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Abstract

Purpose The study aimed to investigate imaging abnormalities associated with post-acute COVID-19 using F-18 FDG PET/
CT and PET/ rsfMRI brain.

Methods We retrospectively recruited 13 patients with post-acute COVID-19. The post-acute COVID-19 symptoms and
neuropsychiatric tests were performed before F-18 FDG PET/CT whole body with PET/rsfMRI brain. Qualitative and semi-
quantitative analyses were also conducted in both whole body and brain images.

Results Among the 13 patients, 8 (61.5%) had myositis, followed by 8 (61.5%) with vasculitis (mainly in the thoracic aorta),
and 7 (53.8%) with lung abnormalities.. Interestingly, one patient with a very high serum RBD IgG antibody demonstrated
diffuse myositis throughout the body which potentially associated with immune-mediated myositis. One patient experienced
psoriasis exacerbation with autoimmune-mediated after COVID-19. Most patients had multiple areas of abnormal brain
connectivity involving the frontal and parieto-temporo-occipital lobes, as well as the thalamus.

Conclusion The whole body F-18 FDG PET can be a potential tool to assess inflammatory process and support the hyperin-
flammatory etiology, mainly for lesions in skeletal muscle, vascular wall, and lung, as well as, multiple brain abnormalities
in post-acute COVID-19. Nonetheless, further studies are recommended to confirm the results.

Keywords Post-acute COVID-19 - Long COVID-19 - Inflammation - F-18 FDG PET - Fluorodeoxyglucose - Resting-state
functional MRI

Introduction of SARS-CoV-2 symptoms, e.g., fatigue, muscular weak-

ness, dyspnea, sleep disturbance, cognitive disturbance

Coronavirus disease 2019 (COVID-19) caused by severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
was declared as a pandemic disease by the World Health
Organization in March 2020 [1]. Post-acute COVID-19
refers to a group of various abnormal symptoms in multiple
organs that persist for more than 28 days after the first onset
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(brain fog), headaches, palpitation, chest pain, thromboem-
bolism [2]. Between 32 and 87% of patients with COVID-19
experienced at least one symptom of post-acute COVID-
19 [2-10]. The etiology of post-acute COVID-19 remains
unclear. Recently, some study raised the hypothesis includ-
ing hyperinflammation caused by autoantibodies and persis-
tent SARS-CoV-2 virus in the body [11].

F-18 fluorodeoxyglucose (FDG) is a glucose analog used
for positron emission tomography (PET), with the degree
of FDG uptake related to cellular metabolic rate and num-
ber of glucose transporter. Inflammatory process increases
inflammatory cytokines and activates inflammatory cells for
high level of glucose transporter expression [12]. Thus, F-18
FDG PET can detect such inflammatory process throughout
the body. Additionally, brain parenchyma mainly uses glu-
cose metabolism for neuronal function, so the alteraltion
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in glucose metabolism also reflects synaptic dysfunctions
within the brain [13, 14]. According to the hypothesis of
inflammatory etiology of post-acute COVID-19, F-18 FDG
PET might be helpful for evaluating abnormalities of the
whole body and brain. Nonetheless, only few studies using
the whole body F-18 FDG PET/CT in patients with post-
acute COVID-19 reported abnormalities mainly in multiple
areas, such as lung, bone marrow, vascular wall, and joints
compared with healthy control groups [15, 16]. Whereas,
some of those studies of brain abnormalities in post-acute
COVID-19 patients yielded hypometabolism in multiple
brain parenchyma areas, including frontal, parietal, tem-
poral, thalamus, cerebellar vermis, and brain stem [14, 15,
17-19]. From our review, F-18 FDG PET study might be a
potential tool to detect abnormality in the whole body and
brain in post-acute COVID-19 patients. However, studies
of F-18 FDG PET for evaluation in post-acute COVID-19
patients are still limited. This study aimed to investigate
imaging abnormalities associated with post-acute COVID-
19 using F-18 FDG PET/CT and PET/resting state func-
tional MRI brain.

