European Journal of Nuclear Medicine and Molecular Imaging (2022) 49:1939-1950
https://doi.org/10.1007/500259-021-05666-9

ORIGINAL ARTICLE q

Check for
updates

Metabolic correlates of olfactory dysfunction in COVID-19
and Parkinson’s disease (PD) do not overlap

Silvia Morbelli'2® . Silvia Chiola®* - Maria Isabella Donegani'? - Dario Arnaldi'* - Matteo Pardini'~ -
Raffaele Mancini'” - Francesco Lanfranchi'? - Francesca D’amico’ - Matteo Bauckneht'2 - Alberto Miceli'2 -
Erica Biassoni'* - Beatrice Orso'” - Emanuela Barisione® - Luana Benedetti' - Sambuceti Gianmario'2 -
Flavio Nobili'~

Received: 9 September 2021 / Accepted: 19 December 2021 / Published online: 5 January 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Purpose Hyposmia is a common feature of COVID-19 and Parkinson’s disease (PD). As parkinsonism has been reported
after COVID-19, a link has been hypothesized between SARS-CoV2 infection and PD. We aimed to evaluate brain metabolic
correlates of isolated persistent hyposmia after mild-to-moderate COVID-19 and to compare them with metabolic signature
of hyposmia in drug-naive PD patients.

Methods Forty-four patients who experienced hyposmia after SARS-COV?2 infection underwent brain ['3F]-FDG PET in the
first 6 months after recovery. Olfaction was assessed by means of the 16-item “Sniffin’ Sticks” test and patients were clas-
sified as with or without persistent hyposmia (COVID-hyposmia and COVID-no-hyposmia respectively). Brain ['*F]-FDG
PET of post-COVID subgroups were compared in SPM12. COVID-hyposmia patients were also compared with eighty-two
drug-naive PD patients with hyposmia. Multiple regression analysis was used to identify correlations between olfactory test
scores and brain metabolism in patients’ subgroups.

Results COVID-hyposmia patients (n=21) exhibited significant hypometabolism in the bilateral gyrus rectus and orbito-
frontal cortex with respect to COVID-non-hyposmia (n=23) (p <0.002) and in middle and superior temporal gyri, medial/
middle frontal gyri, and right insula with respect to PD-hyposmia (p <0.012). With respect to COVID-hyposmia, PD-
hyposmia patients showed hypometabolism in inferior/middle occipital gyri and cuneus bilaterally. Olfactory test scores were
directly correlated with metabolism in bilateral rectus and medial frontal gyri and in the right middle temporal and anterior
cingulate gyri in COVID-hyposmia patients (p < 0.006) and with bilateral cuneus/precuneus and left lateral occipital cortex
in PD-hyposmia patients (p <0.004).

Conclusion Metabolic signature of persistent hyposmia after COVID-19 encompasses cortical regions involved in olfactory
perception and does not overlap metabolic correlates of hyposmia in PD.
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Introduction

