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Abstract

Background: Functional magnetic resonance imaging (fMRI) is a non-invasive and convenient method of mapping brain activity
associated with the human sensory systems. Among these systems there is a lack of data from olfactory studies, which could be
attributed to technical difficulties in odor delivery during scanning. The current study took advantage of an olfactometer to evaluate
brain activity during the odor-smelling process.
Objectives: This study aimed to investigate the brain regions of the human olfactory system via fMRI brain imaging. A speculative
survey was used to highlight the differences between studies conducted in healthy populations using olfactory tasks, as well as
conducting literature survey in terms of the technical principles applying through these tasks in fMRI studies.
Subjects andMethods: A functional map of the olfactory system that used a block design, alternating between odor and non-odor
phases, was examined in 15 healthy volunteers. The general linear model was used to identify statistically significant voxels that
showed activation during the activation blocks.
Results: Primary and secondary olfactory regions, including the piriformis, insula, amygdala, parahippocampal gyrus, caudate
nucleus, inferior frontal gyrus, middle frontal gyrus, superior temporal gyrus, and cerebellum, demonstrated significant activation
in response to odor stimulation.
Conclusion: Activation of the aforementioned brain areas, and the pattern of activation, is largely in accordance with previous
published olfactory studies carried out in healthy individuals.
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1. Background

Our knowledge of the field of functional brain
anatomy has been drastically improved with the ad-
vent of functional magnetic resonance imaging (fMRI),
a highly effective method that has allowed the mapping
of numerous sensory and motor functions. However,
the number of studies focusing on the functional neu-
roanatomy of the olfactory system has remained very
small (1, 2). fMRI studies of the olfactory system have cer-
tain limitations that are not that important with regard
to other sensory and motor tasks. Indeed, it is difficult
to quantitatively explore the olfactory system, which
may be due to the lack of sufficient strategies to enable
stimulation of this system in a selective and controllable
manner. Despite these shortcomings, the mapping of the
central cortical pathways that process olfactory stimuli
is of great importance because of the close connection
between olfactory impairments and the early stages of
some neurodegenerative disorders, such as Alzheimer’s

disease, Parkinson’s disease, and schizophrenia. Since
olfactory dysfunction is one of the earliest signs of these
conditions, and this functional decline precedes the onset
of motor symptoms, many studies have proposed the
use of olfactory functional imaging evaluation, despite
the complexity of design involved (3, 4). Another com-
mon clinical setting that highlights the importance of
olfactory dysfunction is encountered in patients with
post-traumatic hyposmia that is accompanied by frontal
lobe injury, as well as temporal lobe injury (5, 6).

Considering the importance of conducting fMRI stud-
ies, the technical problems regarding odor delivery in
the MR apparatus must be addressed. The majority of
fMRI studies take advantage of block-designed tasks, which
compare alternating intervals of stimulus and no-stimulus
epochs with regard to increasing statistically significant
changes in blood oxygen level-dependent (BOLD) signal in-
tensity. In olfaction studies, one condition can be odor
presentation (an experimental phase), while the other in-
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volves a no-odor condition (a control phase) (1, 7-9). In
order to produce a precise and adequate delivery of the
odor stimulus in both phases, the majority of recent stud-
ies have utilized an olfactometer device (7). To avoid any
disturbance in the magnetic field, and diminishing of the
signal-to-noise ratio, parts of the olfactometer that are
located in the magnet room should be made from dia-
magnetic materials. Both the odor and no-odor (rest)
phases should be executed without any thermal, tactile,
and acoustic cues when switching between the two peri-
ods. Consequently, the odor and pure air should be at the
same temperature and pressure. The no-odor phase in-
volves exposure to pure air without any pollution by odor
molecules. In addition, a standardized odor with a high
level of replication in repetitive experiments is used for
stimulation (7, 8, 10).

