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Abstract

Purpose The present study hypothesised that whole-body [18F]FDG-PET/CT might provide insight into the pathophysiology of
long COVID.

Methods We prospectively enrolled 13 adult long COVID patients who complained for at least one persistent symptom for
>30 days after infection recovery. A group of 26 melanoma patients with negative PET/CT matched for sex/age was used as
controls (2:1 control to case ratio). Qualitative and semi-quantitative analysis of whole-body images was performed. Fisher exact
and Mann-Whitney tests were applied to test differences between the two groups. Voxel-based analysis was performed to
compare brain metabolism in cases and controls. Cases were further grouped according to prevalent symptoms and analysed
accordingly.

Results In 4/13 long COVID patients, CT images showed lung abnormalities presenting mild [ 18F]FDG uptake. Many healthy
organs/parenchyma SUVs and SUV ratios significantly differed between the two groups (p <0.05). Long COVID patients
exhibited brain hypometabolism in the right parahippocampal gyrus and thalamus (uncorrected p <0.001 at voxel level).
Specific area(s) of hypometabolism characterised patients with persistent anosmia/ageusia, fatigue, and vascular uptake (uncor-
rected p < 0.005 at voxel level).

Conclusion [18F]FDG PET/CT acknowledged the multi-organ nature of long COVID, supporting the hypothesis of underlying
systemic inflammation. Whole-body images showed increased [ 18F]FDG uptake in several “target” and “non-target” tissues. We
found a typical pattern of brain hypometabolism associated with persistent complaints at the PET time, suggesting a different
temporal sequence for brain and whole-body inflammatory changes. This evidence underlined the potential value of whole-body
[18F]FDG PET in disclosing the pathophysiology of long COVID.

Keywords SARS-CoV-2 - [18F]FDG PET/CT - Infection - Inflammation - Long COVID - Brain hypometabolism - Chronic
COVID syndrome
Introduction

[18F]FDG positron emission tomography ([18F]FDG-
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inflammation. has achieved its fame for tumour imaging. Nonetheless, it is
currently authorised and widely used for many clinical con-
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hypermetabolism and hypometabolism have been recorded
during or early after SARS-CoV-2 infection [§—10].
Moreover, brain hypometabolism has been recently de-
scribed in limbic and paralimbic regions, brainstem, and
cerebellum in patients with persistent functional complaints
[11]. Pathophysiology of long COVID is still uncertain. In
some patients, viral RNA persists longer, being detectable
in the stools even when oropharyngeal swabs are negative
[12]. A multisystem inflammatory syndrome associated
with COVID-19 infection has been reported [13, 14], suggest-
ing that the virus could trigger an uncontrolled immune re-
sponse. Finally, injuries in the lung and other organs including
the brain, heart, and kidney have been described post-mortem
[15]. This evidence raises questions on the mechanism under-
lying the pathophysiology of persistent symptoms.
Experimental studies demonstrated that glucose transporter ex-
pression might be high in cells involved in infection and in-
flammation [16]. The capability of [18F]FDG of identifying
inflammation and infection foci seems to be related to the gly-
colytic activity of the cells involved in the inflammatory re-
sponse [16]. Differently to that observed in tumours, the affinity
of glucose transporters for deoxyglucose during inflammation
seems to be increased by cytokines and growth factors [17].
Moreover, the cellular stress produced from cell injury (meta-
bolic flare) may increase glucose consumption and, thus,
[18F]FDG uptake [16]. Therefore, [18F]FDG — highly sensi-
tive — is ideally suitable to investigate long COVID. Finally,
PET/CT benefits from hybrid whole-body assessment, safety,
and patients’ compliance. The present study hypothesised that
whole-body [18F]FDG-PET/CT might provide insight into the
pathophysiology of long COVID.

