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Abstract

Purpose In the context of the worldwide outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), some patients report functional complaints after apparent recovery from COVID-19. This clinical presentation has
been referred as “long COVID.” We here present a retrospective analysis of '®F-FDG brain PET of long COVID
patients from the same center with a biologically confirmed diagnosis of SARS-CoV-2 infection and persistent
functional complaints at least 3 weeks after the initial infection.

Methods PET scans of 35 patients with long COVID were compared using whole-brain voxel-based analysis to a local database
of 44 healthy subjects controlled for age and sex to characterize cerebral hypometabolism. The individual relevance of this
metabolic profile was evaluated to classify patients and healthy subjects. Finally, the PET abnormalities were exploratory
compared with the patients’ characteristics and functional complaints.

Results In comparison to healthy subjects, patients with long COVID exhibited bilateral hypometabolism in the bilateral
rectal/orbital gyrus, including the olfactory gyrus; the right temporal lobe, including the amygdala and the hippocampus,
extending to the right thalamus; the bilateral pons/medulla brainstem; the bilateral cerebellum (p-voxel <0.001 uncor-
rected, p-cluster <0.05 FWE-corrected). These metabolic clusters were highly discriminant to distinguish patients and
healthy subjects (100% correct classification). These clusters of hypometabolism were significantly associated with more
numerous functional complaints (brainstem and cerebellar clusters), and all associated with the occurrence of certain
symptoms (hyposmia/anosmia, memory/cognitive impairment, pain and insomnia) (p <0.05). In a more preliminary
analysis, the metabolism of the frontal cluster which included the olfactory gyrus was worse in the 7 patients treated
by ACE drugs for high blood pressure (p =0.032), and better in the 3 patients that had used nasal decongestant spray at
the infectious stage (p <0.001).

Conclusion This study demonstrates a profile of brain PET hypometabolism in long COVID patients with biologically
confirmed SARS-CoV-2 and persistent functional complaints more than 3 weeks after the initial infection symptoms,
involving the olfactory gyrus and connected limbic/paralimbic regions, extended to the brainstem and the cerebellum.
These hypometabolisms are associated with patients’ symptoms, with a biomarker value to identify and potentially follow
these patients. The hypometabolism of the frontal cluster, which included the olfactory gyrus, seems to be linked to ACE
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drugs in patients with high blood pressure, with also a better metabolism of this olfactory region in patients using nasal
decongestant spray, suggesting a possible role of ACE receptors as an olfactory gateway for this neurotropism.

Keywords '*F-FDG - PET - SARS-CoV-2 - COVID-19 - Anosmia - Stress - Complaints - Memory - Fatigue -

Angiotensin-converting enzyme - Long COVID - Dysautonomia

Introduction

In the context of the worldwide outbreak of severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) infection, some
patients have reported functional complaints after apparent re-
covery from COVID-19, including fatigue, dyspnea, hyposmia/
anosmia, dysgeusia/ageusia, memory/cognitive impairment,
sleeping alterations, and painful syndromes [1-3]. This clinical
presentation has been referred as “long COVID,” with urgent
need of research works [4, 5]. It has been hypothesized that this
disorder could be related to the brain inflammation associated
with the neurotropism of SARS-CoV-2 from the olfactory bulb
[6, 7]. In this line, we previously reported a clinical case of two
patients with a confirmed diagnosis of SARS-CoV-2 infection
presenting with brain '*F-FDG PET hypometabolism in the post-
infection context involving the olfactory bulb, and in one of
them, an extension of this metabolic impairment to other limbic
structures as well as to the pre-/post-central gyrus, the thalamus/
hypothalamus, the cerebellum, and the brainstem [8]. This pre-
liminary report thus suggested that 'SF-FDG PET
hypometabolism could constitute a cerebral quantitative bio-
marker of long COVID [8-10].

We here present a retrospective analysis of '*F-FDG brain
PET of long COVID patients from the same center with a
biologically confirmed diagnosis of SARS-CoV-2 infection
and persistent functional complaints at least 3 weeks after
the initial infection. We hypothesize that persistent functional
complaints in long COVID is related to functional brain in-
volvement, and that this involvement can be identified using
'"F_FDG PET. In this line, PET scans were compared using
whole-brain voxel-based analysis to a local database of
healthy subjects controlled for age and sex to characterize
cerebral hypometabolism. The individual relevance of this
metabolic profile was evaluated to classify patients and
healthy subjects. Finally, on a more preliminary way, the
PET abnormalities were exploratory correlated with the pa-
tients’ characteristics and functional complaints.

Methods
Subjects
Forty-five consecutive patients with long COVID were retro-

spectively included in our center from May 18, 2020, to
September 30, 2020, using the following criteria: adult over
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18 years old with a history of confirmed SARS-CoV-2 infec-
tion, having a medical post-COVID evaluation for persistent
fatigue, and an "8F_FDG brain PET for functional complaints
of possible neurological origin (dyspnea, hyposmia/anosmia,
dysgeusia/ageusia, memory/cognitive impairment, insomnia,
pain) at least 3 weeks after the initial infection (W3+). This
W3+ definition of long COVID is concordant with those of
the French association of patients (https://www.apresj20.ft/).
Patients with brain lesions on CT or MRI were excluded (2
patients with encephalopathy/encephalitis concomitant with
the SARS-CoV-2 infection, and 1 patient with a posterior
fossa malformation). Patients without a confirmed diagnosis
of SARS-CoV-2 infection, patients without follow-up in our
center, and patients with neurologic/psychiatric antecedents or
symptoms before SARS-CoV-2 were also excluded. The def-
inition of a confirmed case encompassed clinical features (one
or several of the following items: fever, cough, headache,
rhinitis, pharyngitis, lumbar pain, muscular pain, arthralgia,
diarrhea, hyposmia, dysgeusia) and a positive biological test
established by rt-PCR at the time of symptoms or by serology
technics (ELISA or immune-assay) from the same microbiol-
ogy department. Seven patients were consequently excluded
in addition to the 3 patients with brain lesions (10 in total),
with a final group of 35 patients for the analyses.

