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ABSTRACT

BACKGROUND AND PURPOSE: While posttraumatic anosmia is not uncommon, the olfactory function evaluation has strongly relied on
subjective responses given by patients. We aimed to examine the utility of fMRI as an objective tool for diagnosing traumatic anosmia.

MATERIALS AND METHODS: Sixteen patients (11 men and 5 women; mean age, 42.2 * 10.4 years) with clinically diagnosed traumatic
anosmia and 19 healthy control subjects (11 men and 8 women; mean age, 29.3 = 8.5 years) underwent fMRI during olfactory stimulation
with citral (a pleasant odor) or B-mercaptoethanol (an unpleasant odor). All patients were subjected to a clinical olfactory functional
assessment and nasal endoscopic exploration. Two-sample t tests were conducted with age as a covariate to examine group differences
in brain activation responses to olfactory stimulation (false discovery rate—corrected P < .05).

RESULTS: Compared with healthy control subjects, patients with traumatic anosmia had reduced activation in the bilateral primary and
secondary olfactory cortices and the limbic system in response to B-mercaptoethanol stimulation, whereas reduced activation was
observed only in the left frontal subgyral region in response to citral stimulation.

CONCLUSIONS: Brain activation was decreased in the bilateral primary and secondary olfactory cortices as well as the limbic system in
response to olfactory stimulation in patients with traumatic anosmia compared with healthy control subjects. These preliminary results
may shed light on the potential of fMRI for the diagnosis of traumatic anosmia.

ABBREVIATIONS: BME = B-mercaptoethanol; BOLD = blood oxygen level-dependent; CC-SIT = Cross-Cultural Smell Identification Test; HC = healthy control;
KVSS = Korean Version of the Sniffin’ Sticks; MNI = Montreal Neurological Institute

Traumatic anosmia is not uncommon, affecting an estimated
5%-—14.5% of patients with head trauma.' The main mecha-
nism of olfactory dysfunction after closed head trauma is thought
to involve damage to the olfactory nerve and associated nerve
centers.” Traumatic anosmia can significantly affect quality of life,
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reducing food appreciation and impairing an individual’s ability
to detect environmental hazards."” Traumatic anosmia is most
commonly diagnosed through a psychophysical olfactory func-
tion test that primarily relies on patient self-reporting using ques-
tionnaires and simple odorant sticks or solutions. This semi-ob-
jective psychophysical test thus requires patient cooperation and
intact cognition.” In addition to olfactory loss, odor memory may
also affect test results,” which limits the diagnostic accuracy in
patients with impaired cognition. Furthermore, due to its self-
reporting nature, the psychophysical test is also vulnerable to ma-
nipulation by malingering patients involved in compensation lit-
igation.” Several studies have evaluated systematic and objective
tools for assessing olfactory function in patients; in particular,
previous work has examined the diagnostic utility of single-pho-
ton emission CT and MR imaging. Previous MR imaging studies
in patients diagnosed with traumatic anosmia based on the clini-
cal olfactory test have found that 61%—88% of the study popula-
tion had gross damage to the olfactory system, which differed
according to the degree of trauma.®® Studies using SPECT have
detected abnormalities that were previously undetectable on MR
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imaging in traumatic anosmia; however, patients with traumatic
normosmia exhibited similar abnormalities, limiting the diagnos-
tic utility of SPECT.”"°

Functional MR imaging is a method that noninvasively evalu-
ates the working human brain by detecting changes in blood ox-
ygen level-dependent (BOLD) signal arising from neuronal re-
sponses to recurrent stimulation. Odor-stimulated or olfactory
fMRI was first introduced by Yousem et al'' and is now used for
the study of olfactory deficits in neurodegenerative diseases,
schizophrenia, and congenital hyposmia.'*"'® However, the exact
utility of olfactory fMRI for the evaluation of traumatic anosmia is
unclear. The aim of this study was to compare brain activation
between patients with traumatic anosmia and healthy control
subjects during olfactory fMRI with 2 different olfactory stimuli
(a pleasant odor and an unpleasant odor) to determine whether
fMRI can be used to objectively measure olfactory function in a
diagnostic capacity.