Materials and Methods
Study Design

This retrospective study was conducted between August
2021 and September 2021. All patients with a history of
COVID-19 (confirmed by reverse transcriptase-polymerase
chain reaction for SARS-CoV-2) with persistent abnormal
symptoms more than 28 days after the first onset of SARS-
CoV-2 symptoms, e.g., post viral fatigue, cognitive impair-
ment, shortness of breath, were requested PET study by a
clinician. Patients younger than 20 years old, patients with
disabilities, those with a history of cancer, and pregnant or
lactating women were excluded from this study. The study
was approved by the Human Research Ethics Committee
of Chulabhorn Research Institute. However, the informed
consent of patient was waived due to our retrospective
design. Baseline patient data were collected including age,
sex, body mass index (BMI), history of SARS-CoV-2 vac-
cination, the severity of COVID-19, symptoms of post-acute
COVID-19, serum anti-receptor binding domain (RBD) IgG
antibody, and the time interval between the first detection
of SARS-CoV-2 and F-18 FDG PET study. The severity
of COVID-19 was classified as follow: asymptomatic/mild
illness, positive SARS-CoV-2 test with no or mild symp-
toms (e.g., fever cough, or change in taste or smell) without
dyspnea; moderate, clinical, or chest film evidence of lower
respiratory tract disease with oxygen saturation more than
94%; severe, oxygen saturation less than 94%, a respiratory
rate more than 30 breaths/min, or lung infiltration more than
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50%; and critical, evidence of respiratory failure, shock, or
multiorgan dysfunction [20]. Test for post-acute COVID-19
and the following neuropsychiatric tests were administered
before F-18 FDG PET imaging: Newcastle Post-COVID
Syndrome Follow-up Screening Questionnaire, the Mini-
Mental State Examination (MMSE), the Montreal Cognitive
Assessment (MoCA), and the Hospital Anxiety and Depres-
sion Scale (HADS).

F-18 FDG PET/CT Whole Body

F-18 FDG PET data were obtained after intravenous injec-
tion of 2.59 MBq/kg of F-18 FDG. Whole body PET/CT was
performed on a 64-slice Siemens/Biograph Vision Scanner
(Siemens Healthcare GmbH) about 90 min after radiotracer
injection. CT imaging was performed from vertex to toe for
attenuation correction and structural images. A three-dimen-
sional (3D) emission scan of the same area was acquired
with continuous bed motion over 17 min. The reconstruc-
tion parameters for attenuation correction were as follows:
ultra-HD PET (point spread function + time of flight) with
two iterations and five subsets, image size 440 x 440, all-pass
filters, zoom factor of 1. PET data were used to be recon-
structed into whole body static images.

F-18 FDG PET/Resting-State Functional MRI Brain
(rsfMRI Brain)

F-18 FDG PET/rstMRI brain imaging data were acquired
about 40-50 min after injection (before F-18 FDG PET/CT
study). Data were acquired using PET-MRI 3 Tesla (Sie-
mens Healthcare GmbH, Erlangen, Germany) with single
bed PET dynamic list-mode acquisition simultaneously with
MRI acquisition using molecular head and neck coil (cor-
rected attenuation correction coil). The DIXON high-resolu-
tion brain sequence with a voxel size of 1.3 X 1.3 2.0 mm,
TE=1.28/2.51 ms, TR =4.14 ms, and five compartment seg-
mentations (air, water, lung adaptive, bone) postprocessing
method was applied for magnetic resonance-based attenu-
ation correction (MRAC). MRI sequences included sagit-
tal high-resolution three-dimensional T1-weighted images
with weighted multiplanar gradient recall (T1-3D MPREG),
axial diffusion weight image (DWI) with b0 and b1000, axial
T2-weighted-fluid-attenuated inversion recovery (FLAIR)
with fat suppression, coronal T2-weighted imaging, axial
susceptibility-weighted image (SWI), resting-state func-
tional MRI, diffusion tensor image (DTI), and axial T1
MPREG. PET data were reconstructed using the following
parameters: ordered subset expectation maximization plus
point spread function (OSEM + PSF of HD-PET) with six
iterations and 21 subsets, matrix size=512%x512, zoom=2,
and all-pass filter.
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Image Analysis