The following variables were collected: age, sex, day 0 of
SARS-CoV-2 infection as defined by initial symptoms, day of
PET exam (concomitant with the clinical evaluation for sub-
jective complaints obtained during the medical interview be-
fore the radiopharmaceutical administration by a same physi-
cian), body mass index (BMI), diabetes status (y/n), high
blood pressure (y/n), current smoking status (y/n), hospitali-
zation in intensive care unit (y/n), mechanical ventilation
(y/n), initial level of C-reactive protein, initial clinical general
status (NEWS score, see below), initial CT lung severity score
(using 2 grades: normal/minimal vs intermediate/severe in-
volvement), treatment by hydroxychloroquine (y/n), treatment
by antibiotics (y/n), treatment targeting the angiotensin-
converting enzyme (ACE drugs, including ACE inhibitors
and angiotensin II receptor blockers), initial treatment by nasal
decongestant spray (y/n), subjective complaint (y/n at W3+
for each of the following symptoms: dyspnea, hyposmia/an-
osmia, dysgeusia/ageusia, memory/cognitive complaint, in-
somnia, pain), and post-traumatic stress disorder (PTSD)
checklist scale (PCLS) score at W3+. Data were missing for
7.3% of these items. In more detail, the clinical severity of
general status was assessed using the National Early
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Warning Score (NEWS) adapted to COVID-19 patients [11],
including derived scores from age, respiration rate, oxygen
saturation, supplemental oxygen, systolic blood pressure,
heart rate, consciousness, and temperature. The total score
provides a risk grading as low (score of 1 to 4), medium (5—
6), or high (7 or higher).

This data collection was retrospective with no ethical ap-
proval requirement other than informed consent according to
the French and European regulations. This study respects the
GPDR (General Data Protection Regulation) requirements
with a registration on the following reference: PADS20-296.

Forty-four healthy subjects, with no neurological/
psychiatric symptoms or antecedents and a normal brain
MRI, who underwent an 'F-FDG brain PET in our own de-
partment, were also selected from a previous project including
60 subjects to match them for age and sex with the SARS-
CoV-2 patients (55.06 years + 11.22 for patients vs 55.11 years
+14.07 for healthy subjects; 57.1% of women for patients vs
56.8% of women for healthy subjects; p value >0.9). This
local PET database of healthy controls was collected before
the SARS-CoV-2 outbreak.

'8F-FDG PET imaging and processing

"F_FDG brain PET scans were acquired in the same center
using an acquisition protocol conforming to European guide-
lines, at resting-state, in fasting subjects for at least 4 h with a
controlled, normal glycemic level, using an integrated PET/
CT General Electric camera (Waukesha, WI), after an intra-
venous administration of 150 MBq per 15-min acquisition at
30 min post-injection. Images were reconstructed on a 192 x
192 matrix using the ordered subsets expectation maximiza-
tion algorithm and corrected for attenuation using a CT trans-
mission scan.

Whole-brain statistical analysis was performed at the
voxel-level using SPM8 software (Wellcome Department of
Cognitive Neurology, University College, London, UK) first
to compare patients to healthy subjects considering their age
and sex as covariables, identifying clusters of
hypometabolism in the patients. We secondarily specified
the classification relevance of this metabolic profile (between
long COVID patients and healthy subjects) and, on a more
exploratory and preliminary way, searched for mean differ-
ences or correlations between metabolic values of clusters
and demographic, clinical, biological, and radiological data,
including functional complaints and treatments (see below). In
detail, the PET images were spatially normalized onto the
Montreal Neurological Institute (MNI) atlas. The dimensions
of the resulting voxels were 2 x 2 x 2 mm. The images were
then smoothed with a Gaussian filter (8 mm full-width at half-
maximum) to blur individual variations in the gyral anatomy
and to increase the signal-to-noise ratio. The analysis was
limited by a mask from PickAtlas (https://www.nitrc.org/

projects/wfu_pickatlas/), including the whole cortex, the
olfactory bulb, thalamus and basal ganglia, brainstem, and
cerebellum, excluding the white matter and the cerebrospinal
fluid. Proportional scaling was performed to give the same
global metabolic value to each PET examination.

Statistical analyses

Categorical variables are presented as numbers and percent-
ages, and continuous variables are presented as the means
+SD (standard deviation). The normality of the quantitative
value was determined by the Shapiro non-normality test and
visual normality verification. All values followed a normal
distribution. The significance of the differences was deter-
mined by Student’s 7 test between continuous and categorical
variables. Correlations were determined by Pearson’s test be-
tween continuous variables. Chi-squared tests were performed
between categorical variables in cases of subgroup samples
strictly higher than 5 and by a Fisher exact test otherwise.
These various tests were two-sided or one-sided according
to the hypothesis (see below). The statistical analyses were
performed using SPSS Statistics for Windows, Version 21.0.
Armonk, NY: IBM Corp and R version 4.0.2.

