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Human brain activation in response to olfactory stimulation
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bstract

To identify the BOLD effects related to olfaction in humans, we recorded functional magnetic resonance imaging (fMRI) scans in response
ntravenously instilled thiamine propyl disulfide (TPD) and thiamine tetrahydrofurfuryl disulfide monohydrochloride (TTFD). TPD and TTFD
voked a strong and weak odor sensation, respectively. Since we did not spray the odor stimuli directly, this method is expected to reduce the
ffect caused by direct stimulation of the trigeminal nerve. For the analysis of fMRI data, statistical parametric mapping (SPM2) was employed
nd the areas significantly activated during olfactory processing were located. Both strong and weak odorants induced brain activities mainly in
he orbitofrontal gyrus (Brodmann’s area: BA 11) in the left hemisphere. TPD (a strong odorant) induced activity in the subthalamic nucleus in the

eft hemisphere and the precentral gyrus (BA 6) and insula in the right hemisphere. TTFD (a weak odorant) induced activity in the superior frontal
yrus (BA 11) in the right hemisphere. In both circumstances, there was an increase in blood flow at the secondary olfactory cortex (SOC) but not
he primary olfactory cortex (POC), probably due to a habituation effect in the POC. From the present results, we found brain activity in not only
dor-specific regions but also regions whose levels of activity were changed by an intensity difference of odor stimuli.

2007 Elsevier Ireland Ltd. All rights reserved.
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he cortical areas responsible for olfactory perception were
dentified in animals with anatomical and electrophysiological

ethods [3,25]. In recent years neuroimaging techniques have
llowed us to visualize odor-induced brain activation in humans
20,21,27] without dealing with the intensity.

In Japan, the intravenous olfaction test is widely used for
he diagnosis of olfactory disorders [23]. After an intravenous
dministration of TPD (Alinamin®, Takeda Pharmaceutical
ompany Ltd., Osaka, Japan) and TTFD (Alinamin F®, Takeda

harmaceutical Company Ltd., Osaka, Japan), subjects smell a
arlic-like odor in their expired air. Since we do not spray the
dorants directly, this method is expected to reduce the effect of
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irectly stimulating the trigeminal nerve. In addition, since TPD
nd TTFD induce a stronger and weaker odor sensation, respec-
ively, we may be able to compare brain activations caused by
ach stimulus.

Twelve healthy right-handed male subjects (mean ± S.D. age
0.8 ± 5.4 years, range 27–42 years) with normal olfaction par-
icipated in this study. All subjects understood the experimental
rocedures and gave their written informed consent to partici-
ate in this experiment, which had been approved by the Ethical
ommittee of the National Institute for Physiological Sciences,
kazaki, Japan.
Stimulation was done with the intravenous infusion of TPD

r TTFD. The subjects smelled a distinct garlic-like odor in
heir expired air after the infusion. TTFD evoked a weaker sen-

ation than TPD owing to the substitution of the side chain of
ts odorous components. The order of TPD or TTFD infusion
as randomized and counterbalanced across the subjects. We
issolved TPD and TTFD (2 ml) in physiological saline (50 ml)

mailto:kakigi@nips.ac.jp
dx.doi.org/10.1016/j.neulet.2007.06.039
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Fig. 1. Experimental time course: before the subjects perceived the odor, 60 s
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ecordings were made. TPD or TTFD was instilled for 10 s. Six trials were
easured in each subject at 3-min intervals after the subjects did not perceive

ny odorants.

nd instilled them slowly into the left median cubital vein for
0 s. The subjects were instructed to press the button when the
mell started and ceased. Physiological saline was instilled the
ame as TPD and TTFD as the state in which no odor was
erceived.

Fig. 1 shows the experimental time courses. The experiments
ere controlled by Presentation software (Neurobehavioral Sys-

ems, Inc., San Francisco, CA). The subjects kept their eyes
losed so as to avoid noticing the time of instillation. They
ore masks with a tube for ventilation to keep the air clean

n the measurement room. Six trials were measured in each sub-
ect at 3-min intervals after the subjects did not perceive any
dorants.

After the experiment, all subjects evaluated the palatabil-
ty for TPD and TTFD according to a five-grade system: (1)
ate, (2) dislike, (3) neutral, (4) like and (5) strongly like. All
ubjects practiced nasal breathing at a constant rate before the
xperiment. During the experiment, to ascertain whether or not
he subjects’ breathing was constant throughout the experiment,
heir respirations were monitored with a nasal thermistor (res-
irator pickup TR-611T, Nihon Kohden, Japan).

A conventional block design was applied in this fMRI
tudy. All data were collected on a three T MRI system
The Magnetom Allegra, Siemens Co., Erlangen, Germany)
sing a T2*-weighted gradient-echo echo-planar imaging (EPI)
equence [repetition time (TR)/echo time (TE) = 2500 ms/30 ms,
ip angle (FA) = 90◦, slice thickness/gap = 3 mm/0 mm, field of
iew (FOV) = 192 mm × 192 mm, resolution = 3 mm × 3 mm,
0 slices]. In a single run, 94 volumes were obtained follow-
ng two dummy images. To normalize individual brains into a
tandard brain, a three-dimensional (3D) T1-weighted image
f each subject was collected using a magnetization-prepared
apid acquisition in gradient echo (MP-RAGE) sequence [15]
TR/TE = 2500 ms/4.38 ms, FA = 8, FOV = 230 mm × 230 mm,
esolution = 0.9 mm × 0.9 mm].

