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Abstract

Objectives Sudden loss of smell is a very common symptom of coronavirus disease 19 (COVID-19). This study characterizes the
structural and metabolic cerebral correlates of dysosmia in patients with COVID-19.

Methods Structural brain magnetic resonance imaging (MRI) and positron emission tomography with [ 18F]-fluorodeoxyglucose
(FDG-PET) were prospectively acquired simultaneously on a hybrid PET-MR in 12 patients (2 males, 10 females, mean age:
42.6 years, age range: 23—60 years) with sudden dysosmia and positive detection of severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) on nasopharyngeal swab specimens. FDG-PET data were analyzed using a voxel-based approach and
compared with that of a group of healthy subjects.

Results Bilateral blocking of the olfactory cleft was observed in six patients, while subtle olfactory bulb asymmetry was found in
three patients. No MRI signal abnormality downstream of the olfactory tract was observed. Decrease or increase in glucose
metabolism abnormalities was observed (p <.001 uncorrected, k> 50 voxels) in core olfactory and high-order neocortical areas.
A modulation of regional cerebral glucose metabolism by the severity and the duration of COVID-19-related dysosmia was
disclosed using correlation analyses.

Conclusions This PET-MR study suggests that sudden loss of smell in COVID-19 is not related to central involvement due to
SARS-CoV-2 neuroinvasiveness. Loss of smell is associated with subtle cerebral metabolic changes in core olfactory and high-
order cortical areas likely related to combined processes of deafferentation and active functional reorganization secondary to the
lack of olfactory stimulation.
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—— : ; Introduction
This article is part of the Topical Collection on Neurology

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is responsible, since December 2019, of an ongoing
worldwide outbreak of atypical and severe pneumonia, called
coronavirus disease 2019 (COVID-19). Sudden loss of smell
(i.e., anosmia) and taste (i.e., ageusia) are very common symp-
toms in SARS-CoV-2 infection, being reported in up to 80%
of cases (for a review, see [1]).
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CoV-2 infection of OE cells leads to sudden smell loss re-
mains hypothetical. The causal link might involve (i) blockage
of the olfactory cleft due to focal OE inflammation, (ii) alter-
ation of OSNs function, or (iii) widespread damage to OE and
subsequently OSNs with variable time to recovery depending
on the extent of stem cell damage [1]. Changes in olfactory
bulbs (OB) and variable cortical (e.g., orbitofrontal cortex) or
subcortical (e.g., thalamus, hypothalamus, brainstem) areas
have also been disclosed by magnetic resonance imaging
(MRI) [3—7] or positron emission tomography (PET) [8, 9]
in some COVID-19 patients with or without anosmia.
Whether these central nervous system (CNS) abnormalities
are indicative of potential SARS-CoV-2 neuroinvasion
triggering or triggered by anosmia is still a matter of debate
[1].

To get novel insights into the possible CNS involvement in
COVID-19 patients with sudden dysosmia, we used a hybrid
PET and MRI system (PET-MR) to investigate the brain struc-
ture and regional glucose metabolism of SARS-CoV-2-
infected patients with sudden loss of smell. We specifically
searched for MRI signal and metabolic abnormalities along
the olfactory system and brain areas previously shown to be
involved in the pathophysiology of non-COVID-19-related
anosmia. We also searched for any sign of acute brain
abnormalities.

Methods
Study design and participants

From April 3,2020 to May 18, 2020, dysosmic patients in the
context of a SARS-Cov-2 infection were prospectively re-
cruited at the CUB Hopital Erasme based on the following
criteria: (i) sudden loss of smell; (ii) positive SARS-CoV-2
detection (direct antigen detection or reverse transcriptase po-
lymerase chain reaction) on nasopharyngeal swab specimen;
(iit) no prior history of neurological, psychiatric, nasal, sinus,
or olfactory disorders; (iv) MRI compatibility; and (v) formal
acceptance to participate to the study.

Objective evaluation of olfactory dysfunction was per-
formed using the “identification test’ included in the Sniffin
Sticks Battery (Burghart Messtechnik, Wedel, Germany) at
the time of PET-MR data acquisition. The evolution of
dysosmia was assessed at the time of manuscript submission
using qualitative anamnesis and visual analog scale (0, no
smell at all; 10, normal olfactory function). No olfactory train-
ing or objective evaluation using the identification test was
performed at follow-up. Clinical data were retrieved from pa-
tients’ anamnesis and medical records.

For PET data analyses, a PET-MR data set acquired in the
context of other neuroimaging studies and composed of 26
healthy subjects (5 females, 21 males, mean age: 35 years,

age range: 22-52 years) without any history of COVID-19,
smell or taste disorders was used as control group.