COVID-19 due to SARS-CoV-2 infection has been asso-
ciated with a number of neurological manifestations and
complications [1]. The severity, occurrence, and duration
of these symptoms during the disease course has been
demonstrated to be largely variable [1]. In this framework,
loss or reduction of smell (anosmia/hyposmia) and taste
(hypogeusia/ageusia) can occur in absence of any other
clinical feature covering the entire spectrum of disease
severity and time course of COVID-19 [2, 3]. In particu-
lar, olfactory dysfunction has been repeatedly reported
as a frequent persistent symptom both in the subacute
stage and several weeks or months after infection [3].
A potential link has been investigated between hypos-
mia and an increased risk to develop other neurological
mid- and long-term sequelae also in patients who experi-
enced mild or moderate COVID-19 [4-6]. An increasing
body of evidence suggests that hyposmia and other long-
lasting symptoms after SARS-CoV-2 infection might be
associated with cortical hypometabolism as assessed by
['®F]-fluorodeoxyglucose (FDG) PET [7—15]. The majority
of available FDG PET studies during or after COVID-19
has been carried out in patients who experienced hyposmia
after severe disease and/or in association with other neu-
rological sequelae [7—15]. Conversely, from an epidemio-
logical and functional perspective, it is relevant to quantify
the burden of persistent symptoms especially in the vast
majority of patients who, actually, suffered from mild or
moderate disease to assess the impact of these sequelae
on the healthcare system in the future. In fact, consider-
ing the high spreading of SARS-CoV-2 infection world-
wide, COVID-19 is expected to significantly contribute
to the overall burden of hyposmia in the next years [16].
A deeper exploration of the pathophysiological and prog-
nostic relevance of persistent hyposmia after COVID-19
is also relevant considering the strong association between
olfactory dysfunction and neurodegenerative diseases,
including Parkinson’s disease (PD), dementia with Lewy
bodies, and Alzheimer’s disease [17-19]. Interestingly,
while in PD olfactory dysfunction is independent of cog-
nitive impairment at baseline, PD patients who exhibit
decreased olfactory ability have a significantly increased
risk of cognitive decline which is associated with a more
prominent hypometabolism on FDG PET in posterior cor-
tical regions since baseline [17, 20]. Accordingly, FDG
PET also provides prognostic information in PD patients
[20, 21]. Of note, the occurrence of parkinsonism fol-
lowing a viral infection is a well-known phenomenon, in
which both causal and coincidental links are theoretically
possible (i.e., unmasking of underlying, pre-symptomatic,
neurologic disorder) [22]. Potential links between the
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SARS-Cov-2 virus and PD and the risk of a “wave” of new
diagnosis of PD after the pandemic emergency have been
advocated since the first months after the beginning of the
pandemic emergence [23]. However, only few cases have
been reported documenting the presence of parkinsonism
during or after COVID-19 [24-27]. Whether COVID-19
could unmask or precipitate an underlying neurodegenera-
tive condition or even trigger such a neurodegenerative
cascade is still unknown. Therefore, it would be of interest
to compare the functional imaging correlates of hypos-
mia after COVID-19 and in a neurodegenerative disease
typically preceded by hyposmia, such as PD, to further
disclose the potential pathophysiological link between
COVID-19 and neurodegeneration and to further inves-
tigate the prognostic value of persistent hyposmia after
COVID-109. In this framework, FDG PET may represent
a suitable tool to capture the potential common metabolic
signature of hyposmia after COVID-19 and in PD patients.
This kind of group analysis might be more informative and
epidemiologically relevant in patients who experienced
mild or moderate COVID-19 without structural lesions.
Given these premises, we aimed to evaluate the brain
metabolic correlates of isolated persistent hyposmia after
COVID-19 in a group of patients who experienced mild-
to-moderate disease and to compare these findings with the
same analysis in patients who showed a complete resolu-
tion of hyposmia after COVID-19 as well as in patients
with de novo PD patients with hyposmia.

Materials and methods
Patients’ recruitment and selection
Post-COVID patients

Patients were recruited among subjects who underwent
whole-body and dedicated brain ['®F]-FDG PET for other
clinical reasons more than 4 weeks after SARS-CoV-2 infec-
tion in our institution between May 2020 and May 2021.
Preliminary inclusion criteria were previous SARS-CoV-2
infection, confirmed by polymerase chain reaction (PCR)
at the time of initial symptoms, presence of hyposmia at
the time of COVID-19 and PET examinations performed
between 1 and 6 months after recovery from infection. The
recovery phase was defined with symptom recovery and
at least one negative swab test after infection. Severity of
COVID-19 was established according to the international
guidelines [28]. Briefly, mild disease has been defined as the
presence of signs and symptoms of COVID-19 (e.g., fever,
cough, sore throat, malaise, headache, muscle pain, nausea,
vomiting, diarrhea, loss of taste, and smell) in absence of
shortness of breath, dyspnea, or abnormal chest imaging
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while moderate illness is associated to the evidence of lower
respiratory tract disease during clinical assessment or imag-
ing in presence of oxygen saturation (SpO,) >94% without
an additional oxygen supply [28]. Patients that previously
required mechanical ventilation or showed severe respira-
tory distress syndrome due to SARS-CoV-2 infection were
thus excluded, given the potential independent effect of these
clinical scenarios on brain metabolism. By contrast, lympho-
penia and elevations of C-reactive protein, b-dimer, lactate
dehydrogenase, and ferritin were not exclusion criteria [28].
Hospitalization was not considered an exclusion criterion
as especially in the first wave of the pandemic emergence
criteria for hospitalization were less clearly established.
Exclusion criteria were demonstration of brain lesions on
CT/MRYI, previous diagnosis of encephalopathy/encephalitis,
or cerebrovascular disorders due to or concomitant with the
SARS-CoV-2 infection, or any other previous, or current
neurological or psychiatric symptoms or disease. Patients
with a history of anosmia before SARS-CoV-2 infection,
as well as those treated with chemotherapy or previous
radiotherapy in the head and neck district for oncological
reasons, were also excluded. Overall, sixty-five consecu-
tive patients in the recovery phase after mild or moderate
COVID-19 underwent brain ['*F]-FDG PET in the selected

Table 1 Patients’ characteristics

period. Twenty-one patients did not meet inclusion criteria
(mainly as previously they received chemotherapy and/or for
previous or current neurological diseases); thus, forty-four
patients were enrolled and underwent the olfactory test. In
fact, while self-reported newly onset loss of smell is impor-
tant from an infection control perspective, self-reporting
may result in misdiagnosis. Patients’ characteristics are
reported in Table 1. The study was approved by the regional
ethical committee (CER Liguria code 671/2021); all proce-
dures and informed consent collection were in accordance
with the ethical standards of the 1964 Helsinki declaration.

