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Background: Individuals with hyposmia, or the partial loss of smell, represent a large sector (15 %) of the population that is likely
to grow with the current aging population; however, our understanding to how hyposmics centrally process odors is still not
clear. One popular non-invasive tool for in vivo imaging of biological activity among human brains has been function magnetic
resonance imaging (fMRI) which uses blood-oxygenation level dependent (BOLD) signal as an indirect measurement. Therefore,
the aim of this study was to understand differences in olfaction processing between patients with hyposmia and healthy controls
using functional magnetic resonance imaging (fMRI).

Methodology: Eleven hyposmic and 12 healthy, normosmic subjects were exposed to two different food-related odors (coffee
and peach) during a block-designed fMRI session. Additionally, odor perception qualities were rated for each odor throughout
the scanning session.

Results: The activations of the normosmic group were localized in typical olfactory areas (insula, orbitofrontal cortex [OFC],
limbic system and amygdala). The hyposmic group showed similar regions of activation (insula, OFC, limbic system), however, less
activation was found in the amygdala, left anterior cingulate and right OFC, but higher activation was shown in the right parahip-
pocampal and both the left and right posterior cingulate gyrus which are assumed to play an important role in the processing
and remembrance of memories.

Conclusions: These results indicate similar central olfactory processing among groups, yet subjects with partial loss may attempt

to compensate smell impairment with odor memory or higher motivation to smell.
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Introduction

Anosmia is the inability to perceive odors or lack of olfactory
function. A less studied olfactory disorder is hyposmia which is
the partial loss of smell. In total, about 5 % of the population ex-
hibit anosmia and approximately 15% are considered hyposmic
while this number increases when considering specific impair-
ment in detection, recognition and identification "%, Furthering
the understanding of olfaction, prevalence of loss of smell and
risk factors: a population-based survey). This diminished sense
of smell can be attributed to several factors including demo-
graphics, brain morphology and physiological responses. For

instance, several studies have shown that olfactory loss incre-
ases as age increases with 50% of individuals over 65 years of
age showing olfactory impairment ). Diseases associated with
olfactory functionality may also contribute to the age-related
impairment; for instance, the majority of hyposmic cases can be
classified by inflammation of the nose and paranasal sinuses ©
while other, less frequent hyposmic cases may be psychiatric ),
or neurodegenerative €19,

Common techniques to examine the morphology and cerebral
processing of olfactory information include EEG-derived event-
related potentials 2, positron emission tomography, PET 3,



computed tomography / magnetic resonance imaging, CT/ MRI
(1418 and functional MRI 729, Using CT and MRI, studies have
been able to determine differences in structural components
such as the olfactory bulb and the olfactory sulcus that corre-
late with olfactory impairment 2%, Several fMRI studies have
been able to further identify these olfactory process differen-
ces in individuals with neurodegenerative diseases 2?2, while
only a few studies have concentrated on differences between
individuals with olfactory deficiencies due to other causes 1223,
Therefore, more research to determine differences in central
olfactory processing among typical hyposmic patients and
healthy individuals is needed. In this study, we use psychophy-
sical tests (e.g. “Sniffin’ Sticks”) to create two balanced groups,
individuals with healthy (normosmic) and decreased (hyposmic)
olfactory functionality. Participants were additionally screened
for potential other causes of olfactory function loss, excluding
patients with neurological disease and patents with olfactory
loss due to acute or chronic inflammation of the nose and pa-
ranasal sinuses. Olfactory processing was measured using fMRI
while two pleasant, food-related odors were sampled with odor
perception being evaluated in-between stimuli.

Materials and methods

Subjects and stimuli

A total of 23 subjects participated in the study. Eleven women
with an age range 42 to 71 years (mean age + SD = 59.6 £ 8.9
years) had hyposmia (determined from the TDI scores, see psy-
chophysical measures). The remaining normosmic control group
consisted of five women and seven men with an age range

of 47 to 69 years (55.5 £ 6.0 years). None of the women were
pregnant, and none of the participants had significant health
problems (e.g. kidney failure) currently or in medical history that
may be associated with disorders of olfactory function. Further-
more, each underwent a standard ENT examination with endo-
scopy and individuals with polyps, acute or chronic inflamma-
tion of the nose, paranasal sinuses, or major septum deviations
were excluded from the study. All subjects were right-handed as
established by means of the Edinburgh Inventory ?¥. Additi-
onally, subjects reported no claustrophobia and were able to
undergo MRI examinations. The study design met the require-
ments of the Declaration of Helsinki and had been approved by
the Ethics Committee of the Medical Faculty Carl Gustav Carus at
the Technical University of Dresden.