Methods
Study design and population

In this observational case-control study, we prospectively
screened all adult long COVID patients followed up in our
outpatient clinic, presenting at least one persistent symptom
for more than 30 days after infection recovery. Overall, 13 —
among the 15 patients invited to participate — were enrolled
after signing the informed consent (Supplementary
Table 1 s). [I18F]FDG-PET/CT was performed in all en-
rolled patients 98 =33 days after infection recovery (132
+31 days after diagnosis).

The Ethics Committee of the Humanitas Clinical and
Research Centre approved the study. A group of control was
selected from the Institutional database as follows: surgically
treated melanoma patients (stage [ =11, stage [1=9, and stage
III = 6) matched for age and sex, oncological negative whole-
body images (from the top of the head to feet) acquired — with
the same scanner — before September 2019, no oncological
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treatment except surgery, and no history of neurological
disorders. The limit date (i.e. August 31, 2019) to select
controls — settled based on the latest epidemiologic data
on the pandemic — aimed to avoid any potential bias.
Table 1 summarises the baseline characteristics of patients.

[18F]FDG PET/CT

PET/CT was performed according to the EANM/SNMMI
guidelines for [18F]FDG in inflammation and infection
[16]. Briefly, whole-body images (from the top of the head
to the feet) were acquired using the integrated GE
Discovery PET/CT 690 scanner (General Electric
Healthcare, Waukesha, WI, USA) about 60 min after the
[18F]FDG intravenous administration in fasting patients.
[18F]FDG-PET/CT in controls was acquired according to
good clinical practice [18] as whole-body images using the
same scanner.

Whole-body image analysis

Whole-body images were qualitatively and semi-
quantitatively analysed using a Xeleris™ workstation
(General Electric Healthcare, Waukesha, WI, USA) by an
experienced nuclear medicine physician (MS). The same pro-
tocol for visual assessment and semi-quantitative analysis was
applied in both cases and controls. Firstly, we visually
assessed image quality (e.g. artefacts, [I18F]FDG
biodistribution) as recommended by the EANM/SNMMI
guidelines for [18F]FDG in inflammation and infection [16].
After that, PET/CT was defined as negative or positive ac-
cording to the current guidelines [16] as previously detailed
[19]. Positive findings were described according to organs/
parenchyma and visually graded using a 3-point scale (mild,
moderate, and high), which referred to the physiological liver
uptake (lower, equal, or higher, respectively). Specific criteria
were used to assess vascular and bone marrow increased up-
take (i.e. positivity). The linear pattern of [18F]FDG uptake
scored as moderate in at least one vascular region other than
femoral arteries and was considered suggestive for vascular
uptake. Bone marrow uptake was considered present if evi-
dent in long bones (humerus and femora) at MIP. Maximum,
minimum, and mean standardised uptake values (SUV .y,
SUVinin, SUV hean) Were recorded for positive findings and
healthy organs and parenchyma. [18F]FDG uptake (i.e.
SUVnax) in healthy organs and parenchyma was corrected
using liver SUV ., and caval vein SUV .., as background
and the corresponding ratios were calculated. Semi-
quantitative parameters of healthy lung parenchyma
(SUV max> SUVuin) were recorded at a different level (upper,
middle, lower parenchyma), to assess the metabolic pattern
according to the anatomy. Semi-quantitative assessment of
vascular [18F]FDG uptake (total vascular score and target-
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Table 1 Baseline patients’ characteristics
Long COVID Melanoma
(n=13) (n=26)
Male sex (n) 8 16
Age (yr) 54 (46-80) 54 (46-80)
BMI status ()
Underweight 1 3
Normal 4 11
Overweight 5 9
Obesity 3 3
Co-morbidities ()
No 3 3
Diabetes 3 2
Blood hypertension 3 7
Autoimmune disease 1 1
Multinodular goitre 0 1
Others 4 5
Concomitant medications
None 14

Beta-blockers

Calcium antagonists
Sartans

ACE inhibitors

Thiazide diuretics

Oral anticoagulants
Antiplatelet drugs

Oral hypoglycaemic drugs
Steroids

Statins

Serotonin reuptake inhibitors
Anticonvulsant drugs
Benzodiazepines

Proton pump inhibitors
Xanthine oxidase inhibitors
Folate-analog metabolic inhibitors
Alpha-blockers

