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Positron emission tomography in the COVID-19 pandemic era
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Abstract
Coronavirus disease 2019 (COVID-19) has become a major public health problem worldwide since its outbreak in 2019.
Currently, the spread of COVID-19 is far from over, and various complications have roused increasing awareness of the public,
calling for novel techniques to aid at diagnosis and treatment. Based on the principle of molecular imaging, positron emission
tomography (PET) is expected to offer pathophysiological alternations of COVID-19 in the molecular/cellular perspectives and
facilitate the clinical management of patients. A number of PET-related cases and research have been reported on COVID-19
over the past one year. This article reviews the current studies of PET in the diagnosis and treatment of COVID-19, and discusses
potential applications of PET in the development of management strategy for COVID-19 patients in the pandemic era.
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Introduction

Coronavirus disease 2019 (COVID-19) has become one of the
most severe public health problems in the world since the
outbreak at the end of 2019, affecting more than two hundred
countries and one hundred million people worldwide [1].
Though the pandemic has been under control to some extent
in several countries, the global prevalence is still rapidly in-
creasing [2, 3]. A more comprehensive understanding on im-
aging manifestations of COVID-19 is essential for the identi-
fication and early evaluation of the huge patient population.
Besides, increasing studies have reported that a growing num-
ber of COVID-19 patients, even for those recovered, are

facing the threat of various acute or chronic complications,
which may lead to a new burden on global health [4, 5]. The
formidable challenges facing global health systems raise the
unprecedented need for effective approaches to facilitate bet-
ter strategies of diagnosis and treatment for COVID-19
patients.

Positron emission tomography (PET) serves as a represen-
tative ofmolecular imagingmodalities and transpathology [6].
By combining with radiopharmaceuticals labeled with
positron-emitting radionuclides such as 11C, 13N, 18F, and
68Ga, PET enables the visualization of biochemical changes
in cellular and molecular perspectives, and thereby shows the
great potential to aid in the management of multiple major
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diseases [7–10]. The application of PET imaging makes it
possible to monitor vital pathophysiological alternations of
COVID-19 at the molecular level, and thus provides essential
guidance for the subsequent diagnosis, evaluation, and treat-
ment of COVID-19 (Fig. 1). Herein, we will review the cur-
rent studies of PET in the diagnosis and treatment of COVID-
19 and discuss potential applications of PET in the develop-
ment of management strategy for COVID-19 patients in the
pandemic era.

Brief introduction of COVID-19

COVID-19 is a novel acute respiratory infectious disease that
was first reported to the World Health Organization (WHO)
by Chinese doctors in December 2019 [11], and the causative
pathogen of COVID-19 was named Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) [12]. COVID-19 is
the third serious Coronavirus outbreak over the last two

decades, following Severe Acute Respiratory Syndrome
(SARS) and Middle East Respiratory Syndrome (MERS).
Interstitial pneumonia is the predominant manifestation of
COVID-19, while pathological changes of other organs such
as the brain and heart may also occur [13]. Screening for
COVID-19 requires a combination of epidemiological risk,
clinical manifestations, laboratory tests, and imaging features,
while nucleic acid testing, gene sequencing, and serum levels
of antibody remain the gold standard for diagnosis [14]. As
nucleic acid test has a high false-negative rate, imaging exam-
inations such as chest CT can also provide important evidence
for patients’ admission and quarantine in the epidemic areas
with high pretest probability, especially where nucleic acid
detection kits are in short supply [15]. At present, supportive
care is still the main treatment strategy for patients with
COVID-19, while recent studies indicated that some other
therapies such as dexamethasone could help to reduce mortal-
ity [16]. While the general infection fatality rate of COVID-19
was 0.68% according to a meta-analysis, severe complications

Fig. 1 Schematic diagram illustrating the role of PET in the pandemic
era. A variety of clinical applications of PET imaging have been reported,
facilitating the evaluation of pulmonary inflammation, ARDS, pulmonary
embolism, pulmonary fibrosis, cerebral dysfunction, and cardiac injury
(a), by using various PET molecular probes (b). PET enables the whole-
body evaluation for COVID-19 patients in molecular perspectives (c),

helping the exploration of pathophysiological changes of molecular tar-
gets in different COVID-19 phases by using specific radiotracers (d), as
well as the exploration of COVID-19 pathogenic mechanisms through the
visualization of molecules involved in the occurrence and development of
COVID-19 (e)

3904 Eur J Nucl Med Mol Imaging (2021) 48:3903–3917



such as acute respiratory distress syndrome (ARDS) would
cause higher mortality, which varied significantly from coun-
try to country (e.g., China 69%, Poland 73%, France 19%,
Germany 13%) [17, 18]. In addition, with the progress of
COVID-19 research, a variety of long-term complications in
multiple systems, such as pulmonary fibrosis, delirium, and
myocarditis, have been increasingly reported, highlighting a
crucial need for further studies [4, 5].

