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IMPORTANCE Although myocardial injury can occur with acute COVID-19, there is limited
understanding of changes with myocardial metabolism in recovered patients.

OBJECTIVE To examine myocardial metabolic changes early after recovery from COVID-19
using fluorodeoxyglucose–positron emission tomography (PET) and associate these changes
to abnormalities in cardiac magnetic resonance imaging (MRI)–based function and tissue
characterization measures and inflammatory blood markers.

DESIGN, SETTING, AND PARTICIPANTS This prospective cohort study took place at a
single-center tertiary referral hospital system. A volunteer sample of adult patients within 3
months of a diagnosis of COVID-19 who responded to a mail invitation were recruited for
cardiac PET/MRI and blood biomarker evaluation between November 2020 and June 2021.

EXPOSURES Myocardial inflammation as determined by focal fluorodeoxyglucose (FDG)
uptake on PET.

MAIN OUTCOMES AND MEASURES Demographic characteristics, cardiac and inflammatory
blood markers, and fasting combined cardiac 18F-FDG PET/MRI imaging were obtained.
All patients with focal FDG uptake at baseline returned for repeated PET/MRI and blood
marker assessment 2 months later.

RESULTS Of 47 included patients, 24 (51%) were female, and the mean (SD) age was 43 (13)
years. The mean (SD) interval between COVID-19 diagnosis and PET/MRI was 67 (16) days.
Most patients recovered at home during the acute infection (40 [85%]). Eight patients (17%)
had focal FDG uptake on PET consistent with myocardial inflammation. Compared with those
without FDG uptake, patients with focal FDG uptake had higher regional T2, T1, and
extracellular volume (colocalizing with focal FDG uptake), higher prevalence of late
gadolinium enhancement (6 of 8 [75%] vs 9 of 39 [23%], P = .009), lower left ventricular
ejection fraction (mean [SD], 55% [4%] vs 62% [5%], P < .001), worse global longitudinal and
circumferential strain (mean [SD], −16% [2%] vs −17% [2%], P = .02 and −18% [2%] vs −20%
[2%], P = .047, respectively), and higher systemic inflammatory blood markers including
interleukin 6, interleukin 8, and high-sensitivity C-reactive protein. Among patients with focal
FDG uptake, PET/MRI, and inflammatory blood markers resolved or improved at follow-up
performed a mean (SD) of 52 (17) days after baseline PET/MRI.

CONCLUSIONS AND RELEVANCE In this study of patients recently recovered from COVID-19,
myocardial inflammation was identified on PET in a small proportion of patients, was
associated with cardiac MRI abnormalities and elevated inflammatory blood markers at
baseline, and improved at follow-up.
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A s of October 2021, COVID-19 caused by SARS-CoV-2
has affected more than 247 million individuals glob-
ally with more than 5 million deaths.1 Among hospi-

talized patients, early studies suggested that approxi-
mately 1 in 4 experience cardiovascular injury, defined
by elevation in troponin levels, which was associated with a
5- to 10-fold increase in the risk of death.2,3 However, be-
cause most individuals (>95%) survive the acute illness and
do not require hospitalization, there is concern for unde-
tected cardiovascular injury.

Several cardiac magnetic resonance imaging (MRI) stud-
ies have examined myocardial disease in patients who had re-
covered from COVID-194-7 and have reported a broad range in
prevalence of abnormal myocardial tissue characteristics
(7%-73%).5,6,8 However, there is limited understanding of per-
sistent changes in myocardial metabolism in recovered pa-
tients, which is a potential concern given that COVID-19 is as-
sociated with systemic inflammation during the acute illness.
Combined cardiac 18fluorodeoxyglucose (FDG) positron emis-
sion tomography (PET)/MRI can reliably characterize myocar-
dial inflammation and its relationship to myocardial abnor-
malities on MRI. Furthermore, it may help determine whether
persistent cardiac symptoms are related to residual myocar-
dial inflammation; inform the need for cardiac screening
and longer-term follow-up; and prognosticate longer-term
cardiovascular disease risk.

The purpose of this study was to (1) examine myocardial
inflammation using cardiac FDG-PET, (2) compare the pres-
ence and absence of inflammation to cardiac MRI-based func-
tion and tissue characterization parameters, and (3) assess the
association between myocardial inflammation, cardiac symp-
toms, and blood biomarkers in patients recently recovered
from COVID-19.

