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Rationale and Objective: To evaluate how COVID-19 anosmia imaging findings resembled and differed from postinfectious olfactory
dysfunction (OD).

Material and Methods: A total of 31 patients presenting with persistent COVID-19 related OD and 97 patients with post-infectious OD
were included. Olfactory bulb MRI, DTl and olfactory fMRI findings in both groups were retrospectively assessed.

Results: All COVID-19 related OD cases were anosmic, 18.6% of post-infectious OD patients were hyposmic and remaining 81.4% were
anosmic. Mean interval between onset of OD and imaging was 1.5 months for COVID-19 related OD and 6 months for post-infectious OD.
Olfactory bulb volumes were significantly higher in COVID-19 related OD than post-infectious OD. Deformed bulb morphology and
increased olfactory bulb signal intensity was seen in 58.1% and 51.6% with COVID-19 related OD; and 63.9% — 46.4% with post-infec-
tious OD; without significant difference. Significantly higher rate of olfactory nerve clumping and higher QA values at orbitofrontal and
entorhinal regions were observed in COVID-19 related OD than post-infectious OD.

Absence of orbitofrontal and entorhinal activity showed no statistically significant difference between COVID-19 related OD and post-
infectious OD, however trigeminosensory activity was more robust in COVID-19 related OD cases.

Conclusion: Olfactory bulb damage may play a central role in persistent COVID-19 related anosmia. Though there is decreased olfactory
bulb volume and decreased white matter tract integrity of olfactory regions in COVID-19 related anosmia, this is not as pronounced as in
other post-infectious OD. Trigeminosensory activity was more robust in COVID-19 related OD. These findings may reflect better preserved

central olfactory system in COVID-19 related OD compared to COVID-19 related OD.
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INTRODUCTION

Ifactory dysfunction (OD)
attention among the public and medical commu-
nity as post COVID-19 hyposmia and anosmia
cases have surged since the start of the pandemic (1). OD in
COVID-19 has been reported up to 80% in some series, and

gained widespread
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may be seen as an isolated symptom, precede the respiratory
manifestations or develop after onset of respiratory symptoms
(2,3). Majority of the patients with COVID-19 OD recover
spontaneously within two weeks; however persistent severe OD
may persist in 7%—8% 2 months after onset (4-6). OD can also
be post-infectious due to other viral pathogens, post-traumatic,
secondary to sinonasal disease or part of neurodegenerative dis-
ease processes (7,3). Upper respiratory tract infections account as
1 of the most common identifiable cause of OD, with post-
infectious cases constituting 22%-36% of all olfactory loss cases
(9,10). The pathogenesis of COVID-19 anosmia is still debated,
however evidence suggests features distinct from the obstructive
etiology of the OD in other viral upper respiratory tract infec-
tions, as there is a lower prevalence of sinonasal symptoms in
COVID-19 related OD (1,11). Proposed mechanisms for
COVID-19 anosmia are olfactory recess obstruction/inflamma-
tion and/or olfactory bulb damage (12).
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OD may occur due to disruption of the olfactory system at
different pathways, which can be evaluated with different
imaging modalities. Paranasal sinus CT allows assessment for
obstructive causes, whereas magnetic resonance imaging
(MRI) provides morphological data about olfactory nerve,
bulb and primary/secondary olfactory cortices (13,14). Diftu-
sion tensor imaging (DTI) can also be used to assess olfactory
network and microstructural properties of the white matter
(15-18). Odor-stimulated functional MRI has also been used
in assessment of OD in neurodegenerative disease and post-
traumatic anosmia (19,20).

Despite the high prevalence of COVID-19 related OD, there
is limited data on MR imaging findings, which might be related
to generally transient nature of the symptoms, re-allocation of
health resources during the pandemic and reluctance of the
patients to seek medical care for OD. Limited imaging data
derived from case reports or case series have reported conflicting
findings. (1,21-24). Part of this discrepancy might be related to
patient selection criteria and variations in imaging protocols.
Our group had previously reported olfactory bulb MRI findings
in 23 cases with persistent COVID-19 anosmia, and reported a
high percentage of abnormal olfactory bulb signal intensity and
contour changes (25).

An imaging study that includes a comparison group and
incorporates advanced techniques like DTI and olfactory
fMRI could be helpful to better understand the underlying
pathogenesis, and guide patient management for cases with
persistent OD. As a follow-up study, we assessed the olfactory
bulb MRI, DTI and olfactory fMRI findings in persistent
COVID-19 anosmia; and compared the findings to post-
infectious olfactory loss related to other pathogens.

