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Purpose: We quantified lung glycolytic metabolic activity, clinical symp-
toms and inflammation, coagulation, and endothelial activation biomarkers
in 2019 coronavirus disease (COVID-19) pneumonia survivors.

Methods: Adults previously hospitalized with moderate to severe COVID-19
pneumonia were prospectively included. Subjects filled out a questionnaire on
clinical consequences, underwent chest CT and "*F-FDG PET/CT, and provided
blood samples on the same day. Forty-five volunteers served as control subjects.
Analysis of CT images and quantitative voxel-based analysis of PET/CT images
were performed for both groups. '*F-FDG uptake in the whole-lung volume and
in high- and low-attenuation areas was calculated and normalized to liver values.
Quantification of plasma markers of inflammation (interleukin 6), D-dimer, and
endothelial cell activation (angiopoietins 1 and 2, vascular cell adhesion mole-
cule 1, and intercellular adhesion molecule 1) was also performed.

Results: We enrolled 53 COVID-19 survivors (62.3% were male; median age,
50 years). All survivors reported at least 1 persistent symptom, and 41.5% re-
ported more than 6 symptoms. The mean lung density was greater in survivors
than in control subjects, and more metabolic activity was observed in normal
and dense lung areas, even months after symptom onset. Plasma proinflamma-
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tory, coagulation, and endothelial activation biomarker concentrations were also
significantly higher in survivors.

Conclusion: We observed more metabolic activity in areas of high and normal
lung attenuation several months after moderate to severe COVID-19 pneumo-
nia. In addition, plasma markers of thromboinflammation and endothelial acti-
vation persisted. These findings may have implications for our understanding
of the in vivo pathogenesis and long-lasting effects of COVID-19 pneumonia.

Key Words: COVID-19 pneumonia, endothelial cell activation,
immunometabolism, long COVID, PET/CT, pulmonary inflammation

(Clin Nucl Med 2022;47: 1019-1025)

A s it enters 1ts third year, with more than 490 million cases
worldwide' the 2019 coronavirus disease (COVID-19) pan-
demic still poses significant challenges for patients, families and
health systems. One such challenge is the estimation of long-term
health consequences for survivors. Recent clinical studies sug-
gest that more than 80% of patients who have been hospitalized
with COVID-19 pneumonia have at least 1 long-term symptom
and 55% of these patients report 3 or more symptoms.” Although
the mechanisms underlying clinical manifestations in COVID-19
survivors have not been defined fully, impaired tissue repair, per-
sistent inflammatory activation, and a procoagulant state induced
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection ma ay contribute to sequelae and their progression, mainly
in the lungs.

More than 60% of COVID-19 survivors experience breath-
lessness and other respiratory symptoms several months after hospi-
talization.*” These manifestations evolve to fibrotic-like changes
that may reflect permanent pulmonary damage in approxnnately
one-third of these patients.® In COVID-19 pneumonia survivors,
the extent of lung involvement observed on chest CT may correlate
with the per51stence of symptoms and alteration of pulmonary func-
tion parameters.” However, the visual analysis of CT images has
limited sensitivity for the quantification of active pulmonary in-
flammation or fibrotic activity.

Activated inflammatory cells increase glucose uptake, and
"SE_.FDG PET/CT is a valuable tool for the detection and quantl-
f1cat10n of the metabolic activity of 1nﬂammatory cells in the
lung.® The finding of increased pulmonary '®F-FDG uptake in
areas with radiological abnormalities or even in normal lung pa-
renchyma may have implications for our understanding of the in
vivo pathogenesis of COVID-19 that could improve the manage-
ment of long-term manifestations in survivors. In this prospec-
tive study, we quantified lung glycolytic metabolic activity, clin-
ical symptoms, and immune proinflammatory, coagulation, and
endothelial activation biomarkers to characterize the impact of
moderate to severe COVID-19 pneumonia on lung inflammation
and repair.
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PATIENTS AND METHODS

