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SUMMARY

So-called bimodal odorants are able to stimulate the intranasal trigeminal system at
relatively low concentrations. Using them as stimuli, the current study focused on the
interaction between the olfactory and trigeminal systems at a cerebral level. In the experi-
ment, menthol was used at two concentrations, low and high, and these were delivered to
two groups of subjects, a healthy control group and an anosmic group who were unable
to perceive smells. A computer-controlled olfactometer based on principles of air-dilution
was used to deliver the stimuli, while the brain functions were assessed by a functional
magnetic resonance imaging (fMRI) technique. SPM5 was used for data analysis. The
results showed that normosmic subjects exhibited activation in the anterior cingulate cortex
(ACC) and posterior cingulate cortex (PCC), prefrontal cortex (PFC), and cerebellum.
Whilst anosmic subjects activated the same area inside the anterior cingulate; moreover
a cluster of activation was found in the left parahippocampal gyrus. In controls, an effect
of stimulus intensity was localized between the anterior cingulated, the medial frontal
gyrus and the cerebellum; such areas could not be found in anosmic subjects. These results
suggest that the olfactory system modifies trigeminally mediated information causing an
evident effect in the differentiation between stimulus intensities.
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INTRODUCTION

Most odorous compounds stimulate both olfactory and intra-
nasal trigeminal receptors -2, at least when presented at higher
concentrations. Menthol is a chemical compound, which
stimulates both trigeminal free nerve endings in the nasal cav-
ity and the olfactory receptor neurons in the olfactory mucosa;
at very low concentrations this is an example of a bimodal
odorant. On the other hand, the trigeminal and the olfac-
tory system interact, mutually suppressing and enhancing each
other @9, The interaction can take place at the cerebral level,
at the level of the olfactory bulb, or at the level of the nasal
epithelium ©7. Tt is still not entirely clear which brain areas
relate to the processing of information specifically within each
system or which areas would relate to interactions between the
two systems. To further investigate the interaction between the
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two systems, a study based on functional magnetic resonance
imaging (fMRI) was set up. Chemical stimuli were presented
at two concentrations to two groups of subjects, a healthy con-
trol group and an anosmic group. Anosmic patients have no
functioning olfactory system, but they can detect a large range
of odorants presented to the nose, presumably via the somato-
sensory input through the trigeminal nerve @.

Considering that there was practically no central olfactory
processing in the anosmic group, the hypothesis was that the
comparison between the two samples could highlight or hide
specific brain areas directly involved with one of the chemical
perceptive systems. Moreover, to investigate an overlap or
eventually a modulation between the two systems, the bimodal
odorant was delivered at two different concentrations.
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MATERIALS AND METHODS

Subjects

The two study groups consisted of 17 anosmic subjects (11
women, mean age £ SE is 48 £ 4 years) and 17 normosmic
subjects for the control group (11 women, mean age + SE is 41
+ 4 years). For the pathological group, 5 subjects had a post-
infectious loss of sense of smell, 5 presented with anosmia after
a closed head trauma, and 7 patients were diagnosed with idi-
opathic anosmia. Olfactory function of all subjects was evalu-
ated by the “Sniffin” Sticks” test ®. Furthermore, a detailed
medical history was performed and subjects received an endo-
scopic examination of the nasal cavity.

Stimuli and delivering methods

The volatile chemical stimulus menthol was presented in two
concentrations, menthol-low (M-low) 50% v/v and menthol-
high (M-high) 66% v/v. A MRI-compliant computer-con-
trolled air-dilution olfactometer (80% relative humidity; total
flow 7 L/min; 36°C)(OMG6B: Burghart instruments, Wedel,
Germany) was used to present the odour to the subjects’ right
nostril. It has to be noted that the stimuli were not perceived as
painful unlike CO2-stimuli, which have been used in previous
studies investigating interactions between the olfactory and the
trigeminal systems (e.g.,”).

fMRI protocol and device

The blood oxygenation level dependent (BOLD) signal for
the fMRI images was acquired by means of 3T MRI-scanner
(Siemens Magnetom Trio Tim System 3T). The functional
images were collected in 120 volumes/session using a 36 axial-
slice matrix 2D SE/EP sequence (Matrix: 128 x 128; TR: 2 sec;
TE: 30 ms; FA: 90°; Voxel size: 1.72 x 1.72 x 2 mm). The fMRI
protocol was built in block-design (Figure 1). In the on-block
one of the two stimulus conditions was sent with the following
parameters: stimulus duration 250ms, randomized inter-stim-
ulus interval between 1s and 2.5s. In the off block, the subject
perceived only humidified airflow. The total experiment was
composed of two sessions with 6-block on-off per session. The
two stimulus conditions, M-low and M-high, were randomized
across the blocks and every condition was repeated 6 times.

