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Abstract: Whether different odorous compounds (odorants) are processed by different cerebral circuits is
presently unknown. A first step to address this complicated issue is to investigate how the cerebral regions
mediating signals from olfactory (i.e., unimodal) odorants, differ from those mediating the olfactory
� trigeminal (i.e., bimodal) odorants. [15O]-H2O-PET scans were conducted in 12 healthy females during
three separate conditions: birhinal, passive smelling of: 1) the unimodal odorant vanillin; 2) the bimodal
odorant acetone; and 3) odorless air. Significant activations were calculated contrasting vanillin to air,
acetone to air, and deactivations, running these contrasts in the opposite direction. Smelling of vanillin
activated bilaterally the amygdala and piriform cortex. These regions were only engaged slightly by
acetone. Instead, strong activations were found in the anterior and central insula and claustrum, the
posterior portion of anterior cingulate, the somatosensory cortex (SI for face), cerebellum, ventral medial
(VMPo) and dorsal medial (MDvc) thalamus, the lateral hypothalamus, and pons/medulla. In parallel,
the somatosensory (SI, below central representation of face), secondary visual and auditory cortices, as
well as the supplementary motor area and the parahippocampal gyri were deactivated. No deactivations
were observed with vanillin, although the odor components of acetone and vanillin were rated similarly
intense (75 � 17 mm vs. 61 � 22 mm, NS). The differentiated pattern of cerebral activation during odorant
perception seems to be dependent on the signal transducing cranial nerves involved. In contrast to
vanillin, which solely activates the olfactory cortex, acetone engages predominantly trigeminal projections
from the nasal mucosa. Acetone’s limited activation of the olfactory cortex may result from a cross-modal
interaction, with inhibition of acetone’s odor component by its trigeminal component. Hum. Brain Mapping
17:17–27, 2002. © 2002 Wiley-Liss, Inc.
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INTRODUCTION

The majority of odorous compounds (odorants)
stimulate not only the olfactory, but also the trigemi-
nal receptors [Tucker, 1971]. In an extensive study of
15 anosmic patients, Doty et al. [1975] found that the
only odorant not perceivable by any of the anosmic
patients when given in high concentrations was van-
illin. Based on these results the authors concluded that
vanillin was the only strictly unimodal (purely olfac-
tory) odorant, whereas all the other odorants were
bimodal, i.e., olfactory � trigeminal.
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An odorant’s olfactory signals are transduced by the
olfactory epithelium via the olfactory bulb and tract to
the amygdaloid, periamygdaloid and piriform cortex
(the primary olfactory cortex), and from there to the
orbitofrontal and insular cortex (the secondary olfac-
tory cortex) [Powell et al., 1965]. An odorant’s trigem-
inal signals stimulate the trigeminal nerve’s free nerve
endings located within the respiratory mucosa of the
nasal vestibule. This explains why many odorants,
when given in high concentrations, are capable of
producing sensations such as irritation, pain, tickling,
burning, warming, cooling, and stinging, not experi-
enced with the purely olfactory compound vanillin.
These sensations are presumably mediated by the un-
myelinated C-fibers and the myelinated Adelta-fibers
[Anton and Peppel, 1991; Hummel, 2000]. The C-and
Adelta-fibers convey the trigeminal information to the
rostral part of the spinal trigeminal nucleus, and from
there, via the ventral posterior medial nucleus of the
thalamus to the cerebral cortex [Barnett et al., 1995].

These two fundamentally different anatomical path-
ways indicate that different cerebral circuits may pro-
cess different odorants. Although the cerebral activa-
tion by non-odorous trigeminal stimuli from the nasal
mucosa has been studied with magnetic source imag-
ing [Hummel, 2000; Huttunen et al., 1986; Kobal and
Hummel, 1988], very little is known currently about
the processing of combined odorous � trigeminal
stimuli produced by a single, naturally occurring air-
borne compound. The information in the majority of
hitherto published imaging studies is based on data
merged from several different odorants [Savic et al.,
2000; Zald and Pardo, 1997; Zatorre et al., 1992], al-
lowing no distinction between the patterns of activa-
tion by the separate compounds. Although two stud-
ies have addressed the differences in cerebral
activation by olfactory and trigeminal odorants [Sobel
et al., 2000; Yousem et al., 1997], none of them was
designed to only elucidate this issue, taking into ac-
count the ratings of the subjective perception of odor-
ant-characteristics. Furthermore, none of these studies
included calculations of the possible decreases in re-
gional cerebral blood flow during odorant-stimuli.
Such decreases have been observed during visual,
auditory and somatosensory stimuli, and it is cur-
rently discussed whether their specific distribution is
related to the type of sensory stimulus. The decreases
are believed to reflect neuronal deactivations, and be a
part of signal processing [Shulman et al., 1997]. There-
fore, when trying to understand whether the brain
mediates pure olfactory stimuli differently from the
olfactory � predominantly trigeminal stimuli it was
important to analyze both the increases (defined as