After examining the medical history and assessment of olfactory
functionality, each subject was informed of the testing proce-
dures, specifically MRI procedures, and gave written informed
consent. In the MRI scanner, the endings of odor dispensing can-
nulas (4-mm inner diameter) were placed in the subjects’ nostril.
The odor delivery was carried out by an olfactometer positioned
in a neighboring room. For stimulation, the two odors chosen
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Figure 1. Represent the schematically structured passage of MRI scan.
This consisted of 6 ON- (with odor delivery) and 6 OFF-blocks (without
odor delivery). In each block, 8 scans were held. Therefore, 96 scans were

performed in a single pass.

were peach and coffee (Pfirsich-Aroma, Kaffee-Aroma; Frey und
Lau, Henstedt-Ulzburg, Germany) while water was used as a con-
trol. Odors were chosen since they are familiar to at least 75% of
the German population. Clean air (from hospital resources) was
passed at 2 L / min via a pulse generator for odor presentation
to the subject. The pulse generator was set at a pulse length of

1 second at interstimulus intervals (ISIs) of two seconds; odors
were presented for a period of 20 s (ON period), with intervals of
20 s (OFF period) where only odorless air was presented (Figure
1). Both stimulus qualities (coffee and peach) were presented

in undiluted concentrations clearly perceivable and without
causing any trigeminal sensation.

The fMRI study began with a “shim” sequence to counter the
effect of magnetic field inhomogeneity . This was followed by
six odor (ON) and no-odor (OFF) blocks of scanning with each
block consisting of 8 scans. In each run, only one scent (coffee
or peach) was used and the stimulus was directed to only one
nostril (left or right), again, in order to make the sessions more
interesting to the participants and also to minimize adaptation
to the odors. Thus, 96 scans were performed per odor on each
nostril, and the order of runs was randomized for each subject.
After each run subjects were asked to identify the presented
odor. Odor identification answers within the same category as
the odor presented (e.g. fruit for peach or cappuccino for cof-
fee) were counted as correct. In addition, subjects were asked

to rate the intensity (0 to 10; “Not perceived” to “Very strongly
perceived”) and valence (-5 to 5; “Extremely unpleasant” to
“Extremely pleasant”). As mentioned above, none of the subjects
reported a stinging or burning sensation in response to odorous
stimulation. After all fMRI runs had been completed, brain ana-
tomy scans were taken for anatomical correlation.

Psychophysical measures

A test of orthonasal olfactory function was carried out using
pen-like odor dispensers called “Sniffin’ Sticks”. “Sniffin’ Sticks”
were used to test three different olfactory functions: olfactory
threshold (phenyl ethyl alcohol), odor discrimination and odor
identification. Results of the 3 subtests were presented as a com-
posite score for threshold, discrimination, and identification (TDI
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score) which was then used to classify olfactory function groups
for the study, hyposmia or normosmia (control) according to the
age-matched normative data (129,

fMRI scanning parameters

A 1.5T MRl scanner (Siemens Sonata, Erlangen, Germany) and

a full-head eight-channel receiver coil were used for image
acquisition. A gradient echo T2*-sensitive echo planar imaging
(GE-EPI) sequence was employed (TR 2500 ms, TE 40 ms, image
matrix 64x64, in-plane resolution 3 mm, through-plane reso-
lution 3.75 mm). The time of echo was selected because it had
been established for 1.5 Tesla scanners for the imaging of limbic
structures ?”. Images were acquired in the axial plane oriented
parallel to the planum sphenoidale to minimize artifacts. A total
of 96 functional volumes per run in twenty-six slice locations
(covering the entire head) were acquired per session. A full brain
T1-weighted turbo FLASH 3D-sequence was acquired to overlay
functional data (TR 2200, TE 3.93, slice thickness: 1 mm).

fMRI data processing

Data was analyzed using SPM8 (www.fil.ion.ucl.ac.uk/spm) in the
Matlab framework (Matlab 6.5 R3, The MathsWorks Inc., Natick,
MA, USA). Functional data was motion corrected and coregiste-
red with the anatomical images. Segmentation of the latter into
white and grey matter compartments yielded parameters for
normalization with respect to the MNI space. Finally, functional
normalized data was smoothed with an 8 x 8 x 8 mm?* FWHM
Gaussian kernel.