Nuclear medicine departments
in the COVID-19 pandemic era

Both outpatient and inpatient care are massively reduced in
most hospitals in order to prevent and control the outbreak, no
exception for the department of nuclear medicine [19].
According to an Internet survey concerning multiple nuclear
medicine services from the International Atomic Energy
Agency, which received answers from 434 physicians from
72 countries, the services of nuclear medicine decreased
sharply, by over 50% for diagnostic tests and as much as
45% for radionuclide therapies [20]. Similarly, for another
international investigation performed by the Italian Nuclear
Medicine Association, results showed declines by over 20%
for diagnosis and treatment services caused by the epidemic
[21]. Moreover, according to a predicting model established,
the COVID-19 may even last until 2025 [22]. In the pandemic
era, nuclear medicine workers need to be vigilant throughout
service. It is crucially important for guaranteeing the daily
work of the nuclear medicine department to develop the mon-
itoring and screening system for both patients and doctors,
strengthen personal protection and hygiene measures, and es-
tablish emergency plans once new infections appear [23].
Additionally, accompanied with a deeper understanding of
the mechanisms for COVID-19 infection, spread, and progres-
sion, as well as the continuous improvement of treatment
methods and preventive measures, nuclear medicine services
are gearing up back to normality [24]. Thus, for a long time in
the future, it is essential for nuclear medicine physicians to
take advantage of molecular imaging to explore the in-depth
mechanisms of COVID-19, develop new methods for diagno-
sis, treatment, and prevention, so as to help in reducing the
burden on world health in the pandemic era.

PET in the COVID-19 detection

Chest imaging is the priority imaging examination of COVID-
19. Compared with common imaging modalities, such as
chest X-ray and CT imaging, PET imaging is not considered
a routine examination for COVID-19 detection due to its low
global availability (especially considering countries not rich),
high examination cost, complex scanning procedures, and

concomitant risks of virus spreading [25]. However, during
the past year, increasing clinical cases of incidental detection
of COVID-19 pneumonia by PET imaging have been report-
ed, especially in the oncological whole-body evaluation [26].

18F-Labeled f luorodeoxyglucose (18F-FDG), a
radiolabeled glucose analogue, is still the most commonly-
used PET imaging agent in COVID-19 cases, and the integrat-
ed PET/CT system can be utilized to characterize the func-
tional and structural changes of COVID-19 simultaneously.
COVID-19 pneumonia commonly manifested as 18F-FDG-
avid foci in the lung on PET imaging (Fig. 2) and showed
bilateral distribution of ground-glass opacities with or without
consolidation on CT imaging (Fig. 2) [28]. The increased 18F-
FDG uptake for pulmonary lesions of COVID-19 was related
to the higher glycolytic activity of the recruited cells in the
response to inflammation, especially the activated neutrophils,
granulocytes, and macrophages [29, 30]. By using 18F-FDG
PET/CT, early pathophysiological changes can be detected in
the affected tissues with infectious or inflammatory diseases.
Although there is no human clinical data to date on the onset
time of pulmonary lesions after SARS-CoV-2 infection, pre-
clinical studies have been conducted to explore the dynamic
processes of COVID-19 abnormalities [31]. In macaques
treated with bilateral intrabronchial instillation of SARS-
CoV-2, lung imaging abnormalities such as ground-glass
opacities, paving, and alveolar consolidation were detected
by CT, and increased glucose metabolism was detected by
PET in the CT-defined lung lesions at 2 days after virus ex-
posure [31]. Besides, as a sensitive whole-body imaging mo-
dality, PET has played an important role in identifying asymp-
tomatic COVID-19 patients. According to an Italian cohort
study, which included 65 patients for standard oncologic in-
dications within an 8-day period, interstitial pneumonia and
regional increased 18F-FDG uptake were found in nearly 10%
(6) of patients, and these patients were confirmed the diagno-
sis of COVID-19 or quarantined subsequently [32]. Another
study including 1298 patients also showed a significant in-
crease of interstitial lung alterations at 18F-FDG PET/CT from
December 2019 toMay 2020 (4.2%) than the control period in
the previous year (1.9%) [33]. The difference became more
pronounced in the period from January to May 2020 and
reached the highest significance in March 2020 (7/83 patients,
8.4% vs. 3/134 patients, 2.2%, p = 0.001) [33]. The rate of
interstitial pneumonia suspicious for COVID-19 detected by
18F-FDG PET/CT could be even higher in a high-prevalence
country [34]. Considering that the asymptomatic COVID-19
patients may also undergo a sudden worsening of clinical
conditions and result in virus transmission, 18F-FDG PET
has contributed greatly to identifying these patients that need
isolation and treatment during the pandemic era [35, 36].

