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Abstract

Purpose Several weeks after COVID-19 infection, some children report the persistence or recurrence of functional com-
plaints. This clinical presentation has been referred as “long COVID” in the adult population, and an ['®F]-FDG brain PET
hypometabolic pattern has recently been suggested as a biomarker. Herein, we present a retrospective analysis of 7 paediatric
patients with suspected long COVID who were explored by ['®F]-FDG brain PET exam. Metabolic brain findings were con-
fronted to those obtained in adult patients with long COVID, in comparison to their respective age-matched control groups.
Methods Review of clinical examination and whole-brain voxel-based analysis of ['8F]-FDG PET metabolism of the 7
children in comparison to 21 paediatric controls, 35 adult patients with long COVID and 44 healthy adult subjects.

Results Despite lower initial severity at the acute stage of the infection, paediatric patients demonstrated on average 5 months
later a similar brain hypometabolic pattern as that found in adult long COVID patients, involving bilateral medial temporal
lobes, brainstem and cerebellum (p-voxel < 0.001, p-cluster < 0.05 FWE-corrected), and also the right olfactory gyrus after
small volume correction (p-voxel =0.010 FWE-corrected), with partial PET recovery in two children at follow-up.
Conclusion These results provide arguments in favour of possible long COVID in children, with a similar functional brain
involvement to those found in adults, regardless of age and initial severity.
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Introduction delayed functional complaints beyond 3—4 weeks after the

onset of the disease in the absence of obvious morphological

Neurological manifestations of COVID-19 have been largely
described [1, 2]. In addition to those subjects usually identi-
fied by conventional explorations, others report persistent or
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lesions [3—6]. This last group of patients with long COVID
mostly includes younger subjects with mild to moderate
initial presentation [7]. Current recommendations specify
that a positive biological confirmation of SARS-CoV-2 is
not required to identify these patients [8§—10]. Indeed, many
of these patients with mild to moderate, or even asympto-
matic, initial presentation have not been tested by RT-PCR
at the acute stage, or at least not at the time of high viral
load excretion, and cases with negative serology have also
been described, especially those involving younger patients
[11-14]. In this context, we previously identified a brain
PET hypometabolism in adult patients with long COVID,
involving the olfactory bulb, and the brain network con-
nected to this region, in particular the limbic temporal lobe,
the brainstem and the cerebellum [15-17]. This brain hypo-
metabolism had value to discriminate individual patients
from healthy subjects, with more severe hypometabolism
found in patients with more numerous complaints.
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While long COVID is currently being recognized by
the medical community [4, 5, 8-10], the paediatric forms
are still debated. However, if long COVID mostly affects
younger patients with few initial symptoms [16], the occur-
rence of such presentations in paediatric patients should be
investigated. Such presentations could indeed have signifi-
cant healthcare and social implications, especially because
children are particularly exposed to the virus and consti-
tute a significant portion of the unvaccinated population.
In this line, two published case series from Sweden and
Latvia first described long COVID in few children [18,
19]. More recently, an Australian study reported post-acute
COVID-19 symptoms in 8% of 151 children followed more
than 3 months after having been tested positive for SARS-
CoV-2 [20]. An Italian study also reported that more than
50% of a cohort of 129 children had residual symptoms at
follow-up 4 months after the initial diagnosis [21]. And
in a study from the UK [22], 4.4% of 1,734 children who
were positively tested for SARS-CoV2 experienced illness
duration > 28 days.

Here, we present the clinical description of 7 paediatric
cases with symptoms suggesting long COVID, who were
explored with brain ['®F]-FDG PET, with also two follow-up
exams. The pattern of hypometabolism, obtained in com-
parison to 21 paediatric controls, was confronted to those
previously reported between adult patients with long COVID
and adult healthy subjects [16].

