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Functional MR Imaging of Regional Brain
Responses to Pleasant and Unpleasant Odors

Robert K. Fulbright, Pawel Skudlarski, Cheryl M. Lacadie, Stephen Warrenburg,
Alexandra A. Bowers, John C. Gore, and Bruce E. Wexler

BACKGROUND AND PURPOSE: Odors can elicit a range of behaviors and emotions. Our
purpose was to identify regional activation of the human cerebral cortex in response to pleasant
(positive hedonic value) and unpleasant (negative hedonic value) odors.

METHODS: Thirteen neurologically normal adults underwent functional MR imaging of
frontal and anterior temporal brain regions with a gradient-echo echo-planar technique. Eleven
candidate regions of interest (ROIs) were identified on the first half of the data set based on
t-map comparisons of signal intensities during administration of clementine (pleasant odor),
isovaleric acid (unpleasant odor), and clear air (control odor). These ROIs were applied to the
second half of the data set, and the number of voxels activated with the odorants was compared
with the number of voxels activated during clear air trials, using independent z-tests.

RESULTS: Clementine activated five cortical areas: Brodmann’s area (BA) 8, BA 32 (later-
alized to left), BA 46/9, BA 6 (lateralized to right), and the insula. Isovaleric acid activated four
of the five regions without lateralization; no BA 8 activity was seen. Clementine produced more
activity than isovaleric acid in the left insula, and isovaleric acid produced more activity than
clementine in the left BA 6. No activation was detected in the orbitofrontal cortex or in the
medial temporal lobes. Subjects rated clementine, isovaleric acid, and clear air as being
pleasant, unpleasant, and neutral, respectively.

CONCLUSION: Activation in frontal regions may represent brain processes linked to olfac-
tory networks. There may be regional specialization based on odorant hedonic values.

The olfactory system involves phylogenetically old
and new parts of the brain, including centers involved
in appetitive, social, and symbolic behaviors (1). Neu-
roanatomic work in primates has established that
odor processing proceeds by direct links from the
olfactory bulb to the entorhinal and piriform cortices
of the temporal lobes, and also to the thalamus, hy-
pothalamus, and parts of the limbic system (2, 3).
Secondary connections to the orbitofrontal cortex are
made from the hypothalamus, thalamus, and entorhi-
nal cortex.

Similar anatomic connections exist in humans. Sub-
jects with focal brain damage of the orbitofrontal
cortex may have limited ability to identify odors (4),
and subjects with lesions of the medial temporal lobes
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may have impaired odor discrimination despite nor-
mal ability to detect odors (5-7). In unimpaired sub-
jects, functional mapping with positron emission
tomography (PET) can detect increased cerebral
blood flow in response to pleasant and unpleasant
odorants in the right orbitofrontal cortex and in both
medial temporal lobes, suggesting a functional asym-
metry (8).

Odors can affect a variety of perceptual, motor, and
cognitive functions (9), but whether odors enhance or
interfere with task performance depends on task pa-
rameters, odor delivery method, and specific odors
tested (Lorig TS, Elmes DG, and Yoerg VL, unpub-
lished data). Pulsed presentations of peppermint im-
proved vigilance performance on a visual sustained-
attention task, but the odor of lily of the valley had no
effect (10). During a visual search task, pulses of a
synthetic musk odor interfered with performance
(11). The ambient room administration of several
odors had either deleterious effects (12, 13) or no
effect on various paper-and-pencil tasks (14). Ambi-
ent odors, however, do appear to influence behavior
of consumers in a shopping environment (15-17) and
can also affect evaluation of job applicants and other
interpersonal behavior (18-21). EEG and event-re-
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lated potentials during auditory or visual-motor tasks
are modified when odorants are presented during the
task (9, 22, 23). Pleasant and unpleasant odors mod-
ulate the startle reflex in a manner indicative of their
effects on positive and negative emotion, respectively
(24-26). In general, pleasant odors tend to improve
mood or induce approach behaviors, and unpleasant
odors tend to disturb mood or induce avoidance be-
haviors (15-21, 27-31), although studies do not al-
ways obtain significant results (14). In some cases,
these immediate effects of mood or behavior can
become long-lasting (13, 19).