It should be noted that pulmonary manifestations of
COVID-19 in PET/CT are not specific. Increased 18F-FDG
uptake in the area of ground-glass opacities, the most
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remarkable imaging feature reported, could also be observed
in a variety of diseases, especially for other pulmonary infec-
tions [37, 38]. To identify specific 18F-FDG PET imaging
features of COVID-19, a recent study included 11 COVID+
patients and 11 COVID- subjects (8 bacterial pneumonia, 2
granulomatosis, and 1 lymphoma) and compared the differ-
ences between groups in imaging [39]. While there were no
significant differences in CT abnormalities between these two
groups, the SUVmax of lung lesions was significantly lower
in the COVID+ group compared with that in the COVID−
group (3.7 ± 1.9 vs. 6.9 ± 4.1, p = 0.03). As the COVID−
group presented a trend of a smaller percentage of pulmonary
involvement (6.7 ± 7.2 vs. 11.5 ± 8.0, p = 0.16) and higher
rates of consolidation (64% vs. 27%, p = 0.09), the higher
18F-FDG SUVmax could be explained by the less non-
cellular component in the ground-glass opacities [39]. This
study may provide potential imaging information for the com-
parison between COVID-19 and bacterial pneumonia.
Infections of the lower respiratory tract caused by other influ-
enza viruses could also present similar pulmonary manifesta-
tions, such as H1N1, parainfluenza virus, adenovirus, and
respiratory syncytial virus. However, limited data have been

reported to demonstrate the differences of PET features be-
tween COVID-19 and other viral pneumonia. Subtle radiolog-
ical features, such as pleural effusion, bronchiectasis, and
bronchial wall-thickening, may help the differential diagnosis
[37]. It was suggested that COVID-19 was more likely to have
a peripheral distribution (80% vs. 57%), ground-glass opacity
(91% vs. 68%), fine reticular opacity (56% vs. 22%), and
vascular thickening (59% vs. 22%), but less likely to have a
central + peripheral distribution (14% vs. 35%) and pleural
effusion (4% vs. 39%) [40]. In addition, differential diagnosis
with pulmonary malignancies and drug-induced pneumonia
are also highly necessary, as PET is mainly applied for
whole-body evaluation in oncological patients now [37, 41].

Pulmonary lesions in COVID-19 patients could also be
detected by PET using other radiotracers (Fig. 3). In prostate
cancer patients with asymptomatic COVID-19, 68Ga-prostate-
specific membrane antigen (PSMA) PET/CT was used for
staging, and the results showed increased metabolism
(SUVmax 2.5–3.2) in the ground-glass opacities in the lung
[42, 44]. Though PET with 68Ga-PSMA was originally uti-
lized to evaluate biochemical recurrence of prostate cancer,
increased uptake of PSMA ligand has been reported in a

Fig. 2 Incidental detection of COVID-19 in an 82-year-old patient with a
history of adenocarcinoma of the colon. Increased 18F-FDG uptake
(SUVmax 8.6) was observed in the bilateral lung fields (a, maximal
intensity projection image; b–d, axial fused PET/CT images),

corresponding to the bilateral ground-glass opacities on CT (e–g, axial
CT images). Physiologic activity was also observed in the bowel indicat-
ed by a black arrow in the PET image (reproduced by permission from
reference [27])
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variety of non-prostatic diseases, including inflammatory pro-
cesses, bone lesions, benign tumors, and malignant neoplasms
[45]. The increased uptake of 68Ga-PSMA in COVID-19 was
speculated to result from infection-induced increased blood
flow and upregulation of folate receptor expression in activat-
ed macrophages in the inflammation lesion [42, 44, 45]. By
using PET/CT with 18F-Choline, a substrate for the synthesis
of phosphatidylcholine that constitutes the essential compo-
nent of the cell membrane, one patient with prostate cancer
and asymptomatic COVID-19 showed mild choline uptake
(SUVmax 3.8) in ground-glass and consolidative opacities
in the lung, which may indicate the infiltration of activated
macrophages with highly expressed choline kinase into the
lung [43, 44]. These studies also demonstrated the necessity
of further research to explore the role of PET, by using
radiolabeled choline analogues, in imaging and quantifying
the degree of lung inflammation, as well as stratifying the
gravity of this disease [46]. Besides, considering the high ex-
pression of folate receptors in macrophages, PET imaging
with folic acid analogue 18F-AzaFol could also be used to
detect and monitor the activated macrophages in patients in-
fected with COVID-19 [47]. Although PET data of COVID-
19 using these radiopharmaceuticals is still limited up to now,
those available radiotracers may be valuable to provide insight
of inflammatory cells and pathophysiological changes in
COVID-19 from specific perspectives.

Taken together, with increasing studies reporting the inci-
dental detection of COVID-19 patients by using PET imaging,
nuclear medicine physicians ought to be familiar with the
pathophysiology and imaging manifestations of COVID-19,
and remain vigilant to avoid missed diagnosis or misdiagnosis
of asymptomatic COVID-19 in the pandemic era.