Standard protocol approvals, registrations, and
patient consents

Studies were carried out at the CUB Hopital Erasme
(Brussels, Belgium). Participants contributed to the corre-
sponding studies approved by the institutional Ethics
Committee after written informed consent (References:
P2020/204, CCB: B4062020000031; P2017/541, CCB:
B406201734197).

PET-MR data acquisition

Cerebral PET and MRI data were obtained using a 3 T hybrid
PET-MR scanner (SIGNA™, GE Healthcare, Chicago, IL) in
accordance with COVID-19 institutional hygienic and safety
rules.

MRI sequences have been described in details elsewhere
[5]. They consisted in whole-brain axial 3D T1-weighted im-
aging (WI), axial T2WI, sagittal 3D T2WI fluid-attenuated
inversion recovery (FLAIR), axial 3D susceptibility-WI
(SWI), axial diffusion-WI (DWI), and a coronal T2WI cen-
tered on olfactory bulbs.

For PET data acquisitions, participants fasted for at least 4h
were awake in an eye-closed rest and received an intravenous
bolus injection of 3—5 mCi (111-185 MBq) of ['F]-
fluorodeoxyglucose (FDG) before PET-MR data acquisition.
Forty minutes post-injection, a 20-min data acquisition was
performed. PET data were reconstructed using the fully 3D
iterative reconstruction algorithm VUE Point FX-S, which
takes into account the time-of-flight (TOF) information and
the correction for the point spread function (PSF) of the sys-
tem. The algorithm was configured with 10 iterations, 28 sub-
sets, and a standard Z-axis filter cut-off at 4 mm. The photons’
attenuation was corrected with a MRI-based map (MRAC)
acquired simultaneously. PET images were displayed in a
256 x 256 x 89 matrix format, with a slice thickness of
2.78 mm. The reconstructed files were downloaded in their
original format (DICOM, ECAT, Interfile) for meta-
information and converted in NIfTI format for subsequent
analysis.

MRI data analysis

MRI data were reviewed by two experienced neuroradiolo-
gists (T.C. and L.D.) following a systematic and comprehen-
sive visual assessment procedure previously described [5].
Brain MRI findings were divided into recent (i.e., potentially
related to SARS-CoV-2) and long-standing (i.e., unlikely re-
lated to SARS-CoV-2) changes [5]. The Lund-Mackay score
for chronic rhinosinusitis [10] was used for the visual
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assessment of incidental paranasal sinus inflammation and
adapted to evaluate olfactory cleft obliteration (0: normal; 1:
partial obliteration; 2: total obliteration) at the level of the OB.
Final reports were then discussed with neurologists (S.G.,
X.D.T.), neuroradiologist (N.S.), otorhinolaryngologists
(M.N., ANN., G.F.), and internists (S.H., J-C.G.)

PET data analysis

FDG-PET data were analyzed using the voxel-based
Statistical Parametric Mapping software (SPM8, http://www.
fil.ion.ucl.ac.uk/spm/, Wellcome Trust Centre for
Neuroimaging, London, UK) based on conventional
subtractive and correlation analyses previously used by our
group and described in details elsewhere [11-15].

Briefly, PET images were spatially normalized into the
Montreal Neurologic Institute template (MNI, Montreal
Neurologic Institute, Quebec, Canada) and then smoothed
using a 12-mm full-width at half-maximum Gaussian isotro-
pic kernel. Global activity normalization was performed by
proportional scaling.

For individual- and group-level subtractive analyses, we
constructed general linear models (GLMs) of the preprocessed
FDG-PET data of dysosmic patients—taken individually or as
a group—and healthy subjects taken as separate groups.
Separate #-contrasts identified brain areas where glucose me-
tabolism was significantly lower or higher in dysosmic pa-
tient(s) compared with healthy subjects.

For correlation analyses, we constructed GLMs of the
preprocessed FDG-PET data of dysosmic patients taken as
one group. Scores of the identification test (Sniffin Sticks
Battery) and duration (days) of smell loss were introduced as
covariates of interest centered around condition means in sep-
arate GLMs. Separate ¢-contrasts identified brain regions
showing significant positive or negative correlations between
the covariates of interest and regional cerebral glucose metab-
olism. For significant voxels, regression plots and associated
slope coefficients/p values (Pearson’s correlation) between
glucose metabolism and covariates of interest were obtained
in Matlab R2017a (MathWorks Inc.).

Participant’s age was introduced as covariate of no-interest
in all GLMs to avoid potential aging confounds. Gender was
not used as covariate of no-interest considering the unbal-
anced gender profile between dysosmic patients and healthy
subjects.