Methods
Subjects

Seven consecutive paediatric patients with symptoms sug-
gesting a long COVID, who were explored by ['*F]-FDG
brain PET, were retrospectively included in our centre at
Timone Hospital, Marseille, France, from August 20, 2020,
to November 17, 2020. The clinical criteria of inclusion
were the following: children under 18 years old, with an
history compatible with SARS-CoV-2 infection, having had
a medical evaluation 4 weeks or more after initial symptoms
for functional complaints (persistent or recurrent fatigue,
fever, chills, anorexia, weight loss, bulimia, dyspnoea,
cough, headache, chest pain, musculoskeletal pain, diar-
rhoea, haematuria, dysmenorrhea, skin rash, dysautono-
mia such as palpitations and vagal hypotension, hyposmia/
anosmia, dysgeusia/ageusia, cognitive impairment such as
memory difficulties and concentration difficulties, hyper-
somnia, insomnia, stress, depression, visual impairments,
decreases in scholastic achievement and limitation of extra-
curricular activities). During this inclusion period of less
than 3 months, and given the weak data then available in
the literature on long COVID, the aetiology of such clinical
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presentations was considered particularly uncertain. The
PET exam was performed to investigate differential diag-
nosis, and particularly in some of these children, possible
encephalitis whose paediatric presentation can be atypical
[23]. No other PET exam was performed in this context
from November 17, 2020, to the submission of the present
article (except the control of two of the 7 children there-
after presented). Of note, our centre is a paediatric hospi-
tal with strong experience of brain ['®F]-FDG PET in this
population.

Confirmed SARS-CoV-2 infection was defined by a posi-
tive biological result established by RT-PCR at the time of
initial symptoms or by serology (ELISA or immune assay).
Probable SARS-CoV-2 infection was defined by clinical
features during the pandemic period (one or several of the
following: fever, cough, dyspnoea, chest pain, pneumoniae,
asthenia, headache, rhinitis, pharyngitis, muscular pain,
diarrhoea, abdominal pain, hyposmia/anosmia, dysgeusia/
ageusia). Contact with a confirmed case was searched for
these patients.

We collected the clinical and paraclinical variables from
the electronic patient record system (DPI aXigate®): age;
sex; history of contact with a proven COVID-19 case before
symptoms; day 0 of SARS-CoV-2 infection as defined by
initial symptom onset; details of initial symptoms; initial
level of C-reactive protein; initial clinical general status,
described as asymptomatic, mild, moderate or severe accord-
ing to Dong et al. [24] and using NEWS score [16]; initial
CT lung severity score (using 2 grades: normal/minimal vs.
intermediate/severe involvement); co-infection; SARS-CoV2
RT-PCR; SARS-CoV2 serology; initial treatment (antibiot-
ics, other); long-course treatment before acute COVID-19;
possible differential diagnosis; and functional complaints
more than 4 weeks after acute COVID-19.

At comparative purpose, we selected age-matched con-
trol patients with functional symptoms (n=21; mean age
12.7yrs +2.2) scanned under identical conditions from our
database, in whom visual interpretation was normal and
somatic cerebral diseases thereafter excluded at the follow-
up. PET findings obtained between these two paediatric
groups (long COVID and controls) were compared to those
previously reported in adult long COVID and healthy sub-
jects of our previous article [16].

This data collection in adult and paediatric patients was
retrospective, requiring no ethical approval after written
inquiry and response from our institutional board (registra-
tion of the response on the following reference: PADS20-
296). The patients and their parents or legal representatives
received information and were not opposed to the use of
their anonymized medical data in accordance with French
and European regulations. This study respects the GPDR
(General Data Protection Regulation) requirements.



European Journal of Nuclear Medicine and Molecular Imaging (2022) 49:913-920 915

Data in adult healthy subjects correspond to a previ-
ous interventional study registered in ClinicalTrials.gov
with the following reference NCT00484523, and ethically
approved by CPP Sud Mediterranée on the following refer-
ence 2007-A00180-53.

['®F]-FDG PET imaging and processing

['®F]-FDG brain PET scans were acquired in the same centre
in subjects fasted for at least 4 h with a controlled, normal
glycaemia level, using an integrated PET/CT General Elec-
tric camera (Waukesha, WI), after intravenous administra-
tion of 111 MBq per 15-min acquisition at 30-min post-
injection. Images were reconstructed on a 192 X 192 matrix
using the ordered subsets expectation—-maximization algo-
rithm and corrected for attenuation using a CT transmission
scan.