PET in the prognosis evaluation of COVID-19

Accompanied by the release of chemokines and the infiltration
of inflammatory cells caused by viral infection, the glucose
uptake of the infected foci would significantly increase [29].
The increased uptake of 18F-FDG thus has the potential to
indicate the location and degree of inflammation. Recent stud-
ies have also suggested that PETmay play a role in evaluating
the prognosis of COVID-19 [48–50].

The values of SUVmax in incidentally detected COVID-19
infections usually range from 2.2 to 18 [51]. According to
some case observations, it was suggested that a higher
SUVmax might indicate a longer recovery time for the
COVID-19 patients [48], as one subject with an SUVmax of
4.6 recovered at approximately 17 days after the symptom
occurrence, while another patient had a SUVmax of 12.2 did
not recover until 26 days since the onset of symptoms [49].
Similarly, in another case with an SUVmax of 4.9, a 15-day
recovery time was observed [50]. Certainly, caution is re-
quired when applying such a principle in clinical practice, as
contradictory results have also been reported on the predictive
value of SUVmax. In a prospective study, 13 patients were
included and classified as “inflammatory” and “low inflam-
matory” according to the hypermetabolic volume and
SUVmax, then the short-term clinical outcome of those pa-
tients was adjudicated based on clinical and biological data
during 3 days before and after the PET scan. No correlation
was observed between PET pulmonary inflammatory status
and short-term clinical outcome [52]. However, this study also
suffered from limited statistical power, especially that no sig-
nificant relationship between biological markers of inflamma-
tion and pulmonary 18F-FDG metabolism was observed [52].

Fig. 3 Examples of PET/CT images of COVID-19 patients using 68Ga-
PSMA-11 and 18F-choline. a 68Ga-PSMA-11 PET/CT of an asymptom-
atic 66-year-old man, who requested for primary staging of prostate can-
cer. Peripheral ground-glass opacities on both lungs were observed on
CT, with mild bronchial uptake of 68Ga-PSMA-11 (SUVmax 4.4). b 18F-

choline PET/CT images of an asymptomatic 59-year-old man with bio-
chemical recurrence of prostate cancer. Bilateral ground glass opacities
were identified, with increased 18F-choline uptake (SUVmax range 3–4)
(reproduced by permission from reference [42, 43])
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Since the lack of large-sample data, it would be of interest to
explore the relation between lesion SUV and patient progno-
sis, which would be helpful to identify the patient with a poor
prognosis that requires great concern.

Though not specific to COVID-19, the presence of lymph
node abnormality in PET imaging also provides a potential
value for predicting the infection severity of COVID-19,
which is comparable to many other infections. For COVID-
19, hypermetabolic lymph nodes were commonly reported in
the hilum, supraclavicular, and mediastinal area (Fig. 4) [49,
52, 53]. Compared with conventional imaging modalities,
PET possessed higher sensitivity in detecting lymph node
involvement [54, 55]. Indeed, even for some lymph nodes that
were not anatomically enlarged, increased uptake of 18F-FDG
could be observed [49]. Moreover, the increased uptake of
18F-FDG in lymph nodes can be observed as early as a slightly
increased number of monocytes in the circulation system
(within the normal range) occurred in rhesus macaques infect-
ed by MERS-CoV, with a significant correlation between the
influx rate constant of 18F-FDG in the lymph nodes and the
circulating level of monocytes [56]. In clinical studies of
COVID-19, lymph node enlargement has been considered
an indicator of the infection severity and was used to indicate
a worse prognosis [57, 58]. In another case report, researchers
have proposed that higher SUVmax values of lymph nodes

could herald a more severe condition of the SARS-CoV-2
infection, which further underscore the role of lymphadenop-
athy as a predictor of a worse outcome [59]. In addition, some
studies reported that the lesions of mediastinal lymph nodes
with high metabolism did not spatially match the distribution
of the pulmonary inflammation, suggesting that the glucose
uptake in lymph nodemight be an independent imagingmark-
er of COVID-19 [59, 60]. However, considering the limited
number of studies as well as the small sample size, further
studies are essential to explore the potential role of hyperme-
tabolism in lymph nodes detected by PET in the management
of COVID-19.

It is worth noting that the hypermetabolism on 18F-FDG
PET could also be observed in COVID-19 recovered patients.
For example, in a COVID-19-recovered patient who showed
negative nucleic acid test results and reduced ground-glass
opacity in CT 2 months post-discharge, 18F-FDG-positive le-
sion remained both in the lungs and lymph nodes [61].
Besides, the inflammatory axilla lymph nodes in PET imaging
have been reported in people administered the COVID-19
vaccine [62]. As the global vaccination effort continues,
knowledge of the potential for COVID-19 vaccine-related ip-
silateral adenopathy is necessary [63]. These studies further
emphasized the necessity of an integrated consideration when
interpreting PET images.