F-18 FDG PET/CT Whole Body Analysis

Visual Analysis F-18 FDG whole body analysis was inter-
preted by two experienced nuclear medicine physicians
using Syngovia Dicom viewer software (Siemens Health-
ineers, Munich, Germany). Any abnormal focus of increased
F-18 FDG uptake that was not associated with physiologic
uptake was considered as a positive lesion. For vascular
lesion, visual grading score was used as follow: 0 =no
uptake (< mediastinum), 1 =Ilow-grade uptake (<liver),
2 =intermediate-grade uptake (=liver), 3 =high-grade
uptake (> liver). A score of 2 or more was considered to
represent vasculitis [21].

Semiquantitative Analysis The maximal standardized
uptake value (SUVmax) in each lesion was achieved using
the volume of interest (VOI) drawn by nuclear medicine phy-
sicians in areas with highest radiotracer activity. The VOI
in each lesion was adjusted manually to avoid a false posi-
tive from normal physiologic uptake. The background mean
SUV, using automated AI from Syngovia Dicon Viewer
software with VOI size 3 cm in diameter, was acquired at
liver parenchyma, inferior vena cava (IVC), and jugular vein.
Several 2D-axial ROIs were drawn on the jugular vein and
IVC (eight ROI per each background) for obtaining aver-
age SUVmean in each venous background [22]. Target-to-
background ratio (TBR) was calculated compared with each
background regions.

F-18 FDG PET/rsfMRI Brain Analysis During F-18 FDG PET
brain analysis, brain images were displayed in orthogonal
planes. Visual assessments were interpreted by two experi-
enced nuclear medicine physicians using Syngovia Dicom
Viewer software. Any abnormal decreased FDG uptake
within the brain parenchyma was considered a positive
lesion.

For rsfMRI, data were processed using a connectomic
diagram analysis from Infinitome (Omniscient Neuro-
technology, Sydney, Australia). The axial T1 3D MPREG
high-resolution anatomical data coupled with DTI images
were analyzed for highly accurate brain parcellation. Sub-
sequently, a brain connectivity matrix was generated by
comparison of each patient’s functional connectivity to that
of 300 healthy control DTI and rsfMRI datasets. Finally,
the functional connectivity diagram was rendered into a 3D
image; structural and functional abnormalities were ana-
lyzed within specific brain regions according to metabolic
imaging.

Statistical Analysis

Qualitative variables were reported as number and per-
centage. Normally distributed quantitative variables were
reported as means + standard deviations (SD), and non-
normally distributed quantitative variables were reported as
median and interquartile ranges (IQR).

Results
Patient Characteristics

A total of 13 patients were enrolled in this study (six men
and seven women) with a median (IQR) age was 47 (42-54)
years, and median (IQR) BMI was 21.1 (20-27.7) kg/mz.
Six patients (46.15%) had not received any SARS-CoV-2
vaccines. Nine patients (69.2%) had mild COVID-19, two
patients (15.4%) had moderate COVID-19, and two patients
(15.4%) had severe COVID-19. Among the seven patients
who had received SARS-CoV-2 vaccines, six had mild
COVID-19 and one had severe COVID-19. Among six
patients who had not received any SARS-CoV-2 vaccines,
three had mild COVID-19, two had moderate COVID-19,
and one had severe COVID-19.

The three most common symptoms of post-acute COVID-
19 were fatigue/myalgia (11 patients, 84.6%), sleep distur-
bance (8 patients, 61.5%), and cough/shortness of breath (7
patients, 53.8%). Neurocognitive and neuropsychiatric tests
showed that six patients (46.1%) had mild cognitive impair-
ment (MCI), four (30.7%) had anxiety, and four (30.7%) had
depression. Only 11 patients had recent serum anti-receptor
binding domain (RBD) IgG antibody data with median
(IQR) time between from first onset SARS-CoV-2 symptom
and antibody testing of 30 (28-33.5) days. Three patients
had very high serum anti-receptor binding domain (RBD)
IgG antibody titer of more than 1000 U/mL; however, two
had a history of recent SARS-CoV-2 vaccination. The F-18
FDG PET was performed at a median time of 32 days (range:
28-91 days) after the first detection of SARS-CoV-2. In
two patients, F-18 FDG PET was performed approximately
3 months after first detection of SARS-CoV-2 (Table 1).