MATERIALS AND METHODS
Study Population

COVID-19 related OD group included patients presenting
with olfactory dysfunction after COVID-19 infection to our
Smell and Taste Center Clinic between May 2020 and March
2021. Inclusion criteria were: (1) sudden loss of smell, (2)
COVID-19 infection confirmed during initial symptoms by
polymerase chain reaction (PCR) with a swab test, (3) persis-
tence of OD for minimum 1-month without any treatment/
intervention for OD. There was a total of 31 patients present-
ing with persistent COVID-19 related OD with a mean age
of 32.54+10.8 years that completed subsequent olfactory
assessment and imaging tests.

Post-infectious OD group consisted of patients presenting
with olfactory dysfunction after upper respiratory tract infec-
tion to our center between May 2016-March 2020. There
was a total of 97 patients with post-infectious OD with a
mean age of 45.9413.5 years that completed subsequent
olfactory assessment and imaging tests.

Exclusion criteria for both groups were cases with preexist-
ing smell and taste dysfunction, prior head trauma and history
or evidence of allergic rhinitis and chronic rhinosinusitis.
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This study has been approved by the local institutional
review board and informed consent prior to participation in
the study was provided by all patients.

Olfactory Assessment

After a detailed anamnesis including onset/course of the
olfactory dysfunction and accompanying sinonasal symptoms
like nasal congestion and rhinorrhea; otolaryngological exam-
ination was performed. Olfactory dysfunction was evaluated
objectively with Sniffin’ Stick Test (Burghart Messtechnik,
Wedel, Germany) which is performed with odor-containing
felt-tip pens (26). This test assesses bilateral odor detection
thresholds (T), odor discrimination (D), and odor identifica-
tion (I) with a scale of 1—16 for each component. TDI is the
summative score of the three components; and olfactory
function is categorized as normosmia: scores > 30.5, hypo-
smia: scores between 16.5 and 30.5, and anosmia: scores
<16.5 27).

MRI Protocol

Olfactory bulb MRI was acquired with a 3T scanner (Mag-
netom, Siemens, Erlangen, Germany) with a 32-channel
head coil. In addition to conventional sequences for whole
brain, sequences dedicated to the olfactory system included
high resolution T2-SPACE sagittal images, coronal T2
images with a field of view (FOV) covering anterior pole of
the olfactory bulb to the primary olfactory region, as
described previously (14,25).

Diftusion tensor images were acquired in the axial plane
extending from craniocervical junction to vertex using a sin-
gle-shot, diffusion-weighted EPI sequence with a b value of
1000 seconds/mm? in 64 diffusion encoding directions (Sup-
plement 1). n-butanol (4% v/v) was the preferred olfactory
stimuli during olfactory fMRI. n-butanol stimulates both
olfactory and trigeminal nerve with a bimodal percept
(28,29). fIMRI images were obtained in a 4-minute 2-block
design consisting of 1) continuous odor exposure for 2
minutes and 2) normal breathing blocks with continuous
flow of odorless air with 50% relative humidity at room tem-
perature for 2 minutes. Odors were presented to participants
via nasal cannula with continuous air flow at a rate of
4 L/min (Supplement 1). Olfactory fMRI could not be per-
formed in 3 of the COVID-19 related OD and 2 of the post-
infectious OD cases.

Parameters for DTI: TR = 10800 ms, TE = 116 ms,
slice thickness/gap = 2/0 mm, number of slices = 70, FOV=
250 mm). Fat suppression was achieved with spectral presatu-
ration using inversion recovery.

Parameters for fMRI: Functional images were gradient
recalled echo-planar images with TR= 8000 ms; TE= 30 ms;
FOV= 240x240 mm?; slice thickness/gap = 2.5/0 mm and
number of slices = 38. A total of 760 brain volume sequences
were collected in 20 measurements during an interval of 3
minute and 6 seconds.
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Olfactory Bulb MRI

Ultra-high resolution T2-SPACE (Sampling Perfection with
Application optimized contrasts using difterent flip angle evo-
lution) sagittal images (repetition time (TR)): 1000 ms, echo
time (TE): 136 ms, flip angle: 110°, slice-thickness: 0.6 mm,
slice oversampling: 0%, FOV: 200x200 mm, matrix:
320%x320, phase 30%, band width:
150 Hz/pixel, voxel size: 0.6x0.6x0.6 mm, time of acquisi-
tion: 6.08 minutes, echo-train duration: 440 ms)

Coronal T2 images covering anterior pole of the olfactory
bulb to the primary olfactory region (TR: 6550 ms, TE:
99 ms, flip angle: 150°, slice-thickness: 1 mm, distance factor:
0, FOV: 100x100 mmz, matrix: 269x 384, phase oversam-
pling: 56%, bandwidth: 289 Hz/pixel,
0.3x0.3x1 mm, time of acquisition: 8.19 minutes, turbo fac-
tor: 17)

oversampling:

voxel size:

MRI Evaluation

Volumetric and morphological analysis were performed by a
single radiologist.