Study Design and Data Acquisition

Adult patients with COVID-19 pneumonia who had been ad-
mitted to the Rede D'Or Hospitals, Rio de Janeiro, Brazil, were in-
vited after discharge (October 2020-December 2021) to participate
in this prospective longitudinal study. Additional inclusion criteria
were (@) symptom onset more than 30 days previously, (b) confirma-
tion of the COVID-19 diagnosis by reverse transcription—polymerase
chain reaction of a nasopharyngeal swab sample, (¢) moderate to
severe pneumonia during hospitalization, and (d) performance of
unenhanced chest CT examination in the acute phase of the disease.
The severity of COVID-19 pneumonia was determined usmg the
World Health Organization's clinical progression scale.’ Bneﬂy,
moderate COVID-19 pneumonia was defined as cases requiring
hospitalization without (scale 4) or with oxygen supplementation
(scale 5), and severe cases were those requiring noninvasive
high-flow oxygen supplementation (scale 6) or invasive ventilation
(scales 7, 8, and 9). Exclusion criteria were (@) previous chronic pul-
monary disease, (b) smoking history of more than 10 pack-years,
(c) HIV positivity or 1mmunosuppressmn and (d) neoplasms (to
exclude other causes of "*F-FDG pulmonary uptake).

Survivors fulfilling the inclusion criteria filled out a stan-
dardized questionnaire on the clinical consequences of COVID- 19
(the Post-COVID-19 Health and Wellbeing Follow-up Survey),'°
submitted blood samples, and underwent chest CT and '*F-FDG
PET/CT examinations on the same day. The plasma concentrations
of inflammation, coagulation, and endothelial cell activation bio-
markers were measured and compared with those in a control group
of 26 healthy (COVID-19 reverse transcription—polymerase chain
reaction—negative) blood donors. The images were compared with
those from 19 healthy volunteers who participated in another study
with the same protocol (institutional review board approval no.
CAAE 60502816.0.0000.5249).

Survivors' demographic characteristics and clinical data from
the acute phase of COVID-19, defined as the time between symp-
tom onset and hospital discharge, were retrieved from electronic
medical records. These data included age, sex, body mass index, co-
morbidities, symptom onset time, length of hospital stay, and me-
chanical ventilation requirement.

The ethics committee of our institution approved this study
(no. CAAE 5523520.3.0000.5249), and all participants provided written
informed consent before all study procedures. The study complies with
the Declaration of Helsinki and good clinical practice guidelines.

Chest CT Image Acquisition

During patients' hospitalization, chest CT examinations were
performed with helical CT systems from different manufacturers.
Follow-up chest CT examinations were performed immediately after
PET/CT examinations, both with a Siemens (Erlangen, Germany)
Biograph device. The acute-phase and follow-up CT examina-
tions were performed with patients in supine position, during
end-inspiration, from the thoracic inlet to the diaphragm, without
contrast medium injection. The scanning parameters were as follows:
tube voltage, 100—140 kVp; tube current modulation, 100-350 mAs;
slice thickness, 1-1.25 mm with 50% superposition; and voxel ma-
trix, 512 x 512, 768 x 768, or 1024 x 1024. Reconstruction algo-
rithms were applied with different convolution kernels, depending
on the CT system used.

Visual CT Lung Parenchyma Analysis

A senior thoracic radiologist (M.M.B.) with more than 20 years
of experience performed visual analysis of the follow-up CT images.
The abnormal CT findings reported were as follows: (a) traction
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bronchiectasis, parenchymal bands, and/or honeycombing, designated
fibrotic-like changes®; (b) linear opacities without parenchymal distor-
tion, designated reticular abnormalities; and (c) ground-glass opacities
(GGOs) and consolidation, as defined by the Fleischner Society glos-
sary."! A visual semiquantitative scormg system was used to evaluate
the extent of pulmonary abnormalities in each lobe (0, no involvement;
1, <5% involvement; 2, 6%—25% involvement; 3, 26°/cr50% volve-
ment; 4, 51%-75% involvement; 5, >75% involvement).'* The total
CT score was the sum of the scores for each lobe and ranged from 0
(no involvement) to 25 (maximum involvement).'*

Densitometric Analysis

Densitometric analyses of the acute-phase and follow-up
chest CT images were performed by G.M.R. and A.R.d.C., and the
paired data were compared. The acute-phase examination showing
the greatest extent of pulmonary involvement during hospitalization
was used for each patient.

