated the UPSIT as highly
aversive (ratings of 0-2), amygdala rCBF increased by 2-6%,
indicating that increased amygdala rCBF did not result from
some specific characteristic of the sulfides. Second, the ob-
served correlations between changes in rCBF and ratings of
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unpleasantness do not necessarily imply a simple linear rela-
tionship between left amygdala activity and psychoperceptual
ratings. Of interest, both subjects who were excluded a priori
from the group analysis of the sulfide condition because they
failed to perceive the sulfides as highly aversive did not show
increases in left amygdala rCBF, and one actually had a strong
(15%) decrease in left amygdala rCBF. Similarly, the three
subjects who rated the UPSIT as only mildly unpleasant or
neutral (ratings of 3.5 or higher) had either decreases or no
change in left amygdala rCBF. Two different types of re-
sponses may thus occur in the left amygdala during aversive
olfaction: activation for highly aversive odors and deactivation
for neutral or mildly aversive odors.

To further examine whether amygdala responses to olfactory
stimuli are influenced by hedonic valence, we conducted
additional PET studies using pleasant odorants (fruits, spices,
and florals; unpublished observations). A statistically nonsig-
nificant increase in rCBF in the right anterior amygdala/
periamygdala region occurred in response to these odorants.
The increase did not localize as clearly to the amygdala and
occurred inconsistently. No significant increases localized to
the left amygdala during stimulation with pleasant odorants.
The lack of strong amygdala activation in these pleasant
conditions concurs with a previous PET study that failed to
observe amygdala activation during exposure to relatively
neutral and pleasant stimuli (31). These results suggest that
amygdala activity (especially left amygdala activity) is not
simply a consequence of olfactory perception per se. Rather,
the hedonic valence of the odorant influences amygdala
activity. The greater ability of aversive than neutral or positive
odorants to activate the amygdala is consistent with studies of
electrical stimulation and of seclective lesions in humans,
suggesting greater amygdala involvement in negative than
positive emotions (7, 8, 10). These data also converge with
studies reporting aversive olfactory hallucinations during
amygdala seizures and during electrical stimulation of the
amygdala (41-43).

Because of the methodological issues raised above, the
potentially different roles of the left and right amygdalae
require further characterization. Both amygdalae showed ro-
bust increases in rCBF during exposure to highly aversive
odorants. Nevertheless, our finding that rCBF change in the
left amygdala (but not the right amygdala) correlated with
ratings of unpleasantness converges with a recent report by
Ketter et al. (44). They observed that, despite bilateral amyg-
dala activation in subjects experiencing procaine-induced fear,
only left amygdala activation correlated with subjective ratings
of fear. Similarly, PET and fMRI studies have reported
increased activity in left, but not right, ROIs placed on the
amygdalae of subjects exposed to negatively valenced (sad)
faces (45, 46). Consistent with these neuroimaging data,
subjects with left amygdala lesions rate facial expressions of
disgust and sadness as slightly less intense than those with right
amygdala lesions (although both ratings fell within the range
produced by controls with brain damage) (47). These data also
converge with evidence that clinically depressed patients
scanned while resting may show elevated left amygdala rCBF,
which correlates with depression severity (48). Thus, despite
methodological limitations, the present correlational analyses
appear quite consistent with an emerging body of evidence
identifying a close relationship between left amygdala activity
and negative affect.

The asymmetry in OFC activation is of interest in relation
to previous studies of olfaction in humans. OFC lesions in
humans, especially involving the right hemisphere, produce
deficits in olfactory discrimination and recognition (49, 50).
Zatorre et al. (31) reported that human subjects exposed to a
series of pleasant, neutral, and mildly aversive stimuli showed
statistically significant activation in the right, but not in the left,
OFC. As can be seen from Fig. 14, the OFC was activated
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bilaterally, but only the left side reached conservative levels of
statistical significance. An important difference between the
present study and Zatorre’s study concerns the control con-
dition: They told the subjects that no odor would be applied in
the control condition (Zatorre, R. J., personal communica-
tion); we instructed the subjects to try to smell something, and
we did not disclose the absence of odorant. Thus, subtle
differences in control conditions may account for the present
study’s lower level of right OFC rCBF increases. Although
rCBF in the right OFC did not increase as dramatically
between conditions, the rCBF in the right OFC actually
exceeded the level of rCBF in the left OFC within both the
control and stimulation conditions. Thus, although the left
OFC responds more dramatically to aversive stimuli relative to
attempting to detect an odorant, the high level of activity in the
right OFC in both odor detection and aversive olfaction
converges with previous lesion and PET data demonstrating
the importance of the right OFC in basic aspects of olfactory
processing. A similar asymmetrical involvement in different
aspects of olfactory processing may also explain the consis-
tently greater right than left amygdala rCBF within the control
and stimulation conditions (see Fig. 2). Taken together, these
data suggest that right-sided regions may become activated
more than left-sided regions when attempting to detect an
odorant, even if no odorant is present. The lack of a significant
change in rCBF in the POC between the control and stimu-
lation might similarly reflect a heightened activation of the
POC during the odor detection control condition.

The consistently high correlation between left amygdala and
left OFC rCBF suggests the presence of an important func-
tional interaction between the left amygdala and OFC during
the processing of aversive olfactory stimuli. This interaction is
consistent with the dense anatomical connections between the
regions (32, 51) and with previous observations that OFC
lesions produce alterations in emotional behavior that closely
resemble many of the behavioral abnormalities arising from
amygdala lesions in nonhuman primates (reviewed in ref. 52).
Nevertheless, these two structures likely play distinct roles
during aversive olfaction given their dissimilar responses to the
UPSIT stimuli. The methodological and perceptual features
affecting the differential amygdala and OFC responses in the
milder UPSIT condition require further investigation. Of
interest, exposure to the sulfide mixture caused more fear,
disgust, and desire to withdraw than exposure to UPSIT
odorants. Fear or disgust might thus be necessary to induce
significant rCBF increases in the amygdala but not in OFC.
Experiments are planned to directly test this hypothesis.

Despite the amygdala’s diminishing role in olfactory pro-
cessing during phylogeny, the current study shows that the
human amygdala plays a fundamental role in olfaction. Olfac-
tory perception robustly engages emotional processes. Al-
though future research will be necessary to tease apart the
specific factors contributing to increased rCBF in the amyg-
dala, the current data demonstrate substantial amygdala acti-
vation during olfaction of highly aversive odorants. These
findings support a critical role of the human amygdala in either
the processing of aversive olfactory stimuli or the transduction
of neural signals from smells into emotional responses.

Note Added in Proof. Since this manuscript was submitted, additional
data have been reported supporting the critical role of the human
amygdala for processing stimuli with negative emotional properties
(53-55).
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