Olfactory bulb volumes were calculated as summation
of manually drawn sequential region of interests on con-
secutive coronal T2 slices with Syngo.Via Software
(VB40, Siemens). Olfactory sulcus depth represented the
distance between deepest point of the olfactory sulcus and
a line tangent to the inferior borders of gyrus rectus and
medial orbital gyrus. In order to calculate intra- and inter-
observer variability, a second observer blind to previous
measurements segmented olfactory bulb volumes twice in
23 cases. Intraclass coefficients of correlation between
measurements of the 2 observers were 0.965 (95% CI
0.919— 0.985) for right OB, and 0.956 (95% CI 0.899—
0.981) for left OB. Intraclass coefficients of correlation
between measurements of a single observer were 0.967
(95% CI 0.924— 0.986) for right OB, and 0.984 (95% CI
0.963— 0.993) for left OB.

Shape (morphology) of the olfactory bulb morphology was
assessed on coronal T2-images. Olfactory bulbs normally
have an oval or inverted-J shape (14,30). Multiple lobulations
in the contour, rectangular shaped bulbs or atrophic bulbs
were considered as abnormal in morphology.

The signal intensity of the olfactory bulbs was assessed on
both coronal T2- and 3D-FLAIR images with contralateral
gyrus rectus taken as the reference signal intensity. A single
focus of abnormal signal intensity was not considered as
abnormal due to artifact prone nature of the olfactory bulbs
(31,32). Signal abnormalities were reviewed for location
along the olfactory bulb (rostral, central, and caudal).

Olfactory nerve filiae were evaluated on the sagittal
T2-space images. Normally olfactory nerve filiae show a
fine architecture with uniform distribution of the filia at
regular intervals. Focal thickening of the filiae with
non-uniform distribution was considered as abnormal
clumping.

DTI Data Analysis

Diffusion tensor images were processed with DSI studio
(http://dsi-studio.labsolver.org).
performed using generalized g-sampling imaging (GQI).

Image reconstruction was

Corrections for eddy currents distortions, motion artifacts and
b-matrix reorientation were performed.

For network reconstruction, 90 grey matter regions of the
cerebrum from the automated anatomical labeling (AAL) atlas
was selected (33). Edge definition was performed with con-
nectivity probability between each pair of nodes within the
network. On connectogram maps, decreased connectivity
was used to define a region with fiber tract number less than
50% or a QA value less than 50% compared to the contralat-
eral region. Connectogram maps were categorized as: 0) nor-
mal  connectivity, 1) decreased  connectivity in
rhinencephalon, 2) decreased connectivity in cingulate/insu-
lar cortex or thalamus, 3) decreased connectivity in other
regions.

In addition, after manual seeding of orbitofrontal and
enterorhinal cortex, the quantitative anisotropy (QA) and
number of the fiber tracts of these regions and connecting
fibers were automatically calculated by the software. Largest
fiber deviation in one step was 10°, minimum fiber length
was 5 mm, with a step size of 0.25 voxel.

fMRI Data Analysis

Preprocessing of the fMRI data was performed with Syngo.
Via MR-NEURO 3D Software (VB40, Siemens) software.
Correction of the echo-planar images (EPI) for slice-time dif-
ferences and realignment to the first scan by rigid body trans-
formation to correct for head motion were carried out. EPI
and structural scans were normalized to the EPI standard tem-
plate in the Montreal Neurological Institute space by linear
and nonlinear transformations (maximum translation
-00.86 mm, maximum rotation -00.26°) and final smoothing
with a Gaussian kernel of 8-mm full width at half maximum.
Fusion was completed in advanced perfusion mode by 50%
blending after alignment. Images were displayed as hot metal
colormap with a T-score cut-off value of 4.00. Positive activ-
ity was accepted as artifact free regions with a BOLD activity
larger than 10 voxels after fusion. Positive activity was
grouped as grade 1 for activity 10—100 voxels and grade 2 for
activity larger than 100 voxels.