De novo drug-naive PD patients

Between January 2015 and May 2021, we examined 123
consecutive drug-naive PD patients who underwent a full
neuropsychological assessment and ['2*I]JFP-CIT-SPECT
imaging [29]. Inclusion criteria for the present study were
availability of a brain ['8F]-FDG PET within 3 months fol-
lowing clinical diagnosis (mainly due to their inclusion in
previous prospective studies in our center) and presence of
hyposmia as documented by means of olfaction test (see
below). The exclusion criteria were the use of dopamin-
ergic or serotonergic medication, the presence of medical

Characteristics Post-COVID patients Post-COVID patients PD patients with hyposmia PD patients with
with hyposmia (n=21) without hyposmia (either 8 or 16 items tests) hyposmia (16 items test)
(n=23) (n=82) (n=16)

Age (years) 62.1+11.6 (range 51-85) 59.9+12.9 (range 51-82) 71.8+7.4 (range 50-84) 73.1+7.2 (range 58-84)
Sex
Male 9/21 9/23 48/82 7716
Female 12/21 14/23 34/82 9/16
Time since diagnosis of 13.7+7 (range 4-25) 16.3+9.1 (range 4-25) n.a.* n.a.*

SARS-CoV-2 infection

(weeks)
MDS-UPDRS-III n.a n.a 23.1+7.2 27.0+2.1
MMSE n.a n.a 28.1+2.0 28.7+3.3
Olfactory test (number of cor-

rect answers)
<4/16 2 0 _on 8
5-7/16 8 0 - 3
8-11/16 11 0 - 5
12-14/16 0 20 - 0
15-16/16 0 2 - 0

Values are shown as mean + standard deviation (range)

MDS-UPDRS-I11, Movement Disorders Unified Parkinson’s Disease Rating Scale, motor section; MMSE, Mini-Mental State Examination; n.a.,

not available

“No previous SARS-CoV?2 infection was previously documented in de novo PD group

““This wider subgroup of de novo PD patients with hyposmia was selected based on two different olfactory tests (either 16 or 8 items tests with
hyposmia defined as the number of correct answers <11 or <2 respectively). For this reason, the number of correct answers is only summarized

for patients who underwent the 16-item sniffing tests
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comorbidities, and dementia or other neuropsychiatric
diseases.

Olfactory test

In post-CO4D patients, olfaction was assessed by means of
the 16-item “Sniffin’ Sticks” identification test [30, 31] on
the day of PET examination. The “Sniffin’ Sticks” battery is
used in daily clinical practice as well as in research. Briefly,
odors were delivered using felt-tip pens (“Sniffin’ Sticks”)
of approximately 14 cm in length and an inner diameter of
1.3 cm. These pens carry a tampon soaked with 4 ml of liq-
uid odorant. For odor presentation, the cap is removed from
the pen for approximately 10 s, and the pen’s tip was brought
in front of the subject’s nose and carefully moved from left
to right nostril and backward. Odor identification comprises
common and familiar odorants. Subjects were presented
with single pens and asked to identify and label the smell,
using four alternative descriptors for each pen. Between-pen
intervals were approximately 20 s. The total score was the
sum of correctly identified pens; thus, subjects could score
between 0 and 16 points. Based on the references reported
in the “Sniffin’ Sticks” instructions, hyposmia was defined
as a score < 11 points (correct answers) [32]. The number
of correct answers was recorded and patients were classified
as patients with or without hyposmia. Based on the results,
twenty-one post-COVID patients were still showing hypos-
mia (COVID-hyposmia) while twenty-three showed normal
olfactory test (COVID-no-hyposmia) results. Characteristics
of these 44 patients are detailed in Table 1.

The 16-item “Sniffin’ Sticks” test was not available for all
de novo PD patients as in the past the 8-item smell diskettes
olfactory test was used in the outpatient clinic in our institu-
tion [33]. The 8-item smell diskettes olfactory test is based
on reusable diskettes as applicators of 8 different odorants.
Using a questionnaire with illustrations, the test is designed
as a triple forced multiple-choice test resulting in a score of
0 to 8 correct answers. For the 8-item diskettes olfactory
test, hyposmia is defined as making at least 2 mistakes on the
questionnaire. Accordingly, to identify de novo PD patients
with hyposmia, we initially considered both patients who
underwent the 16-item Sniffin olfactory test and those who
underwent the 8-item smell diskettes olfactory test.