cerebral activations), and decreases (deactivations) in the
regional cerebral blood flow.

In the present PET experiments we compared the
patterns of cerebral activation, as well as deactivation
during smelling of two specific odorants: 1) the uni-
modal, pure olfactory odorant vanillin; and 2) the
bimodal odorant acetone, which is strongly trigeminal
but at the same time also strongly odorous. One pur-
pose was to investigate whether different odorants
may have different patterns of activation at all. An-
other was to analyze whether, and how the specific
activation of the olfactory cortex differs when an odor-
ant is bimodal, compared to unimodal, provided that
the respective odorous components are perceived as
equally strong. A third was to identify the structures
activated by acetone but not vanillin, and thus, repre-
senting the targets of the trigeminal nerve. In accor-
dance with the previous studies, vanillin was assumed
to activate the amygdala and piriform cortex, possibly
also the orbitofrontal and anterior insular cortices
[Bengtsson et al., 2001; Kettenmann et al., 1997; Sim-
monds et al., 1997]. We expected these same regions to
be activated also by acetone. Based on data from an-
terograde tracings, recordings of single units, and PET
studies of pain and heat (also processed by the C-
fibers and the Adelta fibers) three possible pathways for
the trigeminal stimulus of acetone were hypothesized:
1) via the ventral medial nucleus of the thalamus
(VMPo) to the anterior and medial insula; 2) via the
medial dorsal nucleus (MDvc) to the anterior cingu-
late; and 3) via the ventral posterior lateral nucleus
(VPL) to the primary and secondary somatosensory
cortex (SI and SII), [Craig et al., 1994, 1996; Treede et
al., 1999]. If, and how the patterns of cerebral deacti-
vation would differ during smelling of acetone and
vanillin, was unpredictable, as such data has not been
reported previously.

MATERIALS AND METHODS

Subjects

Twelve healthy, right-handed females (20–28
years), with normal nasal anatomy according to the
clinical status, assessed before the PET experiments,
and with normal olfactory thresholds assessed with
the n-butyl alcohol test [Jones-Gotman and Zatorre,
1988], were investigated with 15O-H2O-PET. The
study was approved by the local ethics and safety
radiation committees.
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Odors

Pure (99%) vanillin (4-hydroxy-3-methoxy-benzal-
dehyde) and acetone (C3H6O, HPLC 99.9%) from
Sigma Chemical Co. (Deishofen, Germany) were used
in liquid forms, without dilution. That acetone, but not
vanillin stimulated the trigeminal nerve, was tested
before the PET experiments in five patients with pe-
ripheral anosmia, ad modum Wysocki et al. [1997].
None of the patients reported any perception during
smelling of vanillin. In contrast, all of them perceived
a painful burning and a stinging sensation in the
stimulated nostril during presentations of acetone.
These sensations were reported also by the healthy
subjects who participated in the present PET study.

Conditions and experimental procedure

PET scans were carried out during three separate
conditions: birhinal, passive smelling of odorless air,
birhinal, passive smelling of acetone, and birhinal pas-
sive smelling of vanillin. Due to restrictions by the
Radiation Safety Committee, the number of scans per
subject was restricted to eight. All the subjects smelled
odorless air during three of the scans; six of the sub-
jects smelled vanillin in three scans, and acetone in
two; in the remaining six acetone was presented dur-
ing three scans, and vanillin during two. The order of
conditions was balanced across the subjects. Five
scans were excluded from further analysis due to
movement artifacts (swallowing).