To date, previous studies have demonstrated that the
olfactory tract sends a signal to the central olfactory sys-
tems, including the piriformis and entorhinal cortices in
the temporal lobe, as well as cortical subcortical struc-
tures, such as the amygdala. Moreover, the olfactory tract
sends signals to a complex circuit that includes the tha-
lamus, hypothalamus, dorsolateral frontal cortex, and or-
bitofrontal cortex (OFC). Further processing of odor char-
acteristics and conscious analysis of odor stimuli occurs in
various sections of the limbic system (2, 11).

2. Objectives

The current study aimed to explore the primary and
secondary regional brain activation of olfactory areas in a
healthy group of the Iranian population during an olfac-
tion task using eucalyptus odorant. For the first time, the
present study also describes the feasibility of olfactometer
utilization in carrying out fMRI studies in Iran. In addition,
we have described some of the methodological aspects re-
garding utilization of olfactory tasks in fMRI studies.

3. Subjects andMethods

3.1. Participants

A total of 15, healthy, right-handed individuals (six
men, nine women) participated. The primary investiga-
tor explained the entire study protocol to all of the partic-
ipants, after which their informed consent was obtained.
The study was reviewed and approved by the institutional
board of Tehran University of Medical Sciences. All partic-
ipants were non-smokers, and were aged between 22 and
38 years (mean ± SD; 30 ± 5). A careful history was ob-
tained from all participants, and none had nasal and sinus

complaints or neurological and psychiatric diseases. To es-
tablish the healthy status of the participants with regard
to possible confounding diseases, a complete neurological
examination was performed by a neurologist who was un-
aware of the study aims.

3.2. Olfactory Testing

The standardized psychophysical olfactory test, the “S-
niffin Stick” test, was performed with all participants be-
fore the fMRI session. This battery of tests consisted of
odor threshold (T), discrimination (D), and identification
(I). The total score (TDI) was determined by the sum of
the three scores (T+D+I) (12). For this behavioral assess-
ment, the odorants were presented via a pen-like dispens-
ing device. The examiner removed the pen’s cap and
placed it 2 centimeters away from both nostrils for ap-
proximately 3 seconds. The threshold test was conducted
with phenyl ethyl alcohol or n-butanolin in a triple-forced-
choice paradigm. Three pens were presented to the par-
ticipants in a randomized manner: only one of these con-
tained the odorant, while the two others contained only
the diluents. Each participant was then asked to deter-
mine the pen that smelled different from the other pens. A
particular odorant concentration was only correctly iden-
tified if the pen containing the odorant was recognized
twice in a row. Following this, the next highest dilution
step was presented. If this was also correctly identified
twice, again the next highest dilution step was presented
and so on, until the participant made an incorrect de-
cision, in which case, the next lowest dilution step was
presented. If the participant could not identify this level
of concentration, the next lowest dilution step was pre-
sented. This pattern was continued until the participant
correctly identified a dilution step. The test was completed
when seven reversal points were passed through, and the
smell threshold (T) was defined as the mean of the last four
staircase reversal points. For the odor discrimination test
(D), 16 pen triplets were presented to each participant: two
pens smelled the same, and the remaining pen contained a
different odorant. Therefore, the participants had to deter-
mine which of the three pens smelled different. During the
odor threshold and odor discrimination tests, the partici-
pants were blindfolded to prevent visual recognition of the
pen’s odorants. The odor identification test was conducted
via the use of 16 common odorants. Each participant re-
ceived a multiple-choice card and was asked to pick the
term that described the presented odorant. For all three
parts of the test (threshold, discrimination, and identifica-
tion), the participants’ scores ranged from 1 to 16. There-
fore, a total score was determined by totaling the results
obtained (TDI score). Accordingly, olfactory function could
be classified in terms of anosmia (TDI < 16), hyposmia (16 <
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TDI < 30), and normosmia (TDI > 30) (7, 12). The results of
this test ensured that all of the participants had a normal
olfactory system. A score of ≥ 30 was utilized to identify
participants that were appropriate for the fMRI session.