The SPMS software (Wellcome Department of Cognitive
Neurology, University College, London, UK) was used to
proceed whole-brain voxel-based analysis. The four groups
of subjects were implemented in a same ANOVA statistical
model, with age and sex as nuisance covariables. In detail,
the PET images were spatially normalized using the Mon-
treal Neurological Institute (MNI) atlas. The dimensions of
the resulting voxels were 2 X2 x2 mm. The images were
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. Proportional scal-
ing was performed to give the same global metabolic value
to each PET examination. The SPM(T) PET maps were
obtained at a height threshold (voxel-level significance)
of p<0.001, with a correction for multiple comparison at
cluster-level using the family-wise error (FWE) rate for a
p-cluster < 0.05. The whole-brain statistical comparison
was first performed between paediatric patients with long
COVID and paediatric controls, to search hypo- or hyper-
metabolism in patients. In case of no significant findings
at this whole-brain correction level for one or more of the
four regions previously identified as hypometabolic in adult
patients with long Covid (olfactory gyrus, medial temporal
lobe, brainstem, cerebellum), this approach was completed
by a small volume correction on regions-of-interest defined
on AAL atlas [25] (p-voxel < 0.05 FWE-corrected). Finally,
the comparison was done at whole-brain voxel-based level
between the four groups of subjects to identify regions which
were possibly more hypometabolic in adult patients than
in paediatric patients with long COVID (in comparison to
their respective controls groups) and those which were more
hypometabolic in paediatric patients than in adult patients
with long COVID (1 -1-11and-11 1 -1 contrasts, consid-
ering the four groups on the following order: children with
long COVID, paediatric controls, adults with long COVID,
healthy adult subjects).

Results

Characteristics of the paediatric patients with long
coviD

At the acute stage

Between February 25, 2020, and October 10, 2020, 11,074
patients under 16 years old were biologically tested for
COVID-19 in our hospital (with 661 positive tests). Among
them, 7 afterwards reported persistent symptoms and were
explored by ['®F]-FDG PET.

The characteristics of the 7 children are detailed at
group-level in Table 1 and at individual-level in Supple-
mentary Table 1. The mean and median age was 12 years old
(10-13 years), with 6 girls and one boy. All had initial symp-
toms compatible with COVID-19, 6 during the first wave of
the pandemic in France between February and March 2020
and the last one during the second wave in October 2020.
They presented moderate initial presentation with a NEWS
score of 1, except for one child with a score of O (child #7).
Of note, the mean and median NEWS score of the group of
35 adult patients with long COVID also indicated a low-risk
grading (score of 4), but was significantly more pejorative
in adults than in children (p <0.001, 7 test). The main com-
mon symptoms of the 7 children were fever, muscular pain,
asthenia, rhinitis, hyposmia/anosmia and dysgeusia/ageusia.

Biological confirmation of SARS-CoV-2 infection was
available for 3 of the 7 children. SARS-CoV-2 RT-PCR was
positive in one of the 5 patients for whom the test was per-
formed. SARS-CoV-2 serology was positive for 2 of the 6
tested children, in one child with a negative RT-PCR and
in another without RT-PCR testing. For 4 of the 7 children
without biological confirmation, the initial symptoms were
highly suggestive of COVID-19, and 3/4 had contact with a
biologically demonstrated case.

Three children were treated with antibiotics (2 with
azithromycin and 1 with clindamycin). One received sys-
temic corticosteroids.

At the long COVID stage

The 7 children had persistent symptoms for more than
4 weeks following the initial acute COVID-19 symptoms,
without symptom-free interval. The main reported symp-
toms were fatigue and cognitive impairment such as memory
and concentration difficulties.

Three of the 7 children had a brain MRI, with non-
specific FLAIR hypersignal of right caudate nucleus in
child #3, and no abnormalities in child #4 and #7. EEG
was controlled in child #2 and was normal. Concerning
child #2, anti-self-DNA antibodies were found during
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Table 1 Acute phase COVID-19 and long Covid symptoms

Table 1 (continued)

Characteristics of children with long COVID symptoms

Characteristics of children with long COVID symptoms

N
Sex
Age in year: Mean [Min, Max]
Acute COVID-19 clinical and paraclinical symptoms
Fever
Cough
Dyspnoea
Chest pain
Pneumoniae
Asthenia
Headache
Rhinitis
Pharyngitis
Muscular pain
Diarrhoea
Abdominal pain
Hyposmia/anosmia
Dysgeusia/ageusia
High level of CRP
CT lung abnormalities
NEWS score: Median [Min, Max]
Contact with previous proven COVID-19 case
SARS-CoV-2 infection confirmation
Positive SARS-CoV-2 RT-PCR
Positive SARS-CoV-2 serology
Initial treatment
Hydroxychloroquine
Antibiotics (Clindamycine, Azythromycine)
Systemic corticosteroids
Nasal decongestant
Long COVID symptoms
Fatigue
Fever/Hyperthermia
Chilliness
Anorexia
Significative weight loss
Bulimia
Dyspnoea
Cough
Musculoskeletal pain
Headache
Diarrhoea
Skin rash

Dysautonomic symptoms (palpitations and Vagal
malaise)

Visual impairment
Hyposmia/anosmia
Dysgeusia/ageusia
Cognitive impairment

Hypersomnia

7
6 gitls
12 [10-13]

6/7
317
3/7
077
077
51
3/7
517
1/7
6/7
2117
1/7
517
51
0/3
0/1
110, 1]
3/7
3/7
1/5
2/6

1/7
3/7
3/7
5/7
4717
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Insomnia 1/7
Stressed felling 3/7
Depression 3/7
Decrease of scholar implication 3/7
Limitation of extrascholar activities 3/7

the explorations, but there was not sufficient evidence to
diagnose an autoimmune disease. Cytomegalovirus co-
infection and positive serology (both IgM and IgG) were
found in child #7.