The odorants were contained in glass bottles with a
cotton wand. When the condition was smelling of air,
the wand was soaked with distilled water. Each item
was presented during a separate scan, at 10 mm dis-
tance from the nostrils. To minimize odor adaptation,
the respective item was during the scan presented for
15 sec, a total of four times. Each of these presentations
was followed by a 5-sec interval of breathing the air in
the scanner room, wherein a suction hood placed close
to the scanner gantry, provided continuous suction
and refreshment of the air. The first presentation
started 5 sec after the bolus injection of 15O-H2O. One
stimulus session lasted 80 sec.

Independent of the condition, the start of each pre-
sentation was indicated by touching the subject’s right
index finger. The participating subjects were informed
that they would smell either odor or odorless air,
without knowing the type or order of items. They
were instructed to breathe passively (not sniff, even
when no odor was perceived) and concentrate on
perception of the presented item (vanillin, acetone, or
air), without analyzing its characteristics. During sev-

eral preparatory psychophysical experiments, subjects
were trained in the scanner with other odors to famil-
iarize with the experimental procedure. Respiratory
movements were recorded during each scan, using a
strain gauge around the lower thorax (Comair AB,
Stockholm). The respiratory frequency (breaths/min)
and amplitude (the amplitude measured in mm is
directly related to the degree of stretching of the strain
gauge band, i.e., the circumferential increase of the
lower thorax) was recorded continuously, before and
during each presentation of vanillin, acetone, and air.
The change in frequency and amplitude during the
respective scan was calculated in relation to the rest-
ing condition during 2 min immediately before each
scan (defined as the baseline). In addition, for each
scan we calculated an index of the change from this
baseline in respiratory volume (product of respiratory
frequency and respiratory amplitude).

After PET measurements, the subjects scored the
odors for pleasantness, irritability, intensity and famil-
iarity using a 100 mm bipolar visual-analogue scale
(VAS) [Doty et al., 1991]. We also tested the adaptation
rate to the two odorants by measuring time from the
presentation to subjective loss of perception of the
odor. The adaptation was rated in relation to the odor
component also during the presentation of acetone.

Scanning procedure and the analysis of PET data

PET experiments were in each subject preceded by a
magnetic resonance imaging (MRI), (1.5 Tesla GE
scanner; 3D SPGR; TE � 5 msec, TR � 21 msec; FOV
� 256 mm). The PET scanner used was the CTI-Sie-
mens ECAT EXACT HR scanner, running in 3D mode.
During the PET sessions each subject received eight
bolus injections containing about 12 mCi of 15O-H2O.
PET scans were carried out with the head fixed [Berg-
ström et al., 1981], ears plugged, and eyes covered.
The room temperature and air pressure in the PET
room was standardized during all experiments (23°C,
997 hPa), and the contamination by odors avoided by
a suction device connected to the scanner.

The relative regional cerebral blood flow (rCBF) was
calculated according to Fox et al. [1984] including data
during 60 sec after the onset of acquisition. A 10 mm
Gaussian filter was used. The PET images were co-
registered with Woods’ image aligning program
[Woods et al., 1992]. They were anatomically stan-
dardized using the individual magnetic resonance im-
ages and the Computerized Brain Atlas [Roland et al.,
1994]. The data were normalized to the arbitrary
global cerebral flow value of 50 ml/100 g/min.
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The contrasts were tested with the general linear
model (GLM) [Siarle, 1971], and the differences calcu-
lated pixel-by pixel, generating t-maps, later trans-
formed into units of normal distribution (z-maps). The
number of df was 81 after omission of the five scans.
Significant activations (P � 0.05) were determined
with the cluster statistics of Ledberg et al. [1998].
Based on 3,000 simulated noise images, the z-thresh-
old was determined to be 3.1 and the minimum cluster
size 1.1 cm3. The location of center of gravity of sig-
nificant clusters was determined in Talairach coordi-
nates, and in relation to the computerized standard
atlas brain [Roland et al., 1994], the computerized map
of cytoarchitectonic areas [Schleicher et al., 1999], and
the reformatted mean MR images of the participating
subjects.

Contrasts

First, we evaluated cerebral activations with vanillin
and acetone, using air as reference (the vanillin–air
contrast and acetone–air contrast, respectively). Next,
we analyzed possible deactivations during smelling of
vanillin and acetone, by applying the reverse contrast
(air–vanillin contrast and air–acetone contrast). Re-
gional deactivations were defined as areas with higher
relative rCBF during smelling of air compared to van-
illin and acetone, respectively. We carried out direct
comparisons between acetone and vanillin, applying
the contrast in both directions (acetone–vanillin con-
trast and vanillin–acetone contrast).