Among the one hundred and twenty-three included
patients, eighty-two drug-naive de novo PD patients showed
hyposmia and were initially included in the group analy-
ses (PD-hyposmia). Accordingly, the FDG PET images of
these patients were used for the within groups compari-
sons in SPM (see below). However, for a proper compari-
son of results with the metabolic correlates of hyposmia in
COVID-19, for multiple regression analysis between brain
metabolism and olfaction we only selected the sixteen out
of 82 PD patients having the 16-item Sniffin olfactory test

@ Springer

available (see below). De novo PD patients’ characteristics
are reported in Table 1. A schematic representation of the
steps that narrowed post-COVID and de novo PD subgroups
to the final number of patients is presented in Fig. 1.

FDG brain PET acquisition and image processing

Brain FDG PET acquisition was performed in all patients’
groups according to the European Association of Nuclear
Medicine (EANM) guidelines on Siemens Biograph 16 PET/
CT system (EARL certified scanner)[34]. Images preproc-
essing was conducted using Statistical Parametric Mapping
software version 12 (SPM12; Wellcome Trust Center for
Neuroimaging, London, UK) [35]. Brain FDG PET images
were spatially normalized using the Montreal Neurological
Institute (MNI) atlas. All the default choices of SPM were
followed with the exception of spatial normalization. For
this study, the H2150 SPM-default template was replaced by
a brain FDG PET as detailed elsewhere [36]. The spatially
normalized set of images was then smoothed with an 8-mm
isotropic Gaussian filter to blur individual variations in gyral
anatomy and to increase the signal-to-noise ratio. For all
SPM analyses described below, a FWE-corrected height
threshold < 0.05 both at peak and cluster levels was consid-
ered significant. Then a height threshold (peak-level signifi-
cance) of p <0.001, with a correction for multiple compari-
son at cluster level using the family-wise error (FWE) rate
for a p-cluster < 0.05 was also considered to minimize type
II errors and for a wider exploration of metabolic correlates
of olfactory function in all patients’ subgroups. Only clusters
with size k> 100 voxels were considered.

Correlation between olfactory function and brain
metabolism

After preprocessing, multiple regression analysis in SPM12
was used to identify the correlation between olfactory test
scores and brain metabolism in post-COVID patients with
and without persistent hyposmia as well as in the subgroup
of PD patients with hyposmia who underwent the 16-item
sniffing test. Age and gender were included as nuisance vari-
ables. To avoid influence of disease severity, in the correla-
tion analysis involving de novo PD patients, the Movement
Disorders Unified Parkinson’s Disease Rating Scale, motor
section (MDS-UPDRS-III) score, and MMSE score were
also included as nuisances.

Brain FDG PET comparisons

Metabolic correlates of hyposmia in post-COVID and de
novo PD patients were also investigated by comparing the
three groups (COVID-hyposmia, COVID-non-hyposmia,
and PD-hyposmia) in the same ANOVA statistical model
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A

| Patients who underwent [*8F]FDG PET in our institution
\ between May 2020 and May 2021

65 consecutive patients scanned
more than 4 weeks after mild or
moderate COVID-19

21 patients excluded based
on the study inclusion and
exclusion criteria

44 enrolled patients underwent
olfactory test

\

23 patients with normal
olfactory test

21 patients still showing
hyposmia more than 4 weeks
after SARS-CoV-2 infection

B

123 de novo PD Patients who underwent [*F]FDG PET ad olfactory
test within 3 months from first clinical evaluation in our institution
between January 2015 and May 2021

82 de novo PD patients showing
hyposmia

66 de novo PD patients
showing hyposmia based on
8 items olfactory test

16 de novo PD patients showing
hyposmia based on 16 items
olfactory test

Fig. 1 A, B Schematic representation of the steps that narrowed post-COVID and de novo PD subgroups to the final number of patients

in SPM, with age and sex as nuisance variables. Then, to
further characterize brain metabolism in COVID-hypos-
mia patients, a post hoc analysis (two-sample 7-test) was
performed to directly compare brain metabolism in these
patients with respect to COVID-non-hyposmia and PD-
hyposmia groups (both 1,—1 and—1, 1 contrasts were
explored; again, age and sex were included as nuisance
variables).

Results

Metabolic correlates of hyposmia after mild
or moderate COVID-19 and in de novo PD

In COVID-hyposmia patients, olfactory test scores were
directly correlated with metabolism in the rectus, medial
frontal gyri of both hemispheres, and in right middle tem-
poral and anterior cingulate gyri (p <0.006, Fig. 2). By con-
trast, in PD-hyposmia patients, olfactory test scores were
directly correlated with metabolic levels of cuneus/precu-
neus in both hemispheres and of the left lateral occipital
cortex (p <0.004, Fig. 2). No significant correlations were
highlighted between brain metabolism and olfactory test
score in post-COVID patients without hyposmia. (Details
on coordinates and z-score are reported in Table 2.)