The SPM(T) PET maps were obtained at an uncorrected
height threshold (voxel-level significance) of p < 0.001, with a
correction for multiple comparisons at the level of the cluster
using the family-wise error (FWE) rate for a corrected p value
< 0.05. Significant findings at a more constraint threshold of p
value < 0.05 corrected for the voxel using FWE method were
secondarily specified. Values of the metabolic clusters were
found by comparing patients with long COVID to healthy
subjects, and then were extracted at the individual level using
the mean of the region with MARSBAR (http://marsbar.
sourceforge.net/). One-sided Student’s test of metabolic
values of each cluster was applied to compare patients and
healthy subjects, and then they were illustrated by Z-scores.
Based on these metabolic clusters, a multivariate variance
analysis (Wilks lambda) was also performed to individually
classify patients and healthy subjects. Finally, the metabolic
clusters obtained from the patients were exploratory compared
to the other collected data (without correction for multiple
comparisons). In detail, all continuous variables (age, BMI,
CRP, NEWS score, PCLS score, and the delay between first
symptoms and the '*F-FDG PET scan in days) were correlated
with the metabolic values of the clusters using a Pearson test.
The mean difference of the metabolic values of each cluster
was tested with Student’s ¢ test according to sex, the presence
of W3+ complaints (separately for dyspnea, hyposmia/anos-
mia, dysgeusia/ageusia, memory/cognitive impairment, pain,
and insomnia), the diabetes status, the high blood pressure
status/ACE drugs (same value in our group since all patients
with high blood pressure were treated by ACE drugs), the
hospitalization in intensive care unit, the need of mechanical
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ventilation, the CT lung severity score, the initial treatment
(nasal decongestant spray, hydroxychloroquine, antibiotic).
The statistical threshold of these analyses was one-sided at
p <0.05 on the hypothesis linking hypometabolism to clinical,
biological, and radiological abnormalities, and two-sided in
the absence of a hypothesis about the direction of the relation-
ship (age, sex, delay, the use of nasal decongestant spray, and
current smoking status).

Results
Clinical characteristics of the patients with long COVID

The clinical characteristics of the 35 included patients with
long COVID are detailed in Table 1. The mean age of the
patients was 55.06 years =+ 11.22, with 57% of women (20/
35). Notably, 29% of the patients had diabetes (10/34), 21%

had high blood pressure (7/33), and only 6% of them were
active smokers (2/34). At infection diagnosis, their median
NEWS clinical score was 4, corresponding to a low-risk grad-
ing; 39% of patients required hospitalization in intensive care
unit (12/31), and 16% a mechanical ventilation (5/31). At this
step, intermediate or severe lung involvement was found in 16
of 30 patients who had a CT scan (53%), and the CRP level
was higher than 5 mmol/L in 71% of the patients (20/28).
Among the 35 patients (no missing data), 86% were treated
with antibiotics (30/35) and 74% with hydroxychloroquine
(26/35). All patients with high blood pressure (7/33) were
treated with drugs targeting ACE (same value for these 2
variables in our sample). Finally, 3 of 28 patients (11%) used
nasal decongestant spray during the infection phase. No pa-
tient had received systemic corticoids.

At W3+, among the 35 patients (no missing data), dyspnea
was reported in 28 patients (80%), pain in 23 patients (66%,
with chest pain, in addition to headache or more peripheral
articular/muscular pain in 8/23 patients), memory/cognitive

Table 1 Characteristics of

patients with long COVID Variable N Mean (SD) or n (%)

Age 35 55.06 (11.22)
Sex 35

Women 20 (57)

Men 15 (43)
BMI 35 28.25 (4.82)
High blood pressure 33 7(21)
Diabetes 34 10 (29)
Current smoking status 34 2 (6)
Hospitalization in intensive care unit 31 12 (39)
Mechanical ventilation 31 5(16)
NEWS clinical score 26 4.04 (3.40)
CT lung severity score 30

Normal/minimal 14 (47)

Intermediate/severe 16 (53)
CRP 28 61.2 (74.67)
ACE drugs 33 7 (21)
Hydroxychloroquine 35 26 (74)
Antibiotic 35 30 (86)
Nasal decongestant spray 28 3(11)
Hyposmia/anosmia W3+ 35 10 (29)
Dysgeusia/ageusia W3+ 35 9 (26)
Memory/cognitive impairment W3+ 35 17 (49)
Pain W3+ 35 23 (66)
Dyspnea W3+ 35 28 (80)
Insomnia W3+ 35 16 (46)
PCLS score 21 35.81 (14.87)
Delay between initial symptoms and PET (in days) 35 95.57 (30.65)

"N is the number of patients with the available information
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complaint in 17 patients (49%), insomnia in 16 patients
(46%), hyposmia/anosmia in 10 patients (29%), and
dysgeusia/ageusia in 9 patients (26%). The PCLS total score
was impaired in 33% of patients (7/21, with a score higher
than 44). The median duration between this evaluation, in-
cluding the PET scan, and the first infectious symptoms was
97 days (26 to 155 days, with no missing data).

An increased number of functional complaints at W3+ was
correlated with a younger age (»=—0.443, p =0.008; bilateral
Pearson’s test) and with a longer duration from the initial infec-
tion symptoms (r=0.375, p =0.026; bilateral Pearson’s test).

Patients with W3+ hyposmia/anosmia and patients with
W3+ memory/cognitive complaints were younger (respec-
tively, p=0.018 and p = 0.007; bilateral Student’s 7 tests). A
longer delay from initial infection was found in patients with
W3+ pain and in patients with W3+ memory/cognitive com-
plaints (p =0.048 and p=0.010, respectively; bilateral
Student’s 7 tests).