Extent of olfactory, trigeminosensory activity was cate-
gorized as the following: 1) orbitofrontal activity alone,
2) entorhinal activity alone, 3) both orbitofrontal and
entorhinal (rhinencephalon) activity, 4) trigeminosensory
activity, 5) activity outside the rhinencephalon or trige-
minosensory system.

Statistical Analysis

All statistical analysis were carried out with NCSS (Number
Cruncher Statistical System) Statistical Software (Utah, USA).
Descriptive data were expressed as mean, standard deviation,
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median and frequency. Group comparisons for continuous
and categorical variables were performed with Student’s t-test
and Pearson’s Chi squared-test, respectively. p value <0.05
was considered as statistically significant.

RESULTS

A total of 31 patients presenting with persistent COVID-19
related OD and 97 patients with post-infectious OD due to
other viral pathogens were included. Mean age of the whole
study population (n = 128) was 42.61+14.1 year (range
19—80 years) with a slight female predominance (n = 80,
62.5%). Patients with COVID-19 related OD were younger
(32.5£10.8) than patients with post-infectious OD (45.9+
13.5) (p <0.001). There was no significant difference in
female to male ratio in both groups (Table 1).

Patients with post-infectious OD presented later for olfac-
tory evaluation than patients with COVID-19 related OD.
Mean interval between onset of OD and evaluation was 1.5
months for COVID-19 related OD and 6 months for post-
infectious OD (p <0.001). At the time of evaluation, all 128
patients were either hyposmic (n = 18, 14.1%) or anosmic
(n = 110, 85.9%) based on TDI scores. All cases with
COVID-19 related OD were anosmic (n=31, 100%),
whereas 18 cases (18.6%) of post-infectious OD patients were
hyposmic and remaining 69 cases (81.4%) were anosmic.
Mean TDI score in COVID-19 related OD (9.31£2.89) was
significantly lower than post-infectious OD (12.71£4.33) (p
<0.001). Details on subsets of TDI scores can be found in
(Table 1).

Olfactory Bulb MRI

Olfactory bulb volumes were significantly higher in COVID-
19 related OD (right: 60.34:12.7 mm?; left: 59.5+16.4 mm”)
than post-infectious OD (right: 48.6415.4 mm®; left: 48.9+
15.6 mm’) (p <0.001 and p = 0.002, respectively) (Table 2).

There was no significant difference in olfactory sulcus
depths between the two groups (Table 2).

Normal olfactory bulb morphology was preserved in 13
cases (41.9%) with COVID-19 related OD and 35 cases

TABLE 1. Demographic Data and TDI Scores for COVID-19
Related and Post-Infectious Olfactory Dysfunction

COVID-19 Post-Infectious P

(n=31) (n=97)
Age (mean+SD) 32.5+10.8 45.9+13.5 0.001
Sex (F/M) 21/10 59/38 0.489
TDI 9.31+2.89 12.71+4.33 0.001
T 2.10+1.31 4.07+1.52 0.001
D 3.562+1.26 4.28+1.37 0.003
| 3.74+1.03 4.58+1.68 0.009

T, odor detection thresholds; O, odor discrimination; |, odor
identification.
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TABLE 2. Comparison of Olfactory Bulb Volumes, Olfactory
Sulcus Depths, Olfactory Bulb Morphology/Signal Intensity
and Olfactory Filiae Architecture in COVID-19 Related and
Post-Infectious Olfactory Dysfunction

COVID-19  Post- p
(n=31) Infectious
(n=97)
R olfactory bulb volume (mm?) 60.3+12.7 48.6+15.4 0.001

L olfactory bulb volume (mm?) 59.5+16.4 48.9+15.6 0.002
R olfactory sulcus depth (mm) 6.80+2.0 6.50+2.1 0.469
L olfactory sulcus depth (mm) 6.30+2.1 6.20+2.0 0.886
Olfactory bulb morphology 0.558
Normal 13 (41.9) 35(36.1)

Deformed 18(58.1) 62 (63.9)

Olfactory bulb signal abnormality

Central 8(25.8) 23(23.7) 0.813
Rostral 11 (35.5) 32(33) 0.798
Caudal 0(0) 3(3.1) 1.000
Olfactory filia clumping 0.001
Absent 9(29.0) 68 (70.1)

Mild 20 (64.5) 29 (29.9)

Marked 2(6.5) 0

(36.1%) with post-infectious OD. Deformed bulb morphol-
ogy was seen in 18 cases (58.1%) with COVID-19 related
OD and 62 cases (63.9%) with post-infectious OD; without
significant difference between the groups (p = 0.558).