Groups’ comparisons

Metabolism in the three subgroups differed in the right rec-
tus gyrus and in bilateral parahippocampal gyri and anterior
cingulate and in the occipital lateral cortex on both hemi-
spheres (p <0.001 Fig. 3A, B). This pathophysiological dif-
ference was further investigated in a post hoc analysis aim-
ing to directly compare COVID-hyposmia patients with the
other patients’ groups. In this analysis, COVID-hyposmia
patients exhibited significant hypometabolism with respect
to COVID-non-hyposmia in a bilateral and symmetric clus-
ter encompassing gyrus rectus and inferior, middle, and
superior frontal gyri (p <0.002, Fig. 4A) while (chang-
ing the direction of the contrast) no regions of significant
hypometabolism were identified in COVID-non-hyposmia.
(Details on coordinates and z-score are reported in Table 3.)

Post-COVID patients with persistent hyposmia showed
relative hypometabolism with respect to de novo PD patients
in three small clusters located within middle and superior
temporal gyri, medial, and middle frontal gyri on both hemi-
spheres and right insula (p <0.012, Fig. 4B). In turn, with
respect to COVID-hyposmia, PD-hyposmia patients showed
relative hypometabolism in wide cortical regions mainly
involving inferior and middle occipital gyri and cuneus in
both hemispheres (p < 0.002, Fig. 4C). (Details on coordi-
nates and z-score are reported in Table 4.)

@ Springer
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Fig.2 Correlation between Sniffin-test scores and whole-brain
metabolism in COVID-hyposmia (A) and PD-hyposmia patients (B).
A significant direct correlation was highlighted between olfaction and
brain metabolism in rectus, middle temporal, and medial frontal gyri
on both hemispheres and in the right precentral gyrus and anterior
cingulate in COVID-hyposmia patients and in cuneus/precuneus on

both hemispheres and in the lateral occipital cortex in the left hemi-
sphere in PD-hyposmia patients. Clusters with significant hypometab-
olism are shown superimposed on an MRI template. The color bars
indicate the level of z-scores for significant voxels. (See Table 2 for
details on coordinates and z-scores.)

Table 2 Metabolic correlates of hyposmia in post-COVID (A) and de novo PD patients (B)

Cluster extent  Cluster level Cortical region ~ Peak level Talairach Cortical region BA
Corrected p value Maximum z-score coordinates

A

420 0.006
L-frontal 4.7 -6 16 —24  Rectal gyrus 11
R-frontal 4.5 2 24 —18  Medial frontal gyrus 25
R-limbic 4.09 10 6 36 Cingulate gyrus 24
R-limbic 3.75 8 18 36 Cingulate gyrus 32
R-temporal 3.65 58 8 —20  Middle temporal gyrus 21

B

1964 0.001
R-occipital 6.20 22 -92 28 Cuneus 19
R-parietal 5.30 42 —-60 32 Angular gyrus 39
L-parietal 4.90 -42 =78 40 Precuneus 19

155 0.034 L-occipital 4.44 —-40 -84 28 Superior occipital gyrus 19
L-occipital 4.27 -20 -84 16 Middle occipital gyrus 18

Uncorrected p<0.001 at peak level and p <0.05 FWE-corrected at cluster level were accepted as statistically significant. In the “cluster level”
section on the left, the corrected p value and the brain lobe with hypometabolism are reported. In the “peak level” section on the right, the
z-score and peak coordinates, the corresponding cortical region, and Brodmann area (BA) are reported

L, left; R, right

@ Springer
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Fig.3 A, B Results of the ANOVA statistical model comparing the
three groups of patients (COVID-hyposmia, COVID-non-hyposmia,
and PD-hyposmia) with age and sex as nuisance variables. Clusters

with significant hypometabolism are shown superimposed on a 3D
brain rendering. Direct comparison between patients subgroups was
explored in the post hoc analyses (Fig. 4A-C)

Fig.4 Comparisons between COVID-hyposmia on one side and
COVID-non-hyposmia and PD-hyposmia respectively. COVID-
hyposmia patients showed significant hypometabolism with respect
to COVID-non-hyposmia in a bilateral and symmetric cluster encom-
passing gyrus rectus and inferior, middle, and superior frontal gyrus
(A) while (changing the direction of the contrast) no regions of signif-
icant hypometabolism were identified in COVID-non-hyposmia. With
respect to PD-hyposmia patients COVID-hyposmia patients showed
hypometabolism in middle and superior temporal gyri, medial, and