Results were considered significant at p < .05 corrected for
multiple comparisons over the entire brain volume (family
wise error, FWE). As the FWE rate may be considered as
too conservative at the individual level or for group-level anal-
yses based on small samples sizes, results were also deemed
significant at p <.001 uncorrected (cluster size k> 50 voxels)
to minimize type II errors. This more liberal threshold was
adopted only when voxels involved brain areas previously
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reported as (i) involved in the processing of odors in healthy
subjects [16—19] or as (ii) metabolically abnormal in COVID-
19-related or non-COVID-19-related anosmia [8, 9, 20-22].
Since several of those studies did not report the [x, y, z] coor-
dinates of their significant effects in the Montreal
Neurological Institute (MNI) space, we could not properly
apply small volume correction to our data.

Finally, because we were using a high-resolution digital
PET-MR system, we checked if the level of OB glucose metab-
olism in COVID-19 patients and healthy subjects could be eval-
uated, in order to gain further insights into the pathophysiology
of COVID-19-related dysosmia. Unfortunately, it appeared that
the level of OB glucose consumption was too weak to perform
any analysis.

Results
Patients’ clinical characteristics

Table 1 describes the patients’ clinical characteristics.

Fourteen patients (11 females, 3 males, mean age: 43 years,
age range: 23-60 years) fulfilled the inclusion criteria. Two
patients were excluded from further analyses due to magnetic
artifacts covering the nasal cavity and orbitofrontal cortex (1
patient) and to the presence of a large right sylvian arachnoid
cyst that would interfere with the normalization procedure (1
patient). Therefore, the final sample considered for the study
was composed of 12 patients.

In those patients, subjective loss of smell occurred on av-
erage 15 days (£9 days) before PET-MR data acquisition. It
was the predominant symptom related to SARS-CoV-2 infec-
tion in seven patients. Other symptoms were dyspnea (five
patients), asthenia (five patients), and gastro-intestinal symp-
toms (three patients). Six patients also presented with head-
aches. One patient was hospitalized for the management of
COVID-19 respiratory symptoms, while the others were
outpatients.

Olfactory disorder was confirmed in each of the 12 SARS-
CoV-2-positive patients by objective olfactory testing. The
mean identification test score was 8/16 (+ 1.4) and document-
ed hyposmia in 5 patients (scores between 9 and 11) and
anosmia in 7 patients (scores < 8).

Positive evolution of dysosmia was observed in all patients.
Five patients fully or almost fully recovered (4 to 10 weeks
after onset; visual analog scale: 9 or 10). Seven patients still
complained of relative hyposmia (improvement observed
from 1 to 16 weeks after onset; visual analog scale: 6 to 8).

Structural MRI abnormalities

Table 2 and Fig. 1 describe the MRI findings observed in
dysosmic patients.
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Table 1 Clinical characteristics of the patients

Clinical characteristic % of Patients (n ,,,=12)

Mean age (range), years
Mean Body Mass Index (range), kg/m*
Female gender

42.6 (23-60)
24.8(22-29.8)
83.3(10)

Active smoker 8.3(1)
Hospitalisation 8.3(1)
SARS-CoV-2 detection
Direct antigen detection 25(3)
Reverse transcriptase PCR 75(9)
Comorbidities
Respiratory allergy 50(6)
Asthma 8.3(1)
Hypertension 16.7 (2)
Hypothyroidism 8.3(1)
Diabetes 0
Symptoms
Dysosmia 100 (12)
Dysgueusia 91.7(11)
Myalgia, Arthralgia 75(10)
Cough 66.7 (8)
Rhinorrhea 66.7 (8)
Fever 50(6)
Headache 50(6)
Dyspnea 41.7 (5)
Asthenia 41.7 (5)
Diarrhea 25(3)
Nausea, Vomiting 16.7(2)

Rash 8.3(1)
Throat pain 8.3(1)

Objective olfactory assessment
Anosmia 58.3(7)
Hyposmia 41.7(5)

Subtle OB asymmetry was found in three patients with no
associated bulbar signal abnormality. Four patients had no
olfactory cleft obliteration, two had partial obliteration of
one olfactory cleft, and six patients had bilateral olfactory cleft
obliteration (bilateral and complete in four). Discrete signs of
sinus inflammation were found in six patients (Lund-Mackay
score less than 6). No sign of recent brain abnormality was
found in any of the patients. Non-systematic long-standing
brain MRI findings (e.g., periventricular halo, small arterial
aneurysm, developmental venous anomaly, focal microbleed)
were found in all but one patient. Of note, we did not find any
significant correlation between the identification test score
and the Lund-Mackay score of the olfactory cleft (Pearson
correlation, r=—0.178, p=.58) nor with the Lund-Mackay
score of the paranasal sinuses (Pearson correlation, r=
0.276, p = .39).

Regional cerebral glucose abnormalities

Tables 3 and 4 and Figs. 2, 3, 4 describe the regional cerebral
glucose abnormalities observed at the individual (Fig. 2) and
group (Fig. 3) levels in dysosmic patients, as well as the results
of correlation analyses (Fig. 4).