Olfactory bulb signals were normal in 15 patients (48.4%)
with COVID-19 related OD and 52 patients (53.6%) with
post-infectious OD. There was increased signal intensity in
olfactory bulb in 16 patients (51.6%) with COVID-19 related
OD. There was abnormally increased signal intensity in olfac-
tory bulb in 45 patients (46.4%) with post-infectious OD,
without significant difference between the two groups (Figs 1
and 2).

There was a significantly higher rate of olfactory nerve
clumping in COVID-19 related OD than post-infectious
OD (p <0.001). Normal olfactory nerve filia distribution
were noted in 9 cases (29%) with COVID-19 related OD
and 68 cases (70.1%) with post-infectious OD. Mild olfac-
tory nerve clumping was noted in 29 cases (29.9%) with
post-infectious OD, whereas there was mild olfactory
nerve clumping in 20 cases (64.5%) and marked olfactory
nerve clumping in 2 cases (6.5%) with COVID-19 related
OD (Fig 3). (Table 2)

Olfactory Tract DTI

QA values at orbitofrontal, entorhinal region and orbito-
frontal to entorhinal connections were significantly higher
in COVID-19 related OD than post-infectious OD (p
<0.001). Details of the QA wvalues can be found in
(Table 3) (Fig 4).

Connection fibers between orbitofrontal and entorhinal
regions were affected similarly on the left and right side in
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Figure 1. A 38-year-old female with functional anosmia for 2-months after COVID-19 infection. Coronal T2-WI show substantial volume loss
of bilateral olfactory bulbs with internal areas of increased signal intensity localized to rostral olfactory tract on the right and caudal olfactory

bulb on the left (delineated with free-hand ROI on the right image).

Figure 2. A 25-year-old female with functional anosmia for 6-weeks after COVID-19 infection COVID-19 related anosmia case. High resolu-
tion T2-SPACE images obtained on sagittal plane were viewed as multiplanar reformat images to assess olfactory bulb signal intensity (A-C).
T2-W images show areas of increased signal intensity in bilateral olfactory bulbs, better seen on narrow window settings (D). (Color version of

figure is available online.)

both COVID-19 related OD and post-infectious OD. Asym-
metry in the connection fibers between left and right side
were observed in 66.7% of COVID-19 related OD and 67%
of post-infectious OD (p = 0.972). Visual scale of connecto-
gram maps showed 42.3% dysconnectivity in post-infectious
OD and 95.3% dysconnectivity in COVID-19 related OD (p
<0.001) (Fig 5).

Olfactory fMRI

There was no significant difference in orbitofrontal activity
alone and entorhinal activity alone between COVID-19
related OD and post-infectious OD (p = 0.963 and 0.228,
respectively). Orbitofrontal activity was not observed in
32.1% of COVID-19 related OD and 29.5% of post-
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Figure 3. (A) Sagittal high resolution T2-SPACE image in a normal subject shows normal olfactory nerve filiae with no sign of clumping.
(B) A 32-year-old male with post-infectious olfactory dysfunction case. Sagittal T2-SPACE image shows clumping of the olfactory nerve fil-
iae in the rostral portions (arrow). Normally, the olfactory nerve filiae are barely discernible, whereas in this case the filiae started to form bun-

dles consistent with regenerative hypertrophy.

(C) A 28-year-old female with COVID-19 related anosmia. Sagittal SPACE image shows more extensive clumping and thickening of the
olfactory nerve filiae (marked with multiple arrows) in the with significant effacement of CSF spaces caudal to the olfactory bulb.

TABLE 3. Comparison of Quantitative Anisotropy Values in COVID-19 Related and Post-Infectious Olfactory Dysfunction

COVID-19 (n=31) Post- Infectious (n = 97) P
R orbitofrontal gyrus, QA 331.5+£64.9 259.5+101.3 0.001
L orbitofrontal gyrus, QA 338.2+71.3 266.5+102.5 0.001
R entorhinal gyrus, QA 377.9+89.2 270.1+100.3 0.001
L entorhinal gyrus, QA 382.9+100.6 270.3+102.1 0.001
R fibers from orbitofrontal to entorhinal area, QA 406.9+113.9 270.8+112.6 0.001
L fibers from orbitofrontal to entorhinal area, QA 431.2+114.5 280.5+116.3 0.001

infectious OD. Entorhinal activity was not observed in 60.7%
of COVID-19 related OD and 45.3% of post-infectious OD.