Discussion

The present study highlights the capability of FDG PET to
capture functional correlates of persistent hyposmia even
in patients who suffered from mild or moderate COVID-
19. Namely, isolated persistent hyposmia was directly
correlated with metabolism in the bilateral rectus, mid-
dle temporal, medial frontal gyri, and in the right anterior
cingulate cortex. Of note, this metabolic signature was
absent in patients who experienced a complete resolu-
tion of hyposmia after recovery from infection. Moreo-
ver, post-COVID patients with hyposmia showed relative

middle frontal gyri on both hemispheres and right insula (B). PD-
hyposmia patients showed relative hypometabolism with respect to
COVID-hyposmia in wide cortical regions mainly involving inferior
and middle occipital gyri and cuneus in both hemispheres (C). Clus-
ters with significant hypometabolism are shown superimposed on an
MRI template. The color bars indicate the level of z-scores for sig-
nificant voxels. (See Tables 3 and 4 for details on coordinates and
z-scores.)

hypometabolism in the orbitofrontal cortex with respect to
patients who fully recovered after infection and even with
respect to de novo PD patients with hyposmia. Conversely,
when compared with post-COVID patients with or without
hyposmia, hyposmic de novo PD patients demonstrated
hypometabolism in a large and bilateral cluster mainly
involving medial and lateral occipital cortex. The total lack
of any topographic overlap between metabolic correlates
of hyposmia in PD and post-COVID patients was further
testified by the hereby identified hyposmia-related meta-
bolic signature of PD. In fact, in hyposmic de novo PD
patients, we demonstrated an opposite pattern with respect
to post-COVID patients with a direct correlation between

@ Springer
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Table 3 Comparisons between post-COVID patients with and without hyposmia

Cluster extent ~ Cluster level Cortical region  Peak level Talairach Cortical region BA
Corrected p value Maximum z-score coordinates

874 0.002
L-frontal 4.7 -20 14 -24 Inferior frontal gyrus 47
R-frontal 4.5 4 22 —24  Rectal gyrus 11
L-frontal 4.5 0 22 —26  Rectal gyrus 11
R-frontal 4.1 40 16 -10 Inferior frontal gyrus 47
R-frontal 4.09 34 34 —14  Middle frontal gyrus 11

p<0.05

FWE-corrected both at peak and at cluster level were accepted as statistically significant. In the “cluster level” section on the left, the corrected
p value and the brain lobe with hypometabolism are reported. In the “peak level” section on the right, the z-score and peak coordinates, the cor-

responding cortical region, and Brodmann area (BA) are reported
L, left; R, right

Table 4 Comparisons between post-COVID and de novo PD patients with hyposmia

Cluster extent  Cluster level Cortical region  Peak level Talairach cortical region BA
Corrected p value Maximum z-score coordinates

A Relative hypometabolism in post-COVID patients

781 0.012
R-frontal 6.5 32 2 36 Middle frontal gyrus 6
R-temporal 5.73 44 6 —32  Medial temporal gyrus 21
R-temporal 5.68 44 —-24 -8 Superior temporal gyrus 22
R-frontal 5.61 32 10 20 Insula 13
L-temporal 5.26 -36 -4 —32 Middle temporal gyrus 21
L-temporal 5.22 -34 4 —20  Superior temporal gyrus 38
L-frontal 5.11 -10 26 -8 Middle frontal gyrus 11

B Relative hypometabolism in de novo PD patients

1964 0.002
R-occipital 8.4 38 -92 -2 Inferior occipital gyrus 18
R-occipital 8.33 8 —-102 10 Cuneus 18
L-occipital 8.25 -10 -90 36 Cuneus 19
L-occipital 8.22 -34 -86 6 Middles occipital gyrus 19

p<0.05

FWE-corrected both at peak and cluster level were accepted as statistically significant. In the “cluster level” section on the left, the corrected p
value and the brain lobe with hypometabolism are reported. In the “peak level” section on the right, the z-score and peak coordinates, the corre-

sponding cortical region, and Brodmann area (BA) are reported
L, left; R, right

olfactory test and metabolism in posterior regions, namely
cuneus/precuneus in both hemispheres and in the left lat-
eral occipital cortex.

