European Journal of Nuclear Medicine and Molecular Imaging (2022) 50:90-102
https://doi.org/10.1007/500259-022-05942-2

ORIGINAL ARTICLE q

Check for
updates

Time-dependent recovery of brain hypometabolism
in neuro-COVID-19 patients

Anna Lisa Martini' - Giulia Carli? - Lorenzo Kiferle® . Patrizia Piersanti® - Pasquale Palumbo? - Silvia Morbelli*> -
Maria Lucia Calcagni® - Daniela Perani’®° . Stelvio Sestini'

Received: 26 May 2022 / Accepted: 8 August 2022 / Published online: 19 August 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Purpose We evaluated brain metabolic dysfunctions and associations with neurological and biological parameters in acute,
subacute and chronic COVID-19 phases to provide deeper insights into the pathophysiology of the disease.

Methods Twenty-six patients with neurological symptoms (neuro-COVID-19) and ['*F]JFDG-PET were included. Seven
patients were acute (< 1 month (m) after onset), 12 subacute (4 > 1-m, 4 >2-m and 4 >3-m) and 7 with neuro-post-COVID-19
(3>5-m and 4 >7-9-m). One patient was evaluated longitudinally (acute and 5-m). Brain hypo- and hypermetabolism were
analysed at single-subject and group levels. Correlations between severity/extent of brain hypo- and hypermetabolism and
biological (oxygen saturation and C-reactive protein) and clinical variables (global cognition and Body Mass Index) were
assessed.

Results The “fronto-insular cortex” emerged as the hypometabolic hallmark of neuro-COVID-19. Acute patients showed the
most severe hypometabolism affecting several cortical regions. Three-m and 5-m patients showed a progressive reduction
of hypometabolism, with limited frontal clusters. After 7-9 months, no brain hypometabolism was detected. The patient
evaluated longitudinally showed a diffuse brain hypometabolism in the acute phase, almost recovered after 5 months. Brain
hypometabolism correlated with cognitive dysfunction, low blood saturation and high inflammatory status. Hypermetabo-
lism in the brainstem, cerebellum, hippocampus and amygdala persisted over time and correlated with inflammation status.
Conclusion Synergistic effects of systemic virus-mediated inflammation and transient hypoxia yield a dysfunction of the
fronto-insular cortex, a signature of CNS involvement in neuro-COVID-19. This brain dysfunction is likely to be transient
and almost reversible. The long-lasting brain hypermetabolism seems to reflect persistent inflammation processes.

Keywords Neuro-COVID - ['®F]FDG - Hypometabolism - Hypermetabolism - Recovery

This article is part of the Topical Collection on Neurology.

Anna Lisa Martini and Giulia Carli contributed equally.

< Stelvio Sestini
stelvio.sestini @uslcentro.toscana.it

Nuclear Medicine Unit, Department of Diagnostic Imaging,
N.O.P. - S. Stefano, U.S.L. Toscana Centro, Prato, Italy

Department of Nuclear Medicine and Molecular Imaging,
University of Groningen, University Medical Center
Groningen, Groningen, the Netherlands

3 Neurology Unit, N.O.P. - S. Stefano, U.S.L. Toscana Centro,
Prato, Italy

4 Nuclear Medicine Unit, IRCCS Ospedale Policlinico San
Martino, Genoa, Italy

@ Springer

Department of Health Sciences, University of Genoa, Genoa,
Italy

Nucler Medicine Unit Policlinico Universitario A. Gemelli,
IRCCS, Rome, Italy

School of Psychology, Vita-Salute San Raffaele University,
Milan, Italy

In Vivo Human Molecular and Structural Neuroimaging
Unit, Division of Neuroscience, IRCCS San Raffaele
Scientific Institute, Milan, Italy

Nuclear Medicine Unit, San Raffaele Hospital, Milan, Italy


http://orcid.org/0000-0002-4886-2756
http://crossmark.crossref.org/dialog/?doi=10.1007/s00259-022-05942-2&domain=pdf

European Journal of Nuclear Medicine and Molecular Imaging (2022) 50:90-102 91

Introduction

A wide range of neurological manifestations is reported
in association with coronavirus disease (COVID-19) (e.g.
anosmia, hypogeusia, headache, cognitive deficits and
altered consciousness) [1, 2]. COVID-19 patients can be
classified based on the time onset of disease as patients
in the acute (< 1 month after the infection) and subacute
phases (between 1 and 3 months after the infection) [3].
When symptoms persist for longer and are not explained
by an alternative diagnosis, they are referred to the post-
COVID-19 syndrome [4], or, as more recently suggested,
to Neuro-PACS (neurological manifestations of post-acute
sequelae of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection) [5]. The mechanisms underly-
ing the brain involvement in COVID-19 are still unclear.
It is highly debated whether the virus can directly infect
central (CNS) and peripheral nervous systems (PNS) [2],
or if the “neurotoxicity” may result from indirect immune-
mediated mechanisms (e.g. hyper-inflammation, autoim-
mune processes [6], hypoxemia, hypoperfusion, dehydra-
tion, glucose dysregulation and sedation effects of the
acute phase [7-9]).