The wide range of behavioral and emotional
changes following exposure to odors suggests that
regions of the brain in addition to the primary (me-
dial temporal lobe) and secondary (orbitofrontal)
cortices respond to olfactory stimuli. The purpose of
this study was to use functional MR imaging to inves-
tigate regional brain activation following exposure to
odors that have either positive (pleasant odors) or
negative (unpleasant odors) hedonic qualities.

Methods

Task

The study group consisted of 13 neurologically normal adult
subjects (five men and eight women; mean age, 30 years). Two
of the men and three of the women were studied twice (18 total
studies). Subjects gave written consent, and studies were ap-
proved by the institutional review board at our institution. We
compared clementine (a pleasant, sweet citrus odor), isovaleric
acid (IVA, an unpleasant, sweaty odor), and clear air (control
odor). Clementine and IVA have been shown to be consistently
rated as pleasant (positive hedonic value) and unpleasant (neg-
ative hedonic value), respectively (personal communication,
Stephen Warrenburg, proprietary information, International
Flavors and Fragrances, Inc). Odors and clear air were pre-
sented just below the opening of both nares using a pump
system and odorless tubing to selectively route air at a constant
flow rate through sample vials. For each fragrance, three sat-
urated beads were used in the sample vials. We intermixed the
presentation order of clementine, IVA, and clear air, and
waited a minimum of 90 seconds between presentations of
successive odors. Residual odors were removed by routing air
through an activated charcoal filter. For each subject, there
were two to four clementine trials, two to four IVA trials, and
one to two blank trials. Immediately after presentation of odor
or clear air, subjects indicated whether they had smelled any-
thing and verbally rated odor intensity on a scale of 1 (faint) to
10 (strong), and odor hedonic on a scale of negative 10 (strong-
ly unpleasant) to positive 10 (strongly pleasant). Hedonic and
intensity ratings (mean * standard error) were 5.5 = 0.39 and
4.9 = 0.32, respectively, for clementine; —7.19 = 0.33 and 7.1 *
0.33, respectively, for isovaleric acid; and 0.00 and 0.00, respec-
tively, for clear air.

Imaging

Functional MR imaging was performed on a 1.5-T system
equipped with echo-planar imaging hardware from Advanced
NMR (Wilmington, MA). Subjects lay supine in the magnet
with their heads immobilized by a neck support, foam wedges,
and a restraining band drawn tightly around the forehead.
Scout images in the sagittal plane were acquired with param-
eters of 500/11 (TR/TE), a field of view of 24 cm, an imaging
matrix of 256 X 192, and 5-mm contiguous sections. Eight
anatomic images were acquired with parameters of 500/11, a
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field of view of 40 cm, an imaging matrix of 256 X 192, and
7-mm-thick sections with a 2-mm gap in an oblique coronal
plane perpendicular to the intercommissural line, extending
from the frontal pole anteriorly to the level of the mammillary
bodies posteriorly (coronal plane posteriorly includes the pos-
terior frontal lobe and anterior temporal lobe). Eighty activa-
tion images were collected at the same eight locations using an
echo-planar gradient-echo sequence obtained with parameters
of 1500/45/1, a flip angle of 60°, a field of view of 40 X 20 cm,
an imaging matrix of 128 X 64, and 7-mm-thick sections with a
2-mm gap. An imaging trial consisted of two epochs: a baseline
epoch, in which 40 baseline images were acquired for each
section during a 40-second prestimulation period, during which
clear air was administered; and an odor epoch, in which 40
more task images were acquired during 40 seconds of contin-
uous odor presentation. In the clear air trials, clear air was the
odorant, so that the subject received clear air in both epochs.
For each study, there were two to four clementine trials, two to
four IVA trials, and one to two clear air trials. Imaging trials for
the 18 studies were combined into one data set that consisted of 50
trials of clementine, 47 trials of IVA, and 29 trials of clear air.