Previous studies have highlighted the presence of cor-
tical regions of relative hypometabolism in patients still
presenting a wide range of neurological symptoms in the
subacute stage of COVID-19 as well as in the so-called
long COVID patients [7-15]. In particular, evidence was
provided about neocortical (frontoparietal) dysfunction
associated with cognitive decline in patients with subacute
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COVID-19 initially requiring inpatient treatment [15]. Of
note, impairment sense of smell was documented with an
olfactory test in 25/29 of those patients (although, for the
study inclusion criteria, all patients were still presenting
at least two neurological symptoms). Interestingly, a rela-
tive hypometabolism of the olfactory gyrus and connected
limbic/paralimbic regions, with a further extension to the
brainstem and the cerebellum, was also documented in a
group of long COVID patients including 10 patients with
hypo/anosmia [10]. Case reports providing FDG PET
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data in patients with isolated hyposmia after COVID-
19 have been made available since the first months after
the beginning of the pandemic and again these findings
pointed to a role of the orbitofrontal cortex [7]. Niesen
and colleagues reported that around 2 weeks after infec-
tion, sudden loss of smell in COVID patients is associated
with subtle cerebral metabolic changes in core olfactory
and high-order cortical areas [14]. We previously reported
relative hypometabolism in a small group of patients with
isolated hyposmia between 1 and 3 months after infection
in bilateral parahippocampal and fusiform gyri and in left
insula [9]. While confirming that long-lasting neurologi-
cal symptoms of COVID-19 tend to be associated with
cortical hypometabolism at FDG PET, the present findings
extend the evidence of cortical hypometabolism to patients
who recovered from mild-to-moderate disease and who
experienced persistent hyposmia in absence of any other
cognitive and neurological complaint.

Indeed, during the last year, the scientific community has
paid great attention to the risk and predictors of neurologi-
cal sequelae of COVID-19 [1, 37]. As hyposmia is also e
feature a of prodromal PD and of other neurodegenerative
diseases and given the fact that that parkinsonism has been
reported in few patients following COVID-19, a hypotheti-
cal link between SARS-CoV-2 infection and PD has been
previously proposed [23].

The occurrence of transient or permanent parkinsonism
following a viral infection is a well-known phenomenon.
At least in theory, after a viral infection, parkinsonism may
occur for different reasons and underlying mechanisms [22].
In fact, in the course of viral infections with neurotropism
such as SARS-Cov2, structural and functional damage may
involve the substantia nigra and/or nigrostriatal dopamin-
ergic projections. Indeed, SPECT and PET presynaptic
dopaminergic imaging showed abnormal results in few
published cases with the onset of parkinsonism during or
just after severe COVID-19 infection [23, 24]. It should be
noted, however, that impairment of presynaptic dopaminer-
gic imaging implies either substantia nigra or nigrostriatal
involvement, but it is not per se diagnostic of PD as this
pathway can be damaged by other pathological processes,
including vascular damage that can occur during COVID-19
[38, 39]. A second pathophysiological hypothesis to explain
a diagnosis of PD after COVID-19 is related to the potential
failure of reserve and compensations mechanisms during
or just after infection thus unmasking a pre-symptomatic
PD [40, 41]. Finally, as a more speculative scenario, the
hypothetical possibility exists that a viral infection triggers
a series of processes that result in the development of PD
over the long term in susceptible individuals [26]. Indeed,
in patients with sporadic PD, it has been demonstrated that
intracellular aggregates of alpha-synuclein also involve the
olfactory bulb and anterior olfactory nucleus [42]. Similarly,

dysfunction or atrophy of olfactory bulb has been repeatedly
reported in subjects with COVID-19 [43].

Despite these hypothetical mechanisms, the causal asso-
ciation of SARS-CoV-2 infection with the development of
PD is presently not supported by robust evidence and it is
well evident that our results do not support a common func-
tional/cortical substrate for hyposmia in PD and COVID-19.

Data are already available on the pathophysiological dif-
ferences between patients with PD and otherwise olfactory
dysfunctional individuals supporting specific central origin
of hyposmia in PD patients [44]. From the structural/micro-
structural point of view, previous resting-state and diffuse
tensor imaging MRI studies have demonstrated that PD is
associated with disruption of olfactory areas situated in the
temporal lobes and in the orbitofrontal cortex [45]. How-
ever, PET imaging with different tracers provided insight
into the underlying neurotransmission pathway. Bohnen and
colleagues demonstrated by means of acetylcholinesterase
(AChE) PET that cholinergic denervation is a more robust
determinant of hyposmia than nigrostriatal dopaminergic
denervation in PD [46]. The typical posterior PD hypomet-
abolic pattern that we have here identified is in line with
these findings as, in PD patients, hypometabolism in these
regions has been previously linked to cholinergic dysfunc-
tion as well as to the risk of developing clinically significant
cognitive impairment [29]. Accordingly, the present findings
are in keeping with the hypothesis that olfactory judgement/
interpretation and, not only olfactory perception, is altered
in PD patients. Similarly, although a further investigation of
these aspects is outside the aims of the present study, it is
possible that both olfactory and cognitive dysfunctions are
markers of a PD subtype characterized by a more “diffuse”
degenerative process [47].