The mean and median delay between initial symptoms
and the PET exam was 5 months (1-8 months). Child #4
and child #7 received a second PET exam on the follow-
up, respectively, at 12 and 6 months after the acute phase,
while clinical presentation was partially improved for child
#4 and unchanged for child #7. PET imaging were partially
improved for both, especially for the brainstem (Fig. 1).

['®F]-FDG brain PET findings

Figure 1 presents a selection of individual ['®*F]-FDG brain
PET slices of each of the 7 children and the PET follow-up
for children #4 and #7. An example of normal PET exam is
also added from one child of 10 years old of the paediatric
control group.

In comparison to paediatric controls, children with long
COVID exhibited hypometabolism in bilateral medial lobes
(amygdala, uncus, parahippocampal gyrus), the pons and
cerebellum (p-voxel <0.001, p-cluster < 0.05 FWE-cor-
rected; Fig. 2 and Table 2). Hypometabolism of the right
olfactory gyrus was also confirmed using small volume
correction on anatomical region-of-interest from AAL atlas
(p-voxel =0.010 FWE-corrected), and with a trend for the
left olfactory gyrus (p-voxel =0.058 FWE-corrected). No
significant hypermetabolism was found in paediatric patients
in comparison to controls.

No statistical difference was found between hypometabo-
lism of paediatric patients with long COVID (obtained in
comparison to paediatric controls) and those of adult patients
with long COVID (obtained in comparison to healthy sub-
jects) using two-sided contrasts (no more hypometabolism
in adults or in children; p-voxel < 0.001, p-cluster < 0.05
FWE-corrected).
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Fig. 1 Individual ['*F]-FDG
PET of each of the seven chil-
dren patients (P1 to P7), includ-
ing the follow-up of two of them
(P4b and P7b). An example of
normal PET metabolism in a
child of 10 years old is also
presented (C). Hypometabolism
is found in olfactory regions

for children #1,3,4,5,6; in
temporal regions for children
#1,3,4,5,6,7; in the brainstem
for children #1,3,4,5,6,7; in the
cerebellum for all children. At
follow-up, the brain metabolism
was improved at least for the
brainstem

Fig.2 Brain ['®F]-FDG PET hypometabolism in paediatric patients rected), and also in the right olfactory gyrus after small volume cor-

with long COVID. In comparison to paediatric controls, children rection (p-voxel=0.010 FWE-corrected; not shown in these slices).
with long COVID exhibited hypometabolism in bilateral medial lobes, Findings are presented in axial MR slices (the left hemisphere is on
the pons and cerebellum (p-voxel <0.001, p-cluster <0.05 FWE-cor- the left side, anatomical convention)

Table2 Main ['®F]-FDG PET

L S Cluster Voxel Talairach coordinates Localization

hypometabolism in paediatric

patients with long COVID k T-score X y z

in comparison to paediatric

controls (p-voxel <0.001, 8,835 5.11 32 1 -20 Right Uncus

p-cluster <0.05 FWE 4.83 —-28 -15 -21 Left Parahippocampal Gyrus

corrected), including age and 4.58 —28  —47  —40  Left Cerebellar Tonsil

sex in the statistical model .
4.56 14 —48 —-28 Right Cerebellum
4.45 -8 -29 -31 Pons
4.32 -24 -3 —18 Left Amygdala
4.29 -14 —66 -39 Left Inferior Semi-Lunar Cerebellar Lobule
4.25 28 -28 -15 Right Parahippocampal Gyrus
4.18 18 —-64 -39 Right Inferior Semi-Lunar Cerebellar Lobule
4.13 24 =35 -34 Right Cerebellar Tonsil

The k-value represents the number of voxels inside a particular cluster. Talairach coordinates are
expressed in mm. BA: Brodmann Area
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Discussion

This case series presents 7 children with persistent func-
tional complaints after proven or suspected SARS-CoV-2
infection from a single centre with evidence of a PET
hypometabolism pattern similar to that previously found
in adults with long COVID, involving the olfactory gyrus
and medial temporal lobes extending to the pons and cer-
ebellum [16]. These findings provide arguments in favour
of possible long COVID in children, with a common func-
tional brain involvement among subjects regardless of age,
and initial severity at the acute stage (lower in our series in
the 7 children than in the 35 adult patients). The number
of 7 children with such presentation has to be considered
relative to the number of children with a positive diagnosis
of SARS-CoV-2 in our institution during the same global
period (n=661).