First level analysis was carried out with the standard canonical
hemodynamic response function used in SPM 8. Contrast ima-
ges for “odor ON > odor OFF (modeled baseline)” were genera-
ted for each subject. In second level analysis, these images were
subjected to a random effect analysis using 1) independent
sample t-test for within olfactory group comparisons of On

and Off conditions and 2) a 3 X 2 factorial design with olfactory
group as a between subject and odorant and site specific acti-
vation as within subject factors. To evaluate bi-directional main
effects between groups, results of the one-sample t-tests are re-
ported with a threshold of p < 0.001, uncorrected. Furthermore,
main effects between olfactory groups underwent ROl analysis
for areas relevant to olfactory processing (piriform cortex, amyg-
dala, thalamus, hippocampus, insula, orbito-frontal cortex). All
masks were created using the “automated anatomical labeling
(aal)” atlas ®®, embedded in WFU PickAtlas 2.4 software @2,
except for the piriform cortex (defined according to the criteria
described in ¢ and the hypothalamus (6-mm sphere around
(-6 | 0] -14) &V, For ROI analysis, thresholds were set at p < 0.05,
corrected with a cluster criterion of five voxels for whole brain
analysis and Bonferroni-corrected for multiple comparisons of
the eight ROIs (p < 0.05 / 8 = 0.006) with a cluster criterion of
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Figure. 2 (a) Odor vs. non-odor for normosmic subjects: The Figure
shows an activation of the left amygdala, the left insula and left OFC
under the stimulus condition. The red ring 1 marks the voxel clusters in
the left amygdala (coordinates: x: -24mm, y: 0 mm, z: -20mm), ring 2 in
the left insula (coordinates: x: -16mm, y: 16mm, eg: - 2mm) and ring 3 in
the left OFC (coordinates: x: -44mm, y: 46mm, z: -4mm). The scale repre-
sents the t-value of the voxel clusters and defines the color of the cluster
(with mask, p <0.001, Vox / CI> 5) (b) Odor vs. non-odor for hyposmic
subjects: The figure shows an activation of the left insula and left OFC.
Ring 1 marks the voxel clusters in the left Insulation (coordinates: x:
-36mm, y: 8 mm z: 10 mm) and ring 2 in the left OFC (coordinates: x:
-36mm, y: 34 mm, for example: - 8 mm). The scale represents the t-value
of the voxel clusters and also defines the color of the cluster. (with mask
1;p <0.001,Vox / Cl = 5).

five voxels.

Results
Psychophysical measures



(b)

Figure. 3 (a). Normosmic against hyposmic subjects: The Figure shows
larger activations in the left anterior cingulate and right OFC for nor-
mosmic subjects. The red ring 1 marks the voxel clusters in the left limbic
sheet (coordinates: x: -18 mm, y: 44 mm, for example: 8 mm) and the
ring 2 in the right OFC (coordinates: x: 16 mm y: 48 mm, e.g.: -8 mm).
The scale represents the t-value of the voxel clusters and also defines
the color of the cluster (with mask, p <0.001, Vox / Cl = 5). (b). Hyposmic
against normosmic subjects: The Figure shows larger activations in
three areas of the cingulate cortex for hyposmic subjects. The red ring

1 marks the voxel clusters in the right parahippocampal gyrus (coor-
dinates: x: 18 mm, y:-36 mm, eg: -8 mm), ring 2 in the right posterior
cingulate gyrus (coordinates: x: 18 mm, y: -26 mm, eg: 30 mm) and ring
3in the left posterior cingulate gyrus (coordinates: x: 12 mm, y:-18 mm,
eg 28 mm). The scale represents the t-value of the voxel clusters and also

defines the color of the cluster. (with mask, p <0.001, Vox / Cl > 5).

As shown in Table 1, normosmic and hyposmic groups differed
significantly in the composite TDI score, and its constituent
tests — threshold, discrimination and identification. For instance,
the mean (SD) TDI score for the control group was 33.81 (3.72)
compared to hyposmic subjects who scored 19.50 (4.77) while
the threshold and identification showed the largest difference
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between the olfactory groups. For hyposmic subjects, the most
frequent cause of olfactory dysfunction was viral (n = 6) follo-
wed by idiopathic (n = 4) and traumatic (n = 1).