A more pejorative PCLS score for PTSD was found for
patients with W3+ memory/cognitive complaints and for pa-
tients with W3+ dysgeusia/ageusia (p =0.002 and p=0.012;
bilateral Student’s 7 tests).

PET metabolic profile of patients with long COVID in
comparison to healthy subjects

In comparison to the 44 healthy subjects, the patients with
long COVID presented with significant hypometabolism (p-
voxel <0.001 uncorrected, p-cluster <0.05 FWE corrected)
involving 4 clusters (Figs. 1 and 2): the bilateral rectal/orbital
gyrus, including the olfactory gyrus (BA1l; T-max =9.80;
k="767); the right temporal lobe, including the amygdala
and the hippocampus, extending to the right thalamus
(BA20, BA21, BA22, BA28; T-max =5.16; k=3353); the
bilateral pons/medulla brainstem (T-max = 6.84; k= 1485);
the bilateral cerebellum (T-max =5.18; k=1969). As detailed
in Table 2, significant results were also obtained using a FWE
correction at voxel-level for these four regions but with a

Fig. 1 Brain '"*F-FDG PET
hypometabolism in patients with
long COVID. In comparison to
healthy subjects, the patients
exhibit hypometabolism in the
bilateral rectal/orbital gyrus, in-
cluding the olfactory gyrus; the
right temporal lobe, including the
amygdala and the hippocampus,
extending to the right thalamus;
the bilateral pons/medulla
brainstem; the bilateral cerebel-
lum (p-voxel < 0.001 uncorrect-
ed, p-cluster < 0.05 FWE-
corrected; SPM8 3D rendering)

lesser cluster size. No significant hypermetabolism was found
at this statistical threshold.

Wilks lambda model was performed with the metabolic
PET cluster values to classify patients with long COVID and
healthy subjects. Among the 4 PET clusters, the right temporal
and frontal metabolisms were finally retained in the model.
Wilks lambdas were 0.147 for the right temporal cluster and
0.123 for the frontal cluster, and the Fisher exact test proved
that the class center of these variables was not confounded
(p<0.001). This model was able to correctly classify 100%
of the individuals.

Relationships between brain PET hypometabolisms
and clinical characteristics

The exploratory relationships between brain PET
hypometabolisms and clinical characteristics are presented in
Figs. 3 and 4. An increased number of functional complaints at
W3+ was correlated with decreased metabolism of the brainstem
and cerebellum clusters (»r=—0.440 and —0.581, p =0.004 and
p<0.001, respectively; unilateral Pearson’s tests).

Lower metabolic values of the frontal cluster were associ-
ated with W3+ pain and with high blood pressure (p = 0.040
and p =0.032, respectively, using unilateral Student’s ¢ tests).
Higher metabolic values of the frontal cluster were found in
the only 3 patients who had used nasal decongestant spray
(p <0.001, using bilateral Student’s # test).

Lower metabolic values of the right temporal cluster were
associated with W3+ pain and W3+ insomnia (respectively
p=0.037 and p =0.045; unilateral Student’s ¢ tests). A trend
was found between hypometabolism of the right temporal
cluster and a longer duration from the initial infection symp-
toms (r=—0.323, p =0.058; bilateral Pearson’s test).

Lower metabolic values of the brainstem cluster were as-
sociated with W3+ pain and W3+ insomnia (respectively p =
0.024 and p = 0.042; unilateral Student’s ¢ tests).

Lower metabolic values of the cerebellum cluster were as-
sociated with W3+ hyposmia/anosmia, W3+ memory/
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Fig. 2 Mean metabolic PET
values of clusters expressed as Z-

Group . Patients . Controls

Cerebellum Z-score

scores, found by comparing ANt seorg
patients with long COVID to

healthy subjects in SPMS. These

metabolic values were

significantly different between
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(p<0.001; one-sided Student’s ¢ 04
test)

IS

Frontal Z-score

Right temporal Z-score

Z-score metabolic values

¢¢

é¢

Pati'ents

cognitive complaint, W3+ pain, and W3+ insomnia (p =
0.007, p=0.004, p=0.014, and p = 0.006, respectively; uni-
lateral Student’s ¢ tests).

Discussion

This whole-brain voxel-based PET study demonstrates brain
hypometabolism in long COVID patients with biologically
confirmed SARS-CoV-2 infection and functional complaints
of a possible central origin, 26 to 155 days after the initial
symptoms of infection, in comparison to healthy subjects
without antecedents of SARS-CoV-2 infection matched for
age and sex. In detail, these areas of hypometabolism involved
the bilateral rectal/orbital gyrus (including the olfactory gy-
rus), the right temporal lobe (including the amygdala and the
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Con'trols Pati'ents Con'trols
Group

hippocampus extending to the right thalamus), the bilateral
pons/medulla brainstem, and the bilateral cerebellum. These
metabolic clusters were highly discriminant to distinguish pa-
tients and healthy subjects. Moreover, they were significantly
associated with more numerous functional complaints and,
with a trend, with a longer duration of functional complaints
post-recovery. On a more exploratory and preliminary way,
the metabolism of the frontal cluster which included the olfac-
tory gyrus was worse in the 7 patients treated by ACE drugs
for high blood pressure, and better in the only 3 patients that
had used nasal decongestant spray.