Fig. 4 18F-FDG PET/CT images
of lymph nodes in a COVID-19
patient. Increased 18F-FDG up-
take was observed in mediastinal
and hilar lymph nodes in the first
scan 4 weeks after the symptom
occurrence. The 18F-FDG uptake
was decreased in the second ex-
amination 4 weeks after first scan
(reproduced by permission from
reference [53])
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Potential role of PET in COVID-19-derived
complications

PET in pulmonary complications

Although most COVID-19 patients presented only mild to
moderate symptoms, SARS-CoV-2 can cause severe acute
pulmonary complications (including ARDS, pulmonary em-
bolism, etc.) and even death, especially among the elderly or
patients with preexisting chronic diseases.

ARDS is one of the most serious pulmonary complications
of COVID-19 and usually occurs 10 days after the onset of
symptoms [64, 65]. According to a global literature survey
that included 2486 hospitalized COVID-19 patients, the inci-
dence and mortality rates were approximately 33% and 16%,
respectively [66]. In severe cases transferred to an ICU, the
incidence of ARDS was even up to 75% [66]. As there is no
specific treatment for this complication currently, early recog-
nition is crucial for subsequent therapy [67]. It has been re-
ported that at the early stage of ARDS, diffuse lung uptake of
18F-FDG was detected by PET, while no obvious changes
were observed in CT images [68]. In another study, re-
searchers investigated eight chest trauma and lung contusion
cases to evaluate the role of 18F-FDG uptake in predicting the
occurrence of ARDS [69]. In this study, four patients devel-
oped ARDSwithin 1–3 days following PET examination, and
three of them showed diffuse 18F-FDG uptake, while those
without ARDS showed significant 18F-FDG uptake only in
the focal pulmonary opacity area, suggesting the predictive
value of 18F-FDG PET in the occurrence of ARDS [69, 70].
As the successful management of ARDS requires rapid ad-
justments for therapeutic regimen, 18F-FDG PET/CT may
help in predicting the progression of COVID-19 into ARDS
and provide an attractive method for therapeutic assessment.
Besides, considering the important role of macrophages in the
occurrence and progression of COVID-19, some other radio-
tracers, such as 18F-AzaFol and 18F-Choline, may also have
the potential to screen suitable patients and monitor the treat-
ment response in anti-macrophage therapies [43, 71, 72].

Pulmonary embolism is also an important complication for
patients with COVID-19. COVID-19 induced the hypercoag-
ulable state, which may lead to deep vein thrombosis and
subsequent pulmonary embolism events [73]. According to a
meta-analysis including 1835 COVID-19 patients, the inci-
dence and mortality rate of COVID-19 patients who devel-
oped pulmonary embolism was 15.3% and 45.1%, respective-
ly [74], significantly higher than the incidence rate detected in
seasonal and pandemic influenza (~3%) [75], and the mortal-
ity rate for general in-hospital cases (~4%) [76]. CT pulmo-
nary angiography is the gold standard of pulmonary embo-
lism, with MR angiography as an alternative [77]. It is note-
worthy that lung scintigraphy remains the best nuclear medi-
cine technique to study pulmonary embolism, and its value on

COVID-19 patients has been discussed [78]. PET studies on
COVID-19-related pulmonary embolism are still rarely re-
ported. Simultaneous occurrence of COVID-19 pneumonia
and pulmonary embolism in the 18F-FDG PET images were
reported in a case report of one tumor patient, however, no
meaningful imaging biomarker was observed [79]. With ref-
erence to related mechanisms and experience, PET may have
a greater role in the detection of venous thromboembolism
compared with the detection of pulmonary embolism [80,
81]. A prospective study evaluated the significance of 18F-
FDG PET in the detection of lower extremity venous throm-
bosis and pulmonary embolism [82]. The results showed that
physicians diagnosed all 7 patients with lower extremity ve-
nous thrombosis based on the hypermetabolism of thrombus
and blood vessels, but only 2 of 6 patients with pulmonary
embolism were accurately diagnosed [82]. Therefore, when
interpreting the images of suspected patients with COVID-
19, it is essential to pay attention to the manifestation of vas-
cular inflammation and thrombosis, so as to better prevent
COVID-19-related pulmonary embolism.