The data analyses were implemented using statistical para-
etric mapping (SPM2; Wellcome Department of Cognitive
eurology, London, UK) [7,8] on MATLAB (Math Works, Sher-
orn, MA). Each individual brain was normalized to the standard
rain space (Montreal Neurological Institute (MNI) brain tem-
late) [6] with re-sampling of 2 mm3. The parameters for affine
nd nonlinear transformation into the MNI template were esti-
ated using the 3D T1-weighted image with least squares means

7,8]. Normalized data were then spatially smoothed with an

sotropic Gaussian filter of 8 mm (full-width at half maximum,
WHM). A hemodynamic response function [9] as a general lin-
ar model was applied to smoothed data to identify the regions
f the brain activated by the odor stimuli.
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For investigation at the population level, individual data were
hen incorporated into a random effect analysis [10] with one
ample t-test. The statistical threshold was set at P < 0.001
uncorrected for multiple comparisons). Regions activated by
ither or both TPD and TTFD (odorant-induced activation)
ere statistically determined by subtracting the activation with

aline administration. Further, the first 6 s of the odor sensa-
ion block was analyzed to assess the effect of habituation. The

NI coordinates were converted into Talairach coordinates [24]
sing a nonlinear transformation algorithm formulated by Brett
4].

The subjects were instructed to press the button when the
mell started and ceased. The onset time was 90.1 ± 11.9 s
mean ± S.D.) for TPD and 96.1 ± 11.9 s for TTFD. The dura-
ion of smell was 58.4 ± 23.2 s (mean ± S.D.) for TPD and
7.6 ± 27.2 s for TTFD. The paired t test did not reveal a
ignificant difference in the mean of onset time (P = 0.929)
nd the duration of smell (P = 0.704) between TPD and
TFD.

The Chi-square test revealed that the strength of the odor
iffered significantly (P < 0.05) but palatability did not. There
as no significant difference in the mean respiration rate in each

rial.
By the intravenous stimulation with TPD and TTFD, the sub-

ects smelled a strong and weak odor in their expired air after the
nfusion (Table 1). The most activated region was observed in the
rbitofrontal gyrus (Brodmann’s area: BA 11) [x = −22, y = 48,
= −12; Talairach coordinates] in the left hemisphere (Fig. 2).
n increase in blood flow was observed at the SOC (Table 1).
lthough POC [x = 26, y = 43, z = −5] was detected by the first
s analysis, but it was not significant.

TPD, which evoked a stronger sensation than TTFD, caused
n increase in blood flow mainly at the frontal lobe, subthala-
ic nucleus, and insula. The area most activated was located

n the subthalamic nucleus [x = −16, y = −8, z = −6] in the
eft hemisphere. Significant brain activity was also found in
he precentral gyrus (BA 6) [x = 30, y = −5, z = 48] and insula
x = 34, y = 12, z = 16] in the right hemisphere (Fig. 3). An
ncrease in blood flow was observed at the SOC but not the
OC (Table 1).

TTFD, which evoked a weaker sensation than TPD, induced
n increase in blood flow at the superior frontal gyrus and cere-
ellum. The area most activated was in the superior frontal
yrus (BA 11) [x = 16, y = 56, z = −11] in the right hemisphere
Fig. 4). TTFD induced significant activity in the SOC but not
OC (Table 1).

The human POC seems to include the piriform, entorhinal
ortex, and amygdala (BA 28, 34) [5] while the SOC includes
he orbitofrontal cortex, insula, and striatum (BA 10, 11, 32, 47)
1,25]. Recently, neuroimaging techniques such as fMRI and
ET have enabled us to locate primary and secondary cortices
20,21,27]. Several previous attempts to grasp brain activities
n the POC using MRI showed that the increase in blood flow

t the POC was small and inconsistent but activation of the
OC was large. It seems strange that activity in the POC was
ot clearly identified by neuroimaging, whereas other primary
ortices such as visual [2], auditory [17] and somatosensory
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Table 1
Brain areas activated by odor stimuli (group analysis of 12 subjects, P < 0.001)

Area BA Hemisphere x y z z-Score

All
Superior frontal gyrus 6 R 18 24 61 4.45
Orbitofrontal gyrus 11 L −22 48 −12 6.65

TPD (strong stimulus)
Subthalamic nucleus L −16 −8 −6 6.82
Insula R 34 12 16 5.87