Beyond the link with the total number of symptoms, the
rationale for the brain substrate of such functional complaints
is more specially strengthened by the relationship found with
PET hypometabolism. In detail, hyposmia/anosmia was asso-
ciated with cerebellar hypometabolism. Previous reports have
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Table 2
<0.05, FWE corrected)

Main "*F-FDG PET hypometabolism in patients with long COVID in comparison to healthy subjects (p-voxel < 0.001, uncorrected; p-cluster

Cluster Cluster FWE Voxel Voxel unc. Talairach coordinates Localization
k p value T score p value X y z
767 0.010 9.80 <0.001* -8 20 -30 Left rectal gyrus, BA11
9.26 <0.001* 8 31 -32 Right orbital gyrus, BA11
8.77 <0.001* -10 29 -32 Left orbital gyrus, BA11
7.61 <0.001* 6 24 -30 Right rectal gyrus, BA11
1485 <0.001 6.84 <0.001* -6 =23 =36 Left medulla
4.44 <0.001 6 =20 -19 Right pons
4.08 <0.001 -4 —24 -21 Left pons
1969 <0.001 5.18 <0.001* 10 =71 =25 Right cerebellum, pyramis
4.70 <0.001 -16 =72 -32 Left cerebellum, uvula
3.79 <0.001 12 —48 -25 Right cerebellum, dentate
3353 <0.001 5.16 <0.001* 55 -3 -12 Right middle temporal gyrus, BA21
4.99 <0.001* 61 -36 15 Right superior temporal gyrus
4.75 <0.001 36 -14 -13 Right hippocampus
4.61 <0.001 26 3 =27 Right uncus, BA28
4.54 <0.001 26 1 -19 Right amygdala
441 <0.001 57 -13 —18 Right inferior temporal gyrus, BA21
436 <0.001 46 -22 —14 Right fusiform gyrus, BA20

The & value represents the number of voxels inside a particular cluster. p values for the voxel are all presented as uncorrected for multiple comparisons.
p values still significant at p < 0.05 after correction for multiple comparisons for the voxel using the FWE (family-wise error) method are indicated with
*. All p values for the cluster are corrected for multiple comparisons using the FWE method. Talairach coordinates are expressed in mm. BA, Brodmann

arca

linked anosmia and ageusia to lesions of the cerebellum [12,
13]. Cerebellar hypometabolism was also associated in our
study with memory/cognitive impairment, which is concor-
dant with the involvement of this region in executive functions
and working memory [14, 15]. Pain was associated with the
hypometabolism of the frontal cortex, brainstem, and cerebel-
lum; these regions are known to be involved in the brain
matrix of pain [16], especially in patients with fibromyalgia
[17]. Finally, insomnia was associated with the
hypometabolism of the brainstem and cerebellum, with again
well-known substrates for dysautonomia [18]. Beyond these
highlighted relationships, the retrospective qualitative evalua-
tion of our study certainly hampered a more extended analysis
linking functional complaints to PET hypometabolism.

Our findings reinforce the hypothesis of SARS-CoV-2
neurotropism through the olfactory bulb and the possible ex-
tension of this impairment to other limbic/paralimbic struc-
tures as well as to the thalamus, the cerebellum, and the
brainstem within these highly connected regions [19]. The
neurotropism of SARS-CoV-2 is first supported by cerebral
complications already reported during the acute phase, such as
strokes and encephalopathy/encephalitis [20, 21]. In the lon-
ger term, a delayed outbreak of psychiatric and neurological
diseases of neuroinflammatory origin has also been

anticipated [6]. This neurotropism is overall concordant with
previous findings reported for other coronavirus infections,
with demonstration of the presence of the virus in the brain
and in the cerebrospinal fluid [22]. In this line, a recent meta-
analysis reported psychiatric and neuropsychiatric presenta-
tions associated with severe CoV infection in more than
40% of patients in the early phase, and around 30% have
post-traumatic stress disorder in the post-illness stage [23],
with a chronic fatigue syndrome and fibromyalgia association
[24].

From a pathophysiological perspective, these functional
complaints could involve a systemic immune-inflammation
disorder [1], with possible entanglement with other factors
and particularly psychological factors. These presentations
have been also related to the quarantine, possible adverse ef-
fects of treatments such as corticosteroids [2], or traumatic
experience of media exposure or hospitalization with uncer-
tainty regarding the prognosis [25]. Moreover, it has been
suggested that women [3] and trauma survivors could be at
risk for such complications [26]. In contrast, no relationship
was found in our study with the initial clinical, biological, and
radiological severity (NEWS score, hospitalization in inten-
sive care unit, mechanical ventilation, CRP level, CT score).
On the other hand, patients with memory/cognitive
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impairment and more numerous complaints were younger.
The relationship with age should be particularly noticed, es-
pecially because young people are supposed to develop a
more benign form of the disease, which does not seem to be
the case for these delayed/persistent functional complaints,
even if we cannot exclude a bias of recruitment.