In this context, the ['®F]-fluorodeoxyglucose position
emission tomography (FDG-PET) has provided in vivo
evidence of the brain pathophysiological involvement in
COVID-19 patients [3, 10]. Previous ['*FJFDG-PET stud-
ies investigated COVID-19 patients according to the tim-
ing of neurological symptoms [11-15], often focusing on
one specific neurological manifestation (e.g. hyposmia)
[11, 16—-18]. Only one ['8F]FDG-PET study has longitu-
dinally evaluated the brain vulnerability in COVID-19-re-
lated encephalopathy, showing a frontal hypometabolism
in the acute phase improving 6 months later [11]. Despite
these promising results, further data are needed to explain
CNS involvement in the pathophysiological mechanisms.

The present study aimed to characterise the time-
dependent brain functional changes within the first year
after COVID-19 infection in a series of patients with newly
originated neurological symptoms (neuro-COVID-19). For
the first time, we considered the currently available clas-
sifications of neuro-COVID, which refers to the onset tim-
ing of neurological symptoms [3]. For this purpose, we
included patients with brain ['®F]JFDG-PET scans acquired
in the acute (within 4 weeks) and sub-acute (1, 2, 3 months)
phases, as well as during the post-COVID-19 syndrome (5,
7 and 9 months). One patient was followed longitudinally,
with two ['®F]JFDG-PET brain scans (during the acute
phase and 5 months later). All cases had measurements
of clinical (global cognition and Body Mass Index) and
biological parameters (oxygen saturation and C-reactive
protein) that we correlated with brain metabolism changes

over time. All the above can provide deeper insights into
the pathophysiology of brain involvement in COVID-19.

Materials and methods
Participants

We included patients affected by SARS-CoV-2 infection
with new-onset neurological symptoms (e.g. disorientation,
confusion, headache, sleepless, depressed mood, anxiety,
delirium, chronic fatigue syndrome, hyposmia, ageusia)
(Table 1 and S1). Some patients also presented cognitive
disturbances (e.g. short-term memory, executive and visuo-
spatial impairments) (Table 2). These patients were prospec-
tively recruited in the Neurology Unit of Ospedale Santo
Stefano Prato, Italy, from October 2020 to November 2021.
As part of their clinical investigation, all patients underwent
an ['"®F]FDG-PET brain scan. The COVID-19 infection was
confirmed for all patients by a positive RT-PCR assay from a
nasopharyngeal swab sample. Twenty-six neuro-COVID-19
patients (age 73.71 +11.28 years; 12/14 male/female; all
right-handed) included in the present study fulfilled spe-
cific inclusion and exclusion criteria (S1). We classified
patients according to the most widely accepted classifica-
tion of COVID-19-related symptoms, which refers to their
timing concerning infection [3]. Therefore, seven patients
were examined in the acute phase (e.g. patients showing
severe neurological impairment in addition to respiratory
and systemic illness with multiple organ involvement during
hospitalisation within 1 month from infection and symptoms
onset), four during each subacute phase (1 month, 2 months,
and 3 months) (e.g. patients with persistent neurocognitive
symptoms beyond 1-3 months SARS-CoV-2 infection)
and three and four in the neuro-post-COVID-19 at 5 and
7-9 months, respectively (e.g. patients with persistent neu-
rocognitive symptoms beyond 3 months from infection and
onset of symptoms). One patient was evaluated longitudi-
nally during the acute phase and at a 5-month follow-up.
We included 125 healthy control (HC) from the AIMN
(Associazione Italiana di Medicina Nucleare ed Imag-
ing Molecolare) database on the AIMN website (https://
aimn.it/brain-fdg/) (age, mean + standard deviation
(SD): 65.78 £11.33; Sex: 58 male/67 female, education,
mean + SD: 10.5+4.29). This HC dataset has been previ-
ously validated for extracting SPM-based brain metabolism
maps in patients [19]. These subjects were characterised by
the absence of global cognitive impairment (Minimental
State examination (MMSE), mean +SD: 28.75 + 1.69), and
cognitive stability after an average 4-year clinical follow-up.
The present study was approved by the local ethics
committee of the Nuclear Medicine Unit, Ospedale Santo
Stefano Prato, Italy (N. 763, 29/03/2022), and complies
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with Helsinki Declaration. Written informed consent was
obtained from all patients.

Clinical and cognitive examination

Expert neurologists conducted neurological assessments
as part of the clinical routine. The clinical examination
included medical history and evaluation of some biological
parameters, including values of C-reactive protein (CRP)
as a measure of the inflammatory marker, blood saturation
(Sat02%) and Body Mass Index (BMI) which were collected
for each patient. The global cognitive functioning was tested
throughout the Mini-Mental State Examination (MMSE) in
19 out of 26 patients. More extended neuropsychological
evaluation was obtained in a subgroup of patients (11/26).
Due to critical health conditions, the MMSE and neuropsy-
chological battery were not tested in acute patients (S2).

['®F]FDG-PET image acquisition and pre-processing

All COVID-19 patients underwent an [lgF]FDG-PET scan at
rest as part of the clinical routine in the Nuclear Medicine Unit
of S. Stefano Hospital-Azienda Toscana Centro, according to
a specific protocol and the Italian/European guidelines [20].
The ['®F]FDG-PET acquisition procedures conformed to the
European Association of Nuclear Medicine (EANM) guidelines
[21]. After an intravenous injection of 185-250 MBq of ['®F]
FDG, the patients were positioned comfortably in a quiet and
dimly lit room several minutes before ['®F]FDG administra-
tion and during the uptake phase of ['F]FDG for 45 min and,
whenever possible, were instructed not to speak or be otherwise
active. Thereafter, patients’ images of the brain were acquired
from a list-mode 15-min emission scan (one-bed position cov-
ering a 21.6-cm field of view along the z-axis) using a com-
bined PET/CT system with a full-ring dedicated PET scanner
(4-5 mm full-width half-maximum) and a 6-slice CT scanner
(Biograph 6 True Point, Siemens, Erlangen, Germany). PET
raw data were reconstructed into slices of 1.01 mm size spac-
ing using “TrueX” iterative reconstruction 336 X 336 pixels,
6 iterations and 21 subsets, taking into account system point-
spread function, modelled scatter and attenuation correction
from non-contrast-enhanced CT with 130kV, 11 mAs, 1.5 mm
slice spacing and pitch 0.75.