3.3. FMRI Data Acquisition

Functional MRI was performed to measure BOLD con-
trasts on a 3-Tesla (Siemens, MAGNETOM Trio; Germany)
MR-system. During the scanning procedure, foam cush-
ions were used to minimize movements of the head within
the coil. Each imaging session began with acquisition of a
high-resolution, T1-weighted, three-dimensional anatom-
ical scan. A T1-weighted spin-echo sequence was used to
generate high-resolution structural maps of the partici-
pants’ brains, with the same dimension and orientation
as the fMRI (TR = 1800 ms; TE = 90 ms; flip angle = 90°).
The fMRI data were obtained using a gradient-echo echo-
planar images (EPIs) protocol (TE = 60.3 ms; TR = 3125 ms;
flip angle = 90°; field of view =22 cm2; number of slices =
15; slice thickness = 6 mm; spacing = 0 mm; bandwidth =
5.62 kHz). Total fMRI acquisition lasted 10 minutes for each
participant.

3.4. FMRI Activation Task

Olfactory stimulation was administered using a Mag-
concept olfactometer (USA, 2010) with a continuous air-
flow rate (2 L/minute). The olfactometer device consisted
of two main parts; a positive airway pressure system and
an odorant delivery system. This system was controlled by
a computer software program to permit choosing of, and
switching between, different types of stimulation. Odor
and air delivery timings, stimulus frequency, and choice
of a specific odorant for stimulus presentation within any
task were controlled by the software.

The odorant presentation model that we used was a
block design that consisted of two alternating patterns. A
15-second odor presentation (eucalyptus; nature’s alchemy
Co. 100% pure natural essential oil), followed by a rest pe-
riod of 45 seconds (odorless air), constituted these blocks.
This alternation of activation and rest was repeated for 10
rounds (a total of 600 seconds).

3.5. Technical Aspects

Several technical considerations should be applied in
every brain olfactory fMRI study, some of which are related
to the participants. They should be asked to breath nor-
mally without sniffing during the scanning, and to not
move their head at all (7, 13-16).

In addition to the technical aspects relating to partic-
ipants that should be considered during olfactory fMRI

studies, several specific methods should be used to pre-
cisely deliver odor molecules to the scanner. A method
used in the past was to place a piece of odor-saturated cot-
ton in front of the participant’s nose. This method is the
most helpful in positron emission tomography (PET) imag-
ing studies, but it is not reliable in fMRI studies due to the
possibility of tactile stimuli during the scanning if the cot-
ton touches the participant’s nose. Moreover, concentra-
tion level of the odorant cannot be controlled, so the odor
stimuli would not be precise. Nowadays, a more advanced
method is used: a mobile olfactometer device to produce
and convey the odorant stimuli to the participant’s nose
during scanning, which does not have the limitations of
the previously described methods. These tools consist of
three main parts: a positive air pressure device that is used
in the control room, a nasal mask, and a part that consists
of some capsules that contain the odorants. This unit was
used in the magnet room and is controlled by computer-
based software that provides the facility to switch between
the rest and odor stimulus phases. In addition, it allows the
programmer to maintain desirable timing and frequency
of the olfactory stimuli task.

Some technical matters must be addressed in design-
ing olfactometer devices and performing olfactory tasks.
For example, some parts of the olfactometer that are
placed in the magnet room should be made by diamag-
netic materials to avoid any uniformity disturbances of the
magnetic field and a decline of signal-to-noise ratio. In or-
der to create a desirable olfactory task during scanning, ol-
factometers should have the capacity to deliver a variety
of odorants over a random and selectable duration. The
computer-based software in this system supports this re-
quirement. As most of the olfactory tasks consist of odor-
less phases, this state should not be polluted by any odor-
ant molecules of the stimulus phases and should contain
pure air. Furthermore, to prevent tactile and thermal stim-
uli during scanning in both rest and stimulus phases, the
pure air and odorant that is conveyed to the participant’s
nose should be at the same pressure and temperature (8,
17-19).