R 40 6 11 5.45
R 38 16 8 5.41

Precentral gyrus 6 R 30 −5 48 6.38
Middle frontal gyrus 8 R 24 25 41 4.98

8 R 14 33 37 4.37
9 L −36 46 27 5.14

10 L −32 39 13 4.63
10 R 36 47 7 4.48

Superior frontal gyrus 10 R 38 51 20 4.33
Middle temporal gyrus 37 L −53 −66 5 5.35

TTFD (weak stimulus)
Superior frontal gyrus 11 R 16 56 −11 6.95
Cerebellum R 28 −63 −14 5.43

R 22 −67 −11 5.21
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rain areas showing significant activation by intravenous odorant administration
omparisons). The x, y, z coordinates are using the atlas of Talairach [24]. BA:

19] cortices were comparatively easy to visualize. This can
e due to habituation and desensitization. Rapid habituation
n the piriform cortex (POC) was detected electrophysiologi-
ally in the rat [26], in which anterior piriform cortex neurons
ere habituated significantly faster than olfactory bulb neu-

ons with both repeated and prolonged stimulation. Poellinger

t al. [18], in a previous fMRI study, found that activity in the
OC was weak or undetectable when dealing with a relatively

ong stimulation such as 30, 40, or 60 s. It is thus difficult to
isualize activity in the POC, which could easily be habitu-
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ig. 2. Odorant-induced activation and signal intensity change: By the intravenous s
as induced. The area most activated was located in the orbitofrontal gyrus (BA 11)
D and TTFD: Statistical threshold was set at P < 0.001 (uncorrected for multiple
ann’s area, L: left hemisphere, R: right hemisphere.

ted, due to the limits of time resolution of the MR scanner
18,21]. Our present study supports this view in that the first 6 s
nalysis detected the POC activation though it was not signifi-
ant.

Sobel et al. [20] performed an experiment using a sniffing
ethod in which subjects smell actively whether an odorant
s present or absent, then reported the activation of the piri-
orm and orbitofrontal cortex. It is known that the odorants in
he expired breath are residual with a large amount present 10

in after an intravenous administration [13]. The mechanism

timulation with TPD and TTFD, an increase in blood flow at the frontal lobe
in the left hemisphere.
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ig. 3. TPD-induced activation and signal intensity change: The area most activ
ignificant brain activity was also found in the precentral gyrus (BA 6) (b) and i

f olfaction following an intravenous administration could be
s follows: odorants incorporated into the blood reach the lung,
hen are excreted through expiration, then they stimulate the
lfactory epithelium directly from the posterior nasal cavity. It
s thought that an intravenous administration results in a long-
uration stimulus and olfaction begins not with sniffing but with
melling using this method and for the primary olfactory cortex
o be activated, the action of sniffing and an early time point
efore habituation are necessary.

The odorant-induced orbitofrontal activation is much more
nterior than the “putative olfactory OFC” defined in a meta-
nalysis of imaging studies [11]. We think that this difference
as mainly caused by a difference of stimulus methods and
y a racial anatomical difference between Caucasians and
sians to some degree, though it is a speculation with no evi-
ence.

Though the methods of stimulation have differed among stud-
es, there have been reports of activity in the insula [17,20]
ollowing stimulation with odors. Since insula is strongly related
o emotion as main regions of the limbic system, it seems
lausible that these areas are activated by odors. The rela-
ionship of the subthalamic nucleus with odor function was

eported [12]. The decrease in olfactory function in patients
ith Parkinson’s disease (PD) is well investigated. While deep
rain stimulation of the subthalamic nucleus had no effect
n odor thresholds, in hyposmic PD patients, odor discrim-

t
i
m
t

as located in the subthalamic nucleus in the left hemisphere (a). Furthermore,
(c) in the right hemisphere.

nation was found to be significantly increased. Thus, the
ubthalamic nucleus may be involved in olfactory process-
ng.

As for the precentral gyrus (BA 6), our previous MEG study
howed activity there using the same method of stimulation
14]. In that study, both strong and weak odors induced event-
elated desynchronization (ERD) of the beta band (13–30 Hz)
n the precentral gyrus, which might reflect the thalamo-cortical
etworks that enhance focal cortical activation through the
imultaneous inhibition of other cortical areas [16]. Since MEG
ecords physiological changes of cerebral cortex function, the
btained results by fMRI are usually not the same as those by
EG. However, since each method has its own advantages, it

eems ideal that both MEG and fMRI are recorded for the same
timulation as we did.

Finally, the results that TPD-specific activated areas were
ainly concentrated on the medial frontal gyrus (BA 8, 9)
ere interesting. Steinvorth et al. [22] reported that odor is a

entral component of autobiographical memory, which allows
s to travel mentally back in time. They examined the net-
ork supporting autobiographical memory, and then mentioned

hat it was a large network including the medial frontal cor-

ex. Although they did not examine the effect of a difference
n odorant intensity, our results raise the possibility that the

edial frontal gyrus depends on odor intensity. Taken together,
he results suggest that (1) the SOC is active regardless of odor
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ig. 4. TTFD-induced activation and signal intensity change: TTFD, which evo
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ntensity and (2) the cortical processing of strong and weak odor
erception may be different.
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