As for the patients and HC, ['8F]FDG-PET brain stud-
ies were performed according to EANM guidelines [21].
Before radiopharmaceutical injection, subjects were fasted
for at least 6 h to ensure that the measured blood glucose
level was < 120 mg/dL. Subjects underwent a 3D PET scan
(time interval between injection and scan start ranged from
30 to 45 min; scan duration ranged from 10 to 15 min
depending on the PET scanner characteristics) after the
injection of ['*F]FDG (185-250 MBq: usually, 5-8 mCi
via a venous cannula). ['®F]FDG PET images belonging
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Table 2 Neuropsychological assessment in a subgroup of SARS-CoV-2 patients

Cutoff 1-m 2-m 3-m 5-m 7/9-m p-value
N=2outof4 N=3outof4 N=2outof4 N=2outof3 N=2outof4
Attentional matrices <31.00 39.00+2.83 41.00+17.35 58.50+2.12 38.50+4.95 43.00+1.41 p=0.216
Raven coloured progressive matrices <18.00  22.00+1.41 2449+379  32.25+1.06 25.70+0.99  25.75+2.47 p=0.189
TMT A >127 48.50+2.12  39.00+7.81  26.50+3.54 42.50+0.71  36.50+13.44 p=0.153
TMT B >294 139.00+£2.83 120.00+10.00 81.00+1.41 135.00+£7.07 120.00+1.41 p=0.079
TMT B-A >163 90.50+0.71  81.00+4.58  54.50+2.12 92.50+7.78  83.50+16.26 p=0.148
Symbol digit >34.2 56.00+141  60.00+8.71  47.55+0.78 59.20+0.00% 50.20+14.57 p=0.525
Verbal fluency with phonemic cue <17.00  26.00+1.41 15.27+046  31.50+0.71 2450+9.19  30.90+0.28 p=0.085
Verbal fluency with semantic cue <25.00 29.20+2.12  30.33+12.66 36.00+1.41 32.50+4.95 27.00+16.97 p=0.843
Digit span forward <4.26 2.95+0.07 2.98+0.07 5.50+0.70 4.65+0.49 4.68+2.23 p=0.096
RAVLT immediate recall <28.53  19.25+0.35 24.33+476 41.35+191 29.27+5.56  32.60+17.68 p=0.228
RAVLT delayed recall <4.69 6.1+0.14 7.63+£0.81 7.6+0.85 8.04+0.08 9.35+4.17 p=0.334
Short story test immediate recall <3.10 4.15+0.21 5.07+0.12 3.80+0.42 5.20+0.28 525+1.48 p=0.167
Short story test delayed recall <2.39 3.15+0.21 3.60+0.69 5.55+1.48 6.05+1.34 4.75+2.19 p=0.190
ROCF immediate recall <6.44 12.75+2.61 12.23+2.54  18.00+1.41 11.40+0.00  16.55+2.05 p=0.126
ROCEF delayed recall <9.47 16.10+1.56  17.13+1.86  13.35+0.78 14.65+092  1830+2.12 p=0.153
ROCF copy <28.88 2795+1.63 28.00+2.00 33.15+1.63 29.60+3.39  27.55+2.62 p=0.307
CD <7.18 11.50+2.12 8.90+0.85 8.65+0.92 11.00+0.00% 1095+1.48 p=0.136
CDL <61.85 68.50+2.12 66.43+4.87 71.15+1.20 70.10+1.56  69.81+3.31 p=0.705

RAVLT, Rey Auditory Verbal Learning Test; ROCF, Rey—Osterrieth complex figure; /-m, 1 month after the infection; 2-m, 2 months after the
infection; 3-m, 3 months after the infection; 5-m, 5 months after the infection; 7—9-m, 7-9 months after the infection; SD, standard deviation;
TMT, trail making test; CD, freehand copying of drawings; CDL, copying drawing with landmarks. Data are given as mean+ SD. We used cutoff
scores derived from normative data of the Italian population. The means under pathological cutoff are underlined in the table

to AIMN database were obtained using either a PET/CT
system GE Discovery STE, GE Discovery 710 or Siemens
Biograph 16 scanner [19].