Evaluation of odors during the fMRI sessions

Between odors, peach was identified significantly more often
than coffee among normosmic subjects (p < 0.001). Additionally,
peach and coffee were identified correctly significantly more by
normosmic subjects (58 % and 38 %, respectively) than hypos-
mic subjects (9% for both odors) (p < 0.001). The peach odor was
also more intense among normosmic than hyposmic subjects

(p < 0.001). Additionally, normosmic subjects rated both peach
and coffee significantly more pleasant than the hyposmic group
(p=0.01 and p = 0.02, respectively).

Neuroimaging results

Comparing the odor (ON) and non-odor (OFF) blocks during
runs (Figure 2), hyposmic subjects showed significantly less and
weaker brain activations than for the normosmic subjects. Nor-
mosmic subjects showed significant differences between odor
and non-odor blocks in the left insula, left amygdala, and left or-
bital frontal cortex (OFC), with the largest activations in the OFC
(39 Vox / Cl). In contrast, hyposmic subjects showed significant
differences between block conditions in the left OFC and left
insula, with the largest activation in the insula (18 Vox / Cl).

In a direct comparison (Figure 3), normosmic participants sho-
wed higher activations than hyposmic subjects in olfactory regi-
ons such as the left anterior cingulate and right OFC. However,
hyposmic subjects showed larger activation in three areas of the
limbic system; the right posterior cingulate gyrus, left posterior
cingulate gyrus and the right parahippocampal gyrus.

For more details on activation differences within and between
patient comparisons see Table 2.

Discussion

As expected, healthy subjects showed brain activity in regions
that are associated with olfactory processing such as the amyg-
dala, OFC, insula and limbic system. This observation confirms
several PET and fMRI studies that show similar regions activated
during odor stimulation ©2-3%, Hyposmic subjects showed acti-
vations for similar brain regions such as the left insular and OFC;
however, these activations were substantially weaker. Decre-
ased activations may be due to decreased olfactory perception,
where hyposmic subjects were only able to identify both odors
10% of the time and intensity ratings were much lower than in
healthy subjects. Similarly, Levy et al. ?® presented three odors
(pyridine, menthone, and amyl acetate) to eight patients with
hyposmia during an fMRI paradigm. In comparison to 17 healthy
subjects undergoing similar studies, they showed that brain
activation was lower in each section of the olfactory cortex in
hyposmic patients, varying one-third to one-half that of normal
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Table 1. Characteristics of hyposmia and normosmia groups (mean + SD).

Olfactory

Age (years) Olfactory Impairment

Group Impairment (N)

Hyposmia 59.64 + 8.86 Post-viral (6) duration (years)
Idiopathic (4)
Post-traumatic (1)
Normosmia 55.50 +5.95 - -

Threshold Discrimination Identification
(T) (D) U]
19.50 +4.77 3.23+1.77 9.45+2.34 6.82+1.72
33.81+3.72 8.81+2.25 12.00 +2.04 13.00 £ 1.21

Table 2. Comparison between blocks and patient groups for healthy and hyposmic subjects.

Between Blocks (Odor - No Odor)

Normosmia
Brain Areas (Hemisphere) X y z Voxel
Orbital frontal cortex (L) -44 46 -4 39
Amygdala (L) -24 0 -20 7
Insula (L) -40 16 -2 9
Parahipppocampal gyrus (L) -26 -52 4 8
Inferior frontal gyrus (L) -40 24 -16 6
Anterior cingulate (L) -18 44 8 14
Orbital frontal cortex (R) 16 48 -8 6

Parahipppocampal gyrus (R) - - - -
Parietal cingulate (L) - - 5 -
Parietal cingulate (R) - = - -

Precuneus (R) - - - -

subjects, and significant mean activation differences were gat-
hered for six of the nine individual brain sections studied. Additi-
onally, their study showed forward processing activation centers
of the CNS such as the frontal and temporal cortex were much
less activated or even with no activation in patients compared
to normal subjects. Our study supports these observations

with a direct comparison of healthy and hyposmic patients. An
explanation for differences could be structurally related in which
various volumetric changes in the brain may explain some of the
reduction of stimulus response in higher processing functions.
For instance, several studies have shown that reduced olfactory
function may be associated with a reduction of olfactory bulb
volume and that this structural reduction is more pronounced
the longer an olfactory disorder persists 1516183637 Reduced
olfactory perception, and thus reduced odor pleasantness and
intensity, may also explain the absence of amygdala activations
in hyposmic patients 9,