Data analysis

The fMRI data analysis was performed using the SPMS5 soft-
ware package (Statistical Parametric Mapping; Wellcome
Department of Cognitive Neurology, London, UK) imple-
mented in Matlab 6.5 R.13 (Math Works Inc., Natick, MA,
USA). After the spatial pre-processing (registering, realign-
ment, co-registration between functional and structural imag-
es, normalization in a stereotaxic space, and smoothing) 9. A
first level statistical analysis was carried out with the canonical
hemodynamic function available in SPMS5. The group analysis
was carried out by a random-effects analysis !V and was mod-
elled using an ANOVA 2 x 2, 2 factors (stimulus, group) x two
level each factor. The statistical threshold was set at puy; ... <
0.05, and cluster lever of k = 3 voxels.
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RESULTS

Rating

After each session, subjects were asked to evaluate the stimuli
in terms of intensity in a score range between ‘0’ = ‘not per-
ceived’ and ‘10’ = ‘extremely intense.’

The statistical analysis revealed that when menthol was pre-
sented the anosmic subjects perceived it and rated it (M-low:
mean * SE is 3.0 £ 0.5; M-high: mean £ SE is 3.0 £ 0.7) but
they were not able to distinguish between the high and the low
concentration [T-test: p = 0.66, t = 0.44, df = 30]. On the other
hand, normosmic subjects perceived the two concentrations
as two distinct intensities (M-low: mean £ SE is 2.0 £ 0.4;
M-high: mean * SE is 4.0 £ 0.4) [T-test: p = 0.0097, t = 2.76,
df = 30] (Figure 2).

Functional images analysis

Focusing on the control group (normosmic = N-group), the
effect of menthol was highlighted inside the anterior (ACC)
and posterior cingulate (PCC) cortex, inside the prefrontal cor-
tex (PFC) and the cerebellum (Table 1). The anosmic patients
activated the same area inside the ACC/medial frontal gyrus
(Table 2) with larger clusters compared with the N-group.
Moreover, a cluster of activation was found inside the left
parahippocampal gyrus. No primary olfactory cortex was
highlighted presumably because of the large susceptibility
artefact, at magnetic field of 3T, in brain areas close to air-
filled structures, like the orbitofrontal cortex where the major
olfactory-eloquent areas are located.

The difference in activations between the two groups (Table 3
and Figure 3) was evaluated at the statistical level of p, . . .
= 0.05. Then in the direction N-group (minus) A-group, the
statistical parametrical map showed one cluster of activation
located inside the cerebellum. On the opposite direction the
contrast A-group (minus) N-group revealed activations in the
frontal lobe, DLPFC (BA9) and ACC (BA 32).

Finally, the effect of concentration was evident for the
N-group in a cluster (4 voxels, T = 4.41, p.yp.... = 0.034, df =
58) localized in the right anterior lobe of cerebellum (max: 4 —
48 -2) activated more strongly by the high concentration of the
stimulus compared with the low concentration. Vice versa in
the N-group the contrast low vs. high concentration activated
a large cluster localized between the ACC (Brodmann area:
BA32) and the medial frontal gyrus (BA10) (max: 0 50 12; T =
4.41, Prypeon = 0.038, df = 58) (Figure 4). On the other hand,
the A-group did not show any activated voxels contrasting low
vs. high concentration and vice versa.

DISCUSSION

This functional imaging study focused on two different popu-
lations (N-group and A-group) to investigate effects related
to a complete loss of the trigeminal or olfactory system. In
our study, we were interested in olfactory loss. Two differ-
ent concentrations of a bimodal odorant were applied. It was
hypothesized that such a design could highlight differences at
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Figure 1. Details of Experimental fMRI-paradigm.
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Figure 3. Activations following the Menthol stimulus for N-group (in
blue) and A-group (in red). The A-group shows a bigger activation
inside an area between the anterior cingulate the frontopolar cortex
rather than the N-group that covers the same areas but with a little

extension and more toward the frontopolar portion. (pFWE-corr <
0.05, k = 3voxel, — MNI coordinates).

a central level between the olfactory and the trigeminal system,
and further elicits the brain areas involved in the intensity
evaluation of the stimulus.