Whole Body F-18 FDG PET/CT

Whole body analysis revealed F-18 FDG uptake in the
lymph nodes (12 patients, 92.3%), skeletal muscle (8
patients, 61.5%), vascular wall (8 patients, 61.5%), lung (7
patients, 53.8%), spleen (2 patients, 15.4%), bone marrow (1
patient, 7.7%), thyroid (1 patient, 7.7%), soft tissue at chin
(1 patient, 7.7%), and skin (1 patient, 7.7%) (Table 2). Dur-
ing quantitative analysis, the mean and standard deviation

of background SUV_ ., of the liver, inferior vena cava, and
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Table 1 Baseline characteristic of patients with post-acute COVID-19

Case Age (year) Sex BMI Comorbidity SARS-CoV-2 COVID-19 Post-acute Time between Anti-RBD IgG
vaccine severity COVID-19 date of PCR antibody (BAU/
symptoms SARS-CoV-2 mL)

detected and
antibody testing
(day)

1 54 F 21 GD in euthyroid 1% ChAdOx-2 Mild - Severe general- 14 11,035
state ized myalgia
- Sleep distur-
bance

2 54 M 249 HTN 1% ChAdOx-2 Mild - Sensorineural 30 27
DLP hearing loss at
left ear
- Chronic hoarse-
ness
- Sleep distur-
bance

3 66 F 229 HIN None Mild - Myalgia 32 171
DLP - Dyspnea

- Dysgeusia

- Weight loss

- Sympathetic
overactivity

- MCI (MoCA
21)

- Bacterial pneu-
monia on the
14" day*

4 46 F 281 DM 1" BBIBP-CorV  Severe - Fatigue and N/A N/A
HTN weakness
CKD - Cough and

dyspnea

- Myocarditis
with heart
failure

- Palpitation

- Negative mood

- Sleep distur-
bance

- Weight loss

- MCI (MoCA
20)

- Mild anxiety
(HADS 10)

- Bacterial pneu-
monia on the
36™ day*

5 42 F 21.1 Asthma 2% Coronavac Mild - Brain fog N/A N/A

- Fatigue

- Dyspnea

- Negative mood

- Nightmare &
sleep distur-
bance

- Weight loss

- Moderate
depression
(HADS 14)

- Moderate anxi-
ety (HADS 14)
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Table 1 (continued)

Case Age (year) Sex BMI Comorbidity

SARS-CoV-2
vaccine

COVID-19
severity

Post-acute Time between

COVID-19 date of PCR

symptoms SARS-CoV-2
detected and
antibody testing
(day)

Anti-RBD IgG
antibody (BAU/
mL)

10 62

F 20.0 None

M 17.1 None

F 18.6 None

M 277 DM
HTN

M 158 HIN
DLP

1" BBIBP-CorV

None

None

None

None

Mild

Mild

Mild

Moderate

Severe

- Cough and 14
dyspnea

- Fatigue and
myalgia

- Anosmia

- Dysgeusia

- Sleep distur-
bance

- Dyspnea 29

- Fatigue and
myalgia

- Tension head-
ache

- MCI (MoCA
20)

- Cough 30

- Sleep distur-
bance

- Negative mood

- Binge eating
syndrome
with excessive
weight gain

- Fatigue 27

- Proximal mus-
cle weakness

- Palpitations

- Negative mood

- Weight loss

- Dysosmia

- Dysgeusia

- MCI (MoCA
20)

- Mild depression
(HADS 10)

- Mild anxiety
(HADS 8)

- Fatigue and 32
myalgia

- Cough

- Palpitation

- Sleep distur-
bance

- Weight loss

- MCI (MoCA
19)