Evidence of long COVID in children and adolescents
remains scarce in the literature. Some studies have sug-
gested a presentation similar to that reported in adults,
with persistent and recurrent functional complaints. In a
published case series, Ludvigson et al. [18] reported five
Swedish children (median age of 12 years, range 9-15,
four girls and one boy) with long COVID symptoms
6—8 months after initial suspected COVID-19 infection
diagnosed by their physician. However, none of these
patients had recent positive SARS-CoV-2 tests (PCR or
serology). Smane et al. [19] described 9/30 Latvian chil-
dren of the same centre suffering from persistent symp-
toms, whereas their PCR had become negative, after a
confirmed SARS-CoV-2 infection with mild to moderate
illness, similar in initial severity than those we report in
this case series. On the other hand, Say et al. [20] reported
post-acute COVID-19 symptoms in 12/151 Australian
children more than 3 months after having been tested posi-
tive for SARS-CoV-2 (median age of 2 years, range 1-7,
five girls, seven boys). Moreover, Buonsenso et al. [21]
described preliminary evidence of long COVID in 68/129
Italian children, 120 days after they were diagnosed with
confirmed SARS-CoV-2 infection. Finally, Molteni et al.
[22] reported the results of a comparative study from the
UK. Of the 1,734 children tested positive for SARS-CoV2,
4.4% experienced illness duration > 28 days after the acute
symptoms. These findings were significatively more fre-
quent in older children (12-17 years old) than in younger
ones (5-11 years old), 5.1 vs. 3.1%, and more frequent
than in the negative-tested cohort (0.9% of 1,734 children
matched for age, gender, and week of testing).

Our study is the first to identify brain PET hypometabo-
lism in children suspected of having long COVID. Further
studies will be needed to determine whether this pattern
could be used as a biomarker to help with the positive or
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differential diagnosis of severe or atypical forms of long
COVID, especially in children, in whom acute COVID-
19 diagnosis is more difficult and often not biologically
proven [11-14]. It could also be useful during the follow-
up to evaluate recovery, as suggested in children #4 and
#7 of our series.

Several hypotheses have been proposed and still inves-
tigated to explain long COVID. These include, but are not
limited to, inflammatory or viral neurotropism [1, 3, 26-29]
from persistent sites of infection, particularly from the olfac-
tory pathways [30-33], dysimmune reaction [34], vascular
abnormalities, disturbances of gut-brain relationships [35]
and possible interactions with psychological factors.

This case-series is limited by the number of children that
are reported, as previous few published studies in paedi-
atric long COVID. The biological confirmation of initial
COVID-19 infection is directly established in only 3 of the
7 children, and constitutes an obvious limitation of our case
series, but as previously mentioned, current recommenda-
tions specify that this confirmation is not required to identify
patients with long COVID [8-10]. The absence of healthy
paediatric subjects is another limitation. This healthy group
is nevertheless difficult to establish, from an ethical point
of view, and findings were obtained in comparison to age-
matched control patients scanned under identical conditions,
in whom visual interpretation was normal. We also con-
sider that this comparison to a group of patients presenting
symptoms without somatic brain disease is complementary
to our previous reports carried out in comparison to healthy
subjects [15, 16], highlighting the relevance of the brain
substrate found in PET in these patients with long COVID
against possible psychological explanations. Moreover, pre-
vious statistical reports using the same statistical paramet-
ric mapping approach have demonstrated that children over
6 years of age appear to display the same pattern of glucose
utilization as adults, with spatial normalization of brain PET
of adult template also possible without significant artefacts
[36]. Further studies will be finally needed to specify the
longitudinal sequence of brain metabolic abnormalities [29].

Conclusion

These results provide arguments supporting the possibility
of long COVID in children, with functional brain metabo-
lism patterns similar to those found in adult patients, regard-
less of age and initial severity of the infection. Further stud-
ies are needed to improve the understanding of this new
clinical entity, especially its exact pathophysiology, the pos-
sible recovery on follow-up, and the overall epidemiology,
including the genuine frequency of such presentation in the
paediatric population.
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