Although the long-term effect of COVID-19 on the lung
remains unclear, some researchers have called for attention to
the pulmonary fibrosis in COVID-19-recovered patients [83].
Actually, patients with severe COVID-19 and those with idi-
opathic pulmonary fibrosis shared similar prevalence factors,
including aging, male, comorbidities with hypertension, dia-
betes, etc. [84], and a considerable number of patients with
ARDS complication would experience long-term lung func-
tion impairment and pulmonary fibrosis [85, 86]. Considering
the anatomical alternations detected by CT are caused by ma-
jor changes of the tissue, molecular imaging method is highly
valuable for visualizing the process of pulmonary fibrosis in
the diagnosis and treatment. PET can detect dynamic changes
of key proteins in the pathophysiological process of pulmo-
nary fibrosis, for example, type I collagen, of which the depo-
sition is a hallmark of idiopathic pulmonary fibrosis [87], and
αvβ6, a kind of arginine-glycine-aspartic acid (RGD)-integrin
involved in the pathogenesis of pulmonary fibrosis by activat-
ing transforming growth factor β (TGFβ) [88]. By using PET
with 68Ga-CBP8, which binds to type I collagen, PET imaging
showed increased collagen tracer uptake in fibrotic lung re-
gions determined by chest CT and the normal regions on CT
[89]. Through PET with 18F-FB-A20FMDV2, an αvβ6-
selective ligand, researchers found that the αvβ6 protein
was significantly upregulated in patients with pulmonary fi-
brosis compared with normal people [90]. And by PET using
integrin αvβ6-binding peptide, 18F-αvβ6-BP, in a COVID-
19-recovered patient 2 months after infection, an increase in
the uptake of the tracer in the opaque area was observed, while
the uptake in normal lung parenchyma remained low (Fig. 5)
[91]. This study has provided preliminary but crucial evidence
for the role of PET in monitoring the persistence/progress of
pulmonary fibrosis in patients recovered from COVID-19
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[91]. Based on the existing data, long-term follow-up for pa-
tients recovered from COVID-19 is strongly recommended.
Further studies should determine the incidence as well as se-
verity of pulmonary fibrosis in this population and pay special
attention on the prognostic value of molecular imaging in the
progression and treatment of pulmonary fibrosis.

PET in neurological complications

Although pulmonary manifestations constitute main presenta-
tions of the COVID-19, neurological abnormalities have
roused increasing concern of doctors and scientists [92].
More than one-third of patients had neurologicmanifestations,
including central nervous system manifestations (e.g., dizzi-
ness, headache, consciousness impairment, acute cerebrovas-
cular disease, ataxia, and seizure), peripheral nervous system
manifestations (e.g., taste impairment, olfactory impairment,
vision impairment, and nerve pain), and manifestations of
skeletal muscular injury [93, 94]. In another meta-analysis,
results indicated 65% COVID-19 patients got delirium, 69%
for agitation and 21% for altered consciousness in the post-
illness stage [95].

PET plays a unique role in exploring SARS-CoV-2 infec-
tion mechanisms and evaluating the neural invasion, despite
the cancels or delays of non-urgent nuclear testing in the
COVID-19 pandemic. As neurotropic and neuroinvasive ca-
pabilities of other coronaviruses including HCoV-OC43,

MERS-CoV, and SARS-CoV described before, coronavirus
infected deeper parts of the brain across the cribriform plate of
the ethmoid bone, from the nose to the olfactory epithelium,
and finally lead to neurological disorders such as multiple
sclerosis and encephalomyelitis [96, 97]. Given the anatomi-
cal proximity of neurons, nerve fibers, and mucosa within the
oro- and nasopharynx, as well as taste and smell impairment
observed in COVID-19 patients, SARS-CoV-2 is presumed to
invade the nervous system in a similar way. 18F-FDG PET
showed the hypometabolism of the olfactory/rectus gyrus in
one patient with 4-week prolonged anosmia (Fig. 6), and
hypometabolisms within the amygdala, hippocampus,
parahippocampus, cingulate cortex, pre−/post-central gyrus,
thalamus/hypothalamus, cerebellum, pons, and medulla in an-
other patient who complained of delayed onset of a painful
syndrome. The variance of the 18F-FDG metabolic pattern
may indicate a different distribution of affected brain regions.
Therefore, researchers hypothesized that SARS-CoV-2 possi-
bly got access to the brain through the olfactory bulb and
caused extensive damage to other brain structures. This hy-
pothesis was proved soon in later researches [96, 97]. The
evidence that CoV particles together with SARS-CoV-2
RNA existed in the olfactory mucosa, as well as in neuroan-
atomical areas receiving olfactory tract projection, indicated
that SARS-CoV-2 protruded the nervous system by crossing
the neural–mucosal interface in the olfactory mucosa, accord-
ing to autopsymaterial from individuals with COVID-19 [98].

Fig. 5 18F-αvβ6-BP PET/CT images of a COVID-19-recovered patient 2 months after infection. Axial CT (left), 18F-αvβ6-BP PET (middle), and fused
PET/CT (right) images showed increased 18F-αvβ6-BP uptake (SUVmax 5) and bilateral patchy opacity (reproduced by permission from reference [91])
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In addition to directly viral neuroinvasion, SARS-CoV-2
may also cause indirect neural impairment through immune
inflammation. Researchers have reported four cases of
COVID-19-related encephalopathy with varied clinical pre-
sentations, as well as negative SARS-CoV-2 RT-PCR in the
cerebrospinal fluid (CSF). However, all of them had consis-
tent brain 18F-FDG PET pattern of abnormalities and without
MRI features of encephalitis nor significant CSF abnormali-
ties. Most importantly, they all recovered after immunothera-
py [99]. All the pieces of evidence suggested that host immu-
nity was another way to mediate damage of the central ner-
vous system through cytokine storm and antibody, which had
been proved in latter autopsy studies. Through studying tissue
specimens of COVID-19 patients, researchers found that early
activated macrophages responding to SARS-CoV-2 infection
initiated and regulated an immune cascade, which was the
d i r e c t e v i d e n c e o f S AR S - C oV - 2 - m e d i a t e d
neuroinflammatory response [98]. In addition, PET pattern
of abnormalities appeared earlier than MRI and nucleic acid
test results, which meant PET was a promising noninvasive
approach to avoid delayed diagnosis and treatment and pre-
vent further transmission. A case with concomitant autoim-
mune encephalitis and SARS-CoV-2 infection also confirmed
this view. The patient presented diffuse cort ical
hypometabolism associated with putaminal and cerebellar hy-
permetabolism in 18F-FDG PET and normal brain in MRI.
The inconsistence between 18F-FDG PET and MRI empha-
sized the potential of metabolism in PET as an early biomarker
for cerebral abnormality in COVID-19 [100].