The analysis of intensity ratings of the two levels of stimuli
revealed that the A-group was unable to distinguish between
the low and the high concentration of the stimuli even though
they claimed to be able to perceive and evaluate it. In contrast,
the N-group perceived the stimulus at high concentration more
intense than the low concentration. This can be interpreted
such that A-group subjects became less sensitive and less
discriminative towards trigeminal stimuli as had been shown
earlier 41219,

The fMRI analysis showed in both groups a wide-spread acti-
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Figure 2. Intensity ratings performed by the two groups, Anosmic sub-
jects and Controls. The A-group was not able to distinguish between
the two intensities [T-test: p = 0.663, t = 0.441, df = 30], whereas the
controls did [T-test: p = 0.00973, t = 2,76, df = 30].

vation in the ACC (BA32) and prePFC (BA10). This cluster
was bigger in the A-group compared to the N-group, a large
overlapping area could be observed (Figure 3). Interestingly,
this area was also found by Savic et al., ™ when healthy sub-
jects were stimulated with acetone or butanol, which are also
bimodal odorants, but not when the stimulus was vanillin, a
selective olfactory stimulant . Furthermore, the ACC is well
known to be involved in the processing of painful and nox-
ious stimuli ¢!, Based on these previous studies and on our
results, considering that this area was present in both groups,
we concluded that the involvement of the ACC is connected
with the processing of the cooling-irritative trigeminal compo-
nent of menthol. Although the A-group seems to react with a
big cluster of activation in this area the comparisons between
the two intensities did not produce any response in these
areas, suggesting again a loss of discrimination and sensibility
towards the chemosensory stimulus, not only to the smell com-
ponent but also to the trigeminal one.

Additionally, the A-group showed activation in the parahip-
pocampal gyrus (BA 30), an area which is correlated with
olfactory memory, semantic memory and recollection vs.
familiarity ®” as well as with odour familiarity @Y. In our study,
only subjects were included in the A-group who reported that
they were subjectively normosmic before they became anosmic.
Furthermore, in all subjects olfactory loss occurred during
adulthood. Thus, it can be expected that all of these patients
were familiar with the olfactory portion of the sensation elicited
by menthol. Considering this, we hypothesize that the activa-
tion in the parahippocampalgyrus in our task was associated
with the subject’s attempt to ‘recall” the formerly known men-
thol smell sensation based on the perception of the trigeminal
component of menthol.

A direct statistical parametrical map comparison between two
groups showed a positive effect for the N-group at the cerebel-
lum level, which was absent for the A-group. The involve
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a) Menthol-low vs. high

b) Menthol-high vs.low

Figure 4. Brain activationscorrelated to the effect of the intensity of the
stimulus for the N-group. (a) Contrasting menthol at high concentra-
tion vs. menthol at low concentration it was highlighted a cluster with
a maximum in the voxel (0 50 12) (pFWE-corr = 0.038) and it cover
the regions between the BA32 (anterior cingulate cortex) and the BA10
(Med. Frontal G.). (b) Vice versa contrasting menthol low vs. menthol
high it was emphasized a cluster with maximum (4 — 48 — 2) (pFWE-
corr = 0.038, T = 4, df = 58) inside the cerebellum in the anterior lobe.
R = right hemisphere. Coordinate in MNI space.

ment of the cerebellum in olfactory function is still a matter
of interest. There are evident results indicating an important
role for the cerebellum in smelling/sniffing (?); for example
Mainland at al., ®® demonstrated in their work that cerebellar
lesions impacted on olfactory and olfactomotor performance.
Applegate and Luis ®® found a mild olfactory dysfunction in
a cerebellar disorder as well as Connelly et al., ®» on a group
affected by ataxias. Our results confirm this observation stress-
ing the hypothesis that the cerebellum plays an important role
in chemosensory processing.