The lung parenchyma was segmented automatically using
U-net, ' a generic (not pulmonary-specific) deep learning and seman-
tic segmentation architecture. The left and right lungs were labeled
individually, and the trachea and main bronchi were excluded, but
high-density areas were included. Before segmentation, the images
were cropped to the body region using threshold and morphological
operations and rescaled to a resolution of 256 x 256 pixels. Before
processing, the Hounsfield units (HU) were cropped to the width
window ranging from —1024 to +600 (values smaller and greater
than these values were assigned the values of —1024 and +600, re-
spectively) and normalized to the range 0 to 1. After lung segmen-
tation, the total lung volume (TLV) was calculated in milliliters.

The densitometric analy51s was performed using the protocol
recommended by Newell et al.'* Normal-attenuation (<—700 HU)
and high-attenuation (>—700 HU) areas were calculated. All
densitometry-derived variables were expressed as percentages
of the TLV.

Dedicated Chest PET/CT Acquisition

Neck base—upper abdomen "F_FDG PET/CT examinations
were performed approximately 60 minutes after the intravenous in-
jection of 0.12 mCl/kg "F_FDG. Each scan took approximately
10 minutes. Before "*F-FDG injection, the patients fasted for at least
6 hours, and their serum glucose levels were verified to be <200 mg/dL.
An identical dedicated chest PET/CT protocol was used to acquire
the control images of the 19 control subjects.

PET/CT Image Analysis

Persistent pulmonary inflammation was analyzed by quantita-
tive comparison of the "®E.FDG PET/CT images from COVID-19
survivors and control subjects The SUV calculated from a smgle
attenuatlon—corrected PET image was used as a measure of lung in-
flammation.'®> The lungs were segmented from whole attenuation—
corrected CT images including all pulmonary vessels. To define the
normal- and high-attenuation areas for analysis, the lung masks were
reduced to decrease the partial volume effect from the lung periphery,
and the masks and CT data were converted to PET resolution using a
grid average. An SUV was calculated for each voxel from the count
value, patient weight, time of injection, and duration of acquisition,
and each region of interest was characterized by the mean SUV from
its voxels. The SUVs were normalized using the liver SUV to account
for differences in participants' pulmonary metabolic activity.

Thromboinflammatory and Endothelial Activation
Biomarker Quantification

The concentrations of interleukin 6 (IL-6), as a marker of inflam-
mation, and human intercellular adhesion molecule 1 (ICAM-1/CD56),
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vascular cell adhesion molecule 1 (VCAM-1/CD106), and angiopoietins
1 and 2 (Ang-1 and Ang-2), as markers of endothelial cell activation, and
the D-dimer in plasma from COVID-19 survivors and 26 healthy donors
were quantified using standard commercially available enzyme-linked
immunosorbent assay kits according to the manufacturers' instructions
(R&D Systems, Minneapolis, Minn).

Statistical Analysis

The images were processed using MATLAB R2015a (MathWorks,
Natick, Mass), and statistical analysis were conducted using GraphPad
Prism version 8.1 (GraphPad Software Inc, San Diego, Calif) and
MATLAB R2015a. Parametric data are presented as means = SDs,
and nonparametric data are presented as medians with interquartile
ranges (IQRs; first quartile—third quartile). All image-derived variables
were compared between groups using the nonparametric rank-sum test.
The paired signed rank test was used for pairwise comparison of lon-
gitudinal data, and the effect of the time after discharge on normal-
ized SUVs was assessed by linear regression. P < 0.05 was regarded
as significant.