Methods
Study Design and Participants
This prospective cohort study was approved by the institu-
tional research ethics board of the University Health Net-
work, Toronto, Canada. Written informed consent was
obtained from all participants. Between November 2020 and
June 2021, adult patients (≥18 years of age) who had a posi-
tive SARS-CoV-2 test (reverse transcriptase–polymerase
chain reaction assays of oro/nasopharyngeal throat swabs) at
our center were invited for cardiac PET/MRI and blood bio-
marker evaluation within 3 months after the positive test
through mail invitation. Interested patients who voluntarily
contacted our study team were recruited. Exclusion criteria
were contraindication to PET/MRI, including impaired
kidney function and claustrophobia. Clinical data were
obtained from patient history at the time of PET/MRI and
the electronic patient record. Clinical disease severity during
the acute illness with COVID-19 was classified according to
the World Health Organization.9 Data on race and ethnicity
were collected by self-report. All patients with focal FDG
uptake on the initial study had a follow-up PET/MRI and
blood collected 2 months later.

PET/MRI Acquisition
Participants were provided with detailed preparation instruc-
tions to suppress physiologic myocardial glucose uptake, in-
cluding a high-fat, high-protein, very low-carbohydrate diet
starting 24 hours before PET/MRI and a complete fast other
than water for 12 hours prior to PET/MRI.10,11 PET/MRI was per-
formed 60 to 90 minutes after intravenous administration of
18F-FDG, dosed based on body weight, using a 3-T scanner
(Biograph mMR; Siemens Healthineers). The MRI protocol in-
cluded 2-, 3-, 4-chamber and a stack of short-axis cine balanced
steady-state free precession slices (eTable 1 in the Supple-
ment). T2 and T1 mapping were acquired at matching
basal, mid, and apical short-axis locations. T2 mapping used
a T2-prep fast low-angle shot technique, and T1 mapping used
a modified look-locker inversion recovery technique before
and 15 minutes after injection of 0.15 mmol/kg of body weight
Gadobutrol (Bayer Healthcare). Late gadolinium-enhanced
(LGE) images were acquired starting 12 minutes after con-
trast administration. Listmode PET acquisition occurred si-
multaneously with the MRI examination in 1 bed position
centered over the heart, with electrocardiogram gating and
3-dimensional image reconstruction using ordered subset ex-
pectation maximization (3 iterations and 21 subsets). A 2-point
Dixon scan was acquired for attenuation correction, and a
4-compartment model attenuation map was calculated in-
cluding air, fat, water, and tissue.

PET/MRI Analysis
PET/MRI studies were analyzed independently by 3 experi-
enced fellowship trained cardiac imagers (C.H., K.H., and
R.M.I.) blinded to clinical symptoms, biomarker informa-
tion, and the time point of imaging. PET and MRI images
were fused by translating and rotating PET images onto the
MRI coordinate system. FDG uptake, T1, T2, extracellular
volume (ECV), and LGE were evaluated globally and using
the American Heart Association 17-segment model.12 Myo-
cardial FDG uptake was categorized as none, diffuse, focal,
or focal on diffuse. Focal or focal-on-diffuse patterns were
considered positive and none or diffuse FDG uptake patterns
were considered negative.13 FDG uptake was quantified

Key Points
Question Is myocardial inflammation present in patients recently
recovered from COVID-19 and is this associated with tissue
characterization abnormalities and blood biomarkers?

Findings In this cohort study of 47 participants recently
recovered from COVID-19, myocardial inflammation was identified
in a small proportion based on focal fluorodeoxyglucose uptake on
cardiac positron emission tomography/magnetic resonance
imaging. Fluorodeoxyglucose uptake was associated with cardiac
magnetic resonance imaging T1, T2, and extracellular volume
abnormalities, and systemic inflammatory blood markers at
baseline and all findings improved at follow-up.