None of the results of subtractive (individual and group
levels) and correlation (identification test scores and dysosmia
duration) analyses were significant at the FWE rate (i.e., after
correction for multiple comparisons over the entire brain vol-
ume). Still, some results were considered significant at a more
liberal statistical threshold (i.e., p <.001 uncorrected, cluster

size k>50 voxels) in brain areas previously found to be in-
volved in odor processing or in the pathophysiology of
anosmia.

At this less stringent statistical threshold, all patients
showed significant decrease (3 patients) or increase (1 pa-
tient) in regional cerebral glucose metabolism, or a combi-
nation of both (8 patients) at the individual level.
Hypometabolic areas involved nodes of the core olfactory
network (4 patients), somatosensory (1 patient) or visual (1
patient) cortical areas, the cerebellum (2 patients), or
higher-order neocortical areas (9 patients) mainly
encompassing the attentional, emotional, or default mode
(DMN) networks. Hypermetabolic areas also involved
nodes of the core olfactory network (6 patients), the cere-
bellum (1 patient), or high-order neocortical areas (5 pa-
tients) belonging to the attentional network or the DMN.

At the group level, compared with healthy controls,
dysosmic patients presented significant decrease in regional
glucose consumption in bilateral dorso-lateral prefrontal cor-
tex (DLPFC), bilateral frontal eye fields (FEF), and in the right
anterior cingulate cortex (ACC). Significant (p <.001 uncor-
rected) hypermetabolic areas were also found in the left
orbitofrontal cortex, the right posterior parietal cortex (PCC),
and in the right thalamus.

Significant negative correlation was found between the
Identification test score and cerebral glucose metabolism in
the right FEF, the left orbitofrontal cortex, and in the left PCC,
indicating that a more severe deficit was related to a higher
glucose metabolism in these brain regions.

Significant positive correlation was found between the du-
ration of dysosmia and brain metabolism in bilateral
orbitofrontal cortex and in the right DLPFC, MPFC, and
PPC, indicating that a longer duration of loss of smell was
related to a higher glucose metabolism in these brain regions.

Of note, no significant correlation was found between the
Identification test score and the duration of dysosmia (Pearson
correlation, »=0.07, p = .82).

Discussion

This PET-MR study performed in 12 patients with sudden
loss of smell due to SARS-CoV-2 infection demonstrates
(i) bilateral obliteration of the olfactory cleft in 50% of the
patients, (ii) subtle OB asymmetry in 25% of the patients,
(iii) the absence of MRI signal abnormality downstream of
the olfactory tract in all patients, (iv) subtle regional glu-
cose metabolism changes mainly in nodes of olfactory and
high-order brain networks, and (v) modulation of regional
cerebral glucose metabolism by the intensity and the dura-
tion of SARS-CoV-2-related loss of smell.

Included patients were mainly young adults (mean age:
42.6 years) with a very low frequency of comorbidities (e.g.,
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Table 2 Structural MRI findings

Patient Age Gender IT Asymmetry Olfactory Paranasal sinuses*
score  of olfactory clefts*
bulbs
Right Left Right Left
F E S M F E S M

1 51 H 9 - 0 0 o 0 0 0O O O 0 O
2 23 F 6 - 0 0 o 0 0 0O o0 O 0 O
3 35 F 10 - 0 0 o 1 1 1 0 1 0 1
4 44 H 9 - 1 2 o 0 0 0O o0 O 0 O
5 56 F 5 - 2 2 o 1 o0 0 o0 0 0 O
6 60 F 8 - 1 2 o 0 0 0 o0 O 0 O
7 54 F 8 Left > right 2 2 o 0 0 0 0 O O

8 41 F 7 - 2 2 1 1 1 1 0 1 0 1
9 30 F 7 Left > right 0 1 o 0 0 0 o0 1 0 O
10 47 F 8 Left > right 0 0 o 0 0o 0 o0 O 0 O
11 28 F 8 - 2 2 o 0 0 0 o0 0 0 O
12 43 F 9 - 1 0 o 0 0 0 0 0 0 O

IT identification test, F frontal, £ ethmoidal, S sphenoid, M maxillary;

*Lund-MacKay Score: 0 =no sign of inflammation (tolerance for small cysts or visible mucosal lining < 1 mm),
1 =ssigns of inflammation or partial obliteration, 2 = total obliteration

hypertension, diabetes) usually associated with severe forms
of COVID-19. Their main symptoms were altered sense of
smell and taste; the latter being reported by all but one patient.
Objective assessment of taste was not available. Considering
the recognized ambiguity between taste and smell perception
[23, 24], we preferred not relying on subjective assessment of
taste and we concentrated the objective clinical assessment on
the smell deficit. About 50-67% of the patients also had clin-
ical signs of cold with cough, rhinorrhea, or fever. Only one
patient was hospitalized in a non-intensive COVID-19 ward
for the management of his respiratory distress while all the
other were outpatients. Overall, the clinical characteristics of