RESULTS

Clinical Characteristics of COVID-19
Pneumonia Survivors

In total, we enrolled 53 survivors of moderate to severe
COVID-19 pneumonia (Fig. 1). Most survivors (33/53 [62.3%])
were male, and the mean age was 50 £ 14 years. The median length

380 post-discharged patients with
COVID-19 were screened

of hospitalization with COVID-19 was 9 days (range, 1-44 days;
IQR, 5-15.3 days); 30 patients (56.6%) had moderate and 23 survivors
(43.4%) had severe disease. Eleven patients (20.8%) required invasive
mechanical ventilation. The median time from COVID-19 symptom
onset to follow-up assessment was 78 days (range, 31-194 days;
IQR, 59-120 days). Table 1 shows the demographic and clinical
characteristics of the COVID-19 pneumonia survivors.

All survivors reported at least 1 persistent symptom at the
follow-up assessment, and 41.5% reported more than 6 symptoms. The
most frequently reported symptoms were fatigue (38/53 [71.7%)]),
breathlessness/dyspnea (34/53 [64.2%]), difficulty remembering
or concentrating (33/53 [62.3%]), anxiety or depression [30/53
(56.6%), pain or discomfort (24/53 [45.3%]), and problems with
the performance of usual activities (24/53 [45.3%]). Other respira-
tory symptoms were persistent cough (17/53 [32.1%]) and pain
on breathing (11/53 [20.8%]). One patient (1.9%) reported deep
vein thrombosis in the follow-up. No other thrombotic event was re-
ported after discharge.

Morphological and Quantitative CT Findings

Visual analysis of the follow-up CT images showed that 19
(35.8%) of the 53 COVID-19 survivors had normal lung paren-
chyma. Persistent abnormalities were observed in 64.2% (34/53)
of the survivors; they consisted of GGOs (25/34 [73.5%]), reticular
abnormalities without fibrosis (22/34 [64.7%]), and fibrotic-like
changes (10/34 [29.4%)]). No patient presented consolidation areas.
Semiquantitative visual scores indicated that the extent of lung

95 patients were excluded

285 survivors were contacted by phone

» due unavailable chest CT
data on acute-phase

224 did not answer the call or

61 respondents accepted to participate

v

did not accept to participate in
the study

8 survivors did not meet

53 survivors were enrolled in the study

FIGURE 1. Patient inclusion flowchart.
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TABLE 1. Baseline Demographics

Characteristics N=53
Age, mean (SD), y 50 (14)
Sex (male), n (%) 33 (62.3%)
BMI, mean (SD), kg/m2 29.9 (4.8)
Underweight 0 (0%)
Normal weight 6 (11.3%)
Overweight 26 (49.1%)
Class I obesity 13 (24.5%)
Class II obesity 6 (11.3%)
Class III obesity 2 (3.8%)
Comorbidities, n (%)
0 12 (22.6%)
1 21 (39.6%)
2 9 (17.0%)
>3 11 (20.8%)
Length of hospital stay, median (IQR), d 9 (5-15.3)

Severity clinical classification (WHO), n (%) 53 (100%) Hospitalized
WHO ordinal scale 4-9)

30 (56.6%)
23 (43.4%)
11 (20.8%)
78 (59-120)

Moderate (scale 4-5)
Severe (scale 6-9)
Mechanical ventilation, n (%)

Time from onset of COVID-19 symptoms
and follow-up assessment, median (IQR), d

Data are expressed as mean (SD), median (IQR), or no. (%), as indicated.
WHO, World Health Organization.

involvement was less than 5% in 29.4% (10/34) of patients, 6% to
25% in 38.2% (13/34), 26% to 50% in 23.5% (8/34), and 51% to
75% in 8.8% (3/34) of patients. No participant had more than 75%
lung involvement.

Quantitative densitometric analysis revealed larger areas of
normal lung parenchyma, fewer high-attenuation (dense) areas,
and increased TLVs on follow-up CT images than on acute-phase
images, indicating the tendency for recovery (Table 2). Compared
with control images, follow-up CT images from COVID-19 survi-
vors showed denser parenchyma and similar lung volumes. Regions
of normal attenuation had similar mean densities in both groups,
but larger volumes in control subjects than in COVID-19 survivors
(994 [850, 1314] vs 787 [537, 1152] mL; P = 0.016). Conversely,
COVID-19 survivors had larger volumes of high-attenuation areas
(895 [665, 1125] vs 619 [437, 749] mL; P <0.001). These findings
indicate the recovery of the lung volume but persistence of areas of
pulmonary infiltration.