MATERIALS AND METHODS

Participants

This prospective study was approved by the ethics committee of
Konkuk University Medical Center. Patients with traumatic anos-
mia were recruited from the otorhinolaryngology department
from November 2012 to February 2015. We enrolled 16 patients
with traumatic anosmia (11 men and 5 women; mean age, 42.2 =
10.4 years). The inclusion criteria for patients with traumatic
anosmia were as follows: 1) recent head injury, 2) criteria for
anosmia met on the basis of the Korean Version of the Sniffin’
Sticks (KVSS) II test, and 3) age between 18 and 65 years. Patients
did not have any previous olfactory impairment, a history of si-
nonasal disease, or current nasal symptoms. Additionally, pa-
tients completed psychophysical olfactory testing, including the
Cross-Cultural Smell Identification Test (CC-SIT), the KVSS I,
and the KVSS II, and underwent nasal endoscopy to preclude the
possibility of obstructive olfactory loss. Each participant provided
written informed consent before study participation.

We also recruited 19 healthy control (HC) subjects (11 men
and 8 women; mean age, 29.3 = 8.5 years) from the local com-
munity. The inclusion criteria for HC participants were as fol-
lows: 1) normal olfactory function, 2) no brain lesions or prior
substantial head trauma, and 3) no history of psychiatric or neu-
rologic disease. All study participants were right-handed.

Clinical Olfactory Assessment

An otorhinolaryngologist with 17 years of clinical experience ad-
ministered an examination to all patients that included an endo-
scopic examination of the nasal cavity and clinical olfactory
performance testing to ensure that patients met the criteria for
anosmia. Clinical olfactory performance measures included the
CC-SIT, the KVSS I, and the KVSS IL."” The KVSS test is a mod-
ified Sniffin’ Sticks test optimized for Korean patients, including
the use of odors familiar to Korean individuals.'”'® The KVSS L is
atest for rapid screening, and the KVSS 1L is the Korean equivalent
of the Sniffin’ Sticks test.'"”'® Clinical diagnosis of anosmia was
based on the KVSS II score, in which total scores of 0-20 were
classified as anosmia, scores of 20.25-27 were classified as hypos-

mia, and scores of 27.25—48 were classified as normosmia.'”'®
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FIG 1. Task design of the citral (CIT) and B-mercaptoethanol (BME)—
stimulated olfactory tasks.

MR Imaging Data Acquisition

All participants underwent MR imaging with a 3T scanner (Signa
HDxT; GE Healthcare, Milwaukee, Wisconsin) using an 8-chan-
nel head coil. High-spatial-resolution T1-weighted 3D anatomic
images were obtained in the axial plane using a fast-spoiled gra-
dient-recalled sequence (TR, 7.8 ms; TE, 3.0 ms; matrix, 256 X
256; flip angle, 13°% number of sections, 134; FOV, 240 X 240
mm?; section thickness, 1.3 mm).

The sequence for functional images was gradient recalled
echo-planar imaging (TR, 3000 ms; TE, 35 ms; matrix, 64 X 64;
flip angle, 90° FOV, 240 X 240 mm?; section thickness, 3.5 mm
with no gap). A total of 100 brain volume sequences were col-
lected during 5 minutes. Slices were aligned parallel to the anteri-
or/posterior commissure line.

Functional images were subsequently obtained in a block de-
sign consisting of 5 odor exposure blocks (“on-period”) and 5
normal breathing blocks (“off-period”). Odors were presented to
participants via a custom-built olfactometer with continuous air
flow (4 L/min) (Fig 1). During the 30 seconds on-period, odors
were delivered to both nostrils for 10 seconds followed by 20 sec-
onds of odorless air with 50% relative humidity at room temper-
ature. However, it takes 3 seconds for the odor to travel through
the tube from the odor container to the nasal piece; therefore, the
on-period, in effect, consisted of the initial 3 seconds of odorless
flow, 10 seconds of odor-stimulant flow, followed by 17 seconds
of odorless flow. During the 30 seconds off-period, the subject
also continuously received odorless air with 50% relative humid-
ity at room temperature. By infusing the odorants for only 10 of
the 30 seconds in the on-period, we aimed to reduce the possibil-
ity of olfactory habituation.