Each reconstructed image was visually inspected to check
for significant artefacts. Image pre-processing was per-
formed using SPM12 software (http://www.fil.ion.ucl.ac.uk/
spm/software/spm12/), running in Matlab (MathWorks Inc.,
Sherborn, MA, USA). First, each ['®F]FDG-PET image was
spatially normalised to a specific ['*FJFDG-PET template in
the MNI space [22]. Images were then spatially smoothed
with an isotropic 3D Gaussian kernel of FWHM: 10-10-
10 mm instead of 8—8-8 mm, to account for differences in
reconstruction algorithms, according to literature guidelines
[23]. Proportional global mean scaling was applied to each
image [24]. In the SPM community, the proportional mean
scaling is generally accepted as the most appropriate scaling
method for ['®F]FDG-PET images [25, 26]. This method
implicitly assumes that the putative local changes detected
do not significantly affect the global mean uptake of glucose.
However, to definitively exclude the presence of artefacts
due to the scaling approach, we compared the global mean
metabolism uptake of patients and HC (S3), extracting the
raw metabolic values from an ['®F]JFDG-PET specific mask.
The absence of significant differences prevents underesti-
mating hypometabolism and overestimating hypermetabo-
lism with SPM-based statistical analyses.

Single-subject and group-level ['®FIFDG-PET
statistical parametric mapping analyses

This optimised SPM procedure possessed has been proven to
have high sensitivity and reliability in detecting brain meta-
bolic alterations at the single-subject level using statistical
comparison with a large and well-selected database of HC
(n=125) (statistical threshold set at p =0.05 uncorrected
at voxels level, with cluster extent (Kep) > 100 voxels) [19,
22,24, 27]. We demonstrated that the SPM-based analysis
procedure is affected neither by different scan acquisitions
[27] nor by using different HC databases [19].

We also investigated the metabolic alterations at the
group level using a statistical comparison between each
group (within acute, 1-m, 2-m, 3-m, 5-m and 7-9-m phases)
and HC. The statistical threshold was set at T-score 1.66
(p =0.05 uncorrected at voxels level, FWE-corrected for
multiple comparisons at clusters level, K> 100 voxels). Age
was entered as a nuisance variable in both two-sample ¢-test
models implemented in SPM12. Voxel-wise comparisons
were made using a within-brain comparison-specific explicit
['®F]FDG mask to remove emission counts outside the brain
and cerebrospinal fluid voxels to restrict subsequent analyses
to within-brain voxels. The SPM single-subject procedure
provides SPM t-maps and contrast images showing regions
of hypo- and hypermetabolism with a level of significance
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corrected for age. Brain hypo- and hypermetabolism exten-
sion in each patient was quantified as the number of voxels
in each binarized SPM T-map.

Brain hypo- and hypermetabolic hallmarks at group
level

Brain hypo- and hypermetabolism commonalities were
obtained in the whole group (N=26) using a one-sample
t-test entering the contrast images resulting from a first-order
['®F]JFDG-PET SPM-based procedure (hypo- and hypermet-
abolic hallmarks) implemented in SPM12. The statistical
threshold was set at T-score 1.66 (p =0.05 uncorrected at
voxels level, FWE-corrected for multiple comparisons at
clusters level, K> 100 voxels). We then quantified the sever-
ity of hypo- and hypermetabolism in these specific regions
of interest (ROIs) for each patient by extracting the mean
value from contrast images resulting from a first-order ['*F]
FDG-PET SPM-based procedure (quantification of hypo-
and hypermetabolism severity). We also performed a voxel-
wise group analysis to obtain the common pattern of brain
hypo- and hypermetabolism in each group divided according
to the disease phase as previously mentioned (i.e. acute, 1-m,
2-m, 3-m, 5-m and 7-9-m ). Specifically, we obtained the
common hypo- and hypermetabolism patterns by compar-
ing each group with HC (N=125) through a #-test statistical
comparison on SPM12, controlling for age.

Statistical analyses

We performed the analysis of variance (ANOVA) for nor-
mally distributed variables and the Kruskal-Wallis test for
non-parametric variables to study clinical (BMI), cognitive
(MMSE), bio-humoral (SaT02%, CRP) and metabolic dif-
ferences among groups (acute, 1-m, 2-m , 3-m , 5-m and
7-9-m ). We also evaluated the relationship between such
variables of interest (i.e. blood saturation, CRP, MMSE and
BMI) and extent/severity of hypometabolic findings using
Spearman correlation analyses. Last, we evaluated whether
global cognitive efficiency (MMSE), age, SatTO02%, CRP
and BMI could predict the extent and severity of hypo- and
hypermetabolic findings using linear regression models. The
significance threshold was set at p <0.05. We performed all
statistical analyses using SPSS version 26.0 (IBM Corp.,
Armonk, NY).

Results
Clinical and cognitive features

The groups cross-sectionally showed significant differences
in Sat02%, CRP values and MMSE corrected scores; the

@ Springer

acute phase showed the most severe values that gradually
improved across groups (Table 1). Acute and sub-acute
patients (2-m) showed significantly lower saturation than
3-m (p e =0.012 and p, ,,=0.022), 5-m (p,.,.,=0.009
and p,,,=0.015) and 7-9-m patients (p,.,,,=0.002 and
P2, =0.005). The acute patients showed a significantly
higher inflammatory levels compared to 1-m (p =0.027),
3-m (p=0.000) and 7-9-m patients (p =0.000) and the
2-m patients compared to 7-9-m ones (p =0.013). Also,
MMSE’s performance improved over time. Both 1-m and
2-m patients showed significant lower MMSE scores than
3-m (p;,,=0.032), 5-m (p,,,=0.004 and p,_,,=0.011) and
7-9-m patients (p;_,,=0.007 and p,_,=0.018). Altered per-
formances in neuropsychological tests, namely in the execu-
tive domain (digit forward and RAVLT immediate recall
corrected scores), emerged only in the sub-acute phases
(1-m and 2-m) (Table 2). Three months and onward, patients
showed cognitive performances within the normal range.
See Table S1 in supplementary materials for the prevalence
of neurological symptoms across groups.