3.6. Data Analysis

Image pre-processing and statistical analysis were con-
ducted using functional magnetic resonance imaging of
the brain (FMRIB) software library (FSL) software package
(FMRIB’s software library, http://www.fmrib.ox.ac.uk/fsl)
version 5.2.0 and the fMRI expert analysis tool (FEAT). The
pre-processing steps were executed on EpiData software
and consisted of brain extraction to discharge signals that
were not related to brain tissue signals using the brian ex-
traction tool (BET, v. 2. 1; FSL), slice-timing correction ap-
plying phase-shifting in Fourier time-series space, motion
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correction by the FMRIB’s linear image registration tool
(MCFLIRT; FSL), application of spatial smoothing with a 5-
mm full width half maximum isotropic Gaussian kernel,
and non-linear, high-pass temporal filtering, with a cut-off
frequency of 60 seconds. Moreover, 4D data normalization
to the standard stereotactic space (Talairach and Tournoux,
1988) was performed. The parametric statistical analysis
was then carried out using FEAT analysis, which is based
on the general linear model. In FEAT, the first-level anal-
ysis (time series for single-participant analysis), known as
the FMRIB Improved linear model, utilizes the precise non-
parametric estimation of a time series to generate the op-
timum estimation efficiency. The corresponding BOLD sig-
nal was characterized by a “z-score” that was achieved by
means of a t-test and dividing the parameter estimate by its
standard error. At the final stage, cluster thresholding was
performed to clarify those clusters with statistically sig-
nificant activations. Hence, only clusters with a z-statistic
greater than 2.3 and a P value of cluster threshold of less
than 0.05 were regarded as statistically significant activa-
tions.

For group analysis, higher-level analysis FEAT used FM-
RIB’s local analysis of mixed effects to model and estimate
the random-effects component of the measured variances
of the inter-session mixed-effects. All activation maps were
overlaid and registered onto a standard Montreal neuro-
logical institute brain template implanted in FSL software.

4. Results

4.1. Behavioral Results

Behavioral olfactory testing was carried out before the
fMRI session, in order to ensure the intact olfactory status
of the participants and to exclude hyposmic and anosmic
cases. We specified that participants have a TDI score of ≥
30, and our results showed that the mean TDI score of the
“Sniffin Stick” test was 33 (SD = 3.2; range = 30 - 36). As we
had expected, healthy participants were identified via an
average TDI score of more than 30, while three volunteers
with a TDI score of less than 30 were excluded from our
study.

4.2. Imaging Data

Figure 1, a multi-subject, higher-level, random effect
analysis across 15 healthy individuals, shows a brain acti-
vation map while eucalyptus is being smelled. As is evi-
dent in Table 1, significant activation was observed in bilat-
eral primary olfactory structures, including the piriform
cortex (Brodmann area 34), insula, and amygdala, as well
as secondary olfactory regions, such as the parahippocam-
pal gyrus, caudate, middle and superior frontal gyrus, OFC,

and superior temporal gyrus. In addition, activation of the
right cerebellum was observed in the activation map.

5. Discussion

This study aimed to identify the cerebral regions that
are involved in the smelling of an odorant. To achieve
this aim, we stimulated the olfactory system with a pleas-
ant odorant, while fMRI scanning was performed. The
activation we found was in accordance with the results
of previous fMRI and PET findings. We determined odor-
induced neural responses in some olfactory areas, includ-
ing the piriform cortex, amygdala, insula, parahippocam-
pal gyrus, inferior frontal gyrus, middle frontal gyrus, and
cerebellum. Most of the observed regions have been de-
scribed in previous literature, and are separately discussed
in the following paragraphs.

5.1. Piriform Cortex

Olfactory-evoked activation of the piriform cortex has
been inconsistently identified across previously fMRI and
PET studies (1, 20). Zatorre et al. (1992) were among the
first to determine odor-evoked activation in the pirifrom
cortex in humans (21). Other PET and fMRI studies have
shown that odors have the capacity to induce activity in
this area, but the activity observed has been inconsistent.
Moreover, some studies have revealed only insignificant ac-
tivity in this region during olfactory stimulation. In ad-
dition, several studies have failed to exhibit piriform cor-
tex activity during the smelling of an odorant. This find-
ing is surprising, as a comparison of the primary olfactory
cortex (POC) with the robust and consistent activation in
other primary sensory systems revealed that POC activa-
tion is not as prominent as that found in other primary
sensory cortices. Conversely, the secondary olfactory cor-
tex is capable of showing a high level of activation during
olfactory tasks (20, 22-24). To address this difference, the
timing of responses should be considered, since habitua-
tion plays an important role in reduction of neural activ-
ity in the POC. Some studies have shown that the piriform
cortex and other parts of the primary olfactory cortex are
activated at the beginning of exposure to olfactory stimuli
(the first 10 - 15 seconds), after which the activation signal
returns to its baseline level (20). Hence, habituation is the
most important explanation for the inconsistencies in piri-
form activity. In addition, a magnetic susceptibility artifact
may reduce the signal-to-noise ratio in this region (1, 20, 22,
25).