Direct comparison of the two subject groups provides more
detail into odor processing similarities and differences. Overall,

Hyposmia
t-score X y z Voxel t-score
5.75 -36 34 -8 6 3.50
3.87 - - - - -
3.68 -36 8 -10 18 4.31
3.66 -16 12 40 5 3.67
3.67 - - - - -
Between Groups
3.98 = = = = =
3.72 - - - - -
- 18 -36 -8 10 3.83
- -12 -18 28 8 3.63
- 18 -26 30 15 3.60
- 6 -52 10 5 3.54

all subjects showed similar areas of activation since both groups
still had a sense of smell although functioning at different levels.
However, healthy subjects showed larger activation in the
central olfactory processing areas right OFC and left cingulate.
Similarly, other studies have shown reduced response within the
frontal areas and cingulate regions of the limbic system when
comparing hyposmic and healthy subjects ?*. Furthermore, in
our study hyposmic subjects showed significantly more activa-
tion across the posterior cingulate and the surrounding regions.
This brain region is highly involved in memory-odor associations
which are formed in adolescence and remembered over a long
time %41, In this study, the average duration of olfactory dys-
function was around 2 years, raising the point that subjects had
ample time to associate odors with memory and these memory-
odor associations may be used more frequently to compensate
for olfactory loss. For instance, Levy et al. “? asked 21 normal
subjects to imagine odors of banana and peppermint and then
actually smell the corresponding odors while using multislice
FLASH MRI to measure their responses. Anterior to posterior
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temporal brain regions were activated for both imagined and
actual odors were present; however, imagined odors showed
less activation than the response to the actual odor. Additi-
onally, this study performed the same test with two subjects
with hyposmia that showed an opposite trend where imagined
odors had higher activations than the actual odors. Thus, this
anecdotal report indicates that the retrieval of odor memories
in the expectation of an odor could constitute higher memory
processing while underperforming in olfactory processing. More
specifically, the right parahippocampal gyrus (PHC) is involved
in working memory and may be used as a temporary storage
system for the entrance and retrieval of information from
episodic memory, termed episodic buffer “>#4, Arshamian et

al. “Y support this juncture that odor evoked autobiographical
memories (OEAM:s) result in more activity in the parahippocam-
pus. Their study also showed increased activation from OEAMs
in the precuneus which relates to visual vividness. Furthermore,
hyposmics showed lateralized activation of the posterior cingu-
late gyrus and this brain region has consistently been activated
during standard and autobiographical memory retrieval “%.
Similarly, the posterior cingulate has been associated with
semantic memory processes and the strength of its BOLD
response increases with continual rehearsal of episodic details
to help create more vivid memories “%47., In our study, hyposmic
patients were aware that an odor was being presented, and
having partial loss, may have increased their engagement to
explicitly recall the odor identity with past information. There-
fore, motivational differences may exist between healthy and
hyposmic patients with the later showing increase activation

as a result of higher motivation to actively smell and identify an
odor. For instance, a common psychophysical method to assess
olfactory function is the University of Pennsylvania Smell Iden-
tification Test (UPSIT) which asks subject to scratch paper strips
containing a microencapsulated odor and rate its intensity. Doty
and colleagues “® analyzed the density of marking on 1680 such

Olfaction function in hyposmic patients

strips from tests administered to 42 anosmic, hyposmic and
normosmic subjects and reported that hyposmic participants
attempted to increase perceived intensity of odor by scratching
the scent strips more vigorously than the other two groups.
Findings from the present study add to the limited information
concerning differences among individuals having partial loss

of olfactory sense and their healthy counterpart; however, it

is important to note limitations of this study. For instance, the
hyposmic group under examination consisted of only women. In
many psychophysical tests women have shown better olfactory
function than men, regardless of age and ethnic background
6549 while several PET and MRI studies report no gender dif-
ferences in activation areas of central olfactory processing 053,
Additionally, participants in both groups had an average age
above 55 years. Here, despite the equal age distribution on both
groups, a certain age effect is possible since olfactory perfor-
mance declines as age increases **? including anatomical and
physiological changes (e.g. volume of olfactory bulb or number
of olfactory receptors) 5%, Lastly, a key limitation of this study
is the hyposmics patients sampled were not homogenous in di-
agnosis (consisting of patients with olfactory loss due to trauma,
viral infections and idiopathic causes). Due to these study
caveats, results should be interpreted with some caution and
additional studies should be performed to examine olfactory
function of normal and hyposmic patients.
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