In the first session, 0.2 mL of 10 mmol/L citral (ie, the repre-
sentative pleasant odor) was presented via the olfactometer. Sub-
jects were instructed to follow the auditory instructions for
breathing and to breathe regularly without sniffing.'>*° Subjects
were not trained to become familiar with the stimulation para-
digm before the experiment; instead, before odor delivery at the
start of each session, subjects were given 15 seconds to become
familiar with the auditory respiration instructions. After the citral
stimulation, 0.2 mL of 1 mmol/L B-mercaptoethanol (BME) (ie,
the representative unpleasant odor) was presented in the same
fashion. There was a time interval of at least 30 minutes between

AJNR Am J Neuroradiol 39:2320-25 Dec 2018  www.ajnr.org 2321



the citral and BME sessions, to avoid possible habituation. The
room was dark, with only dimmed light, with no other stimula-
tion besides the odorants. After the fMRI examination, the sub-
jects were asked to describe what the odor smelled like and to
judge its pleasantness. All control subjects detected the odors,
either citral or BME. All subjects with anosmia reported that they
did not detect any odors during the examination.

Before undertaking this prospective study, to determine the
odor concentration for the fMRI examination, we presented 2
heathy subjects with serial dilutions of citral or BME by the as-
cending method.”" Thus, detection and recognition thresholds
were determined, and we set the recognition threshold as the
stimulant concentration for our study.

fMRI Data Analysis

fMRI data preprocessing was performed with SPM8 software
(http://www fil.ion.ucl.ac.uk/spm/software/spm12). The first 4
volumes of each dataset were discarded to allow equilibration
effects. Echo-planar images were corrected for slice-time differ-
ences and realigned to the first scan by rigid body transformation
to correct for head movement. EPT and structural scans were nor-
malized to the EPI standard template in the Montreal Neurolog-
ical Institute (MNI) space (MNI: International Consortium for
Brain Mapping) using linear and nonlinear transformations and
were finally smoothed with a Gaussian kernel of 8-mm full
width at half maximum.

Structural MR Imaging Analysis

A neuroradiologist with 20 years of experience assessed the struc-
tural abnormality of the brain, blinded to the clinical data, using
images from the T1-weighted fast-spoiled gradient-recalled se-
quence. For assessment, multiplanar reformatted images and
original axial images were used. When tissue loss was present, the
maximal size of the tissue loss was measured.

Statistical Analysis

To compare clinical variables between patients with anosmia and
HC subjects, we used the nonparametric Mann-Whitney U test in
consideration of our small sample size. P values < .05 were con-
sidered statistically significant. Data represent the mean * SD
unless otherwise indicated. These statistical analyses were per-
formed using the Statistical Package for the Social Sciences, Ver-
sion 23.0. (SPSS; IBM, Armonk, New York).

Statistical analysis for fMRI was performed using general linear
modeling implemented on SPM8 software. To provide a descriptive
overview of the activation pattern (cluster size, =5 voxels) of each
group in each fMRI condition, we performed 1-sample ¢ tests with a
false discovery rate—corrected threshold of P < .05. We then tested
group differences using 2-sample ¢ tests with age as a covariate in each
stimulation condition, using the same statistical threshold. The
voxels representing active structures were overlaid on 3D T1-
weighted anatomic images in MNI coordinates.

RESULTS

Clinical Characteristics and Results of Olfactory Testing
There was a significant difference in age between the anosmia
group (42.2 * 10.4 years) and the HC group (29.3 = 8.5 years)
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(P <.001); however, there was no between-group difference in
sex ratio. The mean time between head injury and clinical con-
sultation was 11.5 months (range, 10 days to 9 years) in the
anosmia group. Four of 16 patients exhibited focal tissue loss
on either side of the orbitofrontal cortex on structural MR
imaging, with the size of the loss varying from <1.0 cm in 3
patients to approximately 3.0 cm in 1 patient. In patients with
anosmia, the mean CC-SIT score was 2.69 *= 1.96, the mean
KVSS I score was 2.0 = 1.1, and the mean KVSS II score was
3.2 £ 2.9, indicating that all patients met the diagnostic criteria
for anosmia.

fMRI Activation in the HC Group

Citral stimulation produced activation in some olfaction-related
structures, including the bilateral medial orbitofrontal gyri and
left inferior frontal gyrus (On-line Figure). BME stimulation pro-
duced more robust activation in multiple olfactory structures,
including the amygdala, piriform cortex, insula, and orbitofrontal
cortex (Fig 2A). We also observed significant recruitment of the
superior temporal gyrus, middle temporal gyrus, inferior parietal
lobule, and precuneus.

fMRI Activation in the Anosmia Group

Citral stimulation produced activation in the orbitofrontal cortex
and insula and multiple bilateral cortical association areas, in-
cluding the prefrontal cortex, supramarginal gyrus, and superior
temporal gyrus (On-line Figure). In contrast to the HC group, no
significant clusters were identified in response to BME stimula-
tion in the anosmia group (Fig 2B).