Vitamin D

Antiretroviral drugs
Adrenergic bronchodilators
Levothyroxine
Aminophylline
Magnesium

Unknown
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W ©O = = ©O O O O = O = O O O O O = W O = = = O ~

* . . . .
Included cardiovascular and metabolic/endocrine diseases

to-background ratio) was performed according to the current
guidelines [20] as previously detailed [19]. The CT compo-
nent of PET/CT images was examined and abnormalities re-
corded, regardless of [18F]FDG uptake.

Brain image analysis

Brain images were extracted from the whole-body [18F]FDG-
PET/CT as previously described [21, 22] and converted to
analyse format for pre-processing in SPM software
(Wellcome Department of Cognitive Neurology, London,
UK) [23].

Brain [18F]FDG-PET images were processed to affine and
nonlinear spatial normalisation into Talairach and Tournoux
space using SPMS. All the default choices of SPM were
followed except for spatial normalisation. The H2150 SPM-
default template was replaced by an optimised brain
[I8F]FDG-PET as described by Della Rosa et al. [24]. The
spatially normalised set of images were checked for each pa-
tient to exclude the presence of artefacts or non-perfect fits
introduced by SPM processing and were then smoothed with
an 8-mm isotropic Gaussian filter to blur individual variations
in gyral anatomy and to increase the signal-to-noise ratio.

Data collection

At the time of [18F]FDG PET/CT, long COVID was re-
assessed and confirmed in all cases. All patients complained
of a certain degree of limitations in daily living activities than
baseline (i.e. before COVID-19 infection). The following in-
formation was collected before [18F]FDG administration: de-
mographics (age, sex, weight, and height), SARS-CoV-2 in-
fection diagnosis and recovering dates, onset and persistent
symptoms, available laboratory tests and diagnostic examina-
tions, co-morbidities, and concomitant medications.

Demographics (age, sex, weight, and height), oncological
medical history, co-morbidities, and concomitant medications
were collected for controls.

Scan data (date of scan, blood glucose level before
[18F]FDG injection, [ 18F]FDG administered activity, and in-
terval time between injection and acquisition) was collected
for cases and controls.

Statistical analysis

The sample size, based on the sensitivity [25], estimated to 12
the number of patients to be recruited to have a 95% confi-
dence interval and 95% power. The population was increased
to 13 patients considering a 5% screening failure. To increase
the consistency of the analysis, we selected two controls for
each case using the criteria mentioned above. Frequency ta-
bles were used to summarise baseline patients’ characteristics
(i.e. at study entry). [ ISFJFDG-PET/CT positivity was used as
the primary endpoint.

Before any analysis to compare cases and controls, we
verified the comparability of technical PET/CT parameters
(glycaemia pre-PET, injected [ 18F]FDG activity, interval time
between [18F]FDG injection and scan). A contingency table
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was built sorting groups (cases and controls) according to the
outcome of interest. Quantitative variables normally distribut-
ed were summarised as mean + standard deviation. Non-
normal distributed variables were reported as median and
range. Fisher exact test and Mann-Whitney test were applied
to test the differences between the two groups (cases versus
controls). The Kruskal-Wallis test was used when comparing
more than two groups. Spearman’s rank correlation coeffi-
cient explored the association between the outcome of interest
and patients’ baseline characteristics. A p value <0.05 was
considered statistically significant. Stata 16.1 was used for
whole-body statistical analyses.