Concerning the longitudinal case report, the patient fol-
lowed longitudinally showed a significant improvement in
saturation and inflammatory levels from the acute phase
(Sat02% =92 and CRP =30.5) to the 5 months follow-up
(Sat02% =98 and CRP =2.83). The patient also showed a
normal global cognitive cognition at the follow-up (MMSE
corrected score =28); in the acute phase, it was not per-
formed due to a critical health condition. The patient pre-
sented with persistent hyposmia and ageusia (Fig. 1).

Patterns of ['®F]FDG-PET hypo-
and hypermetabolism

All groups showed comparable global metabolism uptake
values. Also, the comparison between the whole patient
cohort (N=26) and HC showed no significant differences
(p=0.253) (Table S2).

Hypometabolism hallmark at group level

The hypometabolism commonality analysis showed the
fronto-insular cortex as the hypometabolic hallmark for the
“whole group”, with more limited involvement of the pari-
etal cortex. In detail, all patients shared hypometabolism
in the orbitofrontal cortex; inferior, superior and middle
frontal gyri; and insula and more variably in the angular
gyrus, bilaterally (Fig. 2a). The severity of hypometabolism
in the fronto-insular-parietal cortex decreased across phases
(from the acute to 7-9-m) (Fig. 1). Specifically, acute, 1-m,
2-m and 5-m patients showed significantly more severe
brain hypometabolism than 7-9-m patients (p,,.,,, =0.000,
P;..,=0.001, p,,,=0.001 and p;_,,=0.033). Moreover,
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Fig. 1 Clinical values over time: cross-sectional and longitudinal data. The cross-sectional (blue panel) and longitudinal (orange panel) clinical
and imaging data show an improvement in the clinical picture of SARS-CoV-2 patients over time

acute, 1-m and 2-m patients featured more severe hypome-
tabolism than 3-m patients (p,,,,=0.003, p,_,=0.013 and
D2.,=0.021) (Table 1).

Hypometabolism SPM maps at the individual level

Patients with acute COVID-19 showed the most severe brain
dysfunction, with a widespread and diffuse cortical hypome-
tabolism (Fig. S1). The seven acute patients showed hypo-
metabolism in the frontal cortex, bilaterally (orbitofrontal
cortex; inferior, superior and middle frontal gyri; medial
pre-frontal cortex) extending to the anterior cingulate cortex,
insula, temporal and parietal cortical regions, including pre-
cuneus, bilateral angular and supramarginal gyrus. Moreo-
ver, a frequent sub-cortical hypometabolism in the thala-
mus and caudate nuclei was observed. In sub-acute cases
(1 month and 2 months), we found similar hypometabolic
patterns to the acute phase with widespread involvement of
the frontal, temporal and parietal brain regions. Significant
recovery was observed in subcortical nuclei. At 3 months,
there was a significant reduction of brain hypometabolism
with a recovery in the left middle-superior and orbital fron-
tal gyri and parietal regions compared to 2-month patients.
See Fig. S2 for sub-acute patients. At 5 months after the
infection, we found only a little residual hypometabolic
cluster in the right superior and middle frontal cortex and
medial frontal cortex. Significant recovery was observed in
temporal and anterior cingulate cortices. At 7-9 months, no
significant hypometabolic clusters were even present. When
we quantified the extension of hypometabolism maps, we
found that the hypometabolism decreased during the time
(from the acute phase to 7-9 months). See Fig. S3 for sub-
acute patients. Acute, 1- and 2-month patients showed
significantly more extended brain hypometabolism maps
than 7-9-month patients (p,,,,=0.001, p,_,=0.002 and
D2.,=0.011). Moreover, acute and 1-month patients featured

more widespread hypometabolism than 3-month patients
P acute =0-009 and p,_,,=0.014) (Fig. 2a, Table 1, Table 3).

Hypermetabolism hallmarks at group level

The commonality analysis showed a massive involvement of
brainstem, cerebellum and limbic structures (i.e. amygdala
and hippocampus bilaterally) as the hypermetabolic hall-
marks, along with more limited involvement of the occipital
cortex (Fig. 2b). The severity of hypermetabolism in these
regions showed no significant difference across stages (from
acute to 7-9-m) (Table 1).

Hypermetabolism SPM maps at the individual level

Concerning the pattern of brain hypermetabolism at single-
subject level, all the patients showed a consistent involve-
ment of the brainstem, cerebellum, amygdala, hippocampus
and parahippocampus with more variable involvement of
occipital regions and sensorimotor cortex (Fig. S1, S2 and
S3). The extension of hypermetabolism patterns showed
no significant difference over time (Table 1). Of note, an
absence of hypo- and hypermetabolism topographical over-
lap emerged amongst acute, sub-acute and post-COVID-19
groups (S4, Table S4 and Fig. S4).