Volume of interest analyses

An a posteriori volume of interest (VOI) analysis
was carried out to test the hypothesis that the olfac-
tory areas, i.e., the amygdala and piriform cortex [So-
bel et al., 1998; Zald and Pardo, 1997; Zatorre et al.,
1992], are activated similarly by vanillin and acetone.
Another hypothesis was that acetone, but not vanillin
activates the trigeminal nuclei. A third was that an
activation of this nucleus might affect the breathing
pattern, and therefore, the regional cerebral blood
flow (rCBF) in this region would be correlated to the
respiratory index.

The first hypothesis was tested applying clusters
from the vanillin-air contrast obtained in another
study of cerebral activation during passive smelling of
odors [Bengtsson et al., 2001]. The second and third
hypotheses were tested using the cluster generated by
the acetone–air contrast in the present study (Table I,
see also Results). The normalized cerebral blood flow
was then calculated in each of these VOIs during each

scan (see further), and the data entered in the statisti-
cal analysis.

Statistical evaluation of psychophysical data
and the VOI data

Change in respiratory amplitude and frequency in
relation to the respective pre-scan baseline, as well as
the calculated index of respiratory volume was com-
pared between air, vanillin and acetone with a re-
peated measurements ANOVA using air, vanillin and
acetone as controlled factors in the ANOVA (P � 0.05).
The subjective ratings of odor pleasantness, irritabil-
ity, intensity, and familiarity were compared between
acetone and vanillin using paired Student’s t-tests
based on the values from the VAS. Bonferroni’s cor-
rection was applied for the multiple comparisons
(four), yielding the limit for significance of P � 0.0125.
Paired t-test was also applied to test possible odorant-
related differences in relative rCBF in different VOIs,
but without the Bonferroni correction as these analy-
ses were hypothesis-based. Finally, paired t-tests were
also applied to test possible differences in adaptation
to acetone and vanillin, respectively (P � 0.05). Cor-
relation analysis was conducted using Pearson’s sim-
ple regression (P � 0.05).

RESULTS

Psychophysics

Whereas vanillin was perceived as pleasant and not
irritating, acetone was rated as unpleasant and irrita-
ble (P � 0.001) (Fig. 1). No difference was found in
odor familiarity or intensity. All three conditions led
to an increase in respiratory amplitude (1.8 � 3.3 mm,
22%; 1.4 � 2.4 mm, 13%; and 5.1 � 3.4 mm, 47% for air,
vanillin, and acetone, respectively), and a decrease in

TABLE I. Activations during passive smelling of vanillin
(vanillin � air contrast)†

Region
Z-score
(mean)

Size
(cm3) Coordinates

Right amygdala � piriform
cortexa 3.6 3.0 28 1 �10

Left amygdala � piriform
and anterior insular
cortex 3.6 1.4 �17 �3 �9

† The presented centers of gravity were obtained at Z � 3.1 and
cluster size � 1.1 cm3 yielding P � 0.05. The right cluster covered a
very small portion of the inferior orbitofrontal cortex.
a Cluster covering a minor part of the orbitofrontal cortex.
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respiratory frequency (2.9 � 3.5 breaths � min�1, 17%;
2.2 � 3.5 breaths � min�1, 13%; and 1.1 � 3.3 breaths �
min�1, 6%, respectively) in relation to the respective
pre-scan baseline. The increase in respiratory ampli-
tude was significantly higher during the acetone than
during the air and vanillin conditions (P � 0.001),
whereas the decrease in respiratory frequency was
less pronounced during acetone than during air (P
� 0.001) or vanillin (P � 0.02) (Fig. 2a). The change in
the calculated index of respiratory volume was 2 � 53
mm � breaths � min�1 (1%) for air, �1 � 58 mm �
breaths � min�1 (0%) for vanillin, and 68 � 79 mm �
breaths � min�1 (40%) for acetone. It was significantly
more pronounced during exposition to acetone com-
pared to air and vanillin (P-values �0.001). Further-
more, a characteristic respiratory pattern with a grad-
ual increase and then decrease of the respiratory
amplitude was observed during smelling of acetone,
but not during air or vanillin (Fig. 2b).