Patients’ brain metabolism was compared to controls using
two-sample t-test in SPM to assess the presence of regions of
hypo- or hypermetabolism. A height threshold p <0.001
(uncorrected) was considered significant. Only significant
cluster with a minimum size of 100 voxels was considered.
Long COVID patients were further subgrouped according to
prevalent clinical symptoms at disease onset or persistent at
the time of PET as well as based on visual whole-body PET
analysis. For both clinical symptoms and PET-based catego-
ries, only categories including at least one-third of cases were
used of subgroup analyses. The presence of each symptom at
disease onset and at the time of PET/CT was independently
considered. Given the exploratory nature of subgroups’ anal-
yses, a less conservative height uncorrected threshold
p <0.005 was accepted at voxel level. In the case of multiple
comparisons, the family-wise error correction was applied,
and a p value <0.05 was accepted, to balance type I and type
II errors [26].

Results

We did not found any difference between the long COVID
and melanoma groups in terms of pre-PET glycaemia (100 +
29 versus 98 £ 16 mg/dl), administered [18F]FDG activity
(366 +25 versus 354+ 18 MBq), and interval time between
[I8F]FDG injection and images (66 + 10 versus 63 £ 6 min).

Whole-body images
We observed normal [18F]FDG biodistribution in all patients.

Whole-body images resulted negative (i.e. no areas of increased
uptake outside the expected area of tracer accumulation) in 1/13

long COVID patients and 3/26 controls, respectively. Vascular
binary pattern and diffuse bone marrow [18F]FDG uptake in
long bones leapt out in long COVID patients (Fig. 1), but their
prevalence did not differ compared to melanoma patients.
Table 2 shows the results of visual analysis tabulated according
to the anatomical site. Specifically, in long COVID patients,
PET/CT showed mild to moderate [ 18F]FDG uptake in vessels
(61%) and bone marrow (46%). Large joint [I8FJFDG uptake
was observed in 11/13 cases. In four out of 13 long COVID
patients, CT images demonstrated bilateral lung abnormalities
— as typically observed in recovered COVID-19 pneumonia —
presenting mild [18F]FDG uptake (SUV . =1.52, range
0.85-1.79, Fig. 1). Patients with persistent bilateral lung abnor-
malities were the four who received oxygen (96 + 30 days from
infection recovery to PET/CT). Intense [18F]FDG uptake was
found in both thyroidal lobes (right > left) of one patient.
Moderate [18F]FDG uptake in salivary glands was observed
in one case. Two patients presented moderate/high [18F][FDG
uptake in the lung, mediastinal lymph nodes, soft tissue, and
breast related to their co-morbidities. Diffuse unspecific
[18F]FDG uptake was observed in the gastrointestinal tract
and muscles (54% and 10%, respectively). Results of visual
analysis in long COVID patients are detailed in Table 3.

In the control group, [18F]FDG uptake was observed in
joints, vessels, and bone marrow of 73%, 46%, and 27% of
patients (Fig. 2), respectively. Other findings included soft-
tissue post-surgical inflammation (8%) and uterine myoma
(8%). One patient presented a large liver cyst. Diffuse unspe-
cific [I8F]FDG uptake was observed in the gastrointestinal
tract and muscles (92% and 15%, respectively). Table 4 sum-
marises PET/CT visual analysis in controls.

The 7-region total vascular score did not differ in the two
groups (7 +2 versus 7+ 2), resulting in a similar number of
involved regions.

SUVs and ratios referring to healthy organs/parenchyma
were higher in long COVID than controls in 54% of calculated
SUVs. In 45% of computed SUVs, healthy organs/
parenchyma parameters were higher in controls than in long
COVID patients. In the remaining 1% of analysed SUVs,
SUVs in healthy organs/parenchyma were identical in the
two groups. Among all semi-quantitative PET parameters col-
lected as absolute values, brain SUV,,,,, bone marrow
SUV ax, lung parenchyma SUV ..., adrenal SUV ., and in-
ferior caval vein SUV .., differed between cases and controls
(Supplementary Table 2 s). Liver SUV,,,,x was comparable in

Table 2 Visual analysis
comparison (long COVID versus

controls)