Longitudinal case study

In the longitudinal case report, the patient with ['*F]FDG-
PET scans at two-time points (acute and 5-m) showed a
pattern of brain functional improvement, similar to those
described in the cross-sectional data. In the acute phase,
the patient showed a widespread and severe brain hypome-
tabolism affecting all cortical regions and some subcortical
structures (bilateral caudate and left thalamus). At 5 months,
the same patient showed a nearly complete recovery of brain
functionality with residual limited hypometabolic clusters
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A Brain hypometabolism commonalities

Acute 1-m 2-m

PO BOPeED

B Brain hypermetabolism commonalities

3-m 7-9-m

& &G e

Acute 1-m 2-m
- e \
(gt G

Fig.2 ['®FIJFDG-PET brain hypometabolism and hypermetabolism
patterns. a Commonality pattern of hypometabolism in the whole
SARS-CoV-2 group (p<0.05 uncorrected, FWE corrected at the
cluster level, k> 100, T-threshold: 1.66) and group-level hypometab-
olism divided according to the disease phase (p <0.05 uncorrected,
FWE corrected at the cluster level, k> 100, T-threshold: 1.66). b

only in superior and middle frontal cortices, superior medial
frontal cortices and caudate nucleus. Both hypometabolism
extension and severity of the fronto-insular-parietal cor-
tex decreased from the acute phase to the 5-m follow-up
(Fig. 1, Fig. 3a). Concerning the pattern of brain hyper-
metabolism, in the acute phase, the patient showed severe
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3-m 5-m

e He e

Commonality pattern of hypermetabolism in the whole SARS-CoV-2
group (p<0.05 uncorrected, FWE corrected at the cluster level,
k> 100, T-threshold: 1.66) and group-level hypometabolism divided
according to the disease phase (p <0.05 uncorrected, FWE corrected
at the cluster level, k> 100, T-threshold: 1.66). Abbreviations: m:
months

brain hypermetabolism affecting the brainstem, cerebellum,
parahippocampus, hippocampus and amygdala bilaterally. At
5 months, hypermetabolism affecting the cerebellum, occipi-
tal and sensorimotor cortex was still present (Fig. 3b). We
found no overlap between hypo- and hypermetabolism maps
at baseline at two-time points (S4, Table S4 and Fig. S4).
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Table 3 Localisation of significant clusters of hypometabolism in each group of patients (SPM analysis—group comparisons)

Acute phase 1-month 2-months

3-months S-months 7-9-months

50

Hoe B O®

Cluster 1 [91137 voxel] Cluster 1 [69298 voxel] Cluster 1 [60341 voxel]

T > 1.66 T > 1.66 T > 1.66
B MOF B MOF B MOF
B SOF B SOF B SOF
B IFG B IFG B IFG
B MFG B MFG B MFG
B SFG B SFG B SFG
ACC ACC ACC
BITG RITG BITG
B MTG RMTG B MTG
B ITG RITG BITG
BRO B Insula B Insula
B Insula RAG B AG

B AG R SUPG

B Precuneus RIPG

B SUPG B Caudate nucleus

B IPG L Thalamus

R Putamen

Cluster 1 [14821 voxel] Cluster 1 [35306 voxel] No significant clusters

T > 1.66 T > 1.66
B MFG B MFG
B SFG B SFG
B Insula B Insula
ACC ACC

L Caudate nucleus B Caudate nucleus

B bilateral; L: left; R: right; MOF: middle orbitofrontal cortex; SOF: superior orbitofrontal cortex; /FG: inferior frontal gyrus; MFG: middle frontal
gyrus; SFG: superior frontal gyrus; A CC: anterior cingulate cortex; /7G: inferior temporal gyrus; M7G: middle temporal gyrus; STG: superior

temporal gyrus; RO: rolandic operculum; SUPG: supramarginal gyrus; /PG: inferior parietal gyrus. This table reports only the significant clusters
above the T-threshold of 1.66 (p <0.05 uncorrected at voxel level with K> 100, FWE-corrected at the cluster level)

Correlations between brain hypometabolism
and clinical variables

Both hypometabolism map extent and hypometabolism
severity in the fronto-insular-parietal cortex significantly
correlated with blood saturation levels, CRP, MMSE cor-
rected scores and BMI. Patients with more widespread hypo-
metabolism and severe hypometabolism in the fronto-insular
cortex had more severe oxygen desaturation, inflammatory
status, global cognitive alteration and higher BMI (Fig. 4).
The hypometabolism map extent and hypometabolism sever-
ity in the hallmark regions showed a significant correlation
with neuropsychological tests belonging to executive/atten-
tive cognitive domains. The severity of hypometabolism
in hallmark regions correlated with performance in the
ROCF immediate recall test (ph),po=0.028; p=—0.656).
The extension of brain hypometabolism showed a signifi-
cant correlation with digit forward test scores (p =0.026;
p=—0.644), RAVLT (p=0.028; p= —0.656) and ROCF
immediate recall performance (p=0.040; p= —0.624). The
brain hypermetabolism extension correlated with CRP; the
more extended the hypometabolism pattern, the higher the
CRP values (p =0.026; p=0.437).