Fig. 1 Axial T2-weighted coronal
images demonstrating bilateral
and complete obliteration of the
olfactory clefts (white single ar-
rows) with (a) no associated ol-
factory bulb asymmetry and with
(b) asymmetry of the olfactory
bulbs (left (L) bulb relatively en-
larged, white double arrow). The
criblate plate is illustrated by the
dotted line
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our patients’ population are in line with those of SARS-CoV-
2-positive patients with loss of smell and taste as predominant
symptoms [25-28]. This rather small group of patients
therefore appears as representative of COVID-19
dysosmic patients. Their clinical characteristics contrast
(in terms of age, comorbidities, clinical presentation) with
those of patients with severe forms of COVID-19 who
died in the same institution (i.e., CUB Hopital Erasme)
during the same period [5].

The evolution of dysosmia was favorable in all patients but
58% of them still complained of incomplete recovery more
than 15 weeks after the onset of symptoms. Long-lasting
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Table 3
the individual level

MNI coordinates, cluster size (k), and ¢ value (T) of cortical areas with significant hypo- and hypermetabolism (a) at the group level and (b) at

MINT Coordinates
# Region N , Clustersize T-score

WINT Coordinates.
# Region N , Clustersize T-score

Hypometabolism

Hypermetabolism

a Group-level
FEF 32 4 &2 13 as1
3% 8 56 77 413
oLpFC 48 4 30 209 437
22 10 58 87 406
Anterior cingular cortex 6 2 2 12 378
b. Individual-level
1 R 44 48 12 1606 578
26 56 12 380 566
26 22 58 80 463
26 14 60 70 419
Posterior parietal cortex 48 66 30 140 4.9
40 -66 50 153 481
3% 42 70 127 416
Anterior cingular cortex 2 34 32 1305 508
4 26 58 13 as
oLPFC S0 2 2 78 393
2 Posterior parietal cortex 34 48 68 60 391
34 42 64 50 34

3 Ppirform cortex 16 26 30 207 596
Hippocampus 24 -6 20 90 408

4 smc 40 4 72 e 535
DLPFC 44 10 32 74 ass

5 Postcentral gyrus 22 28 72 73 a8
Posterior parietal cortex 20 12 58 82 480

44 22 56 60 435
Insula 46 12 4 o1 as7
VIPFC 58 10 28 74 429

6 FEF 28 14 58 38 639
Vi 58 20 30 110 520
Posterior parietal cortex 3 52 66 68 458

46 52 56 63 441
Superior frontal gyrus 10 12 6 177 413
Inferior parietal lobule 60 22 4 20 377

7 ns.

8 Middle temporal gyrus 60 36 2 s 492
Ombitofrontal cortex 38 20 -2 a0 453
Piriform cortex 30 28 22 7 428

9 Insula 82 46 12 a1 se1
Cuneus 14 74 38 357 499
Occipital cortex 34 86 14 93 aa9
Vermis 0 48 38 106 414
Hippocampus 26 -18 20 58 4.09
Middle temporal gyrus 60 4 20 116 407
Obitofrontal cortex 2 16 -18 70 408
Lingual gyrus 8 88 6 20 393

10 0 2 73 339

10 Middle temporal gyrus 62 4 -8 385 496
Cerebellum 40 44 38 103 aas
Posterior cingular cortex % 52 14 g0 409

11 DwpFC 44 6 28 58 480

12 Thalamus 14 22 14 23 503

dysosmia in these patients could be the secondary conse-
quence of the death of OE support and stem cells; the latter
playing a crucial role in regenerating OE [1].

Structural MRI abnormalities

Bilateral (partial or complete) obliteration of the olfactory cleft
was observed in about half of dysosmic patients. Other pa-
tients had either unilateral partial obliteration (three patients)
or no MRI sign of olfactory cleft inflammation (four patients,
one with signs of sinusitis). These findings are in line with
imaging studies of the nasal cavity in COVID-19 patients with
sudden loss of smell that either showed normal (see, e.g., [26,
27, 29]) or focal inflammation of the OE with obliteration of
the olfactory cleft (see, e.g., [26, 30]). This demonstrates that
obliteration of the olfactory cleft due to focal OE inflamma-
tion is not the only possible pathophysiological mechanism
underlying SARS-CoV-2-related dysosmia [1].