Data Analysis

First-order statistical parametric maps (SPMs) were created
for each trial (Matlab, MathWorks, Natick, MA). For each
trial, the first three images were discarded from the beginning
of each series of baseline epochs and the first five images were
discarded from the beginning of each series of odor epochs.
For the baseline epochs, we routinely discard three images to
provide sufficient time to account for variation in signal inten-
sity owing to lack of a steady state in the echo-planar sequence.
Five images were discarded from the beginning of the odorant
epochs because of the delay in the onset of brain hemodynamic
changes in response to a task (32). The remaining images from
each epoch were median filtered (33). Trials were discarded if
a change in position of the in-plane center of the mass ex-
ceeded 25% of the size of a voxel. In each trial, MR signal
intensities when an odorant or clear air was presented were
compared with MR signal intensities during baseline periods of
clear air presentation, resulting in first-order SPMs for each
trial.

The first-order SPMs and the anatomic images from indi-
vidual subjects were transformed into a proportional three-
dimensional grid defined by Talairach and Tournoux (34). This
transformation was performed first by in-plane transformation
and then by section interpolation. For in-plane transformation
of each subject, the position of the anterior and posterior
commissures, the edges of the cerebrum (right, left, superior,
inferior), and the direction of the midline were found manually.
These landmarks divided each section into six rectangles. In-
terpolation of these rectangles by linear (weighted) averaging
created nine sections in Talairach space centered aty = +57,
+49, +40, +32, +23, +14, +5, —4, and —12. Transformation
into a uniform three-dimensional array allowed definition of
regions of interest (ROIs) based on gyral and sulcal landmarks
and Brodmann’s areas (BAs) using rectangular volumes (poly-
hedra) of the atlas of Talairach and Tournoux (34). The rect-
angular volumes (approximately 8 X 8 X 8 mm, half-size of unit
Talairach volume) were large enough to account for anatomic
variability among subjects (35) and ensured reproducible cov-
erage of areas of interest in a large number of subjects (smaller
volumes would not represent the same anatomy in different
brains).

In initial analyses, 23 ROIs in the frontal and temporal lobes
in each hemisphere were defined by anatomy and Brodmann’s
areas. Voxels from the first-order SPMs were considered active
if a Student’s #-test was greater than or equal to 1.0 when signal
intensities from images in the odor epochs were compared with
signal intensities from images in the baseline epochs. An anal-
ysis of variance (ANOVA) of the mean number of active voxels
was performed with odorant (clementine, IVA, or clear air)
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Brain activation in response to the odorants clementine and isovaleric acid
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Talairach Coordinates,

Region Odorant (Hemisphere) Gyrus xhylz (mm)*
BA 8 Clementine (BH) Superomedial aspect of superior frontal 8.4/37/49
gyrus and middle third of middle
frontal gyrus.
BA 32 Clementine (LH)" Anterior paracingulate cortex, 17/35/18
Isovaleric acid (LH) posteroinferior .aspect of medial
aspect of superior frontal gyrus.
BA 46/9 Clementine (RH) Lateral aspects of middle frontal gyrus 33/35/23
and anterosuperior aspect of pars
Tsovaleric acid (RH) trlangularlsiof 1nfer10r.fr0n.tal gyrus
along anterior half of inferior frontal
sulcus.
BA 6 Clementine (RH)" Anterior aspect of precentral gyrus and 19/2.6/52
Isovaleric acid (BH) posteflor aspect of medial border of
superior frontal gyrus.
Insula Clementine (BH) Circular sulcus superior to long and 26/4.4/23

Isovaleric acid (RH)

short gyri of insula.

Note.—BA indicates Brodmann’s area; LH, left hemisphere; RH, right hemisphere; BH, both hemispheres.
* Coordinates approximate center of region; x coordinates are positive (right hemisphere) and negative (left hemisphere).

 Lateralization reached statistical significance.

and brain ROIs as repeated measures. No main effects of
odorant or interactions with a region were found. We investi-
gated the possibility that the olfactory response occurs rapidly
by examining only the first 16 images in an epoch, but again
found no significant main effects or interactions (allowing for
images discarded at the beginning of the epoch, 16 images
represent approximately half the odorant epoch of 40 images).
Reasons for the absence of significant effects include the num-
ber of ROIs explored and their arbitrary definition based on
anatomy and Brodmann’s areas, the relatively large size of
some ROIs (ROIs ranged in size from 40 to 300 voxels) that
might obscure small areas of activation, the off-on paradigm
that is more sensitive to signal drift, and, in the case of the
primary and secondary olfactory cortices, the signal degrada-
tion that can occur at the skull base due to magnetic suscepti-
bility.