Meaning Myocardial inflammation is present in a minority of
patients after COVID-19 illness, is associated with systemic
inflammation, and may improve over short-term follow-up.
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using cardiac metabolic volume (CMV) as the volume of
myocardium with a standardized uptake value intensity
above a threshold ratio of 1.2 of left ventricular blood pool
to maximum cardiac standardized uptake value (OsiriX MD
version 12.0.1). As a sensitivity analysis, CMV was also
calculated using a threshold ratio of 1.5.14 The predominant
pattern of LGE was classified as subendocardial, midwall,
subepicardial, or transmural. LGE was quantified using a
signal-intensity threshold of 4 SD above normal myo-
cardium. Global T1 and T2 relaxation times were assessed
by contouring endocardial and epicardial borders on
all short-axis images applying a 15% offset adjustment.
Regional T1 and T2 values were measured in the region
of visually maximum FDG uptake in participants with focal
FDG uptake or at the interventricular septum of the mid-
ventricular short-axis slice in participants without focal
FDG uptake. In participants who were PET positive, re-
mote T1 and T2 were measured at the interventricular sep-
tum on the midventricular slice in an area without
FDG uptake. ECV was calculated using pre- and postcon-
trast myocardial and blood pool T1 values and hematocrit.15

Regional T1, T2, and ECV were categorized as normal/
abnormal based on established sequence-specific cut
points of 2 SD above the respective means in local healthy
controls (T2 >45 milliseconds; T1 >1286 milliseconds;
and ECV >30%). Ventricular volumes, function, and mass
were assessed per established standards.16 For feature
tracking strain analysis, global circumferential strain was
calculated using the short-axis cine balanced steady-state
free precession stack and global longitudinal strain as
the mean of 2-, 3- and 4-chamber cines.17 All MRI analy-
sis was performed using Circle cmr42 (Circle Cardiovas-
cular Imaging).

Blood Biomarkers
Peripheral blood samples were collected on the day of PET/
MRI and were drawn from the cubital vein into BD Vacu-
tainer Blood Collection Tubes (BD BioscienceNJ) containing
K2EDTA and processed within 3 hours. Circulating levels of
interleukin 6 (IL-6), IL-8, high-sensitivity C-reactive protein,
myeloperoxidase, high-sensitivity troponin I (hsTnI), and
B-type natriuretic peptide were quantified (eMethods and
eTable 2 in the Supplement).

Statistical Analysis
Statistical analysis was performed using Stata version 14.1
(StataCorp). Data were visualized with GraphPad Prism ver-
sion 9.0.2 (GraphPad Software). A 2-tailed P value of less
than .05 was considered statistically significant. All continu-
ous data were tested for normal distribution using the
Shapiro-Wilk test. Comparisons between groups were made
by independent-samples t test for continuous variables with
normal distribution, Wilcoxon rank sum test for continuous
variables with non-normal distribution, and Fisher exact test
for categorical variables. Paired t test or Wilcoxon signed
rank test were used for paired comparisons of continuous
variables. κ Statistic was used for assessment of interob-
server agreement.

Results

Participant Characteristics
Mail invitations were sent to 1263 patients recently recovered
from COVID-19 (eResults in the Supplement). A voluntary co-
hort of 47 participants was included, of whom 24 (51%) were
female, and the mean (SD) age was 43 (13) years. There was no
difference in age and sex of invited vs included patients
(eTable 3 in the Supplement). Baseline characteristics of in-
cluded participants are provided in Table 1. Most participants
(40 [85%]) recovered at home during the acute infection, with
4 (9%) admitted to the ward and 3 (6%) admitted to the inten-
sive care unit. All admitted participants received corticoste-
roids, 1 admitted to the intensive care unit received an IL-6 an-
tagonist, and 2 received antiviral therapy. Among the admitted
participants, hsTnI was elevated in 1 during admission (6877
pg/mL). None of the participants who recovered at home had
hsTnI measurements, received immunosuppressive therapy,
or had a second intercurrent illness prior to PET/MRI. At the
time of PET/MRI, 19 participants (40%) reported at least 1 car-
diac symptom, including palpitations in 11 (23%), chest pain
in 9 (19%), and shortness of breath in 10 (21%). Prior to PET/
MRI, 13 participants had received at least 1 dose of a COVID-19
vaccine (10 had the first dose only and 3 had 2 doses; Pfizer/
BioNTech in 8, Moderna in 2, and AstraZeneca in 3). None had
new onset of symptoms after vaccination.

PET/MRI Findings
Cardiac imaging findings are summarized in Table 2. PET/
MRI was performed a mean (SD) of 67 (16) days after the diag-
nosis of COVID-19 and a mean (SD) of 76 (6) minutes after in-
travenous administration of 390 (70) MBq of 18F-FDG. FDG
uptake on PET was positive in 8 participants (17%), with a
focal uptake pattern in all. Examples of FDG-positive and
FDG-negative participants are shown in Figure 1, while other
FDG-positive examples and an example of diffuse FDG up-
take are shown in eFigure 1 in the Supplement.