It should be noted that smelling and sniffing are two
distinct functions, both of which are engaged during a typ-
ical olfactory stimulation (23, 26). Sniffing and nasal air-
flow can induce piriform cortex activity in the presence
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Figure 1. Regional brain activation during the olfactory stimulation task. Axial sections of functional magnetic resonance imaging group analysis were registered to the T1
standard space image with functional magnetic resonance imaging of the brain (FMRIB) software library with an analysis threshold of z-stat > 2.3 (P < 0.05).

and absence of odorant stimuli: Kareken et al. (2004)
showed piriform cortex activity as a result of odorless sniff-
ing. Indeed, the sensation of nasal airflow is sufficient to
induce piriform cortex activity in all scans, but it is sub-
tracted in data analysis of block designs (26). In the present
study, we found that the right piriform cortex had a higher
Z-score than its left counterpart. This is in agreement with
previous reports that studied the piriform cortex in olfac-
tory tasks; Plailly et al. also reported greater activation in
the right piriform cortex than in the left piriform cortex.
This finding might be attributed to the role of the right pir-
iform cortex in familiarity judgment tasks (25).

5.2. Hippocampus/Insula

Considerable research has shown that not only does
the primary olfactory cortex demonstrate habituation dur-
ing olfactory stimulation, but the hippocampus and ante-
rior insula are also expected to show the same time-course
in their response (20). Indeed, these areas have a close func-
tional interaction during an extended olfactory stimula-
tion. The hippocampus is anatomically linked to the pri-
mary olfactory cortex (piriform via the entorhinal cortex)
(27). Moreover, the anterior insula receives olfactory pro-
jections directly from the piriform and other areas of the
POC, such as the amygdala (28, 29). All of these areas may
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Table 1. Brain Regions Activated Under Odorant Stimulation that Were Found with a Group Analysis of All Participants (The Coordinates are From a Multi-Subject Analysis)a , b

Brain Region Talairach Coordinate
Voxels Z-stat

Local Maxima Regions X Y Z

Left cerebrum, limbic lobe,
parahippocampal gyrus

-24 4 -20 118 4.3

Left cerebrum, temporal lobe,
superior temporal gyrus

-44 -2 -18 915 4.3

Left cerebellum, posterior lobe, uvula -6 -86 -32 544 4.3

Right cerebrum, frontal lobe,
superior frontal gyrus

30 56 -14 2600 4.2

Left insula -26 16 -6 370 3.8

Right orbital frontal cortex 18 30 -20 115 3.8

Right amygdala 24 -2 -16 105 3.8

Left cerebrum, frontal lobe, inferior
frontal gyrus

-48 46 -6 436 3.7

Left cerebrum, temporal lobe, inferior
temporal gyrus

-36 8 -16 175 3.7

Left cerebrum, frontal lobe,middle
frontal gyrus

-44 50 -14 210 3.7

Right cerebrum, frontal lobe,middle
frontal gyrus

44 62 -10 266 3.6

Right caudate 12 12 -10 65 3.3

Left amygdala -26 0 -20 198 3.2

Right cerebrum, limbic lobe,
parahippocampal gyrus

24 0 -18 88 3.2

Right piriform cortex, Brodmann area
34

16 4 -18 99 3.2

aX, Y, and Z coordinates are described according to Talairach space.
bP < 0.05.

play an important role in discrimination of odor quality
during olfactory tasks (20, 30).