As regards the brain hypometabolism extent, a sig-
nificant regression model was found (F (5.13)=5.009,

p <0.009), with an R? of 0.658. We also found a sig-
nificant inverse association between brain hypometabo-
lism extent and MMSE corrected scores (= —0.702;
p=0.011) and a significant positive association with CRP
(p=0.563; p=0.028). Thus, severe cognitive impairment
and inflammation status were significantly associated with
widespread extension and severity of brain hypometabolic
patterns in SARS-CoV-2 patients. Regarding the severity
of hypometabolism in the fronto-insular-parietal cortex, a
significant regression model was found (F (5.13)=10.26,
p <0.000), with an R? of 0.798. We found a significant
inverse association between hypometabolism and MMSE
corrected scores (= —0.863; p=0.000) and a significant
positive association between hypometabolism and satura-
tion (f=0.870; p=0.002) and CRP (p=0.567; p =0.006)
as well as BMI (f=0.334; p=0.049). This means that
severe cognitive deterioration, inflammation status, oxy-
gen desaturation and high BMI significantly explained the
degree of hypometabolism affecting the fronto-insular-
parietal cortex in SARS-CoV-2 patients. As for the brain
hypermetabolism in the brainstem, cerebellum and lim-
bic structures, a regression was found (F (5.13)=2.966
p <0.056), with an R? of 0.533, where CRP levels sig-
nificantly predicted the severity of hypermetabolism
(B=0.578; p=0.049).
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Fig.3 Longitudinal ['*F]
FDG-PET case report. a ['%F]
FDG-PET single subject hypo-

a) Hypometabolism

metabolism and b hypermetabo-
lism SPM t-maps in a SARS-
CoV-2 patient acquired during
the acute phase (left) and after

5 months of follow-up (right)

| (R Y R Y DAY ACAYALS

Discussion

The present study investigated the temporal progression of
functional brain alterations and their association with clinical/
biological parameters in the full-time spectrum of COVID-
19-related neurological symptoms by combining cross-sec-
tional and longitudinal approaches. We evaluated the disease’s
brain metabolic changes in acute and subacute (I-m , 2-m
and 3-m ) phases and the neuro-post-COVID-19 syndrome
(5-m and 7-9-m). We found a consistent fronto-insular
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5 months

hypometabolism in neuro-COVID-19 patients, suggesting its
possible vulnerability to the SARS-CoV-2 infection. Cross-
sectional and longitudinal cases showed that extension and
severity of brain cortical hypometabolism decreased over time
(from acute to 7-9-m phases) along with improved blood satu-
ration, systemic inflammation and global cognitive perfor-
mance. Neuro-COVID-19 patients, after 7-9 months from the
infection, presented no longer brain hypometabolism and the
saturation levels, CRP and global cognitive performance were
within the normal ranges. Brain hypermetabolism mainly
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«Fig. 4 Correlation between hypometabolism and clinical variables.
The figure depicts the significant correlations between hypometabo-
lism extent (red) and hypometabolism severity in the fronto-insu-
lar-parietal cortex (green) and clinical variables (saturation, CRP,
MMSE, and BMI). Abbreviations: MMSE: Mini-Mental State Exam-
ination; CRP: C-reactive protein; BMI: body mass index

involved the brainstem, cerebellum and limbic structures
(amygdala and hippocampus), plus occipital and sensorimo-
tor cortices to a variable extent. Contrary to hypometabolism,
brain hypermetabolism persisted over time, up to 7-9 months
from the infection. The extent and severity of hypermetabo-
lism were associated with the inflammatory status. These find-
ings suggest that the cortical functional impairment observed
in patients with neuro-COVID-19 is likely to be transient and
almost reversible. The association with the severity of satura-
tion level and inflammatory body status suggest synergistic
effects of systemic virus-mediated inflammation (probably
sustained by systemic cytokine release) and transient hypoxia,
which could induce dysfunction of neural synaptic activity,
which is, however, reversible. On the other hand, the long-
lasting brain hypermetabolism in subcortical and limbic struc-
tures seems to be an immediate consequence of virus-induced
inflammation processes and might represent a neural substrate
of the neurological sequelae in post-COVID-19 syndrome.
The brain hypometabolism analyses revealed that the
fronto-insular cortex was the most consistently affected region.
Thus, it might represent the dysfunctional brain hallmark of
CNS involvement in COVID-19 (the so-called neuro-meta-
bolic signature). Previous ['®F]FDG-PET findings show that
COVID-19 patients with persistent hyposmia isolated or asso-
ciated with cognitive dysfunction present metabolic abnormal-
ities in core olfactory cortical areas (orbitofrontal cortex) [17,
18, 28-30], frontal cortical areas (superior, middle, inferior
frontal cortex) [31] and the insula [16]. Indeed, 96% of our
patients reported hyposmia during the acute phase of the dis-
ease. According to a heavily debated hypothesis, SARS-CoV-2
neural access could involve the transport of the virus through
the nasal cavity and olfactory bulb [32, 33]. This hypothesis
is supported by some histopathological findings showing that
viral particles are present in neural cell bodies and endothelial
cells in the olfactory bulb and frontal cortex (including the
orbito-frontal gyri) in COVID-19 patients [34]. However, the
predominance of hyposmic and anosmic symptoms observed
in our and other studies could also lead to loss of neuron
functionality in these olfactory-related brain regions through
repeated sensory deprivation, without implying a neuroinva-
sion mechanism. According to a recent longitudinal study in a
large cohort of COVID-19 patients (N =401), the virus would
not necessarily need to enter the CNS; anterograde degenera-
tion from olfactory neurons might be sufficient to generate
the pattern of abnormalities revealed in imaging findings [35].
The regression over time of functional brain impairments
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here further reinforces this hypothesis. The neocortical brain
alteration might be a temporary consequence of several fac-
tors, including prolonged olfactory impairments that can be
reversible. This interpretation is in line with neuropathological
findings showing that detectable virus in COVID-19 brains
is very low and does not correlate with the histopathological
alterations [36].