Three dysosmic patients showed subtle OB asymmetry,
with no OB MRI signal abnormality. One had complete and
bilateral obliteration of the olfactory cleft, while the two others
had either partial unilateral obliteration or no sign of OE in-
flammation at all. Previous MRI studies have demonstrated
MRI changes in OB in patients with SARS-CoV-2-related

. Group-level

Omitofrontal cortex 30 38 0 52 43
Posterior parietal cortex 24 42 82 55 a2
Thalamus 24 418 8 8 405

b. Individual-level

1 Cerebellum 30 42 <46 1811 613
<10 44 50 118 406
Thalamus. 26 26 6 398 456

2 ns.
3 ns
4 Anterior temporal pole 4 4 38 97 383

5 Anterior temporal pole 32 14 36 119 467

6 Omitofrontal cortex 38 28 26 12 485
Piiform cortex 30 22 30 g 4as
Anterior temporal pole “8 2 -6 52 416
Hippocampus 24 8 -6 &1 407

7 DIPRC 38 48 30 s 475
8 ns.

9 Precuneus 14 58 42 152 521
Precuneus -0 60 42 135 479
Posterior parietal cortex 50 66 38 53 417

10 DLPFC 42 52 4 137 ase
Posterior parietal cortex 42 68 32 12 452

1 FEF 32 10 4 152 535

Posterior parietal cortex 28 44 52 156 446
12 Precuneus 8 58 48 435 6.06
Omitofrontal cortex 2 44 -4 102 444
32 40 -14 155 406

sMc 16 26 56 99 428

anosmia [3, 4, 26] or in non-survivors of severe COVID-19
[5], suggesting some degree of central involvement at the
origin of dysosmia in a subset of patients [1]. Results of the
present study show that SARS-CoV-2-related OB involve-
ment is not the main mechanism at the basis of acute loss of
smell in COVID-19. Whether these OB abnormalities are as-
sociated with direct infection of OSNs or mitral cells remains
doubtful considering the absence of ACE2 expression dem-
onstrated in these cells [1]. Infection of vascular pericytes in
the OB—in which there is evidence of ACE2 expression—
might actually be responsible for OB MRI signal abnormali-
ties found in some dysosmic patients. This hypothesis would
be consistent with clinical evidence showing that SARS-CoV-
2 predominantly influences the brain indirectly through effects
on brain vasculature [1].

No acute MRI signal abnormality was found downstream
of the olfactory tract (or the rest of the brain), which is in line
with most previous MRI studies performed in anosmic or
severe forms of COVID-19 (see, e.g., [3, 5]). Still, rare cases
of possible SARS-CoV-2-related limbic encephalitis have
been reported in the literature (see, e.g., [31-33]), suggesting
that SARS-CoV-2 might potentially reach the brain via, e.g.,
the olfactory nerves, like other neurotropic viruses such as
herpes simplex virus [34, 35]. Still, the question remains open
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since limbic encephalitis might be para-infectious (i.e., with-
out local viral involvement) and the neuroinvasive capacity of
SARS-CoV-2 to directly infect neurons remains, to the best of
our knowledge, yet unproven [1]. MRI data from the present
study do not support the involvement of central olfactory path-
ways in SARS-CoV-2-related sudden loss of smell.

Of note, a COVID-19 patient has been reported with
FLAIR hyperintensities bilaterally in the OB and in the right
gyrus rectus/orbitofrontal cortex 4 days after the onset of
SARS-CoV-2-related anosmia [3]. In that case, FLAIR abnor-
malities resolved 28 days later on a subsequent MRI [3].
Based on this single-case report, it might be speculated that
OB and brain MRI abnormalities are only present at the very
early phase of sudden loss of smell [3]. In this study, all PET-
MR investigations were performed during the patients’ symp-
tomatic phase, with 60% of them done > 10 days after the
onset of dysosmia. We cannot therefore exclude that some
of our negative MRI findings are due to the rather late nasal
and brain imaging. Further longitudinal studies are needed to
better characterize the chronology of MRI abnormalities in
this condition.

Regional brain glucose metabolism abnormalities

At the individual level, decreases or increases in regional ce-
rebral glucose metabolism commonly involved the core olfac-
tory network or other brain areas belonging to other sensory or
high-level cognitive networks, as well as the cerebellum.
These diversified findings translated at the group-level into
subtle (p <.001 uncorrected) regional decreases and increases
in glucose consumption that, unexpectedly, did not involve

nodes of the core olfactory network per se (apart from the
thalamus), but rather high-order neocortical areas. Although
surprising at first glance, these individual- and group-level
results are in line with (i) results of fMRI studies performed
in healthy subjects showing that odor processing not only
recruits the core olfactory network but also other brain struc-
tures such as high-order neocortical areas (for reviews, see,
e.g., [16, 36]), (ii) results of structural MRI investigations
showing that dysosmic patients from various causes present
changes in gray matter volume in numerous high-order neo-
cortical areas similar to those observed in our population (see
[37] for a review), and (iii) results of functional neuroimaging
investigations done in dysosmic patients during olfactory
stimulation, showing significant changes in the activity of
similar high-order neocortical areas compared with healthy
subjects [20, 37-39]. Functional neuroimaging studies per-
formed in humans have demonstrated that, while smelling
single odors activates the core olfactory network, higher-
level olfactory tasks (i.e., discrimination of odor quality, odor
recognition memory, or odor familiarity judgment) recruit
brain areas outside the core olfactory network, including the
cerebellum, cortices involved in other sensory modalities such
as somatosensory or visual functions, and brain areas involved
in high-order functions (for reviews, see [16, 36, 40]). The
more complex the olfactory task is, the more remote these
high-order areas are in terms of connection with the core ol-
factory network [16]. These long-range connections explain
part of the olfactory experience, i.e., odors can immediately
elicit strong emotions, memories, and mental images [16]. In
light of this body of evidence, our results lead us to the hy-
pothesis that SARS-CoV-2-related sudden loss of smell