Concering the brain PET hypometabolism, a significant as-
sociation was found with high blood pressure status treated by
ACE drugs (for the frontal cluster), with also a better metabolism
of this region in patients using nasal decongestant spray (for the
frontal cluster), and with a trend for a longer persistence of

@ Springer

symptoms (for the temporal cluster). These preliminary results
should be considered with caution given the small number of
patients (3 patients for the use of nasal spray, and 7 for ACE
drugs). The relationship with high blood pressure status could
suggest the involvement of ACE2 receptors in the neurotropism
of SARS-CoV-2, and especially for the possible gateway from
the olfactory bulb. For other CoVs, a propagation mechanism has
indeed been proposed across the lamina cribrosa of the ethmoid
bone, from the nose to the olfactory bulb, where ACE2 receptors,
which are targeted by the virus, are strongly expressed [7].
Beyond this, a trans-synaptic viral transfer has been previously
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demonstrated [7], with lesions possibly involving direct infection
injury, hypoxia, and immune injuries. In this line, a post-mortem
study confirmed the neurotropism of SARS-CoV-2, with mod-
erate to intense microglial activation [27]. On the other hand, the
better metabolism of the frontal cluster, including the olfactory
bulb, found in patients who had used nasal decongestant spray
could indeed argue for a direct process from the nose to the
olfactory bulb, even if this result is obtained in few patients.
Finally, the trend between PET hypometabolism and the duration
after the initial infection symptoms could suggest a relationship
with the clinical severity, linking a more severe clinical profile to
more PET hypometabolism, and longer duration of symptoms in
patients more severe hypometabolisms. This may alteratively
suggest a pejorative dynamic with a worsening of the PET
hypometabolism over time. We have also to notice the absence
of significant brain hypermetabolism, suggesting the absence of
brain inflammation at this step of the evaluation. Follow-up PET
studies are required to specify the correct relationship between
the PET abnormalities and the temporal sequence of functional
complaints, and especially earlier PET examinations to investi-
gate the hypothesis of brain hypometabolic dysfunction second-
ary to earlier hypermetabolic inflammation. We could also hy-
pothesize that this brain hypometabolic dysfunction at least partly
involves remote functional effects from focal olfactory lesion
through diaschisis and deafferentation [28-30].

Classification analysis finally shows that the brain PET
profile of hypometabolism could constitute a cerebral bio-
marker with high performance to discriminate affected pa-
tients with long COVID from healthy subjects. While a
prolonged SARS-CoV-2 syndrome could have major social-
economic and medical impacts, the possibility of
implementing an effective biomarker could be very useful to
confirm and follow-up functional brain involvement in these
patients and to evaluate the efficiency of new therapeutic strat-
egies such as medication or rehabilitation, to treat the possible
inflammatory olfactive gateway and stimulate this
hypofunctional brain network.

Limitations

The study is retrospective and monocentric, with a comprehen-
sive clinical evaluation including few missing data, comparing
patients to healthy subjects examined in the same PET depart-
ment. This data collection is, however, mostly qualitative and
without a dedicated quantitative scale for the functional com-
plaints. In this line, the confrontation of PET abnormalities ac-
cording to patients’ characteristics and functional complaints is
more exploratory, and has to be considered as a first preliminary
report on a very emergent topic. Bias of recruitment cannot be
excluded, especially to explain the relationships found with
younger patients and those with longer delay, and those obtained
in few subjects (3 patients for the use of nasal spray, and 7 for
ACE drugs). Moreover, brain MRI was not systematically pre-
scribed in the absence of encephalopathy/encephalitis or stroke
(these patients were excluded from the study), and normal brain
CT on hybrid PET. Finally, the impact of the drug treatment
strategy including the use of systemic corticosteroids cannot be
evaluated, since none of these patients was given such treatments
during this first phase of the pandemic. Additional studies with a
prospective multicentric design and larger samples are needed to
confirm our results, especially the relevance of the PET biomark-
er at the individual level with distinct training and test samples,
and to evaluate the correct impact of therapies such as local/
systemic corticosteroids. These further studies could also involve
brain MRI multimodal sequences to investigate the respective
contribution of lesions and dysfunctions. The follow-up of these
patients is finally required to confirm the functional nature and
reversibility of these PET metabolic abnormalities.

Conclusion

On the whole, this study demonstrates a profile of brain PET
hypometabolism in long COVID patients with biologically
confirmed SARS-CoV-2 infection and persistent functional
complaints more than 3 weeks after the initial infection

@ Springer
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symptoms, involving the olfactory gyrus and connected
limbic/paralimbic regions, extended to the brainstem and the
cerebellum. This hypometabolic profile had an individual rel-
evance to classify patients and healthy subjects, suggesting
value as a biomarker to identify and follow these patients.
The rationale for the affected brain substrate of these function-
al complaints is strengthened by the relationships found with
the hypometabolic clusters. Finally, the hypometabolism of
the frontal cluster, which included the olfactory gyrus, seems
to be linked to ACE drugs in patients with high blood pres-
sure, with also a better metabolism of this region in patients
using nasal decongestant spray, suggesting a possible role of
ACE receptors as an olfactory gateway for this neurotropism.

Funding The local PET database of healthy controls was funded by
APHM (NCT00484523).

Data availability The PET data that support the findings are available
from the corresponding author upon reasonable request.

Code availability Not applicable.

Declarations

Ethics approval and consent to participate The retrospective observa-
tions required no ethical approval requirement other than informed con-
sent. The local PET database of healthy controls was acquired in accor-
dance with the Declaration of Helsinki, with informed written consent
from the patients and approval from the “CPP Sud Méditerranée V”’ ethics
committee. Informed consent was obtained from all individual partici-
pants included in the study.

Consent for publication Not applicable.

Conflict of interest The authors declare no conflict of interest.

References

1. Mazza MG, De Lorenzo R, Conte C, Poletti S, Vai B, Bollettini I,
et al. Anxiety and depression in COVID-19 survivors: role of in-
flammatory and clinical predictors. Brain Behav Immun. 2020;89:
594-600. https://doi.org/10.1016/1.bbi.2020.07.037.

2. Khateb M, Bosak N, Muqary M. Coronaviruses and central nervous
system manifestations. Front Neurol. 2020;11:715. https://doi.org/
10.3389/fneur.2020.00715.