Another difference between the two groups (that is A-group
(minus) N-group) is presented by a direct measure of the acti-
vated voxels

surplus for the A-group, inside the area covering the ACC and
BAY, and common to the two groups. As we have already dis-
cussed, this area seems to be related to the irritating component
of the stimulus; the increased activation for the A-group sug-
gests a local stronger response to the trigeminal stimulus that
nevertheless does not correspond to a stronger sensation of it,
as it is shown in the psychophysical results. On the other hand,
electrophysiological studies have found a reduced event related
potential (ERP) response for acquired anosmia (AA) compare
to normosmic subject when stimulated with pure trigeminal
stimulus such as CO, ®*. There are two main reasons for this
discrepancy. First, in our experiment we used a bimodal odor-
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ant that could be processed differently from a pure trigeminal
stimulus because of the two components. This could imply that
the processing of the olfactory component for the N-group
works slightly to the detriment of the trigeminal one in this
brain area. Second, we have to consider that a larger cluster
in fMRI does not always correspond to a higher amplitude
in ERPs. This is because the pyramidal neurons, representing
the electrical source, may be folded in the cerebral cortex fol-
lowing the folds of the brain and this can lead to delete the out
coming electrical signal and then reduce the total amplitude.
That means that if the brain area that is working is bigger, as
observed in the A-group, it may involve more folds of the brain,
and therefore a lower ERP signal.

The results of the functional images after the effect of the
stimulus intensity showed for the A-group no supra-threshold
voxel surviving, which confirms the psychophysical results. For
the N-group, the contrast low-vs-high concentration produced
an evident activation inside an area spread between the ACC
(BA32) and the medial frontal gyrus (BA10). This is in agree-
ment with Royet et al., ® who correlated this area to the evalu-
ation of odour intensity and hedonic impressions. Moreover,
Rolls et al., ®” found this area specifically activated in reaching
a decision about the physical properties of an odorous stimu-
lus, such as intensity. In addition, the reverse contrast (high vs
low concentration) revealed a cluster of activation inside the
right anterior lobe of cerebellum, which is typically activated
in nociceptive but as already discussed, also in olfactory stim-
uli 4162829 Moreover, Bensafi et al., !” found in a recent study
activation in the cerebellum in connection with the evaluation
of the stimulus olfactory intensity. Thus, there is more evidence
of the important role of the cerebellum in olfactory processing.

In conclusion, in the present study we focused on the interac-
tion between the two major channels of chemosensory percep-
tion at the level of the central nervous system. Anosmic and
Normosmic groups were compared under similar bimodal
odorant stimulation. As main results, we confirm the involve-
ment of the cerebellum in olfactory processing and the close
cooperation between the trigeminal and olfactory systems at a
cerebral level, resulting in more efficient information processing
related to differentiation between stimulus intensities.
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Table 1. Statistical significant activated voxels following the contrast Menthol for the N-Group.

MNI
# of cluster p(FWE-cor) T X,y,z (mm) Brain area
22 0.015 4.67 246 0 limbiclobe anteriorcingulate BA 32
24 0.024 4.52 -2 56 12 frontallobe medialfrontal BA 10
gyrus
44 0.033 4.43 2-48 -2 cerebellum anteriorlobe culmen
3 0.034 4.41 0-66 28 occipitallobe precuneus BA 31
10 0.039 4.38 0-48 24 limbiclobe posteriorcingulate BA 23
(df = 58, with a pFWE-corr < 0.05, cluster level k = 3voxel, BA = Brodmann area) *
Table 2. Statistical significant activated voxels following the contrast Menthol for the A-Group.
MNI
# of vocels p(FWE-cor) T X,y,Z (mm) Brain area
126 0.004 5.10 246 6 limbiclobe anteriorcingulate BA 32
0.007 4.74 346 18 frontallobe medialfrontal BA9
gyrus
0.038 4.38 -4 52 2 limbiclobe anteriorcingulate BAI10
7 0.049 4.29 -9-39 2 Limbiclobe parahippocampal
gyrus
(df = 58, with a pyp... < 0.05, cluster level k = 3voxel, BA = Brodmann area)
Table 3. Statistical significant activated voxel in the difference between N-Group and A-Group.
MNI
# of voxels p(FWE-cor) T X,y,z(mm) Brain area
N-group (minus)
A-grup
13 0.045 4.31 2 48 -2 cerebellum anterior lobe
A-gruop (minus)
N-group
9 0.018 4.63 346 20 frontallobe medial frontal BA9
gyrus
0.043 4.31 054 20 medial frontal
gyrus
3 0.023 4.52 2 44 12 limbic lobe anterior cingulate BA 32

The statistical level was fixed at .. ... = 0.05, cluster level k = 3, BA = Brodmann area.
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