Table 4 MNI coordinates, cluster
size (k), Pearson’s correlation
coefficient (), and T-score of
cortical areas with significant

Covariate of
interest

Region

Pearson’s T-
score

Cluster
size r

Mini coordinates

X v Z

correlation between the olfactory

function (assessed by the Olfactory function FEF 30 6 48 87 —-0.97 12.60
Identification Test score) and ce- Posterior parietal -22 -54 46 60 -0.94 8.20
rebral glucose metabolism and cortex
between the duration of smell loss Orbitofrontal cortex -12 68 0 88 -0.92 7.07
and brain metabolism _38 54 ~10 61 092 6.68
Duration of MPFC 0 48 46 113 0.96 10.25
anosmia
6 32 62 68 0.93 8.08
DLPFC 38 32 34 143 0.94 8.73
48 24 18 87 0.90 6.32
Orbitofrontal cortex -28 66 0 50 091 6.57
34 32 - 10 66 0.90 6.44
-36 34 —14 198 0.89 5.97
Posterior parietal 24 —66 54 73 0.90 6.25
cortex

DLPFC dorso-lateral prefrontal cortex, FEF frontal eye fields, MPFC medial prefrontal cortex
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Patient #6 - Hypermetabolism

Fig. 2 Left: regional hyper- (red to white color scale) and hypo- (blue to
white color scale) metabolism in two typical patients rendered on a 3D
canonical brain. Images are thresholded at p <.001 uncorrected (k>50
voxels). Right: native FDG-PET images co-registered on the patients’ 3D

induces changes in glucose consumption in core olfactory and
other brain areas due to alterations in both basic and higher
olfactory functions.

T1 MRI sequence. White arrows point towards the brain areas showing
significant metabolic changes at the uncorrected statistical threshold il-
lustrated on the left part of the figure

Critically, correlation analyses between regional cerebral
glucose metabolism and the severity/duration of SARS-
CoV-2-related smell loss brought additional insights into the

Fig. 3 Regional cerebral glucose metabolic abnormalities observed at the group level. Legend: regional hypometabolism (fop) and hypermetabolism
(bottom) observed at the group level. Images are thresholded at p <.001 uncorrected (k> 50 voxels)
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origin of the metabolic changes observed at the individual
level. They indeed revealed a modulation of brain glucose
consumption by the severity (negative correlation with the
score on the “identification test’) and the duration (positive
correlation) of dysosmia. Intriguingly, severe loss of smell (as
documented by a low score on the “identification tesf’) was
associated with a higher glucose metabolism in some olfactory
core (e.g., orbitofrontal cortex) and high-order brain areas
(FEF and PCC), while patients with more preserved olfactory
function had lower glucose metabolism in these brain areas.
Although these results appear rather counterintuitive, they are
in line with those of a previous FDG-PET study, which also
showed a negative correlation of regional glucose consump-
tion with the level of loss of smell [21]. By contrast, longer
duration of loss of smell was associated with a higher glucose
metabolism in some core (e.g., orbitofrontal cortex) and high-
order brain areas (DLPFC, MPFC, PCC). Importantly, no cor-
relation was found between the intensity and the duration of
smell loss. These correlation data actually shed light on the
mixed individual-level FDG-PET findings that translate into
rather subtle group-level findings. The regional decrease in
metabolism, essentially observed in patients with moderate
smell loss, is probably attributable to a deafferentation phe-
nomenon as observed, e.g., in sudden visual loss due to non-
infectious disorders [41, 42]. By contrast, the increased or
preserved metabolism, essentially associated with either se-
vere or long-lasting loss of smell, could be related to function-
al reorganization/plasticity mechanisms. Such mechanisms in-
volve, in particular, compensatory processes, unmasking of
already existing but inactive neural connections, or the avoid-
ance of maladaptive neural processes [43]. The hyperactivity
of some brain areas may also relate to some forms of olfactory
mental imaging associated with spontaneous repetitive odor
search [44], or to emotional/behavioral consequences of se-
vere or prolonged anosmia [45].