Trigeminosensory activity was more robust in COVID-19
related OD cases (p = 0.005) (Table 4). Disorganized activity
outside the rhinencephalon or trigeminosensory system was
more prevalent in post-infectious OD (23.7%) compared to
COVID-19 related OD (6.5%) (Fig 6).

DISCUSSION

In this study, we compared olfactory bulb MRI, olfactory
tract DTT and olfactory fMRI findings in persistent COVID-
19 anosmia and post-infectious OD due to other pathogens.
Imaging was performed after a shorter duration in COVID-
19 anosmia (mean 1.5-months) than post-infectious OD
(mean 6-months). When compared to the post-infectious

Tracts between Tracts between
Tract Name and Area Right orbitofrontal Left orbitofrontal
and entorhinal field and entorhinal field
number of tracts 36 13
tract length mean (mm) 77.75 79.2692
ga mean 0.434591 0.407149
Olfactory Right Orbitofrontal Left Orbitofrontal Right Left Entorhinal
rightisptorhinal eftLentorhinal area Entorhinal
%‘ _\\J voxel counts | 376.1 390.4 486.0 682.0
’ » ga mean 0.29973 0.318064 0.363283 0.326646

Figure 4. A 37-year-old female with COVID-19 related anosmia. (A) Tractography images obtained with DSI studio by seeding the orbitofron-
tal regions and the entorhinal region (parahippocampal gyrus and amygdala) The tractography map shows decreased number of the fibers
between right orbitofrontal and entorhinal regions compared to the contralateral tract. (B-C) Tractography images obtained with DSI studio by
seeding the orbitofrontal regions and the entorhinal region (parahippocampal gyrus and amygdala) The tractography map shows decreased
number of the fibers between left orbitofrontal and entorhinal regions compared to the contralateral tract. (C) Accompanying table showing
number of tracts, mean tract length and QA values for the same case. (Color version of figure is available online.)
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Figure 5. Connectogram map for the case presented in Figure 4. There is decreased connectivity between left insula and left olfactory cortex
with possible compensatory increased connectivity in interfrontal, intrafrontal, intratemporal and tempofrontal regions. (Color version of figure

is available online.)

OD, COVID-19 anosmia cases had better preservation of the
olfactory bulb volumes, higher olfactory nerve clumping rates
and better white matter integrity at secondary olfactory
regions as demonstrated by higher QA values. There was no
significant difference in olfactory bulb deformation or signal
abnormality between the two groups. On fMRI, there was
no significant difference in orbitofrontal activity alone and
entorhinal activity alone between COVID-19 related OD
and post-infectious OD, whereas trigeminosensory activity
was more robust in COVID-19 related OD.

Olfactory Bulb Volumes

Olfactory bulb functions as the first relay station in the olfac-
tory pathway (15). Olfactory bulb maintains its high plasticity
throughout the life through its continuing synaptogenesis

(13,34). A distinguishing feature of olfactory system 1is
decreased olfactory bulb volume with olfactory deprivation
supported by positive correlation between olfactory function
and olfactory bulb volume (35). Studies have demonstrated
decreased olfactory bulb volume with olfactory loss in post-
traumatic OD, post-infectious OD and neurodegenerative
diseases. In our series, though both COVID-19 anosmia and
post-infectious OD cases had mildly decreased olfactory bulb
volumes when 58 mm” cut-off value for patients <45 years
of age as defined by Buschhtuter et al. is used olfactory volume
loss was more pronounced in post-infectious OD than
COVID-19 anosmia (35). This is unlikely related to degree
of olfactory loss, as TDI scores in COVID-19 anosmia were
lower in our cohort. A likely explanation for lower olfactory
bulb volume in post-infectious OD than COVID-19 related
OD is duration of olfactory deprivation as time to imaging
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TABLE 4. Comparison of Activation Of Different Regions after Olfactory fMRI with n-Butanol in COVID-19 Related and Post-Infec-

tious Olfactory Dysfunction

COVID-19 Post- Infectious P
n % n %
Orbitofrontal activity No activity 9 32.1% 28 29.5% 0.963
1* 14 50.0% 49 51.6%
2" 5 17.9% 18 18.9%
Entorhinal activity No activity 17 60.7% 43 45.3% 0.228
1* 10 35.7% 40 42.1%
2% 1 3.6% 12 12.6%
Trigeminosensory activity No activity 18 64.3% 85 89.5% 0.005
1* 6 21.4% 5 5.3%
2" 4 14.3% 5 5.3%
Outside the rhinencephalon or trigeminosensory system Activity 2 6.5% 23 23.7% 0.128

* Grade 1: activity 10—100 voxel size,
# grade 2: activity larger than 100 voxels.