Common site of [18F]FDG uptake Odds ratio 95% confidence interval P value
Bone marrow 043 0.11-1.73 0.29
Large joints 0.49 0.08-2.80 0.68
Vessels 0.54 0.14-2.08 0.50
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Table 3 Results of visual analysis in long COVID

ID Long COVID

[18F]FDG PET/CT uptake

Persisting symptoms* Time between Drugs for Post- Bone Vascular, Joints Other sites (s) of uptake
COVID-19 recovery  long pneumonia marrow  TVS
and PET/CT (days) = COVID lung
abnormalities
1 Dyspnoea, fatigue 61 No No Moderate No, 7 Mild Thyroid
2 Anosmia, ageusia, 54 No No Mild Yes, 6 No No
fatigue, dyspnoea,
chest pain,
tachycardia
3 Headache, dyspnoea No No No Yes, 9 Mild No
4  Fatigue 58 No Mild No Yes, 8 Mild No
5 Anosmia, ageusia, 103 No No No No, 5 Mild No
dyspnoea, trembling
hands
6 Fatigue 104 Paracetamol No Moderate Yes, 7 Intense  No
7  Fatigue 98 No Mild No Yes, 9 Moderate Salivary glands
8  Dyspnoea 149 No No No No, 4 No No
9  Dyspnoea, fatigue, 71 No No No No, 6 Mild Right breast, right benign
tachycardia, joint pain lung nodule, uterus, the
soft tissue of the left leg
10 Dyspnoea, fatigue, joint 96 No Mild Mild No, 2 Intense  No
pain, polyneuropathy
11 Ageusia, anosmia, 131 Prednisone, No No Yes, 8 Intense Bilateral benign lung
fatigue enoxaparin nodules, mediastinal
lymph nodes
12 Dyspnoea, anosmia, 132 Rivaroxaban Mild Mild Yes, 11 Mild No
ageusia
13 Joint pain, dyspnoea 142 No No Mild Yes, 7 Mild No

! Symptoms reported at the time of PET/CT scan
TVS total vascular score

the two groups (SUV .« =2.88, range 2-3.45 in long
COVID; SUVax =3.05, range 1.79-4.15, in controls).
When healthy organ and parenchyma SUVs were normal-
ised using the liver SUV ., as background, the following
ratios were significantly diverse in the two groups: bone
marrow/liver, brain/liver, colon/liver, adrenal/liver,
lung/liver, oesophagus/liver, carotid artery/liver, and
stomach/liver (Supplementary Table 2 s). When healthy
organ and parenchyma SUVs were normalised using the
caval vein SUV .., as background, the following ratios
were higher in the long COVID group than in controls:
lung/caval vein, thoracic vertebra/caval vein, lumbar
vertebra/caval vein, bone marrow/caval vein, heart/caval
vein, liver/caval vein, spleen/caval vein, small intestine/
caval vein, pancreas/caval vein, kidney/caval vein,
prostate/caval vein, muscle/caval vein, bladder/caval vein,
skin/caval vein, thyroid/caval vein, parotid/caval vein, and
ethmoidal region/caval vein (Supplementary Table 2 s).
The 24-vascular region target-to-background ratios — cal-
culated using the caval vein SUV ., as background — were

significantly higher in the long COVID group than in mel-
anoma patients (Supplementary Table 2 s).

We did not find any correlation between long COVID pa-
tients’ baseline characteristics, duration or type of symptoms,
laboratory tests, and PET/CT findings except in patients who
required oxygen during the acute phase of infection. The in-
creased lung [18]FDG uptake in healthy parenchyma was not
evident in qualitative analysis, and we did not find any differ-
ence in patients with or without residual CT abnormalities
(p=0.414). According to anatomy, semi-quantitative param-
eters showed a trend from upper to lower lung regions without
any significant difference (Fig. 3).

Brain images
Long COVID patients did not exhibit brain regions of relative
hypermetabolism when compared to controls.