5.3. Amygdala

Among all of the sensory systems in humans, the olfac-
tory system has the most direct connection with the amyg-
dala (1). Many studies have verified the activation of the
amygdala during olfactory stimulation as a part of the POC.
This activation is induced by both the recognition of the
odorant and the emotional reaction to the odor (1). In ad-
dition, Anderson et al. found that the level of amygdala ac-
tivation was in accordance with the odor intensity (31).

5.4. Orbitofrontal Cortex

The orbitofrontal cortex (OFC) contours the ventral
surface of the frontal lobe and is a secondary cortical affil-
iation in the olfactory brain regions (29). It receives olfac-
tory projections from the piriform cortex, amygdala, and
mediodorsal nucleus of the thalamus. Despite the tran-
sient activation in the POC, the OFC and other parts of

the secondary olfactory cortex have shown a prolonged ac-
tivation during an entire stimulus presentation (29). To
date, OFC activation has been perceived during olfactory
discrimination and identification tasks. Some functional
imaging studies have shown that the right OFC can be em-
ployed by familiarity judgment of an odor (25). Royet et al.
reported that the right OFC can be activated by familiarity
judgment of odor, whereas hedonic judgment of odor in-
duces left OFC activation (1, 32). Indeed, analyses of people
with OFC lesions have revealed that right OFC lesions may
cause greater impairments in the olfactory system than
left OFC lesions (33, 34).

The laterality of observed responses in the OFC in ol-
factory processing has been addressed in previous stud-
ies (25). Hummel et al. (2010) investigated the brain’s re-
sponse to pleasant and unpleasant odors in healthy indi-
viduals and people with Parkinson’s disease. They found
that left OFC activity was stronger during smelling of the
hedonic odors (3). Moreover, Royet et al. showed strong
lateralization of familiarity judgment of hedonic odor on
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the left of the OFC and the frontal gyrus (35). Furthermore,
some parts of the OFC that lie in the posterior and medial
parts of the inferior frontal lobe can be induced by sniffing,
in a similar manner to the piriform cortex (25).

5.5. Caudate

The caudate is located in the basal ganglia and is con-
nected to the dorsolateral circuit and the OFC. In the
present study, we observed that the right caudate was sig-
nificantly active during the task presentation, which is in
accordance with previous findings. For example, Savic et
al. explained that the right caudate could be engaged in
discrimination of odor quality (30). Indeed, it is believed
that this part of the basal ganglia is involved in non-motor
facets of behavior, such as mood and cognition. Poellinger
et al. conducted an olfactory study using both short and
prolonged olfactory stimuli, and concluded that the acti-
vation of the caudate shows a short increase in signal ac-
tivity that lasts for 15 - 30 seconds before decreasing to the
baseline value (20).

5.6. Cerebellum

Several neuroimaging studies of olfaction have found
odorant-induced activation of the cerebellum. Increasing
evidence shows that the cerebellum is a major player in
higher cognitive processes, such as odor recognition, dis-
crimination of odor intensity, and discrimination of odor
quality (2, 30, 36). Lombion et al. observed cerebellar acti-
vation during odor stimulation with a unimodal olfactory
stimulus in a study of healthy individuals (15). Activation
of the cerebellum has also been reported in many previous
olfactory studies, and its activation has been explained as
a result of its role in emotional processing (30, 37, 38).

5.7. Conclusions

The present study demonstrates that the olfactory
brain areas are employed during the smelling of a hedo-
nic and a familiar odor (Eucalyptus). We found that both
primary and secondary olfactory cortices were involved.
Pleasantness of the odor, timing of the task, familiarity of
the presented odor, considerations regarding purity of the
odorant (unimodal odorant) versus trigeminal olfactory-
evoked odor (bimodal odorant) determine the activation
of particular parts of established olfactory regions. Since
these considerations are all important when conducting
an olfactory fMRI task, certainty regarding the parameters
of the presented stimuli is vital. The present study pro-
poses the olfactometer as the optimal method of presenta-
tion. The methods indicated above can be used in address-
ing the activity of brain regions in olfactory processing in
a variety of conditions in healthy individuals.
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