Figure 6. Olfactory fMRI with n-butanol. Fused 3D T1 and bold images shows activity in leftorbitofrontal and entorhinal region in a post-infec-
tious OD case (A); right trigeminosensorial region in a COVID-19 related anosmia case (B); bilateral trigeminosensorial regions more prominent
on the right side, without discernible activity in the bilateral entorhinal regions in a COVID-19 related anosmia case (C); bilateral orbitofrontal
region in a COVID-19 related anosmia case (D); disorganized, diffuse activity outside the olfactory region in a post-infectious OD case (E).

(Color version of figure is available online.)

since OD onset was longer in post-infectious OD in our
series. This finding is in line with a post-infectious OD MRI
study by Rombaux et al. where there was a moderate degree
of negative correlation between olfactory bulb volumes and
duration of olfactory loss (36).

Olfactory Bulb Morphology and Signal Intensity

MRI can also be interpreted for olfactory bulb shape where
loss of normal oval or inverted J shape is suggestive of damage
(37). In addition, abnormally increased signal intensities in
the olfactory bulb are indicative of degeneration (14). Studies
on olfactory bulb imaging in COVID-19 OD are limited in
terms of imaging protocols and timing through the course of
the OD. Majority of the studies report findings based on con-
ventional cranial images instead of dedicated thin-cut, high
resolution sequences. Some of the studies lack objective
olfactory testing, and timing of imaging varied among the
studies (1,21-24,38,39). Available olfactory bulb imaging lit-
erature on COVID-19 anosmia is variable with reports of
grossly normal olfactory bulb volumes without signal abnor-
mality or olfactory bulb signal abnormality in the form of
increased signal or abnormal enhancement.(1,40). Some of
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the reports showed return of olfactory bulb intensity back to
normal in follow-up imaging after olfactory function recov-
ery (24,39). In our series, there was increased signal intensity
in olfactory bulb in 16 patients (51.6%) with COVID-19
related OD. This rate was not significantly different com-
pared to the 46.4% of abnormal bulb signal intensity we
noted in post-infectious OD.

One potential caveat in assessment of olfactory bulb hyper-
intensity is signal intensity can vary according to the field
strength applied and acquisition parameters especially on 3D-
FLAIR images. Healthy subjects may have olfactory bulbs
hyperintensities on 3D-FLAIR images (41). Despite this
potential pitfall, recent literature using normalized olfactory
bulb signal intensity reported higher olfactory bulb T2
FLAIR signal intensity between the patients with COVID-
19 and the controls with anosmia (42).

In our series, we observed a significantly higher rate of
olfactory nerve clumping in COVID-19 related OD than
post-infectious OD. Clumping of the olfactory nerve filia are
suggestive of inflammatory changes and regenerative attempt
by the olfactory nerve (14). The higher rate of clumping in
COVID-19 anosmia might be related to a more robust
regeneration attempt within the subacute phase of OD as
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compared to post-infectious OD. The sustentacular cells have
a good regenerative capacity which improves recovery of
olfaction (43,44).

Olfactory Tract DTI

DTI provides data on directionality of water diffusion and
information on microstructural brain damage can be derived
(15). The most commonly used DTI parameter is fractional
anisotropy where higher values reflect greater directionality
of diffusion, thus preserved microstructure (45). Previous
DTI studies have shown reduced fractional anisotropy in
olfactory impairment due to trauma, aging and neurodegen-
erative diseases (46). Additionally, there is improvement of
white matter integrity in with chronic rhinosinusitis after
sinus surgery, which may be a sign of cerebral plasticity (16).
In our study, QA values in olfactory regions and tracts were
higher in COVID-19 anosmia compared to post-infectious
OD indicating better preserved integrity of the white matter
tracts.

fMRI

Olfactory fMRI since its introduction by Yousem et al. has
been mainly used in OD seen in neurodegenerative diseases,
schizophrenia, congenital anosmia/hyposmia and more
recently in post-traumatic OD (19,47-49). The olfactory
neural network consists of the first-order projections to piri-
form cortex and amygdala and secondary projections to the
orbitofrontal cortex, thalamus, and insula (50).