'8E_FDG PET-CT Findings

The quantitative analysis of PET images revealed a significantly
higher total (whole-lung) metabolic volume for COVID-19 survivors
than for control subjects (0.290 [0.255, 0.320) vs 0.237 [0.201,
0.285] liver-corrected mean SUV; P = 0.001). This difference in

metabolic activity was driven primarily by larger areas of high atten-
uation in COVID-19 survivors (0.330 [0.306, 0.353] vs 0.296 [0.266,
0.321]; P = 0.001). However, measurements performed in normally
aerated regions also reflected more metabolic activity in COVID-19
survivors than in control subjects (0.235 [0.210, 0.540] vs 0.206
[0.180, 0.243]; P=0.035; Figs. 2 and 3). The interval from symptom
onset to PET/CT examination had a minor effect on metabolic activ-
ity, explaining less than 8% of the variability among survivors (linear
regression of SUV vs days, slope = 0.00045 [95% confidence inter-
val, —0.00028 to 0.00037], #* = 0.002, P = 0.780).

Thromboinflammation and Endothelial Cell
Activation Analysis

Endotheliopathy and thromboinflammation are essential compo-
nents of acute-phase COVID-19 pathology. To gain insights on mecha-
nisms involved in the persistence of metabolic activity in the lung, we
evaluated the persistence of biomarkers of thromboinflammation and
endothelial activation in survivors when compared with healthy volun-
teers. COVID-19 survivors exhibited significant biomarker elevation
compared with control subjects, such as Ang-2 (192 [IQR, 1.7-3.2]
vs 1.243 [1.053-1.562] ng/mL), soluble VCAM (1.38 [1.05-1.72] vs
0.7 [0.58-0.82] ng/mL), soluble ICAM (18.6 [IQR, 15.5-27.4] vs
104 [IQR, 8.65-11.9] ng/mL), D-dimer (521 [IQR, 325.8-800.8] vs
326 [IQR, 190-392.1] ng/mL), and IL-6 (7 [IQR, 3-17] vs 3 [IQR,
0-4] pg/mL). Although the elevation of endothelial activation and
thromboinflammation biomarkers persists in this cohort of COVID-19
survivors, the levels of the biomarkers are mildly elevated com[fared
with those reported in acute hospitalized COVID-19 cases.'®'® Of
note, Ang-1 levels are also elevated (89.2 [IQR, 46.71-129.5] vs
5.61 [IQR, 3.56-8.24] ng/mL), suggesting that mechanisms associ-
ated with the restoration of endothelial homeostasis are also taking
place in these subjects (Fig. 4).

DISCUSSION

This prospective study revealed increased lung parenchyma
density and metabolic activity in survivors of moderate to severe
COVID-19 pneumonia at 31 to 194 days after hospitalization. The in-
crease in metabolic activity occurred in high-attenuation areas (infil-
trates) and even in normal-attenuation areas. Survivors also presented
increased systemic thromboinflammation and endothelial cell activa-
tion biomarkers relative to control subjects. These data suggest that
systemic immune activation and lung parenchymal inflammation per-
sist months after SARS-CoV-2 infection, with multiple implications.

COVID-19 can clearly cause a long-term multisystem syndrome,
frequently referred to as long COVID syndrome or post—acute sequelae
of SARS-CoV-2 infection, in a significant proportion of survivors.
The precise definition of this syndrome remains controversial, given
its underlying immune mechanisms. Prolonged and persistent symp-
toms after COVID-19 infection are frequent, reported in 30% of out-
patlents % and up to 93% of patients following hospitalization.'® All
survivors in our study reported at least 1 persistent symptom. This
higher prevalence of persistent symptoms may be related to the se-
verity of acute disease or a shorter interval between the acute phase
and follow-up than in the study by Sigfrid et al.'” In agreement with