3. Liguori C, Pierantozzi M, Spanetta M, Sarmati L, Cesta N, lannetta
M, et al. Subjective neurological symptoms frequently occur in
patients with SARS-CoV2 infection. Brain Behav Immun.
2020;88:11-6. https://doi.org/10.1016/j.bbi.2020.05.037.

4. Meeting the challenge of long COVID. Nat Med. 2020;26:1803.
doi:https://doi.org/10.1038/s41591-020-01177-6.

5. The Lancet. Facing up to long COVID. Lancet. 2020;396:1861.
doi:https://doi.org/10.1016/S0140-6736(20)32662-3.

6. Serrano-Castro PJ, Estivill-Torras G, Cabezudo-Garcia P, Reyes-
Bueno JA, Ciano Petersen N, Aguilar-Castillo MJ, et al. Impact of
SARS-CoV-2 infection on neurodegenerative and neuropsychiatric
diseases: a delayed pandemic? Neurologia. 2020;35:245-51.
https://doi.org/10.1016/j.nr1.2020.04.002.

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Baig AM, Khaleeq A, Ali U, Syeda H. Evidence of the COVID-19
virus targeting the CNS: tissue distribution, host-virus interaction,
and proposed neurotropic mechanisms. ACS Chem Neurosci.
2020;11:995-8. https://doi.org/10.1021/acschemneuro.0c00122.
Guedj E, Million M, Dudouet P, Tissot-Dupont H, Bregeon F,
Cammilleri S, et al. 18F-FDG brain PET hypometabolism in post-
SARS-CoV-2 infection: substrate for persistent/delayed disorders?
Eur J Nucl Med Mol Imaging. 2020;30:1—4. https://doi.org/10.
1007/s00259-020-04973-x.

Guedj E, Verger A, Cammilleri S. PET imaging of COVID-19: the
target and the number. Eur J Nucl Med Mol Imaging. 2020;47:
1636-7. https://doi.org/10.1007/s00259-020-04820-z.

Morbelli S, Ekmekcioglu O, Barthel H, Albert NL, Boellaard R,
Cecchin D, et al. COVID-19 and the brain: impact on nuclear med-
icine in neurology. Eur J Nucl Med Mol Imaging. 2020;47:2487—
92. https://doi.org/10.1007/s00259-020-04965-x.

Liao X, Wang B, Kang Y. Novel coronavirus infection during the
2019-2020 epidemic: preparing intensive care units-the experience
in Sichuan Province, China. Intensive Care Med. 2020;46:357-60.
https://doi.org/10.1007/s00134-020-05954-2.

Landis BN, Leuchter I, San Millan Ruiz D, Lacroix JS, Landis T.
Transient hemiageusia in cerebrovascular lateral pontine lesions. J
Neurol Neurosurg Psychiatry. 2006;77:680-3. https://doi.org/10.
1136/jnnp.2005.086801.

Mainland JD, Johnson BN, Khan R, Ivry RB, Sobel N. Olfactory
impairments in patients with unilateral cerebellar lesions are selec-
tive to inputs from the contralesional nostril. J Neurosci. 2005;25:
6362-71. https://doi.org/10.1523/INEUROSCI.0920-05.2005.
Bodranghien F, Bastian A, Casali C, Hallett M, Louis ED, Manto
M, et al. Consensus paper: revisiting the symptoms and signs of
cerebellar syndrome. Cerebellum. 2016;15:369-91. https://doi.org/
10.1007/s12311-015-0687-3.

Marvel CL, Morgan OP, Kronemer SI. How the motor system
integrates with working memory. Neurosci Biobehav Rev.
2019;102:184-94. https://doi.org/10.1016/j.neubiorev.2019.04.
017.

Borsook D, Sava S, Becerra L. The pain imaging revolution: ad-
vancing pain into the 21st century. Neuroscientist. 2010;16:171—
85. https://doi.org/10.1177/1073858409349902.

Guedj E, Cammilleri S, Niboyet J, Dupont P, Vidal E, Dropinski JP,
et al. Clinical correlate of brain SPECT perfusion abnormalities in
fibromyalgia. J Nucl Med. 2008;49:1798-803. https://doi.org/10.
2967/jnumed.108.053264.

Canto CB, Onuki Y, Bruinsma B, van der Werf YD, De Zeeuw CL.
The sleeping cerebellum. Trends Neurosci. 2017;40:309-23.
https://doi.org/10.1016/j.tins.2017.03.001.

Torrico TJ, Abdijadid S. Neuroanatomy, Limbic System. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing;
2020.

Helms J, Kremer S, Merdji H, Clere-Jehl R, Schenck M,
Kummerlen C, et al. Neurologic features in severe SARS-CoV-2
infection. N Engl J Med. 2020;382:2268-70. https://doi.org/10.
1056/NEJMc2008597.

Grimaldi S, Lagarde S, Harle JR, Boucraut J, Guedj E.
Autoimmune encephalitis concomitant with SARS-CoV-2 infec-
tion: insight from 18 F-FDG PET Imaging and Neuronal
Autoantibodies. J Nucl Med. 2020;61(12):1726-9. https://doi.org/
10.2967/jnumed.120.249292.

Wu'Y, Xu X, Chen Z, Duan J, Hashimoto K, Yang L, et al. Nervous
system involvement after infection with COVID-19 and other
coronaviruses. Brain Behav Immun. 2020;87:18-22. https://doi.
org/10.1016/j.bbi.2020.03.031.