The acute brain damage caused by neuroinvasion of
SARS-CoV-2 complicates the diagnosis and treatment for

COVID-19 infection. And the SARS-CoV-2-mediated
neuroinflammatory response also increases the risk of neuro-
psychiatric and neurodegenerative disorders in the recovered
patients. Thus, it is essential to pay much greater attention to
acute brain damage and chronic neurological sequelae.
What’s more, social isolation, economic recession, and social
boycott trigged by the COVID-19 pandemic also induced un-
imaginable mental sufferings such as depression, panic, fear,
anxiety, stress, trauma, and adjustment disorder [101, 102].
All the factors make the differential diagnosis of neuropsychi-
atric and neurodegenerative disorders more complicated in the
COVID-19 epidemic [103]. PET has unique advantages in
early detection of neurological abnormalities, differential di-
agnosis of the main neurological disorders, and long-term
tracking of neurological sequelae [104]. However, current
PET data of COVID-19 patients is rare and unsystematic be-
cause of less use of 18F-FDG PET in an emergency setting or
infectious disease [49]. Besides, mid-term and long-term con-
sequences of SARS-CoV-2 neuro-infection are not complete-
ly clear considering only 1 year since the first public reported
case was reported. Therefore, it is necessary to conduct post-
viral cohort studies with longer follow-up to specify the exact
dynamic changes of metabolism or neurotransmitters on PET
longitudinally, so as to explore the mechanisms of long-term
neurological complications and potential prevention methods.

PET in other extrapulmonary complications

SARS-CoV-2 infection also causes acute myocardial injury
and chronic damage in the cardiovascular system, especially
in patients with underlying cardiovascular diseases [105].

Fig. 6 Brain 18F-FDG PET image of a COVID-19 patient with 4-week
prolonged anosmia. Hypometabolism was observed in the olfactory/
rectal gyrus (white arrow) and confirmed by voxel-to-voxel comparison

with healthy subjects in SPM analysis (p voxel < 0.001, p-cluster < 0.05,
uncorrected) (reproduced by permission from reference [97])
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More than a quarter of hospitalized COVID-19 patients had
myocardial injury, some of whom with serious cardiac com-
plications, including biventricular heart failure, arrhythmias,
and occasionally cardiogenic shock [106, 107]. And accord-
ing to a prospective observational cohort study, ongoing myo-
cardial inflammation could exist in a significant proportion
(60 of 100) of recovered patients [108]. Although cardiac
nuclear imaging has minimal utility in managing the acute
stages of COVID-19 patients, PET has unique value in the
cardiac function assessment for those recovered from
COVID-19, including evaluating myocardial ischemia, chest
pain syndromes, myocardial viability, amyloidosis, and infec-
tions in implanted devices [109]. Besides, PET also serves as a
useful complement to anatomic imaging modalities such as
cardiovascular magnetic resonance and cardiac ultrasound in
patients with complex situation, such as stents, significant
coronary calcification, dye allergy, and risk of worsening re-
nal function [109].

In ten patients recovered from COVID-19 complaining
persistent symptoms, such as dyspnea, fatigue, joint pain,
chest pain, and trembling hands, visual analysis revealed in-
creased target-to-blood pool ratio in some vascular regions in
18F-FDG PET images, suggesting the vascular inflammation
might be potential causes of the persisting symptoms [110]. In
another observational study, which included 160 patients dur-
ing the initial 3 weeks of UK lockdown, extrapulmonary find-
ings were reported in 7% of the case group, including the
increased 18F-FDG uptake of tonsillar, salivary gland, and
gastrointestinal tract [111]. These studies further underlined
the importance of evaluating extrathoracic findings in
COVID-19 patients by using PET imaging.

PET in developing novel therapies
for COVID-19

Though there is no specific treatment for COVID-19 current-
ly, a variety of novel therapies are being developed. PET mo-
lecular imaging is of great potential to accelerate the develop-
ment processes, especially in the translation of experimental
therapies into the clinic, and the validation of therapeutic
efficiency.