178.5

26.26

104.5

303.7
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Table 1 (continued)

SARS-CoV-2
vaccine

Case Age (year) Sex BMI Comorbidity

COVID-19
severity

Time between
date of PCR
SARS-CoV-2
detected and
antibody testing
(day)

Post-acute
COVID-19
symptoms

Anti-RBD IgG
antibody (BAU/
mL)

11 47 32 DM

HTN
SLE (inactive)

None

2" ChAdOx-2
(after COVID-
19)

12 36 21.1 HTN

2" ChAdOx-2
(after COVID-
19)

13 54 M  28.6 Psoriasis

DM
Gout

Moderate - Fatigue and 35 260
myalgia

- Palpitation

- Negative mood

- Axonal poly-
neuropathy

- Attention
deficit

- Mild depression

(HADS 7)

- Fatigue

- Palpitation

- Decreased
appetite

- Sleep distur-
bance and
nightmare

- Negative mood

- Moderate anxi-
ety (HADS 12)

- Mild depression
(HADS 10)

- MCI (MoCA
20)

- Fatigue

- Weakness

- Telogen efflu-
vium

- Psoriasis exac-
erbation

Mild 84
(17 days after 2™
SARS-CoV-2

vaccination)

1,720

Mild 91
(13 days after 2™
SARS-CoV-2

vaccination)

5,484

N/A

not available, GD in RMGraves’ disease in remission, HTN hypertension, DLP dyslipidemia, CKD chronic kidney disease, SLE systemic

lupus erythematosus, MCI mild cognitive impairment, MoCA Montreal Cognitive Assessment, HADSHospital Anxiety and Depression Scale,

BAU binding antibody unit
*Complication after COVID ™!

jugular vein were 2.25+0.51, 1.38 +0.26, and 1.29+0.29,
respectively. The median and IQR of SUV . and TBR for
all background regions are shown in Table 3. Among eight
patients with skeletal muscle uptake, we observed non-spe-
cific patterns of F-18 FDG uptake (Fig. 1a-b). However,
one patient with markedly high serum anti-receptor bind-
ing domain (RBD) IgG antibody had diffuse increased F-18
FDG skeletal muscle uptake throughout the body (Fig. 1a).
Among eight patients with vascular uptake, increased F-18
FDG uptake was commonly found at the thoracic aorta (six
of eight patients, Fig. 2a—c) although one patient had dif-
fused vascular uptake (Figs. 1c and 2a). Two patients with
history of bacterial pneumonia showed intense F-18 FDG
uptake in the lung parenchyma, adjacent lymph nodes,
spleen, and bone marrow (Fig. 1d). One patient had psoria-
sis exacerbation following COVID-19 and F-18 FDG PET
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showed multiple areas of skin uptake compatible with wors-
ening skin lesion (Fig. le).

F-18 FDG PET/rsfMRI Brain

Brain analysis could not be performed for one patient
because of medical condition. Most patients had various
neurological symptoms including fatigue/myalgia, negative
mood, depression, anxiety, MCI, and loss of taste and smell.
F-18 FDG PET showed multiple areas of hypometabolism
in the parietal lobe (11 patients, 91.7%), temporal lobe (11
patients, 91.7%), frontal lobe (5 patients, 41.7%), occipi-
tal lobe (5 patients, 41.7%), and thalamus (1 patient, 8.3%)
(Fig. 3a). rsfMRI could not be performed in one patient
because of a metallic artifact. The rsfMRI results showed
abnormal brain connectivity which is concordant with F-18
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Table 2 F-18 FDG PET/CT and PET/rsfMRI brain imaging findings in patients with post-acute COVID-19