The most common myocardial segments involved were the
midinferolateral wall in 7 of 8, basal inferolateral wall in 6 of
8, basal anteroseptum in 4 of 8, midinferoseptum in 2 of 8, and
midinferior wall in 2 of 8. Six participants (13%) had diffuse
FDG uptake due to inadequate diet preparation. Interob-
server agreement was high for presence of FDG uptake
(κ = 0.95) and the number of FDG-positive myocardial seg-
ments (κ = 0.93). There was no significant difference in the pro-
portion of patients who had received at least 1 COVID-19 vac-
cine dose prior to PET/MRI between those who were PET
positive and negative (2 of 8 [25%] were PET positive vs 11 of
39 [28%] were PET negative; P > .99).

Participants with focal FDG uptake had higher preva-
lence of hypertension compared with those without (4 of 8
[50%] vs 5 of 39 [13%]; P = .03). Cardiac symptoms were more
common among participants with focal FDG uptake vs those
without (5 of 8 [63%] vs 14 of 39 [36%]), although this was not
statistically significant (P = .24).

On cardiac MRI, participants with focal FDG uptake had
significantly higher prevalence of LGE, higher regional T2, T1,
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Table 1. Baseline Clinical Parameters

Characteristic

No. (%)

P valuea
All patients
(N = 47)

PET negative
(n = 39)

PET positive
(n = 8)