Between-Group Comparison of fMRI Activation

In the between-group comparison, there were more prominent
differences in activation in response to BME stimulation com-
pared with citral stimulation, with differences identified in mul-
tiple olfactory structures and associated cortices in the BME con-
dition (On-line Table 1). In contrast, between-group differences
in the citral condition were only observed in small clusters in the
left inferior frontal gyrus and right superior frontal gyrus.

Correlation between BOLD Activation and the KVSS-II
Score

A correlation analysis was performed on KVSS II scores and fMRI
brain responses to both citral and BME stimulation in the anos-
mia group. In both conditions, a weak-but-significant positive
correlation was identified between BOLD activation in the left
insula and the KVSS-II score (uncorrected P < .001) (On-line
Table 2).

DISCUSSION
The present study demonstrates that fMRI may have utility for
detecting olfactory dysfunction after closed head trauma. Com-
pared with HC subjects, patients with traumatic anosmia exhib-
ited reduced BOLD activation in multiple olfactory structures and
associated cortices. Furthermore, these changes were most clearly
observed in response to the unpleasant odor stimulation with
BME.

Since the introduction of olfactory fMRI by Yousem et al in



FIG 2. Representation of average brain-activation maps of the healthy control group (A) and the traumatic anosmia group (B) in response to
the B-mercaptoethanol stimuli (I-sample t test, voxelwise threshold false discovery rate—corrected P < .05) (t values in a color scale). While the
healthy control group shows activation in multiple olfactory structures and other associated brain regions, the traumatic anosmia group shows
no activation in response to BME stimuli. The left side of the brain is presented on the left side of the image, according to neurologic convention.

1997,"" fMRI has become increasingly used as a reliable tool for
assessing olfactory function and brain responses to olfactory stim-

ulation in a number of disease states.'>'***2

In our study, we
identified significant impairment in brain activation on the sur-
face of the uncus housing the primary olfactory cortex”* and the
orbitofrontal cortex as the secondary olfactory cortex as well as
the insular cortex, which is associated with the processing of emo-
tional aspects of odors,”” in patients with traumatic anosmia. A
previous study similarly reported that unpleasant odors produced
stronger activation in the left insula of right-handed subjects
compared with pleasant odors, suggesting that insular activation
is related to the subjective hedonic or aversive perception of
odors.”®

Our finding of decreased brain activation in the bilateral tem-
poral cortex and left superior parietal lobule of patients with trau-
matic anosmia in response to an unpleasant odor is consistent
with previous observations.”” > Although olfaction primarily
functions as a means for odor perception and identification, it
also serves an additional function in understanding and integrat-
ing multimodal actions.?” A previous fMRI study that used visual
and olfactory stimuli reported increased activation in the middle
temporal gyrus and parietal cortex (areas of multisensory integra-
tion) during stimulation, supporting the idea that olfaction serves
multiple functions.*® Furthermore, activation in the temporopa-
rietal cortex has also been associated with odor-recognition mem-
ory, a task with a high cognitive demand.*”

The observation of a clear discrepancy in brain activation be-
tween the HC and anosmia groups in the unpleasant odor condi-
tion but not the pleasant odor condition can be explained by
several different observations and hypotheses. First, our result is
consistent with those of previous psychophysiological studies
showing that unpleasant odors produce a greater degree of brain
activation than pleasant odors.”"** Second, previous studies have
shown that the piriform cortex and other parts of the primary

olfactory cortex are only briefly activated in response to odor
stimulation (<10-15 seconds), with BOLD signal decreasing to
baseline shortly thereafter.””** Although our study design used a
brief 10-second odor stimulus, a habituation effect would still be
possible and may have obscured differences between the HC and
anosmia groups in the pleasant odor condition (ie, in the condi-
tion evoking inherently weaker activation). Finally, while the un-
pleasant olfactory stimulation we used in this study is not known
to cause trigeminal stimulation, clearly the pleasant odor of citral
is related to trigeminal stimulation to a certain degree.”* Thus,
mild activation of olfactory areas by citral may be related to intra-
nasal trigeminal stimulation of citral instead of olfactory stimula-
tion. This hypothesis is supported by our observation that citral
stimulation in the anosmia group caused activation in multiple
bilateral association areas, including the prefrontal cortex, supra-
marginal gyrus, and superior temporal gyrus, because these areas
are involved in trigeminal stimulation.”®