To further investigate brain regions for statistically signifi-
cant activation in response to the odorants, we allowed the data
to guide our selection of ROIs and applied a constraint of
internal replication. We first divided the data set in half to
simulate two experiments, providing a way to asses the repro-
ducibility of our results. In the first half of the data set, candi-
date ROIs were identified on composite SPMs by comparing
t-maps of clementine and IVA to t-maps of clear air trials. In
the second half of the data set, odor-related activation in these
ROIs was compared by using quantitative statistical compari-
sons. The data set was divided in half based on chronological
order. The first data set came from the first studies of the five
subjects studied twice and from four other subjects, and con-
sisted of the first 25 clementine trials, the first 24 IVA trials,
and the first 15 clear air trials. The second data set came from
the second studies of the five subjects studied twice and from
four different subjects, and consisted of 25 clementine trials, 23
IVA trials, and 14 clear air trials. For the five subjects studied
twice, then, the first studies from each of the subjects were in
the first half of the data set, and the second studies were in the
second half of the data set, providing another level of internal
replication. Both halves of the data set, including SPMs and
anatomic images, were transformed into Talairach space as
described above.

To identify candidate ROIs, second-order composite SPMs
(t-tests using the ¢ values obtained for each voxel from the
first-order SPMs as the dependent variable) were created by
using the first half of the data set only. One composite SPM was
created by identifying voxels that had significantly more acti-

vation (¢ > 1.7) in clementine versus clear air epochs than in
clear air versus clear air epochs, and another composite SPM
was created by identifying voxels that were significantly more
active in IVA versus clear air epochs than in clear air versus
clear air epochs (the arbitrary ¢ value of 1.7 provided ¢-maps
with activation centered primarily in gray matter and not in
ventricles or white matter). Activated voxels on these compos-
ite maps were used to identify 11 candidate ROIs: superior-
lateral aspect of BA 9, 10; BA 8; BA 32; BA 46, lateral 9; BA
44, 45; BA 6; insula; BA 22; BA 4; BA 24; and medial-inferior
aspect of BA 9, 10. Regions were evaluated bilaterally even if
activation was present on one side only.

The 11 ROIs identified from the first half of the data set
were applied to the first-order #~-maps from the second half of
the data. Voxels from these #-maps were considered active if a
Student’s #-test was greater than or equal to 1.0 in comparisons
of signal intensities from images in the odor epochs with signal
intensities from images in the baseline epochs. A ¢ value of 1.0
is within the accepted range of ¢-value distributions to increase
detection of true-positive activation and to decrease detection
of false-positive activation (36). The number of active voxels
within each ROI during clementine versus clear air epochs and
during IVA versus clear air epochs, respectively, were then
compared with the number of active voxels during clear air
versus clear air epochs by independent ¢-tests, with a criterion
P value of .05. For a region to be considered active, then, it
must first have been identified on the composite activation
maps as showing greater activation during odor trials than
during clear air trials on the first half of the data set, and then
must have included statistically significantly more activated
voxels during odor trials than during clear air trials on the
second half of the data set. After active regions were identified,
subsequent secondary analyses included a region-by-region
ANOVA to test for laterality effects; paired #-tests directly
comparing IVA and clementine in active areas; and correlation
analysis between hedonic ratings, intensity ratings, and the
number of active voxels using the Pearson r statistic.

Results

Five regions (see Table) showed statistically signif-
icant activation. Cortical activation in response to
clementine (Fig 1) was found in BA 8 bilaterally (P =
.02 in the right hemisphere, P = .01 in the left hemi-
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Insula

Circular Sulcus

Fic 1. Regional brain activation in response to clementine (Clem) and isovaleric acid (IVA).