Age, mean (SD), y 43 (13) 42 (13) 51 (10) .09

Women 24 (51) 20 (51) 4 (50) .99

Men 23 (49) 19 (49) 4 (50) .99

Weight, mean (SD), kg 79 (19) 77 (19) 88 (14) .16

Height, mean (SD), cm 170 (11) 169 (11) 178 (9) .047

Body surface area, mean (SD), m2 1.9 (0.3) 1.9 (0.3) 2.1 (0.2) .08

Race and ethnicity

Black or African American 4 (9) 3 (8) 1 (13) .54

Central/West Asian 3 (6) 3 (8) 0 .99

East/Southeast Asian 5 (11) 5 (13) 0 .57

Hispanic or Latino 3 (6) 3 (8) 0 .99

South Asian 4 (9) 4 (11) 0 .99

White or European American 28 (60) 21 (54) 7 (88) .12

Comorbidities

Diabetes 3 (6) 3 (8) 0 .99

Hypertension 9 (19) 5 (13) 4 (50) .03

Dyslipidemia 8 (17) 5 (13) 3 (38) .12

Coronary artery disease 0 0 0 .99

Myocardial infarction 0 0 0 .99

Heart failure 0 0 0 .99

Valvular heart disease 1 (2) 0 1 (13) .17

Arrythmia 0 0 0 .99

Prior cardiac procedure or surgery 0 0 0 .99

Peripheral vascular disease 0 0 0 .99

History of venous thromboembolism 1 (2) 1 (3) 0 .99

Obesity 8 (17) 6 (15) 2 (25) .61

Family history of cardiac disease 23 (49) 17 (44) 6 (75) .14

COPD 1 (2) 1 (3) 0 .99

History of malignant neoplasm 2 (4) 1 (3) 1 (13) .32

Smoking history

Never 29 (62) 26 (67) 3 (38) .23

Previously 10 (21) 7 (18) 3 (38) .34

Current 5 (11) 3 (8) 2 (25) .20

Alcohol intake

None 17 (36) 15 (38) 2 (25) .69

Casual 27 (57) 22 (56) 5 (63) .99

Chronic 3 (6) 2 (5) 1 (13) .44

Cardiac medications

None 36 (77) 31 (79) 5 (63) .37

β-Blocker 1 (2) 1 (3) 0 .99

ACE inhibitor 2 (4) 2 (5) 0 .99

ARB 3 (6) 1 (3) 2 (25) .07

Statin 6 (13) 4 (10) 2 (25) .27

Calcium channel blocker 1 (2) 1 (3) 0 .99

Anticoagulant 3 (6) 2 (5) 1 (13) .44

Interval between COVID-19 diagnosis
and PET/MRI, mean (SD), d

67 (16) 68 (17) 64 (14) .64

Hospital admission

Recovered at home 40 (85) 34 (87) 6 (75) .59

Admitted to ward 4 (9) 2 (5) 2 (25) .13

Admitted to ICU 3 (6) 3 (8) 0 .99

(continued)
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and ECV, lower left ventricular ejection fraction (LVEF), and
worse global longitudinal strain and global circumferential
strain compared with participants without focal FDG uptake
(Figure 2 and Table 2). None of the participants had subendo-
cardial LGE or pericardial enhancement. Focal FDG uptake
colocalized with LGE in 4 of 8 participants, high T2 in 3 of 8,
high T1 in 3 of 8, and high ECV in 2 of 8 (eTable 4 in the Supple-
ment). Two participants with focal FDG uptake had no abnor-
mal MRI findings. Among participants who were PET-
positive, regional T2, T1, and ECV values in areas of FDG
uptake were significantly higher compared with remote myo-
cardial values (mean [SD], 44 [2] milliseconds vs 41 [2] milli-
seconds, P < .001; 1271 [22] milliseconds vs 1245 [15] millisec-
onds, P = .02; and 28% [3%] vs 25% [2%], P < .001,
respectively). Notably, the 6 participants with diffuse FDG up-
take due to inadequate diet preparation all had normal T2, T1,
and ECV values, normal LVEF, and no LGE and T2, T1, and ECV
values and LVEF in these patients were not different from pa-
tients without FDG uptake (eTable 5 in the Supplement). Three
participants met updated Lake Louise Criteria for myocar-
ditis, and all had focal FDG uptake, LGE, high regional T2, and
high regional T1.15

Blood Biomarkers
Blood biomarker findings are summarized in Table 2. On the
day of PET/MRI, hsTnI was detectable in 5 participants (ie, >2
pg/mL) but was not significantly elevated in any (ie, >26 pg/
mL). Markers of systemic inflammation, including high-
sensitivity C-reactive protein, IL-6, and IL-8, were higher in par-
ticipants with focal FDG uptake compared with those without
(Figure 2). In patients with diffuse FDG uptake, these mark-
ers were not different from patients without FDG uptake
(eTable 5 in the Supplement).

Sensitivity Analysis
Conclusions of our primary analyses were unchanged with
analysis of CMV using a threshold ratio of 1.5 (eTable 4 in the
Supplement) or on removing the 6 participants with diffuse

FDG uptake or the 7 participants who required hospital ad-
missions (eTables 6 and 7 in the Supplement).

Follow-up
Follow-up PET/MRI and blood biomarker analysis was per-
formed in all participants with focal FDG uptake on baseline
PET/MRI at a mean (SD) of 52 (17) days after the initial study.
None of the participants received any intercurrent cardiac or
immunosuppressive therapy. One participant had a nondiag-
nostic follow-up PET study due to inadequate diet prepara-
tion, 2 had partial resolution of FDG uptake with decrease in
CMV (participant 1: 167 cm3 to 62 cm3; participant 2: 51 cm3 to
45 cm3), and 5 had complete resolution (eFigure 2 in the
Supplement). All had interval improvement in LVEF (mean
[SD], 55% [4%] vs 60% [4%], P = .02), regional T2 (44 [2] mil-
liseconds vs 40 [2] milliseconds, P = .001), regional T1 (1271 [22]
milliseconds vs 1240 [12] milliseconds, P = .012), ECV (28%
[2%] vs 25% [2%], P = .02), and inflammatory blood markers
IL-6 (6.0 [3.1] vs 1.9 [0.8] pg/mL, P = .012), IL-8 (5.7 [2.4] vs
2.6 [1.4] pg/mL, P = .001), high-sensitivity C-reactive protein
(5.7 [3.5] pg/mL vs 1.0 [0.7] pg/mL, P = .011), and myeloper-
oxidase (242 [90] ng/mL vs 196 [77] ng/mL, P = .008) (Figure 3).

Discussion
Although myocardial injury can occur with acute COVID-19 ill-
ness, there is limited understanding of changes to myocar-
dial metabolism in recovered patients. This is a prospective re-
port on a cohort of participants recently recovered from
COVID-19 who voluntarily underwent evaluation for myocar-
dial inflammation with combined cardiac PET/MRI and blood
biomarkers. Myocardial inflammation based on focal FDG up-
take was identified in a small proportion of participants im-
aged approximately 2 months after COVID-19 diagnosis. Fo-
cal FDG uptake on PET was associated with higher cardiac
MRI regional native T1, T2, and ECV values, worse measures
of myocardial systolic function, and elevated inflammatory

Table 1. Baseline Clinical Parameters (continued)

Characteristic

No. (%)

P valuea
All patients
(N = 47)

PET negative
(n = 39)

PET positive
(n = 8)