The adaptation rate to vanillin was not different
from acetone (108 � 24 sec vs. 108 � 23 sec).

Cerebral activation

As shown in our previous study [Bengtsson et al.,
2001], smelling of vanillin produced bilateral activa-
tion of amygdala and piriform cortex (including a
minor portion of right orbitofrontal cortex) and a part
of the left anterior insular cortex (Fig. 3a, Table I).

The fields activated by acetone were much more
widespread. They covered bilateral anterior as well as
central insula and claustrum, spreading down into the
amygdala and piriform cortex on both sides, and in-
cluding a minor portion of the somatosensory (SI) area
on the left side (the central representation for face
[Roland, 1993]). In addition, a cluster was found in the
posterior portion of anterior cingulate (Fig. 3b, Table
II, III), in the right cerebellar hemisphere, the vermis
cerebelli, lateral hypothalamus, the ventral medial and

dorsal medial thalamus (VMpo and MDvc), and in the
brainstem covering the trigeminal nuclei. Notably,
when overlaying the clusters from the vanillin–air
contrast on the corresponding clusters from acetone–
air contrast, the only common area was a portion of
the right amygdala and piriform cortex, (Fig. 3a).

Cerebral deactivation

Smelling of vanillin was not associated with any
decrease in rCBF, i.e., deactivation (air–vanillin con-
trast) was not observed. To the contrary, smelling of
acetone caused large deactivations (air–acetone con-

Figure 2.
Respiratory changes. A: Changes in respiratory amplitude and
frequency. Differences are calculated as percent change during the
stimulation period compared to the baseline registration. The
decreases in frequency are denoted as negative values to the left
and the increases in amplitude as positive values to the right. Mean
values are given. The stars indicate significant difference compared
to the other two conditions (**P � 0.05; ***P � 0.001). B:
Representative respiratory patterns during smelling of acetone
and vanillin from one of the subjects. The four 15-second presen-
tations of the respective odor are indicated by shaded areas.

Figure 1.
Odor ratings. The vertical axis indicates the visual analogue scale
in mm. Bars indicate mean and SD (***P � 0.001).
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Figure 3.
a: Activation by vanillin (vanillin–air con-
trast) (left); acetone and vanillin–common
clusters (right). Activated clusters superim-
posed on a standard brain. The Sokoloff
color scale illustrates Z-values (0–7.5). The
clusters were thresholded at 3.1. Subject’s
right side is to the left in the image. The
Talairach coordinates are given. b: Activa-
tion by acetone (acetone–air contrast) and
deactivation by acetone (air–acetone con-
trast). Activated clusters superimposed on a
standard brain. The Sokoloff color scale il-
lustrates Z-values (0–7.5). Note that the
color coding is reversed for the illustration
of deactivation. The clusters were thresh-
olded at 3.1. Subject’s right side is to the left.
The Talairach coordinates are given. c: Ac-
tivation by butanol (butanol–air contrast)
and deactivation by butanol (air–butanol
contrast). Activated clusters superimposed
on a standard brain. The Sokoloff color scale
illustrates Z-values. Note that the color cod-
ing is reversed for the illustration of deacti-
vation. The clusters were thresholded at 2.6.
Subject’s right side is to the left. The Ta-
lairach coordinates are given.



trast) bilaterally in the primary and secondary visual
cortex, the right secondary auditory cortex, the sensory-
motor cortex (corresponding to the central represen-
tation of leg according to the homunculus), supple-
mentary motor cortex, and both sides
parahippocampal gyri (Fig. 3b, Table IV). With the
exception for right medial temporal gyrus, similar
(although not identical) clusters appeared also in
the vanillin–acetone contrast (Table V).

Correlation analyses

The percent change in respiratory index was only
weakly correlated to the normalized rCBF of the tri-
geminal nucleus (r � 0.34; P � 0.01).

Volume of interest analyses

The mean normalized rCBF in amygdala � piriform
cortex was lower during smelling of acetone com-
pared to vanillin (P � 0.040 and P � 0.048 for the left
and right amygdala � piriform VOI, respectively).

The rCBF during smelling of acetone was higher than
when smelling air (P � 0.001 for both VOIs).