In our study, we observed no significant diftference in orbi-
tofrontal activity alone and entorhinal activity alone between
COVID-19 related OD and post-infectious OD. A PET-
MR study on 12 cases with COVID-19 related olfactory loss
reported regional glucose metabolism abnormalities in olfac-
tory and high-order brain networks which changed with
intensity and duration of the anosmia (51).

In our series, we observed a more robust trigeminosensory
activity in COVID-19 related OD compared to post-infec-
tious OD. The olfactory and trigeminal systems have a com-
plex relationship in detection of odor. Most odorants also
result in stimulation of the trigeminal system. Prior studies on
acquired anosmia showed that olfactory loss produces central
nervous system changes that lead to a reduced responsiveness
to trigeminal stimulation (52). The higher trigeminosensory
activity observed among COVID-19 related OD in our series
reflect the higher degree of central olfactory system damage
observed in post-infectious OD as demonstrated by greater
olfactory bulb volume loss and less well-preserved integrity of
the white matter tracts in post-infectious OD compared to
COVID-19 related OD.

Pathogenesis

Pathogenesis of COVID-19 related olfactory dysfunction is
incompletely understood. Potential mechanisms are damage

to the olfactory epithelium secondary to inflammation, or
direct damage to olfactory epithelium or bulb (53). Olfactory
epithelium damage seems more plausible as angiotensin con-
verting enzyme 2 (ACE2) receptors, the target molecules for
SARS-CoV-2, are expressed by non-neuronal supporting
cells of the olfactory epithelium, but not directly by the olfac-
tory neurons (53).

In post-infectious olfactory loss; early phase is characterized
by a conductive or obstructive olfactory loss related to muco-
sal edema. Olfactory function typically recovers with amelio-
ration of the cold symptoms. However, in a small percentage
of patients, there is persistent olfactory loss despite absence of
nasal congestion or obstruction. In such cases, the olfactory
loss reflects sensorineural pathway damage related to the viral
insult (54). Significantly reduced olfactory receptor cells and
nerve bundles have been reported in the olfactory epithelium
in post-infectious OD cases support this hypothesis (55,56).

Limitations of the current study include the different inter-
val between onset of olfactory loss and imaging evaluation in
COVID-19 and post-infectious OD. This created a variable
that might have accounted for the different imaging findings
we observed between the 2 groups as described above. There
is also a selection bias, as only patients with persistent
COVID-19 OD longer than 1-month in duration were eval-
uated. This inherently excluded patients with shorter and
milder olfactory loss, limiting generalizability of the findings
to worst olfactory loss case scenario. Also, our imaging find-
ings may reflect the subacute and chronic state of changes,
rather than the acute changes. There are different block
designs available in the literature which migh affect the pat-
tern of activity. A study by Poellinger et al. showed that
short-duration stimulus (9 seconds) consistently activated the
primary olfactory cortex, whereas long stimulus (60 seconds)
resulted in short, phasic increase in the signal, followed by a
prolonged decrease below baseline in the primary olfactory
cortex and hippocampus (57). Orbitofrontal cortex activity
was present during the duration of odorant presentation. The
long stimulus design parameter of our study might have
affected pattern of activation and limits comparison to other
studies.

CONCLUSION

Our study with incorporation of different anatomical and
functional imaging modalities indicates that olfactory bulb
damage may play a role in COVID-19 anosmia seen as
abnormal shape and signal intensity of the olfactory bulbs.
Though there is decreased olfactory bulb volume, this is not
as pronounced as in other post-infectious OD, likely reflect-
ing earlier imaging done in COVID-19 cases with limited
duration of olfactory deprivation to result in olfactory bulb
volume loss. We observed a higher rate of olfactory nerve
clumping in COVID-19 anosmia compared to post-infec-
tious OD, indicating a higher degree of active regeneration
attempt. The white matter tract integrity of olfactory regions
was better preserved in COVID-19 anosmia compared to
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post-infectious OD, which also might be related to shorter

imaging duration since onset of olfactory loss. There was no
significant difference in orbitofrontal activity alone and ento-
rhinal activity alone between COVID-19 related OD and
post-infectious OD, whereas trigeminosensory activity was
more robust in COVID-19 related OD. The higher trigemi-
nosensory activity observed among COVID-19 related OD
in our series may reflect better preserved central olfactory sys-
tem in COVID-19 related OD compared to COVID-19
related OD.
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