Case Time between first
detected SARS-CoV-2

F-18 FDG PET/CT

F-18 FDG PET/rsfMRI
brain

and F18-FDG PET (day) Lung Lymphnodes Muscle Vascular wall  Other
30 No  Yes Yes (diffused) Yes No Right parietal
30 Yes Yes No Yes (diffused) No Left temporal
32 Yes* Yes No Yes Spleen Bilateral medial frontal,
bilateral parieto-temporal
4 36 Yes*  Yes Yes Yes Spleen, bone marrow N/A**
(diffused), and right
thyroid nodule
5 44 Yes  Yes No No Soft tissue at chin Bilateral parieto-temporal,
bilateral thalamus
6 31 No  Yes No Yes No Bilateral parieto-temporo-
occipital
7 32 No Yes Yes Yes No Bilateral medial frontal,
bilateral parieto-tem-
poro-occipital
8 31 No Yes Yes No No Bilateral medial frontal,
bilateral parieto-tem-
poro-occipital
9 28 Yes No Yes No No Bilateral parieto-temporal
10 33 Yes  Yes Yes Yes No Bilateral frontal, bilateral
parieto-temporo-occipital
11 36 Yes  Yes No No No Bilateral frontal, bilateral
parieto-temporo-occipital
12 85 No  Yes Yes Yes No Bilateral parieto-temporal
13 91 No Yes Yes No Skin Bilateral medial frontal,

bilateral parieto-tem-
poro-occipital

*Bacterial pneumonia after COVID™°

**Brain study cannot be acquired due to patient condition

Table 3 Quantitative results of F-18 FDG PET/CT in patients with post-acute COVID-19

An n n Median (IQR)

(case) (lesion)

SUV nax TBRyjyer TBR ;a1 TBR;ygular

Muscle 8 25 3.06 (2.24-4.49) 1.68 (1.2-2.62) 2.37 (1.84-3.62) 2.96 (2.08-4.04)
Vascular wall 8 16 3.42 (2.93-3.79) 1.32 (1.15-1.57) 1.99 (1.81-2.41) 2.05 (1.80-2.80)
Lymph node 12 21 4.55 (3.40-7.55) 1.93 (1.52-2.99) 2.90 (2.36-5.13) 3.58 (2.67-5.89)
Lung 7 8 4.45 (2.33-10.05) 1.65 (1.08-4.77) 3.06 (1.79-7.04) 2.99 (1.85-8.79)
Spleen 2 2 5.08 (5.06-5.09) 1.86 (1.82-1.91) 3.03 (2.98-3.08) 3.46 (3.21-3.72)
Skin 1 6 2.16 (1.95-2.39) 0.86 (0.78-0.95) 1.37 (1.23-1.51) 1.44 (1.30-1.59)
Bone marrow 1 1 6.97 2.42 3.98 4.03
Thyroid 1 1 17.14 5.95 9.79 9.97
Soft tissue at chin 1 1 10.05 4.21 7.34 6.57
SUVmaxmaximal standardized uptake value, TBRtarget—to—background ratio
FDG PET results (Fig. 3b—c). One patient had sensorineu- Discussion

ral hearing loss of the left ear, and F-18 FDG PET showed
hypometabolism of the left temporal region (Fig. 4a—c) as
well as abnormality in the same region shown on the rsfMRI

result:

s (Fig. 4d—e).

In this retrospective study, we found increased F-18 FDG
uptake in multiple organs of patients with post-acute
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Fig. 1 Maximal intensity pro-
jection F-18 FDG PET images
of patients with post-acute
COVID-19. (a) Case 1: diffuse
hypermetabolism of the skeletal
muscle throughout the body
(arrow). (b) Case 7: multiple
hypermetabolism at respiratory
muscle (arrow) and quadratus
lumbrolum muscle (dot arrow)
with hypermetabolic node at
right hilar region (arrow head).
(c) Case 2: diffuse hyperme-
tabolism along the vascular wall
throughout the body. (d) Case
4 with bacterial pneumonia:
focal hypermetabolism along
the vascular walls of bilat-

eral popliteal vessels (arrow)
with focal hypermetabolism

in the right lung (arrowhead)
and diffuse bone marrow and
splenic uptake. (e) Case 13
with psoriasis exacerbation:
multiple hypermetabolic skin
lesions (arrow). Abbreviation:
FDG fluorodeoxyglucose, PET
positron emission tomography,
COVID-19 coronavirus disease
2019
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Fig.2 Coronal F-18 FDG PET images in patients with post-acute »
COVID-19. (a—c) Diffuse hypermetabolism was observed along the
vascular wall of the thoracic aorta (dot arrows) with hypermetabolism
at the bilateral carotid arteries (arrows). Abbreviation: FDG fluorode-
oxyglucose, PET positron emission tomography, COVID-19 corona-
virus disease 2019