A and B, Voxels from composite statistical parametric maps were selected to illustrate activation patterns seen in the quantitative
statistical comparisons (Table). The t-value threshold was 1.7; red voxels ranged from 1.7 to 2.5, orange voxels from 2.5 to 2.9, and
yellow voxels from 2.9 to 3.7. Active voxels were overlaid on composite anatomic T1-weighted images (667/13/1). The center of the
section along the y-axis is at 40 in A and at 5 in B. For clementine, activation is seen in right BA 46/9, in left BA 32, in BA 8 bilaterally,
in right BA 6, and in the circular sulcus/insula bilaterally. IVA resulted in activation in right BA 46/9, in left BA 32, in right BA 6, and in
the right circular sulcus/insula. Other areas with voxels having a t-value threshold above 1.7 on composite images but that did not meet

statistical significance are not shown.

sphere); in BA 32 in the left hemisphere (P = .001);
in BA 46/9 (lateral aspect of BA 9) in the right
hemisphere (P = .05); in BA 6 in the right hemi-
sphere (P < .02); and in the insula bilaterally (P = .02
in the right insula, P = .05 in the left insula). IVA (Fig
1) elicited significant activation in BA 32 in the left
hemisphere (P = .006); in BA 46/9 in the right hemi-
sphere (P = .02); in BA 6 bilaterally (P = .001 in the
right hemisphere and P = .018 in the left hemi-
sphere); and in the right insula (P = .001). Although
the medial temporal lobes and orbitofrontal cortices
did not meet the criteria required to be considered
candidate ROls, they were examined for quantitative
activation in the second half of the data because they
have been implicated as the primary and secondary
olfactory cortices. No odor-related activation was de-
tected in these areas (P > .8).

To evaluate the statistical significance of the later-
ality in each of the regions showing significant odor-
related activation, we performed a region-by-region
ANOVA with odorant (clementine versus clear air or
IVA versus clear air) and hemisphere as factors. Sig-
nificant interactions between odorant and hemi-
sphere (Table) were found with clementine in BA 6,
right hemisphere greater than left (P = .05), and with
clementine in BA 32, left hemisphere greater than
right (P = .001). Although significant activation was
seen in the right insula and in the left BA 32 with IVA
and in the right BA 46/9 for IVA and clementine, the
contralateral regions (left insula, right BA 32, and left
BA 46/9) approached significance closely enough to
nullify a hemispheric interaction in the ANOVA anal-
ysis (P = .126 for the left insula with IVA; P = .11 for
the right BA 32 with IVA; P = .13 for the left BA
46/9, P = .09 for the right BA 46/9).

To directly evaluate possible differences between
IVA-related and clementine-related activations, we

compared the number of active voxels under the two
conditions in each of the areas that showed odor-
related activity. Clementine trials showed significantly
more activity than IVA trials in the left insula (P =
.01) and there was a trend in the same direction in the
left BA 32 (P = .068). IVA trials resulted in signifi-
cantly more activation than clementine trials in the
left BA 6 (P = .045).

Correlation analysis was performed on hedonic rat-
ings, intensity ratings, and the mean number of active
voxels in the five ROIs during clementine and IVA
administration. Significance criterion was set at P =
.01 to correct for multiple comparisons. Hedonic and
intensity ratings during clementine and IVA admin-
istration were strongly correlated (r = .67, P < .001
for clementine; r = —.871, P < .001 for IVA). Mean
voxel count in the left insula during IVA administra-
tion was correlated with hedonic ratings (r = —.46,
P = .002); activation was greater when subjective
ratings of unpleasantness were more intense. We
found a correlation between IVA mean voxel count
and intensity in the left insula (r = .40, P = .005).
Clementine mean voxel count was correlated with
intensity ratings in the left BA 46/9 (r = —38, P =
.01). The negative correlation indicates that activa-
tion was lower when subjects perceived the odor as
more intense.