Additional information from a separate study

To evaluate whether the pattern of activation ob-
served with acetone was representative for the olfac-
tory � trigeminal odorants in general, and not specif-
ically related to acetone, we did a post-hoc analysis of
a separate PET study. This study was carried out with
15-O-butanol on 16 right-handed, healthy, women
volunteers (age 24–27 years). The activation task con-
sisted of passive smelling of 10% butanol (diluted in
distilled water), whereas smelling of odorless air
served as the baseline condition. When tested ad mo-
dum Wysocki [Wysocki et al., 1997], butanol elicited
perception of pain and cold in the stimulated nostril in
four of six investigated anosmic subjects. In the given
concentration butanol was, therefore, deemed to elicit
a bimodal stimulation, olfactory � trigeminal.

The scanning procedure was identical with the pro-
cedure in the present study, with four 15- sec presen-

TABLE III. Deactivations during passive smelling of acetone (air - acetone contrast)†

Region
Z-score
(mean)

Size
(cm3) Coordinates

Right middle temporal gyrus (auditory association
cortex) 3.6 1.9 54 �19 �13

Right precuneus 3.5 1.9 3 �27 51
Right sensorymotor cortex 3.6 1.5 34 1 53
Left parahipocampal gyrus 3.3 1.4 �34 �37 �9
Right parahippocampal gyrus 3.8 6.2 24 �53 �4
Bilateral inferior temporal, parietal and occipital cortex

(excluding primary visual, auditory and
somatosensory cortex) 3.7 33.0 2 �68 26a

† The presented centers of gravity were obtained at Z � 3.1 and cluster size � 1.1 cm3 yielding P � 0.05.
a Large, confluent cluster covering both hemispheres. The co-ordinates indicate the center of gravity for this cluster.

TABLE II. Activations during passive smelling of acetone (acetone � air contrast)†

Region
Z-score
(mean)

Size
(cm3) Coordinates

Left insula and claustruma 4.0 5.3 �32 �1 3
Right insula and claustrum � amygdala 3.9 3.2 32 �3 2
Hypothalamus, thalamus (MDvc and VMPo), brainstem 3.5 4.0 5 �27 �15
Brainstem (including trigeminal nuclei) 4.1 3.1 2 �32 �25
Anterior cingulate (posterior portion) 3.7 2.1 0 34 26
Right cerebellar hemisphere 3.4 2.2 22 �52 �52
Cerebellar vermis 3.4 2.1 4 �59 �14

† The presented centers of gravity were obtained at Z � 3.1 and cluster size � 1.1 cm3 yielding P
� 0.05. MDvc, the medial dorsal nucleus; VMPo, the ventral medial nucleus of the thalamus.
a Cluster including a minor part of S1 (central representation of face).
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tations of the odor, or odorless air, during each scan-
ning session. After the scans subjects rated butanol
with VAS for odor pleasantness, irritability, intensity,
and familiarity.

The activations (butanol–air contrast), as well as de-
activations by butanol, (air–butanol contrast) were cal-
culated with the general linear model [Ledberg et al.,
1998] using P � 0.05 (z-threshold of 2.6 and minimum
cluster size 2.8 cm3).

The pattern of activation and deactivation was sim-
ilar to that observed with acetone (Table VI, VII).
Thus, activations were observed bilaterally in insular
cortex, covering minor portions of the piriform cortex,
in the posterior portion of anterior cingulate, and bi-
laterally in the somatosensory cortex. No activation
was observed in amygdala, or orbitofrontal cortex. In
parallel, there were deactivations in the right temporal
neocortex, right parietal and occipital cortex. Butanol
was rated 19 � 4 mm for pleasantness, 38 � 5 mm for
irritability, 28 � 6 mm for intensity, and 16 � 2 mm for
familiarity.

DISCUSSION

Odorous compounds (odorants) may be pure olfac-
tory, mixed olfactory and trigeminal [Doty et al.,
1978], or pheromones [Karlsson and Luscher, 1959].

We recently found that pheromone like compounds
elicit an entirely different pattern of cerebral activation
than the hitherto investigated odors [Savic et al., 2001].
The present study represents a further step in the
investigation of possible odorant related specificity of
cerebral activation in that it compares the cerebral
activation by an olfactory and a mixed olfactory � tri-
geminal odorant. Using methods identical with those
applied in several of our previous publications [Savic
et al., 2000a; Savic and Gulyás, 2000], we show an
odorant differentiated pattern of cerebral activation.