Conversely, long COVID patients presented a relative
hypometabolism in the right parahippocampal gyrus
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Fig. 1 [18F]FDG-PET/CT
images in two long COVID
patients with persistent fatigue.
MIP image (a) of patient 6 shows
moderate [18F]FDG uptake in
joints and vessels as confirmed by
coronal PET view (red arrows in
b. Axial PET (c) and fused PET/
CT (d) images show lung
abnormalities characterised by
mild [18F]FDG uptake (red
arrow). MIP image (e) of patient 7
shows high to moderate
[18F]FDG uptake in joints, bone
marrow, and salivary glands.

Patient7

Patient6

(Brodmann areas 30 and 36) and right thalamus compared to
melanoma patients (uncorrected p < 0.001).

A significant hypometabolism characterised patients with
persistent anosmia/ageusia in the parahippocampal gyri
(Brodmann areas 27 and 36) and orbitofrontal cortex (gyrus
rectus, BA 11) on both hemispheres (uncorrected p < 0.005).
The same regions of hypometabolism (although restricted
to the right hemisphere) were also highlighted in the sub-
group of patients showing mild-to-moderate vascular

[18F]FDG uptake (p <0.005). Patients with persistent fa-
tigue exhibited a relative hypometabolism in the right
parahippocampal gyrus (Brodmann area 30), the brainstem
(substantia nigra), and the thalamus of both hemispheres
(uncorrected p < 0.005).

No significant differences were observed to controls when
patients were grouped based on symptoms present at disease
onset or based on [18]FDG uptake in the lung, vascular area,
bone marrow, and joints.

Table 4 Results of visual analysis
in controls

[18]FDG uptake location Melanoma patients
Total vascular score ~ Total vascular score  Total vascular score
0-7 (n) 814 (n) 15-21 (n)

Vessels (n=12) 6 6 0
Mild (n) Moderate (1) Intense (n)

Bone marrow (n=7) 6 1 0

Joints (n=19) 14 2 3

Other sites of uptake (n=4)

Soft-tissue post-surgical inflammation 0 1 1

Uterine myoma

1 0 1
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a

Fig. 2 [18F]FDG-PET/CT images in a female melanoma patient (control
group). MIP image (a) shows mild to moderate [I18F]FDG uptake in
joints, vessels, and bone marrow as confirmed by coronal PET view
(red arrows in b).

Clusters of significant hypometabolism in the whole group
of long COVID patients and subgroups analyses are reported
in Fig. 3. Details on coordinates and z-score are reported in
Supplementary Table 3 s (Fig. 4).

Discussion

Our findings confirmed long COVID as a multi-organ disease.
Although we did not find a typical visual PET/CT pattern
suggestive for long COVID, semi-quantitative and voxel-
based brain analysis supported the recent hypothesis on
SAR-CoV-2 infection and provided new insights on the path-
ophysiology of long COVID. Many healthy organs and pa-
renchyma showed a higher [18F]FDG in long COVID pa-
tients than in controls. These findings suggested a diffuse
inflammation involving “target” and “non-target” organs and
parenchyma. Notably, whereas the liver SUV,,,,, was similar
in the two groups, the caval vein SUV ., was lower in long

COVID patients than in controls, possibly overestimating
groups’ differences. However, a reduced caval vein
SUV ean (i.e. blood pool) could result from a lower
[18F]FDG availability (the higher the inflammation, the
higher the [18F]FDG tissues uptake and the lower the circu-
lating [18F]FDG). The lack of renal function data and lean
body mass prevented the chance to explore other causes for
differences in caval vein SUV .., and verify our speculation.

On the other hand, the liver has listed among the COVID-
19 target organs [15, 27]. Therefore, it might be injured — thus
making [ 18F]FDG uptake unreliable — finally underestimating
target-to-background significance.