Symptoms

Palpitations 11 (23) 8 (21) 3 (38) .37

Chest pain 9 (19) 7 (18) 2 (25) .64

Shortness of breath 10 (21) 7 (18) 3 (38) .34

Any symptom 19 (40) 14 (36) 5 (63) .24

NYHA functional classification

1 36 (77) 29 (74) 7 (88) .66

2 8 (17) 8 (21) 0 .32

3 3 (6) 2 (5) 1 (13) .44

CCS angina score

0 43 (91) 36 (92) 7 (88) .54

1 2 (4) 2 (5) 0 .99

2 2 (5) 1 (3) 1 (14) .32

Abbreviations: ACE, angiotensin
converting enzyme; ARB, angiotensin
II receptor blockers; CCS, Canadian
Cardiovascular Society;
COPD, chronic obstructive pulmonary
disease; ICU, intensive care unit;
MRI, magnetic resonance imaging;
NYHA, New York Heart Association;
PET, positron emission tomography.
a P values are for the comparison

between patients with focal
fluorodeoxyglucose uptake
(PET positive) and those without
(PET negative).
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Table 2. PET/MRI and Blood Biomarker Findings

Variable

No. (%)

P valueaAll patients (N = 47) PET negative (n = 39) PET positive (n = 8)
FDG-PET, median (range)

Focal pattern FDG uptake, No. (%) 8 (17) 0 8 (100) NA

Focal FDG extent, No. of segments NA NA 5 (1-7) NA

SUVmax, g/mL NA NA 3 (2.4-7.5) NA

CMV (1.2), cm3 NA NA 44 (7-167) NA

CMV (1.5), cm3 NA NA 6 (0.1-120) NA

Cardiac MRI

LV, mean (SD)

LVEDVi, mL/m2 69 (15) 69 (15) 72 (13) .52

LVESVi, mL/m2 27 (8) 26 (2) 32 (2) .04

LVSVi, mL/m2 42 (2) 42 (2) 40 (8) .56

LVEF, % 61 (2) 62 (2) 55 (4) <.001

Abnormal low LVEF 6 (13) 2 (5) 4 (50) .005

LVMi, g/m2 53 (8) 52 (8) 57 (7) .17

GLS, % −17 (2) −17 (2) −16 (2) .02

GCS, % −19 (2) −20 (2) −18 (2) .047

RV, mean (SD)

RVEDVi, mL/m2 75 (14) 74 (15) 79 (8) .43

RVESVi, mL/m2 34 (8) 33 (2) 34 (2) .75

RVSVi, mL/m2 41 (8) 41 (9) 44 (4) .30

RVEF, % 55 (6) 55 (6) 56 (2) .63

Atrial area, mean (SD), cm2

Left 20 (4) 20 (4) 22 (4) .17

Right 17 (4) 17 (4) 19 (3) .13

Tissue characterization

LGE

Presence 15 (32) 9 (23) 6 (75) .009

Subendocardial 0 (0) 0 (0) 0 (0) .99

Midwall 13 (28) 8 (21) 5 (63) .03

Subepicardial 2 (4) 1 (3) 1 (13) .32

Transmural 0 (0) 0 (0) 0 (0) .99

LGE extent

Median (range), % 2 (0 to 9) 2 (0 to 9) 2 (0 to 7) .93

Median (range), g 1 (0 to 4) 1 (0 to 4) 1 (1 to 4) .24

Pericardial enhancement 0 (0) 0 (0) 0 (0) .99

Native T2, mean (SD), ms

Global 40 (2) 40 (2) 41 (2) .054

Regional 40 (3) 40 (3) 44 (2) <.001

Abnormal high T2

Regional 3 (6) 0 (0) 3 (38) .003

Global 0 (0) 0 (0) 0 (0) .99

Native T1, mean (SD), ms

Global 1222 (24) 1218 (23) 1238 (26) .04

Regional 1243 (28) 1238 (26) 1271 (22) .001

Abnormal high native T1

Regional 3 (6) 0 (0) 3 (38) .003

Global 0 (0) 0 (0) 0 (0) .99

ECV, mean (SD), %b

Global 25 (3) 24 (3) 26 (3) .16

Regional 25 (3) 24 (3) 28 (3) .004

Abnormal high ECVb

Regional 4 (9) 2 (6) 2 (25) .13

Global 3 (7) 2 (5) 1 (13) .44

Any abnormality on MRIc 17 (36) 11 (28) 6 (75) .02

Any abnormality on PET/MRIc 19 (40) 11 (28) 8 (100) <.001

(continued)
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Figure 1. Cardiac PET/Magnetic Resonance Imaging Finding in Patients Recently Recovered From COVID-19