TABLE 2. Comparison of the Extension of Pulmonary Changes in Baseline (Acute-Phase) and Follow-up CT (Survivors)

Acute-Phase CT

TLV, mL
Normal attenuation, <—700 HU (% TLV)
High attenuation, >700 HU (% TLV)

3174 (2488, 4034)
582 (51.1,75.3)
39.1(22.5, 46.9)

Follow-up CT P
4094 (3452, 5053) <0.001
85.5(78.5, 88.4) <0.001
14.3 (10.6, 20.9) <0.001

The values inside the parentheses represent the first and third quartiles.
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Acute phase CT
Dec 20th, 2020

Follow-up CT
Feb 26th, 2021

4 /-.‘-‘

-
-t
PET-CT PET

Feb 26th, 2021 Feb 26th, 2021

FIGURE 2. Chest CT images of a patient with COVID-19 pneumonia (acute-phase) and follow-up CT and chest-dedicated
'8E_FDG PET/CT images of the same patient. Acute-phase CT images (A and B) show bilateral peripheral GGOs and linear
opacities. Those obtained 70 days after symptom onset (C and D) depict partial absorption of the opacifications. ' 8F-FDG PET/CT
images (E-H) show greater uptake in the lung periphery, overlapping the mild areas of GGOs.

previous reports,” fatigue, dyspnea, and neurocognitive manifestations
were the most common symptoms reported by patients in the
present study.

The persistence of respiratory symptoms, especially dyspnea
and cough, for more than 2 months after symptom onset seems to be
common among COVID-19 survivors. The reported prevalence of
such persistence for 1 to 12 months after hospitalization with
COVID-19 ranges from 5% to 81%.%° Wu et al*! recently reported
the improvement of respiratory symptoms after 1 year in patients
who had moderate disease. In contrast, Huang et al** reported a
slight deterioration of dyspnea scores between 6 and 12 months af-
ter COVID-19 and absence of improvement in exercise capacity
and diffusing capacity for carbon monoxide, but gradual recovery
of the total lung capacity and lung imaging abnormalities. Patterns
of recovery for respiratory symptoms, functional respiratory capac-
ity, and radiological abnormalities remain to be determined.

The prevalence of lung parenchymal changes on chest radio-
graphs and CT images of COVID-19 pneumonia survivors varies,
depending on the study population, interval after infection, and sever-
ity of initial illness.”* The most common persistent CT abnormalities
are GGOs, reticular abnormalities, and fibrotic changes.é’23 24 In our
study, persistent lung abnormalities were observed on follow-up CT
images in 64.2% of survivors, consistent with the reported prevalence
of 56% to 88%.>2"?>2% Ground-glass opacities were the most fre-
quent finding, occurring in 73.5% of survivors with CT abnormali-
ties, and fibrotic-like changes occurred in 29.4% of these patients.
The prevalence of fibrotic-like changes in COVID-19 pneumonia
survivors with lung abnormalities at 4 and 6 months were 19.3%
and 56.3%, respectively.?° In the present study, densitometric anal-
ysis showed a tendency for gradual resolution over time, but the lung
parenchyma of COVID-19 survivors was significantly denser than
that of control subjects, with similar TLVs.

PET/CT is the most sensitive imaging modality for the as-
sessment of cell metabolism and the magnitude of inflammatory/
metabolic activity.?” This inflammatory/metabolic phenotype results
in high "8F-FDG uptake. We observed more metabolic activity in
survivors' lungs than in those of control subjects, mainly overlapping re-
gions of greater density. PET/CT has been used to study COVID-19
survivors or those with long COVID syndrome in a few studies,
consisting of case reports and small case series,”® 2% and in only 1
study, patients have been prospectively examined at a later stage

© 2022 Wolters Kluwer Health, Inc. All rights reserved.

(>30 days between syrnzptom onset and PET/CT examination).” In
that study, Sollini et al** examined 13 adult patients with at least 1
symptom persisting and highlighted the multisystemic aspect of long
COVID syndrome, with increased FDG uptake in several organs, in-
cluding the lungs in 4 patients.