COVID-19, reflecting inflammatory processes. Our results
agree with those of Sollini et al. [15] and support multi-
ple organ involvement in post-acute COVID-19. Skeletal
muscle uptake of F-18 FDG was observed up to 61.5% of
patients, although the extent of muscle involvement dur-
ing SARS-CoV-2 infection remains unclear. Some studies
have proposed hematogenous spreading and direct inva-
sion of skeletal muscle by SARS-CoV-2, while others have
suggested that muscle involvement occurs secondary to
inflammatory responses from cytokine storms and activa-
tion of immune cells [23]. A post-mortem case—control
study of severe COVID-19 found that patients had signs
of myositis ranging from mild to severe despite low or
negative viral loads, supporting the hypothesis of immune-
mediated myopathy [24]. In our study, one patient had
very serum anti-receptor binding domain (RBD) IgG anti-
body titer (11,035 U/mL) and showed diffuse increased
F-18 FDG uptake in the skeletal muscle throughout the
body (Fig. 1a). Thus, there may be an association between
myositis and serum anti-receptor binding domain (RBD)
IgG antibody titer.

Sollini et al. [16] studied 10 patients with long-COVID-19
compared with healthy controls. Six of 10 patients had
increased F-18 FDG uptake in blood vessels. Additionally,
quantitative target-to-blood pool ratios were significantly
higher in patients compared with controls in the thoracic
aorta, right iliac artery, and femoral arteries. In our study, we
observed vasculitis in eight patients (61.5%), including dif-
fuse vasculitis in one patient and increased F-18 FDG uptake
in the thoracic aorta. During COVID-19, various types of
vasculopathy can occur following inflammation triggered in
response to the virus from inflammatory mediators, leading
to endothelial damage, vascular dysfunction, and thrombosis
[25]. Despite the unknown pathophysiology of vasculitis in
post-acute COVID-19, we speculate that the etiology might
be associated with autoantibodies. Further data are required
to test this hypothesis.

Seven patients had different levels of F-18 FDG uptake
in lung parenchyma. SARS-CoV-2 virus mainly caused
viral pneumonia with intense F-18 FDG uptake during the
infectious process. However, persistent F-18 FDG uptake in
the lung parenchyma could be observed even the improve-
ment of clinical symptoms and CT finding, while F-18 FDG
uptake remained unknown on the exact time period for reso-
lution [26, 27]. Persistent intense F-18 FDG uptake in lung
parenchyma even at the recovery stage might potentially
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Fig.3 Brain imaging analysis in case 13. (a) F-18 FDG PET axial
images showed multiple hypometabolism in the bilateral medial
frontal, bilateral parieto-temporal, and bilateral lateral occipital
lobes (arrow). (b) Functional connectomic activity axial images
from rsfMRI brain showed abnormal brain connectivity in the same

indicate a high level of inflammatory process for prediction
of further damages to lung parenchyma [27].

One patient with post-acute COVID-19 had underlying
psoriasis that was inactive for many years. However, follow-
ing COVID-19, the patient’s psoriasis became worsened, and
he developed skin lesions throughout the body. F-18 FDG
PET also showed multiple hypermetabolic skin lesions asso-
ciated with psoriasis. Recent studies [28, 29] showed that
COVID-19 may be associated with autoimmune diseases
such as Guillain- Barré syndrome, Kawasaki-like syndrome,
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regions as the F-18 FDG PET images. (¢) Connectivity matrix images
from rsfMRI brain also showed multiple abnormal brain connectiv-
ity in these regions. Abbreviation: COVID-19 coronavirus disease
2019, FDG fluorodeoxyglucose, PET positron emission tomography,
rsfMRI resting state functional magnetic resonance imaging