PET positive, focal FDG uptakeA

43 ms

1233 ms

1296 ms47 ms

FDG-PET

CMV 118 cm3

LGE T2 map T1 map
0 ms 80 ms 0 ms 2500 ms

PET negative, no uptakeB

36 ms

1201 ms

FDG-PET LGE T2 map T1 map
0 ms 80 ms 0 ms 2500 ms

A representative patient with focal fluorodeoxyglucose (FDG) uptake on positron emission tomography (PET) is shown in panel A (PET positive) and a
representative patient without FDG uptake on PET is shown in panel B (PET negative). Magnetic resonance imaging findings are shown in short-axis, including late
gadolinium enhancement (LGE; pink arrowhead), T2, and native T1. In the PET-positive patient, T1 and T2 values were higher in the region of focal FDG uptake
(yellow contours, values shown in orange boxes) compared with remote myocardium at the interventricular septum on the midventricular slice (blue contours,
values shown in white boxes). In the patient who was PET negative, T2 and T1 values at the interventricular septum were normal (blue contours, values shown in
white boxes). CMV indicates cardiac metabolic volume.

Table 2. PET/MRI and Blood Biomarker Findings (continued)

Variable

No. (%)

P valueaAll patients (N = 47) PET negative (n = 39) PET positive (n = 8)
Blood biomarkers

High-sensitivity troponin I, median (IQR), pg/mL 2 (2-2) 2 (2-2) 2 (2-3) .14

B-type naturietic peptide, median (IQR), pg/mL 7.7 (5.4-13.2) 6.5 (5.4-13.4) 8.1 (5.4-8.4) .92

IL-6, mean (SD), pg/mL 2.7 (2.2) 2.0 (1.0) 6.0 (3.1) <.001

IL-8, mean (SD), pg/mL 3.6 (1.5) 3.2 (0.8) 5.7 (2.4) <.001

High-sensitivity CRP, mean (SD), pg/mL 3.2 (2.8) 2.7 (2.4) 5.7 (3.5) .005

MPO, mean (SD), ng/mL 195 (77) 185 (71) 242 (77) .056

Abbreviations: CMV, cardiac metabolic volume; CRP, C-reactive protein;
ECV, extracellular volume; FDG, fluorodeoxyglucose; GCS, global
circumferential strain; GLS, global longitudinal strain; IL, interleukin; LGE, late
gadolinium enhancement; LV, left ventricle; LVEDVi, indexed left ventricular
end-diastolic volume; LVEF, left ventricular ejection fraction; LVESVi, indexed
left ventricular end-systolic volume; LVMi, indexed left ventricular mass;
LVSVi, indexed left ventricular stroke volume; MPO, myeloperoxidase;
MRI, magnetic resonance imaging; NA, not applicable; PET, position emission
tomography; RV, right ventricle; RVEDVi, indexed right ventricular end-diastolic
volume; RVEF, right ventricular ejection fraction; RVESVi, indexed right
ventricular end-systolic volume; RVSVi, indexed right ventricular stroke volume;

SUVmax, maximum standardized uptake value.
a P values are for the comparison between patients with focal FDG uptake

(PET positive) and those without (PET negative).
b One patient did not complete blood work on the day of PET/MRI and therefore

no contemporary hematocrit is available to calculate ECV.
c Any abnormality on MRI defined as low LVEF, LGE presence, high regional T2,

high regional T1, and/or high ECV. Any abnormality on PET/MRI defined as
focal FDG uptake, low LVEF, LGE presence, high regional T2, high regional T1,
and/or high ECV.

Research Original Investigation Cardiac Fluorodeoxyglucose–PET/MRI Assessment of Myocardial Injury in COVID-19

304 JAMA Cardiology March 2022 Volume 7, Number 3 (Reprinted) jamacardiology.com

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 09/27/2023

http://www.jamacardiology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2021.5505


blood markers. In all PET-positive participants, FDG uptake,
LVEF, and inflammatory blood markers resolved or improved
at follow-up, suggesting that these abnormalities were not re-
lated to preexisting cardiovascular disease.