Of note, while relative hypermetabolism, due to a multi-
system inflammatory syndrome, was evident in some organs,
when we analysed brain metabolism, we conversely demon-
strated regions of hypometabolism only (namely in the limbic
system, orbitofrontal cortex, and brainstem). These findings
are topographically and pathophysiologically sound. Limbic
and orbitofrontal hypometabolism was previously reported in
patients presenting with anosmia during COVID-19 infection
[28]. More recently, hypometabolism in bilateral rectal/orbital
gyrus, amygdala, hippocampus, brainstem, and bilateral cere-
bellum has been reported in long COVID [11]. Our findings
confirmed the topography of functional brain impairment in
long COVID, demonstrating the association with persistent
symptoms at the PET time, as in autoimmune encephalitis
[29]. Some of the hypermetabolic brain areas described during
the COVID-19 infection exhibited hypometabolism in long
COVID [9-11]. This mismatch suggested a neuronal/
synaptic dysfunction, which occurred after inflammatory
changes triggered by SARS-CoV-2 infection, possibly
representing a substrate for long-term sequelae. Moreover,
the association of regions of hypometabolism in patients with
persistent increased vascular uptake supported the hypothesis
of a different temporal sequence for brain and whole-body
inflammatory changes in the course of the disease [30]. This
evidence further underlined the potential value of whole-body
[18F]FDG PET in disclosing the pathophysiology of long
COVID.

We found a higher [18F]FDG background in lungs, sug-
gesting a diffuse parenchymal inflammation, as reported early
after COVID-19 recovery [31]. Interestingly, this finding was
not related to COVID-19 pneumonia outcome, comparable in
patients with or without persistent CT lung abnormalities.
However, a mismatch between molecular and morphological
findings has been frequently described in infection and in-
flammation, including MERS-CoV animal models [32]. In
long COVID, the diffuse lung parenchymal inflammation
could be related to COVID-19-induced coagulopathy [33,
34] or the alveolar volume loss damage.

Long COVID patients exhibited a diffuse homogenous
bone marrow [ 18F]FDG uptake, as typically observed in some
conditions such as after chemotherapy, during prolonged
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Fig. 3 Box-and-whisker plot of the right and left lung semi-quantitative parameters expressed as absolute SUV,y,,, parameter (a), lung SUV,,/liver
SUV nax (b), and lung SUV ,,./caval vein SUV ., (¢) ratios in the group of long COVID

anaemia, or bacteremia [35-37]. Notably, none of our patients
suffered from prolonged anaemia. Bone marrow myeloid hy-
perplasia has been described post-mortem in COVID-19 pa-
tients [15]. Moreover, a high bone marrow [18F]FDG uptake
over a long time has been reported in MERS-CoV animal
model [32]. Additionally, preclinical data showed that
[18F]FDG uptake in lymphoid tissue predicted outcome
in some viral infections [32, 38]. Although we did not ob-
serve any correlation between bone marrow uptake and
baseline patients’ characteristics, our patients — even if
COVID-19 survivors — should be considered having an
unfavourable outcome, experiencing long-lasting (more
than 3 months) symptoms after infection recovery. An even
worse prognosis in case of bone marrow uptake cannot be a
priori ruled out.

Vascular uptake was comparable in the two groups.
However, as mentioned above, the liver (i.e. the reference
organ to visually score the degree of vascular uptake) could
be — as suggested by recent evidence [31] — still inflamed in
long COVID, potentially affecting final results. On the other
hand, the semi-quantitative analysis showed a statistically sig-
nificant difference between cases and controls when blood
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pool (i.e. caval vein SUV ,..,) was used as background.
Vasculitis and vasculopathy have been recently invoked in
COVID-19 pathophysiology [33, 34]. An increasing number
of cases of COVID-19-related multisystem inflammatory syn-
drome have been reported in childhood (PIMS-TS) [13] and
adults (MIS-A) [14, 39]. PIMS-TS generally occurs in recov-
ered children and adolescents, suggesting a trigger by the
virus’s immune response, as reported for other coronaviruses
and Kawasaki disease [13].

SARS-CoV-2 infection activating the immune response
could determine a multisystem inflammatory syndrome, ulti-
mately presenting as long COVID.