and anti-phospholipid syndrome. Thus, COVID-19 might
also have triggered psoriasis exacerbation in this patient.
F-18 FDG uptake in lymph nodes was observed in most
of our patients during the inflammatory process. This
then reflected the immunoreaction activated by inflam-
matory cells, such as neutrophils, monocytes, and T-cells.
COVID-19 could also activate immune responses with
increased number of monocytes in lymphoid tissues, caus-
ing an increased F-18 FDG uptake in lymph nodes [27]. Dif-
fused bone marrow and splenic uptake were only obtained
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Fig.4 Brain imaging analysis in a Case 2 with sensorineural hear-
ing loss of left ear. (a—c) F-18 FDG PET axial, sagittal, and coronal
images showing hypometabolism in the left temporal lobe (arrow).
(d) Functional connectomic activity axial images from rsfMRI brain
showed abnormal brain connectivity in the left temporal lobe. (e)

in patients with a history of bacterial on top pneumonia
(Fig. 1c), which could potentially be a result from bacte-
remia [30]. We detected a hypermetabolic thyroid nodule
in one patient, with reviewed incidence of about 8.4% [31].
However, there was a risk of 30% for malignancy in this nod-
ule. Neck ultrasound or FNA should be thus further inves-
tigated. Additionally, one patient had hypermetabolic soft
tissue lesion at chin which might also be incidental finding.

Brain imaging data were obtained using both F-18 FDG
PET and rsfMRI brain. One patient has sensorineural hear-
ing loss at the left ear. We observed abnormal brain con-
nectivity in the left temporal region. The primary auditory
cortex is found in the temporal lobe and plays a major role
in the ability to perceive sounds; dominant function is found
on the left side of the brain [32]. Thus, abnormal brain con-
nectivity in the primary auditory cortex might explain the
symptoms in this patient. Most patients had multiple neu-
rological symptoms including fatigue/myalgia, depression,
anxiety, MCI, negative mood, loss of taste, and smell. In
these patients, we found multiple hypometabolic areas of
the frontal, parietal, temporal, and occipital lobes as well

Connectivity matrix images from rsfMRI brain also showed abnormal
brain connectivity in multiple areas of the left temporal lobe. Abbre-
viation: COVID-19 coronavirus disease 2019, FDG fluorodeoxyglu-
cose, PET positron emission tomography, rsfMRI resting state func-
tional magnetic resonance imaging

as in the thalamus, which is assumed as global abnormal
brain connectivity. Our results are concordance with Blaz-
henets et al. [19], showing hypometabolism in multiple
areas of the neocortex with frontoparietal predominance,
but differed from Sollini et al. [15] and Gued;j et al. [17]
at multiple hypometabolic areas in the brain, such as right
temporal lobe, orbitofrontal gyrus, right thalamus, bilateral
pons/medulla, bilateral cerebellum, and parahippocampal
gyrus. However, there are still limited data regarding the
effects of post-acute COVID-19 on the brain. Furthermore,
patients with COVID-19 might have neuropsychological
sequelae following COVID-19 that could affect F-18 FDG
PET results [13, 33, 34].

The pathophysiology of brain change in post-acute
COVID-19 might be related to changes in brain paren-
chyma and blood brain barrier during SARS-CoV-2 infec-
tion, resulting in encephalitis; another mechanism might
be associated with dysfunctional lymphatic drainage [2].
Even though post-acute COVID-19 is associated with vari-
ous symptoms of neuropsychological and neurocognitive
abnormalities, recent studies [35] showed that patients with
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cognitive impairment following COVID-19 had significant
improvement in both clinical and F-18 FDG PET findings
at 6-month follow-up compared with baseline.

Conclusion

The whole body F-18 FDG PET can be a potential tool for
the assessment of inflammatory process and hyperinflamma-
tory etiology with multiple organ involvement, particularly
lesions in skeletal muscle, vascular wall, and lung, as well
as, multiple brain abnormalities in post-acute COVID-19.
Nonetheless, further studies in a larger sample size are rec-
ommended to elucidate and ratify the outcomes.
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