In accordance with other studies of perception of
predominantly olfactory odorants (Savic et al., 2000a;
Savic and Gulyás, 2000; Sobel et al., 1998; Zald and
Pardo, 1998; Zatorre et al., 1992], smelling of vanillin
activated the primary olfactory areas [Powell et al.,
1965]. In our recent study [Bengtsson et al., 2001], only
a minor portion of orbitofrontal cortex was activated,
probably because subjects were trained not to judge
the odors, and, a recruitment of associative olfactory
cortex was not necessary. In contrast to vanillin, smell-
ing of acetone engaged only a minor portion of the
primary olfactory brain, despite similar ratings of the
subjectively perceived odor intensity and familiarity
(Figs. 1,3). The activations resembled those observed
with various painful stimuli [Casey et al., 1996; Paul-
son et al., 1998; Rainville et al., 1999], and should,

TABLE IV. Activations by acetone compared with vanillin
(acetone � vanillin contrast)†

Region
Z-score
(mean)

Size
(cm3) Coordinates

Left insula and claustrum 3.5 1.5 �30 1 0
Left insula and claustrum incl S1 for face 3.5 1.5 �56 �12 15
Hypothalamus (pars tuberculartis) � thalamus (VMpo) 3.5 3.0 5 �8 �6
Anterior cingulate (posterior portion) 3.4 2.8 8 8 34
Brainstem, and cerebellar vermis 3.5 5.6 �1 �39 �23

† The presented centers of gravity were obtained at Z � 3.1 and cluster size � 1.1 cm3 yielding
P � 0.05. VMpo, the ventral medial nucleus of the thalamus.

TABLE V. Deactivations by acetone compared with vanillin
(vanillin�acetone contrast)*

Region
Z-score
(mean)

Size
(cm3) Coordinates

Right postcentral gyrus (S1, arm) 3.4 1.3 41 �21 19
Left superior frontal gyrus 3.5 1.8 �15 53 1
Right prefrontal cortex 3.2 2.1 37 �3 58
Bilateral inferior temporal, occipital and parietal cortex 3.7 10.2 �5 �56 20

* The presented centers of gravity were obtained at Z � 3.1 and cluster size � 1.1 cm3 yielding
P � 0.05.
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therefore, be attributed to acetone’s trigeminal com-
ponent. this explains the reported cooling, burning,
and painful sensations, as well as the high irritability
scores (Fig. 1).

The observed difference in cerebral activation by
vanillin and acetone can not be explained by a differ-
ence in odor-pleasantness. Chemosensory evoked re-
sponses to vanillin and hydrogen sulfide (two olfac-
tory odorants, one pleasant, the other unpleasant)
have similar distributions [Kettenmann et al., 1997],
which are both different from the distribution ob-
tained with trigeminal stimuli [Kobal and Hummel,
1988]. Acetone activated the right amygdala, whereas
the unpleasant odors are found to mainly engage the
left side [Royet et al., 2000; Zald and Pardo, 1997].
Unpleasant odorants are reported to activate the oc-
cipital cortex [Williams et al., 1997], which in the
present study was deactivated by acetone.

Despite a similar scoring as vanillin with respect to
odor intensity, acetone activated only a minor part of
the olfactory cortex, (Fig. 3a). One explanation could
be the trigemino–olfactory interaction, analogous
with taste–olfactory interaction reported with the per-
ception of flavor [Small et al., 1997]. Such an interac-
tion is suggested by electrophysiological studies
showing that trigeminal stimuli have an inhibitory
effect on olfactory afferents to the brain [Bouvet et al.,
1987; Cain and Murphy, 1980; Kobal and Hummel,
1988; Stone, 1969]. One example is that blocking of the
trigeminal nerve enhances odor-induced activity in
the olfactory bulb, whereas electrical stimulation of
the trigeminal nerve decreases the bulbar activity
[Stone, 1969]. Another is that neuronal responses in
medial dorsal thalamic neurons (MDvc) after odor
stimulation become enhanced by blockade of the tri-
geminal nerve [Inokuchi et al., 1993]. A cluster corre-
sponding to MDvc was observed when contrasting
vanillin, as well as acetone to air, but not when ace-
tone was contrasted to vanillin (acetone–vanillin con-
trast). This nucleus may well have mediated the olfac-

tory-trigeminal interaction in the present study.
Whether the postulated inhibition by trigeminal sig-
nals was achieved via recruitment of inhibitory tha-
lamic inter-neurons projecting onto thalamo-cortical
neurons, or via another pathway, can only be specu-
lated on presently.