Discussion

Odor-related activation was found in frontal lobe
sites (Table), confirming previous cerebral metabolic,
EEG, and subdural EEG studies that found frontal
activation after olfactory simulation (8, 22, 23, 37).
Because odorants are known to effect changes in
cognitive, perceptual, and motor function (10-12, 18,
27, 38), the five brain regions identified in this study
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most likely represent additional secondary or higher-
order olfactory sites that link olfactory networks with
other brain processes. Activation in the motor asso-
ciation areas BA 6 and BA 8 implicates these as
regions that modulate motor responses to odors, and
also provides functional anatomic support to a study
showing modification of EEG patterns during visual-
motor tasks when odorants are presented (11). BA
46/9 (middle and inferior frontal gyri of the dorsolat-
eral prefrontal cortex) was activated with both clem-
entine and IVA, and the left BA 46/9 activity was
correlated with intensity ratings to clementine. Since
components of memory processing have been as-
cribed to the dorsolateral prefrontal cortex, activation
in this region might represent processing of olfactory
memories stimulated by the repeated presentation of
odorants or by past personal experience with these or
similar odors (39-41). Insula activation is consistent
with rat and primate studies showing axonal projec-
tions from primary and secondary olfactory cortical
areas to the insula (3, 42) and with PET data, indi-
cating a probable insular response to odorants (8).
Another chemical sense, gustation, has also been
shown to activate insula regions (43).

Direct comparison of the two odorants suggests the
possibility of regional brain specialization depending
on hedonic quality. In the left insula, the pleasant
odorant clementine produced more activity than the
unpleasant odorant IVA, and in the left BA 6, IVA
produced more activity than clementine. With clem-
entine showing left hemisphere dominance in BA 32
and right hemisphere dominance in BA 6, our study
indicates a hemispheric specialization in frontal lobe
areas involved in higher-order olfactory processing,
consonant with previous PET imaging findings (8).
Emotions can also produce asymmetric hemispheric
responses (44, 45) and may contribute to the asym-
metric activation, especially in BA 32. Located in the
paracingulate cortex and medial aspect of the supe-
rior frontal gyrus, BA 32 is a paralimbic region richly
connected with the primary olfactory cortex in the
medial temporal lobe and with the limbic system (3),
and may link brain regions involved with emotion.
Additional study with more than one exemplar of
pleasant and unpleasant odors will help determine
whether different brain activation patterns to clem-
entine and IVA are class-specific (based on differ-
ences in hedonic value) or are exemplar-specific
(based on differences between clementine and IVA
that might not be related to hedonic value).

Activation of these frontal areas does not define
completely the brain’s response to olfactory stimuli.
Anatomic and PET studies have shown that the me-
dial temporal lobe and the orbitofrontal cortices are
important in olfactory processing (2, 8). No activation
was found in these areas, possibly because they are
adjacent to bone and air-containing structures that
result in marked magnetic susceptibility artifacts (46).
We also cannot exclude potential olfactory processing
sites in the parietal and occipital lobes, since these
regions were not imaged.

We have used quantitative statistical methods to
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evaluate activation in brain ROIs after presentation
of different odors. Such a methodological approach is
relatively straightforward when previous studies pro-
vide a basis for the selection of appropriate ROIs. It
is important, however, for imaging methods to iden-
tify task-related activity in regions not previously
known to be associated with a task. Difficult method-
ological questions arise when much or all of the brain
is imaged, as can now be accomplished routinely. If all
possible regions are considered, the data analysis is
subject either to type I statistical errors or to overly
conservative correction to protect against such errors.
In the present study, we adopted an established ap-
proach to data analysis. We divided the data set in
half to simulate two experiments, providing a way to
assess internal replication of our results. Another
level of internal replication was built into the exper-
iment by studying five subjects twice. We applied
conventional SPM methods to the first half of our
data set to identify candidate ROIs. Task-related ac-
tivity was then evaluated in the ROIs by applying
them to the second half of the data set and using
quantitative statistical procedures. This approach
provides a conservative way to search systematically
for brain regions not previously known to be involved
in a particular task. A potential weakness is the loss of
statistical power that can occur when the sample is
divided in half.

Conclusion

Frontal activation of the human cerebral cortex
occurs in response to odors. Odors with a positive
hedonic value (pleasant odor, clementine) and a neg-
ative hedonic value (unpleasant odor, isovaleric acid)
activated four frontal sites: BA 32, BA 46/9, BA 6,
and the insula. Only clementine resulted in activation
in BA 8 and in lateralized activation in BA 6 (right)
and BA 32 (left). These results suggest that frontal
activation may represent brain processes linked to
olfactory networks, and that there may be regional
specialization based on odorant hedonic value.
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