By contrast, in the present group of post-COVID patients
with hyposmia, regions of relative hypometabolism were
demonstrated to be confined to the core olfactory cortical
area and in their major connections with prominent involve-
ment of the orbitofrontal regions [48]. While the PET-only
nature of the present study prevented the exploration of
structural networks underlying hyposmia in post-COVID
patients, the topography of relative hypometabolism seems
to support a more perception-related hypometabolism.

Indeed, significantly reduced glucose metabolism in bilat-
eral rectus gyrus, bilateral superior and medial orbitofrontal
cortex, bilateral thalamus, left hippocampus and parahip-
pocampus, and superior temporal pole was previously dem-
onstrated in patients with post-traumatic anosmia (possibly
simply due to sinonasal tract disruption or direct stretch-
ing of olfactory nerve fibers at the cribriform plate thus
with a cortical deafferentation effect) [49]. Similarly, these
regions were also identified in the few published studies
that previously explored brain metabolism during olfactory
stimulation by means of FDG PET [50]. The results were
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in keeping with the clusters hereby highlighted thus poten-
tially strengthening the present results and conclusions. As a
matter of fact, mechanisms previously advocated to explain
the presence of anosmia in patients with COVID-19 also
included peripheral damage and olfactory cleft syndrome
[2]. Of note, FDG PET data have been used in the past also
to investigate pathophysiology of other sense disturbances
such as blindness and deafness and it has been demonstrated
that, also in subacute stages, glucose hypometabolism is
usually observed in related cortical central area mainly as
a result of diaschisis (and not necessary to direct damage)
[51,52].

Notably, the present study also included a group of
patients who were complaining of hyposmia at the time of
infection and who experienced complete resolution of olfac-
tory function during their recovery. No correlation between
brain metabolism and the olfactory test was highlighted in
this group of patients. This finding is in line with the capa-
bility of FDG PET/CT to capture and closely correlate with
ongoing clinical symptoms. Interestingly, it was previously
shown that long COVID patients show a common pattern of
hypometabolism when grouped according to persistent func-
tional complaints (including olfactory impairment) while not
when grouped based on more prominent neurological symp-
toms at the time of infection [12]. Of note, the only available
study providing follow-up FDG PET data in post-COVID
patients demonstrated a significant recovery of regional neu-
ronal function as well as of cognition at 6 months follow-up
in a group of patients showing cognitive impairment after
COVID-19 [13]. The lack of correlation between brain
metabolism and olfactory test scores in patients who suffered
from hyposmia during infection but who fully recovered
might reflect lack of long-term disease-related substrates in
these patients. This finding is in line with the notion that
isolated hyposmia in absence of a severe disease course is
not predictive of long-term functional sequelae [53].

The present study has some limitations, mainly related to
its naturalistic observational nature and to the small groups
of patients being submitted to FDG PET for other clinical
reasons, including the suspect or follow-up of oncological
diseases. Brain lesions were radiologically excluded in all
patients, and to reduce the potential confounding effect of
comorbidities, we also excluded patients submitted to chem-
otherapy and/or to radiotherapy in the head and neck district.
Indeed, despite the small number of post-COVID patients,
the present study represents the first FDG study including
patients who suffered from mild or moderate COVID-19
both with and without isolated persistent hyposmia. In fact,
at present, there is still a lack of studies directly comparing
COVID patients with or without neurological sequelae. The
demonstration of hyposmia by means of an olfactory test
(that was not possible in larger epidemiologic studies) and
the exclusion of patients who suffered from COVID-related
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pneumonia and who requested COVID-oriented treatment or
mechanical ventilation are a further strength of the present
study [54].

Conclusions

In conclusion, the present study suggests that persistent
hyposmia after mild or moderate COVID-19 is associated
with dysfunction in cortical regions directly involved in
olfactory perception or with regions densely interconnected
with the primary olfactory cortex. This metabolic signature
is absent in patients who experienced a full resolution of
the olfactory disturbances present at the time of infection.
Finally, a metabolic functional substrate of hyposmia in PD
and COVID-19 did not overlap. A more marked impair-
ment in olfactory judgement might underlie hyposmia in
PD patients while a more restricted perception deficit seems
to explain hyposmia in COVID-19. The potential long-term
neurological sequelae of COVID-19 are of interest from the
clinical and even economical points of view. Accordingly,
further pathophysiological studies targeting symptoms com-
mon to COVID-19 and chronic neurological diseases with
the aim of exploring potential common pathways are of
interest also to avoid unjustified claims about a future high
incidence of neurodegenerative diseases secondary to the
SARS-CoV-2 pandemic.
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