A conceptually important question is whether the
suppression of olfactory signals by the trigeminal
nerve is selective or part of a more widespread effect.
Smelling of acetone caused deactivations of the so-
matosensory and visual and auditory cortices,
whereas no deactivations were observed with vanillin.
That the clusters detected in air–acetone contrast rep-
resented acetone-related deactivations, rather than air-
related activations, was indicated by the fact that they
appeared also in the vanillin–acetone contrast, but not
in the air–vanillin contrast. Although these clusters
could represent a gating of task-irrelevant informa-
tion, it is of note that they were found only in areas
mediating other sensory stimuli. A similar cross-
modal modulation of sensory stimuli has been ob-
served during visual [Haxby et al., 1994], pain [Peyron
et al., 1999], auditory [Fiez et al., 1996], as well as
somatosensory stimuli [Bodegård et al., 2000; Ka-
washima et al., 1995], implying that the cross-modal
deactivation is a more widespread phenomenon
[Shulman et al., 1997]. That no deactivations of olfac-
tory regions were observed in the air-acetone condi-
tion may be an effect of acetone’s bimodal action: thus,
the olfactory regions could, theoretically, have been
activated by the olfactory component of acetone, and
deactivated by its trigeminal component.

A tentative mechanism underlying deactivations
during sensory stimuli could be strong attentional
shift, as suggested by Drevets et al. [1995] who found
a similar pattern of deactivation during the expecta-
tion, compared to perception of somatosensory stim-
uli. Smelling of acetone presumably caused a shift of
attention toward the potentially noxious trigeminal
stimulus. Because this stimulus may contain vital in-
formation, other irrelevant sensory stimuli had to be
disregarded. Such a mechanism seems plausible, con-

TABLE VII. Deactivations by butanol compared with air
(air–butanol contrast)†

Region
Z-score
(mean)

Size
(cm3) Coordinates

Right medial temporal gyrus 3.2 3.2 53 4 �12
Right parietal and occipital

cortex 2.8 6.4 9 �50 31

† Clusters were thresholded at Z � 2.6 and size �2.8 cm3.

TABLE VI. Ativations by butanol compared with air
(butanol–air contrast)†

Region
Z-score
(mean)

Size
(cm3) Coordinates

Right insular cortex 3.2 7.2 26 1 2
Left insular cortex 2.9 3.9 �30 14
anterior cingulate 3.0 6.2 �5 16 3
Right somatosensory cortex 4.1 3.2 50 �16 23
Left somatosensory cortex 3.0 4.9 �52 �8 29

† Clusters were thresholded at Z � 2.6 and size � 2.8 cm.
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sidering that trigeminal nasal stimuli have a strong
effect on cardiovascular reflexes, (i.e., heart rate and
blood pressure, respiration rate, epinephrine secre-
tion) [James and Daly, 1969]. They are reported to
induce a swelling of the nasal mucous membrane
[Simon et al., 1985], causing an increase in airflow
resistance, which could explain the typical respiratory
pattern observed during smelling of acetone, but not
vanillin or air (Fig. 2). This pattern was characterized
by a gradual increase in respiratory amplitude fol-
lowed by its gradual decrease, and by a less pro-
nounced decrease in respiratory frequency, which re-
sulted in an increase of the calculated respiratory
index. A similar increase in tidal volume in response
to increased airflow resistance was also found by
Daubenspeck [1981].

It may be argued that the cerebral activation by
acetone is not necessarily representative for other ol-
factory � trigeminal odorants. Butanol, however, ac-
tivated similar regions. Sobel et al. [2000] reported a
similar pattern of activation although completely dif-
ferent bimodal compounds were used. The observed
difference between vanillin and acetone seems to have
more general implications for unimodal olfactory
odorants compared to bimodal olfactory � clearly
trigeminal odorants. This confirms our initial hypoth-
esis about the inherently different pathways in rela-
tion to the signal transducing cranial nerves, and mo-
tivates further studies of odor-related cerebral
activation. The findings also bring attention to the risk
of bias when comparing cerebral activations during
various olfactory functions (perception, discrimina-
tion, memory, and identification) without matching
the odorants for their trigeminal component.
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