In contrast, the unpleasant BME invoked absolutely no acti-
vation in subjects with traumatic anosmia, thereby demonstrating
an absence of trigeminal stimulation (if the trigeminal pathway
could be stimulated at all in subjects with anosmia, we would have
observed at least some activation in brain regions following BME
applications). This result implies that the unpleasant BME odor
may be a more suitable stimulant for detecting true subjects with
anosmia because trigeminal stimulation can result in false-posi-
tive findings in the diagnosis of anosmia and should be minimized
to decrease any activation not related to olfactory stimulation.

Finally, we observed a weak-but-significant positive correla-
tion between activation in the left insular cortex and the KVSS IT
score in the pleasant and unpleasant stimulus conditions in the
anosmia group. Itis known that olfactory processes are lateralized
in accordance with function in certain brain areas. Left hemi-
spheric areas such as the orbitofrontal cortex, insula, piriform
cortex, amygdala, and superior frontal cortex are primarily in-
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volved with emotional responses, whereas right hemispheric areas
are more involved with memory or familiarity ratings of olfac-

tion.”®

3 Therefore, left-sided activation of the insular cortex may
be specific to the emotional processing or subjective perception of
an unpleasant olfactory stimulus. Consistent with this hypothesis,
a previous histopathologic study identified axonal projections
from the primary and secondary olfactory cortical areas to the
insula,®” and other fMRI studies have corroborated a relationship
between olfaction and insular activation.”®

The present study had several limitations. First, the statistical
power of our results was rather limited by the small sample size.
Therefore, future studies should confirm our findings in a larger
cohort to determine the exact relationship between fMRI brain
activation and clinical parameters in patients with traumatic
anosmia. Second, the difference in age between groups might
have contributed to reduced brain activation observed in the
anosmia group because olfactory function is known to decline
with increasing age.”” Thus, we treated age as a covariate in our
analysis. Although age is reportedly related to olfactory function,
age decline has not been noted until 60 years of age.”**” In addi-
tion, some studies have argued that the ability to identify unpleas-
ant odors is unrelated to age.3 " Therefore, we believe that a be-
tween-group age difference did not affect our study results.

Although more expensive and less accessible than subjective
psychophysical testing, fMRI has an important potential for ob-
jectively detecting alterations in brain activity related to olfaction.
Of note, psychophysical test results can be compromised when
patients with posttraumatic anosmia exhibit associated cognitive
symptoms or malingering due to secondary gain, so fMRI may
be more reliable in patients with traumatic anosmia. Olfactory
event-related potentials have also been suggested as an objective
assessment tool for identifying olfactory deficits”®; however, this
electrophysiologic approach lacks a methodology capable of pro-
ducing a selective and controlled stimulation of the olfactory sys-
tem.*” Olfactory bulb volumetry using high-resolution structural
imaging (<0.5-mm resolution) can be one of the objective mea-
sures of olfactory dysfunction. However, the normative value of
olfactory bulb volume has not been established yet, and the assess-
ment is mainly dependent on the subjective visual analysis by
experts.*! In this regard, a further study of a larger sample group,
including both ultra-high-resolution structural imaging for olfac-
tory volumetry and olfactory fMRI, will be needed.

CONCLUSIONS

Our findings support the utility of olfactory fMRI for the objective
visualization of deficits in olfaction-related brain activation in
patients with traumatic anosmia. Future studies should confirm
our preliminary findings regarding the diagnostic utility of olfac-
tory fMRI.

Disclosures: Jin Kook Kim—RELATED: Grant: This research was supported by the
Basic Science Research Program through the National Research Foundation of Korea
funded by the Ministry of Education (NRF-2016RIDIAIB01012705)*. *Money paid to
the institution.
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