& Controls @ coVID-19 Survivors

0.45 - p=0.001
0.4 -
0.35 -

0.3

0.25

0800

0.2 -

SUV normalized

0.15

0.1 -

0.05

0 T T I

Whole HU<-700 HU>-700

FIGURE 3. Liver-corrected mean SUV from the whole lung,
areas <—700 HU, and areas >-700 HU. Columns are

median; error bars are first and third quartiles, and circles are
individual data. Metabolic activity was higher in survivors
than in control subjects in the whole-lung parenchyma and
normal- and high-attenuation areas.
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FIGURE 4. Persistence of elevated biomarkers of endothelial cell activation, coagulation, and inflammation. Plasmatic
concentrations of endothelial cell activation markers, Ang-1 (A) and Ang-2 (B), VCAM-1 (C) and human ICAM-1 (D), coagulation
activation marker b-dimer (E), and the proinflammatory cytokine IL-6 (F), are shown. Median and IQR are represented.

We also found significantly more '"®F-FDG uptake in the nor-
mal lung parenchyma of survivors than i in that of control subjects,
consistent with the finding of Sollini et al.’? These findings suggest
that sustained inflammatory changes occur in the normal lung pa-
renchyma of patients with long COVID syndrome.'*F-FDG uptake
in normal lung parenchyma has been reported for other inflammatory
pulmonary dlseases including acute lung injury,®*3-** ldlogathlc pul-
monary f1br051s 3 chronic obstructive pulmonary disease,*® and other
infections.”” In these settings, the increased metabolic activity is as-
sociated Wlth increased numbers of cells, accumulated through migra-
tion or local proliferation and cellular activation.*®

The underlying pathophysiological mechanisms involved in
the persistent clinical manifestations of COVID-19 survivors and in
the lung PET/CT alterations here described are poorly understood at
present. Accumulating evidence places thromboinflammation and
endotheliopathy as central components in pathophysmlo%y and as
determinants of mortality in acute COVID-19 patients. Accord-
ingly, biomarkers of inflammation, coagulation, and endothelial activa-
tion, including D-dimers, Ang-1/Ang-2, and IL-6, are early predictors
of respiratory distress and mortality during acute COVID-19.'¢18
Our findings demonstrate that biomarkers of thromboinflamma-
tion and endothelial cell activation characteristic of severe acute
COVID-19 are sustained long after hospital discharge, even in mod-
erate COVID-19 patients, and raise the intriguing possibility that
this may contribute to long COVID pathogenesis. In our study, only
1 patient reported a deep vein thrombosis episode at follow-up.
However, subclinical cases may have occurred, as systematic inves-
tigations for these events were outside the scope of this study.

This study has some limitations. First, to ensure that the con-
trol subjects had not had SARS-CoV-2 infection, we used CT and
PET-CT images from a study conducted before the COVID-19 pan-
demic. Thus, we could not completely match survivors and control
subjects. In addition, we lacked information on previous symptom
histories for survivors before COVID-19 pneumonia. On the other
side, the study has several strengths. It was prospective, and clinical,
imaging, and immunometabolic data were acquired on the same day.
Imaging quantification was performed with the use of advanced
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processing techniques to ensure the accuracy of the results. Biomarkers
of inflammation, coagulation, and endothelial were examined. Finally,
to our knowledge, our cohort is the largest group of patients to undergo
PET/CT after recovery from COVID-19 pneumonia.

How long the post—-COVID-19 inflammatory response can
persist in the lungs remains unclear. We found increased inflammatory
metabolic activity in lung areas of high and normal lung attenuation
several months after recovery from COVID-19 pneumonia in this
study. This activity and the persistence of plasma markers of thrombo-
inflammation and endothelial activation can have implications for our
understanding of the in vivo pathogenesis and long-lasting effects of
COVID-19 pneumonia, eventually impacting treatment. Studies with
longer follow-up periods are needed to clarify the impacts of persistent
lung inflammation in COVID-19 survivors.
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