Considering that metabolic abnormalities were not associ-
ated with any MRI signal abnormality, they probably do not
represent neuroimaging evidence supporting the
neuroinvasive potential of the SARS-CoV-2 but rather func-
tional cerebral markers of the olfactory deficit. Furthermore,
as the observed abnormalities were akin to the structural and
functional neuroimaging abnormalities previously reported in
patients with dysosmia of other aetiologies (e.g., idiopathic,
post-viral, traumatic) [20, 21, 37-39], they are probably not
specific of COVID-19. A comparison with a group of pa-
tients with non-COVID-19-related dysosmia would be re-
quired to determine if some of the findings in COVID-19
are specific of this condition.

Limitations of the study

PET-MR data were acquired in a small group of patients at
different moments after the onset of dysosmia with no

@ Springer

longitudinal neuroimaging follow-up. Although this approach
proved its value in correlation analyses with regional cerebral
metabolism, it did not allow proper characterization of the chro-
nology of structural and metabolic abnormalities in COVID-
19-related dysosmia. Also, the rather limited number of pa-
tients included in this study may have impacted the statistical
power of group-level subtractive and correlation FDG-PET
analyses. The consequent reliance on a more liberal statistical
threshold than the FWE rate (i.e., p <.001 uncorrected, cluster
size k> 50 voxels) may have caused false-positive results. The
risk of such type 1 error was, however, limited by only consid-
ering significant at these uncorrected threshold, findings in
brain areas previously found to be involved in odor processing
or in the pathophysiology of anosmia. They were also in accor-
dance with the visual analysis of native FDG-PET data. Further
studies in larger populations of patients are therefore mandatory
to confirm the robustness of our neurometabolic findings.

This study did not include any objective evaluation of taste
function as it was not available at our center at the start of the
COVID-19 pandemic and was very difficult to obtain during
this sanitary crisis. Considering that all but one patient
complained about altered sense of taste, it would have been
of great interest to investigate the brain metabolic changes
specifically associated with dysgeusia. As discussed above,
due to the recognized ambiguity between taste and smell per-
ception [23, 24], we decided not to include any correlation
analyses with the subjective evaluation of taste (i.e., visual
analog scale).

For voxel-based FDG-PET data analyses, we relied on a
group of healthy subjects who had undergone PET-MR imag-
ing in the context of an unrelated neuroimaging study. This
was due to the difficulty to perform neuroimaging research
investigations in healthy subjects in an academic hospital en-
vironment during the ongoing COVID-19 pandemics. For that
reason, healthy subjects did not undergo any objective or sub-
jective evaluation of smell and taste at the time of the PET-
MR data acquisition. Also, the group of healthy subjects was
not properly matched for age and sex with the included
COVID-19 patients. Therefore, age was introduced as a co-
variate of non-interest in voxel-based FDG-PET data analy-
ses, which limits the potential confound associated with this
variable in our results. A similar approach could not be ap-
plied to accommodate the gender unbalance between patients
and control groups, but the findings do not match reported
gender differences in cerebral glucose metabolism [46-48],
while being in line with results of previous FDG-PET studies
on dysosmia [9, 20, 21]. Finally, the ongoing COVID-19 pan-
demics in Belgium also impeded the possibility to investigate
patients with non-COVID-19-related dysosmia or to organize
olfactive stimulation during functional neuroimaging in
groups of dysosmic patients and matched healthy subjects,
the latter also requiring a specific expertise not available at
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<« Fig. 4 Results of the correlation analyses performed between the cerebral
glucose metabolism and the severity of olfactory dysfunction and
between the cerebral glucose metabolism and the duration of anosmia.
(a) Regression plots of the severity of olfactory dysfunction assessed by
the identification test score (Top) and adjusted metabolic responses
obtained by considering the peak voxel in the right FEF ([30 6 48],
Pearson’s correlation: »=0.97, p<.001) and in the left orbitofrontal
cortex ([~ 12 68 0], Pearson’s correlation: »=0.94, p<.001). (b)
Regression plots of the duration of anosmia (Bottom) and adjusted met-
abolic responses obtained by considering the peak voxel in the right
DLPFC ([38 32 34], Pearson’s correlation: »=0.94, p <.001) and in the

our laboratory. Further studies should investigate those as-
pects in large cohorts of patients.

Conclusions

This PET-MR study demonstrates that the main pathophysio-
logical hypotheses (i.e., obliteration of the olfactory cleft, cen-
tral involvement due to SARS-CoV-2 neuroinvasiveness)
raised to explain sudden smell loss in COVID-19 do not ex-
plain dysosmia in all patients. It also shows that smell loss is
associated with cerebral metabolic changes in core olfactory
and other brain areas possibly related to combined processes
of deafferentation and active functional reorganization sec-
ondary to the lack of olfactive sensory stimulation. Based on
those findings, SARS-CoV-2-infection limited to OE support
and stem cells might be the predominant pathophysiological
mechanisms involved in COVID-19 sudden loss of smell,
with variable interindividual structural and functional
consequences.
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