Left adrenal uptake was lower in cases than in controls.
This datum could be interesting since adrenal insufficiency
may occur after an infection (e.g. tuberculosis), and several
complications and disorders — including hypocortisolism —
have been diagnosed in SARS survivors [40]. Nonetheless,
the unavailability of lab tests or typical signs prevented any
further speculation.

In the control group, a mild increased [18F]FDG uptake
was observed in joints, vessels, and bone marrow of a high
percentage of patients, suggesting its association with ageing-
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Fig. 4 Brain ['FJFDG PET analysis. Regions of hypometabolism
compared to controls in the 13 long COVID patients (a) and subgroups
of patients showing persistence of anosmia (b), fatigue (c), or mild-to-

related inflammation [41]. Persisting symptoms in our popu-
lation included dyspnoea (69%), fatigue (62%), ageusia/
anosmia (31%), joint pain (23%), tachycardia (15%), and
others (31%). Conversely, fatigue seems the most frequent,
according to the literature [4, 42]. These findings just proved
that long COVID is characterised by a wide spectrum of
symptoms typically observed in — systemic — infectious
diseases.

A recent prospective report described a risk profile of de-
veloping long COVID, which included middle-aged obese
females who experienced more than five symptoms during
the first week of infection [42]. Our population did not fit this

moderate vessel [18F]FDG uptake (d). Regions of significant difference
are colour-graded in terms of Z values. Talairach coordinates and further
details are available in Table 3 of the supplementary materials

description, since it consisted of a majority of man (61% ver-
sus 39%) with less than six symptoms during the first week of
infection (85% versus 15%). Nonetheless, age (59 + 13 years)
and BMI (>27.5) corresponded to those accounted for out-
come predictors.

Limitations

Although SUV,,,,, is commonly used in daily practice, its
reliability as an absolute value is hampered by some short-
comings. The target-to-background ratio is an easy method
to normalise SUV ., and cope with its inherent defects.
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Nonetheless, also the target-to-background ratio might fail,
being influenced by some factors. On the other hand, quanti-
fication allows comparison and increases intra- and inter-
observer consistency.

Albeit 13 patients are not many, this study was prospec-
tively designed, and an “ad hoc” sample size calculation was
performed. However, long COVID patients varied the severity
of infection, treatments, persistent symptoms, and duration.
Furthermore, missing data hampered the correlation between
hyperinflammation, prognostic factors, and PET/CT findings.
However, patients were infected during the first pandemic
wave (February—April 2020), when data about the pathophys-
iology of SARS-CoV-2 infection were limited, and patients’
management was inconsistent being mainly related to the lo-
gistic of caregivers. All patients complained of a large spec-
trum of symptoms, variable in terms of association and sever-
ity, limiting daily living activities compared to baseline.
Nonetheless, our patients were prospectively enrolled and rep-
resentative for “real-world” data. Moreover, to obtain robust
results, we designed a case-control study selecting two con-
trols — matched for age and sex — for each case. To limit
confounding factor controls, we chose as negative oncologic
patients followed in our Institution, without a known history
of neurological disorders, acquired on the same scanner and
with the same modality/protocol. Patients’ recovery from oth-
er viral infection would have been of greater value as the
control group.

Conclusions

Our results will impact on the management of long COVID.
[18F]FDG PET/CT acknowledged the multi-organ nature of
long COVID, supporting the hypothesis of underlying systemic
inflammation. Whole-body images showed increased
[18F]FDG uptake in several “target” and “non-target” tissues,
with a typical pattern of brain hypometabolism. Brain
hypometabolism was associated with persistent complaints at
the PET time rather than with symptoms prevalent during active
infection. This finding confirmed [18F]FDG PET/CT’s capa-
bility to capture and closely correlate with ongoing clinical
symptoms, suggesting a different temporal sequence for brain
and whole-body inflammatory changes.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00259-021-05294-3.
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