By using novel screening strategies such as structure-based
drug design, virtual screening, and high-throughput screening
methods, the discovery processes of drug leads that target
SARS-CoV-2 and SARS-CoV-2-infected cells have been ac-
celerated [112]. And it is crucial to identify the most promis-
ing drug candidates and terminate those not suitable for clin-
ical use in order to achieve a rapid and effective drug discov-
ery [113]. As molecular imaging enables the visualization and
quantification of radiolabeled drugs, PET is of great potential
to help the antiviral drug development [114]. For example,
PET imaging with the radiolabeled drug candidates in living

subjects could facilitate to characterize the pharmacokinetic
properties, visualize the distribution of drugs within and out-
side the target area, and explore the potential intermolecular
interactions. Moreover, once an appropriate compound is ob-
tained, this radiolabeled drug candidate, in turn, can also be
used to assess the location and degree of SARS-CoV-2 infec-
tion, with a high specificity [115].

Theranostic approaches based on radiolabeled antibodies
and drugs could also be a way worth a try. In such a therapeu-
tic strategy, radionuclides emitting radiation could be used
either for imaging or treatment. The radiation would not only
kill the virus-infected cell directly but also trigger
immunomodulation reactions such as the production of natu-
ral killer cells and interferon to achieve the anti-virus effects
[116]. Currently, a variety of radionuclides have been used as
theranostic pairs in various malignancies, including
68Ga-177Lu, 68Ga-90Y, 64Cu-67Cu, 83Sr-89Sr, and 86Y-90Y
[117, 118]. And the antiviral drugs or antibodies that tested
for SARS-CoV and MERS-CoV could be potential carriers to
target the virus. Especially, as the SARS-CoV and SARS-
CoV-2 shared the functional host receptor, angiotensin-
converting enzyme 2 (ACE2), antiviral drugs/antibodies for
SARS could be feasible candidates in the developing of
radiolabeled theranostic treatment for COVID-19 [119].

In addition to targeting the virus or infected cells, mod-
ulating macrophage activation may be another promising
approach for the treatment and detection of COVID-19
[120]. Monocytes/macrophages are the principal leuko-
cytes that accumulated in the initial phase of the host
response to the SARS-CoV-2 infection and serve as the
first antiviral defense through the production of interferon.
Besides, the virus could be spread across different organs
with the migration of virus-infected monocytes and mac-
rophages [121]. The use of monocyte/macrophage (GM-
CSF) inhibitors, which inhibited the differentiation and
migration of monocyte/macrophage, was proposed as a
potential therapeutic approach for COVID-19 [122].
Thus, the imaging of macrophages may help to visualize
both the host immune response and the virus migration.
As mentioned above, COVID-19 lesions showed in-
creased choline metabolism in 18F-Choline imaging [43,
44]. And numerous novel macrophage-target radiotracers,
such as 18F-PBR06, 64Cu-DOTATATE, 18F-PEG-
FOLATE, and 68Ga-pentixafor, have been established
with high specificity [123]. These radiotracers could be
valuable in the development of macrophage-modulating
therapies.

Conclusions and future perspectives

During the past one year, increasing cases and research of PET
on COVID-19 have been reported. Though not recommended
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as a routine examination for COVID-19 in clinical practice,
PET has played an important role in detecting asymptomatic
COVID-19 patients, especially in the oncological whole-body
evaluation. These results helped to reveal functional changes
of COVID-19 in molecular perspectives. Further studies with
a large sample size are of interest to better determine the PET
imaging features of COVID-19 and explore the potential pre-
dictive imaging biomarker of clinical outcome. Besides, given
the huge number of cumulative confirmed COVID-19 patients
currently, potential COVID-19 complications may lead to an-
other global health burden. PET is of great potential in the
identification and staging of the patients with COVID-19
complications, as well as the exploration of underlying mech-
anisms. Further research should determine the incidence and
severity of COVID-19 complications, especially the potential
long-term complications, and developing imaging methods to
visualize and quantify the pathophysiological changes of
COVID-19 complications. Additionally, novel drugs and ther-
apeutic strategies for COVID-19 remain challenging current-
ly. In the development of novel therapies for COVID-19, it is
of great importance to take full advantage of PET and accel-
erate the developing processes.

Overall, PET is of great potential in the improvement of
management for COVID-19 patients, but further in-depth
research is requisite. As more PET data on COVID-19 are
accumulated, reliable imaging-based COVID-19 identifi-
cation could be achieved, and the imaging features could
be used to aid the management of pneumonia as well as
concurrent complications. By using multiple specific ra-
diotracers, the interaction between the SARS-CoV-2 and
the body could be visualized, facilitating the development
of novel therapeutic strategies. Besides, researchers in the
field of molecular imaging would be deeply involved in the
development of COVID-19-targeted drugs, contributing in
the ex vivo screening and in vivo validation. With the role
of PET in the COVID-19 pandemic era be adequately ex-
plored, the paradigm could also be applied in combating
various other epidemics in the future.
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