Rogers JP, Chesney E, Oliver D, Pollak TA, McGuire P, Fusar-Poli
P, et al. Psychiatric and neuropsychiatric presentations associated
with severe coronavirus infections: a systematic review and meta-
analysis with comparison to the COVID-19 pandemic. Lancet


https://doi.org/10.1016/j.bbi.2020.07.037
https://doi.org/10.3389/fneur.2020.00715
https://doi.org/10.3389/fneur.2020.00715
https://doi.org/10.1016/j.bbi.2020.05.037
https://doi.org/10.1038/s41591-020-01177-6
https://doi.org/10.1016/S0140-6736(20)32662-3
https://doi.org/10.1016/j.nrl.2020.04.002
https://doi.org/10.1021/acschemneuro.0c00122
https://doi.org/10.1007/s00259-020-04973-x
https://doi.org/10.1007/s00259-020-04973-x
https://doi.org/10.1007/s00259-020-04820-z
https://doi.org/10.1007/s00259-020-04965-x
https://doi.org/10.1007/s00134-020-05954-2
https://doi.org/10.1136/jnnp.2005.086801
https://doi.org/10.1136/jnnp.2005.086801
https://doi.org/10.1523/JNEUROSCI.0920-05.2005
https://doi.org/10.1007/s12311-015-0687-3
https://doi.org/10.1007/s12311-015-0687-3
https://doi.org/10.1016/j.neubiorev.2019.04.017
https://doi.org/10.1016/j.neubiorev.2019.04.017
https://doi.org/10.1177/1073858409349902
https://doi.org/10.2967/jnumed.108.053264
https://doi.org/10.2967/jnumed.108.053264
https://doi.org/10.1016/j.tins.2017.03.001
https://doi.org/10.1056/NEJMc2008597
https://doi.org/10.1056/NEJMc2008597
https://doi.org/10.2967/jnumed.120.249292
https://doi.org/10.2967/jnumed.120.249292
https://doi.org/10.1016/j.bbi.2020.03.031
https://doi.org/10.1016/j.bbi.2020.03.031

Eur J Nucl Med Mol Imaging

24.

25.

26.

27.

Psychiatry. 2020;7(7):611-27. https://doi.org/10.1016/S2215-
0366(20)30203-0.

Moldofsky H, Patcai J. Chronic widespread musculoskeletal pain,
fatigue, depression and disordered sleep in chronic post-SARS syn-
drome; a case-controlled study. BMC Neurol. 2011;11:37. https:/
doi.org/10.1186/1471-2377-11-37.

Troyer EA, Kohn JN, Hong S. Are we facing a crashing wave of
neuropsychiatric sequelae of COVID-19? Neuropsychiatric symp-
toms and potential immunologic mechanisms. Brain Behav Immun.
2020;87:34-9. https://doi.org/10.1016/j.bbi.2020.04.027.

Lahav Y. Psychological distress related to COVID-19 - the contri-
bution of continuous traumatic stress. J Affect Disord. 2020;277:
12316. https://doi.org/10.1016/j.jad.2020.07.141.

Hanley B, Naresh KN, Roufosse C, Nicholson AG, Weir J, Cooke
GS, et al. Histopathological findings and viral tropism in UK pa-
tients with severe fatal COVID-19: a post-mortem study. Lancet
Microbe. 2020;1:e245—e253. https://doi.org/10.1016/S2666-
5247(20)30115-4.

28.

29.

30.

Guedj E, Barrie M, Fuentes S, Chinot O, Mundler O. A case of
cerebello-thalamo-cortical diaschisis. Clin Nucl Med. 2008;33:
717-8. https://doi.org/10.1097/RLU.0b013e318184ba05.

Morbelli S, Drzezga A, Perneczky R, Frisoni GB, Caroli A, van
Berckel BN, et al. Resting metabolic connectivity in prodromal
Alzheimer’s disease. A European Alzheimer Disease Consortium
(EADC) project. Neurobiol Aging. 2012;33:2533—50. https://doi.
org/10.1016/j.neurobiolaging.2012.01.005.

Guedj E, Barbeau EJ, Didic M, Felician O, de Laforte C, Ranjeva
JP, et al. Effects of medial temporal lobe degeneration on brain
perfusion in amnestic MCI of AD type: deafferentation and func-
tional compensation? Eur J Nucl Med Mol Imaging. 2009;36:
1101-12. https://doi.org/10.1007/s00259-009-1060-x.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/S2215-0366(20)30203-0
https://doi.org/10.1016/S2215-0366(20)30203-0
https://doi.org/10.1186/1471-2377-11-37
https://doi.org/10.1186/1471-2377-11-37
https://doi.org/10.1016/j.bbi.2020.04.027
https://doi.org/10.1016/j.jad.2020.07.141
https://doi.org/10.1016/S2666-5247(20)30115-4
https://doi.org/10.1016/S2666-5247(20)30115-4
https://doi.org/10.1097/RLU.0b013e318184ba05
https://doi.org/10.1016/j.neurobiolaging.2012.01.005
https://doi.org/10.1016/j.neurobiolaging.2012.01.005
https://doi.org/10.1007/s00259-009-1060-x

	18F-FDG brain PET hypometabolism in patients with long COVID
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Subjects
	18F-FDG PET imaging and processing
	Statistical analyses

	Results
	Clinical characteristics of the patients with long COVID
	PET metabolic profile of patients with long COVID in comparison to healthy subjects
	Relationships between brain PET hypometabolisms and clinical characteristics

	Discussion
	Limitations
	Conclusion

	References