The brain hypermetabolism evaluation revealed in most
patients the involvement of the midbrain, cerebellum, amyg-
dala and hippocampus, variably associated with occipital and
sensorimotor cortex. Our results agree with previous findings
showing mild hypermetabolism in the vermis, dentate nucleus,
pons and the visual cortex in the acute phase of COVID-19
subjects [15]. Whether the hypermetabolism in COVID-19
patients has an artefactual origin or may directly reflect inflam-
mation/infection is still debated [3]. The persistent hyperme-
tabolism in our cohorts, along with the improvement of brain
hypometabolism, is in itself a clue against the artefactual
origin of the former. In addition, we controlled for the risk
of hypermetabolism artefact due to the proportional scaling
procedure for intensity normalisation [25, 26]. No differences
between patients and HC emerged, excluding the overestima-
tion of hypermetabolism (Table S2) and suggesting a biologi-
cal meaning for hypermetabolism in the patients. In addition,
we found a significant association between hypermetabolism
extent/severity and the inflammatory status, suggesting that
hypermetabolism can be part of the inflammatory response
to SARS-CoV-2 infection more than a mere artefact. Indeed,
the pathophysiology of hypermetabolism has been previously
found and discussed in diseases where brain inflammation is
expected (e.g. autoimmune encephalitis) [7].

Our cross-sectional and longitudinal brain imaging data
showed that brain dysfunctions are more severe and extended
during the acute phase, decreasing progressively. Specifi-
cally, we found the first significant improvement of brain
functionality after 3 months from the SARS-CoV-2 infection
and further on at 5 months. The hypometabolism disappeared
at 7-9 months. The case—control patient followed longitudi-
nally in the acute phase, and at 5 months, follow-up showed
the same pattern of brain functional improvement. These
data are congruent with the neuropsychological profiles of
patients; indeed, only sub-acute patients at 1 and 2 months
after infection presented pathological scores in executive tests
(Table 2). Our findings are consistent with the previous longi-
tudinal ["*F]FDG-PET study on COVID-19-related encepha-
lopathy, where the widespread brain hypometabolism in the
acute phases—including the fronto-insular cortex—improved
at 6 months of follow-up [11]. Similarly, Blazhenets et al.
demonstrated a slow recovery of neocortical dysfunction and
cognitive dysfunctions (6 months after a SARS-CoV-2 infec-
tion) [12]. Of note, we provide for the first time a picture of
brain functioning 9 months after the infection, demonstrating
a complete brain functional recovery.
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Along with brain metabolism, global cognitive functioning,
blood saturation and inflammatory status gradually improved
over time. Of note, widespread and severe hypometabolism was
associated with severe SatO2, CRP, global cognitive deterioration
and higher BMI. This result suggests that inflammation status,
oxygen desaturation and BMI may significantly influence the
degree of brain hypometabolism and related cognitive deterio-
ration. On the contrary, brain hypermetabolism did not change
significantly from the acute phase to post-COVID-19 syndrome.
This long-lasting brain hypermetabolism can be caused by the
well-documented sustained immune response to the virus, and
it might represent a neural substrate of neurological sequelae in
post-COVID-19 syndrome [37]. Long-lasting hypermetabolism
might result from a complex interplay between brain hypome-
tabolism and hypermetabolism. However, in our cohort, the over-
lap between hypo- and hypermetabolism maps in both cross-
sectional and longitudinal data was absent, thus, not supporting
a hypometabolism/hypermetabolism transition (Tables S3-S4).
Future studies with more longitudinal data are needed to test
this hypothesis properly. Our results support the hypothesis that
several indirect pathogenetic mechanisms—e.g. virus-mediated
inflammation sustained by systemic cytokine release and tran-
sient hypoxia—may sustain the observed widespread synaptic
dysfunction [34, 37]. In this context, we also found that high BMI
could also represent a negative prognostic factor for neurological
impairment. Patients with obesity are more prone to developing
altered respiratory states, diabetes, hypertension, cardiovascular
diseases and low-grade chronic inflammation, making them sus-
ceptible to poorer outcomes [38].

Some of the limitations of this study include the small
sample size and lack of longitudinal measures. We used a
cross-sectional approach to describe possible time-dependent
changes in brain metabolism, and even though the longitudinal
case study confirmed the cross-sectional results, future longi-
tudinal evaluations in large cohorts are necessary. In addition,
we could perform a standardised neuropsychological battery
only on a sub-group of patients. Thus, caution is required in
the interpretation of the present results, especially in terms
of generalizability. In order to provide generalisable findings
about the CNS involvement in COVID-19, brain metabolic
changes should be evaluated in a longitudinal setting with large
cohorts of patients clinically and neuropsychologically well
evaluated over a long time, and with the inclusion of asympto-
matic, mild-moderate and severe manifestations of COVID-19,
in a comprehensive age range. A big data approach is essential
to estimate the prevalence of neurological manifestation and
functional brain alteration in COVID-19.

In conclusion, the present functional neuro-imaging PET
study suggests that the fronto-insular cortex can be considered
a neuro-metabolic signature of CNS involvement by COVID-
19. Cross-sectional and longitudinal data demonstrated that
cortical functional impairment observed in patients with
neuro-COVID-19 infection is likely to be transient and almost

reversible. Systemic virus-mediated inflammation and transient
hypoxia may induce reversible neural dysfunctions, whereas
brain hypermetabolism seems to be long-lasting and related to
the persistent inflammation processes.
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