Potential mechanisms for myocardial injury and inflam-
mation in patients recovered from COVID-19 include cell-
mediated autoimmune damage triggered by the viral infec-
tion, direct injury due to viral infection of the myocardium,
and less commonly, ischemic injury.18 In our cohort, focal
FDG uptake was identified in a minority of participants, likely
reflecting metabolically active immune cells with increased
glucose uptake related to myocardial inflammation. This is con-
sistent with findings of a macrophage-dominated inflamma-
tory pattern on endomyocardial biopsy in patients with
COVID-19.19 FDG-PET may be particularly suited for investi-
gation of COVID-19–related myocardial inflammation given that
increased FDG uptake has previously been demonstrated in
macrophage-dense regions in cardiac sarcoidosis.20

The only cardiac risk factor that was more common in par-
ticipants with focal FDG uptake was hypertension. This is con-
sistent with prior literature that has shown a greater associa-
tion between cardiovascular risk factors and myocardial injury
in patients with COVID-19.21,22 Furthermore, although car-

diac symptoms were nearly 2 times more common in partici-
pants with focal FDG uptake, this difference was not statisti-
cally significant. Given the growing number of survivors with
similar symptoms, these interesting findings warrant further
investigation.

Participants with focal FDG uptake had higher regional T1,
T2, and ECV compared with those without. However, 2 par-
ticipants had focal FDG uptake without any cardiac MRI ab-
normalities. This suggests that inflammation may be the only
manifestation in a small proportion of patients and high-
lights the incremental value of combined FDG–PET/MRI com-
pared with MRI alone. Isolated FDG uptake on PET without ab-
normal MRI findings has been described in patients with
cardiac sarcoidosis and other causes of myocarditis.23,24 How-
ever, there remains a possibility that FDG uptake at the lat-
eral wall identified in participants in our study without cor-
responding MRI abnormalities could be nonspecific, due to
inadequate myocardial glucose suppression or challenges re-
lated to repeatability of qualitative interpretation of FDG
uptake. This is particularly relevant in our study given the
single-center nature and the absence of an age-, sex-, and
comorbidity-matched control group. However, in all partici-
pants in our study with focal FDG uptake, T1, T2, and ECV val-

Figure 2. Comparison of Cardiac Magnetic Resonance Imaging Tissue Characterization and Functional Measures and Blood Biomarkers
Between Patients With Focal Fluorodeoxyglucose Uptake (PET+) and Those Without (PET−)
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Graphs for magnetic resonance imaging parameters depict individual patient data points with error bars displayed as mean (SD). Graphs for blood biomarkers
depict mean values and individual patient data points containing 3 technical replicates with error bars displayed as mean (SD). ECV indicates extracellular volume;
hsCRP, high-sensitivity C-reactive protein; IL, interleukin; LVEF, left ventricular ejection fraction; MPO, myeloperoxidase; PET, positron emission tomography.

Cardiac Fluorodeoxyglucose–PET/MRI Assessment of Myocardial Injury in COVID-19 Original Investigation Research

jamacardiology.com (Reprinted) JAMA Cardiology March 2022 Volume 7, Number 3 305

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 09/27/2023

http://www.jamacardiology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2021.5505


ues were higher in regions of FDG uptake compared with re-
mote myocardium, including the patients without colocalizing
MRI abnormalities. Furthermore, the 2 participants with fo-
cal FDG uptake without MRI abnormalities also had elevated
inflammatory biomarkers (eTable 4 in the Supplement). Six of
the 8 participants had FDG uptake in myocardial segments
other than the lateral wall (septum and inferior wall). Further-
more, although discordance in qualitative assessment of FDG
uptake has been reported, the repeatability of quantitative
FDG measurements is excellent.25

Only 3 of 8 participants with evidence of myocardial in-
flammation on PET had elevated T2 values on MRI (based on
local normal reference ranges). T2 is prolonged in the setting
of increased tissue water content, while focal FDG uptake re-
flects metabolically active immune cells. The discordance be-
tween PET and T2 findings in 5 participants raises the possi-
bility that myocardial edema resolves earlier after SARS-
CoV-2 infection with local immune cell activation persisting
longer.26 This is supported by the fact that T2 values in areas
of FDG uptake were still higher than remote segments. The
presence of inflammatory cell infiltrates without focal myo-
cyte necrosis may explain the minimal LGE and absence of tro-
ponin elevations at the time of PET/MRI.

Short-term follow-up of participants with focal FDG up-
take demonstrated improvement in cardiac function and in-
flammation, T1, T2, and ECV and a decrease in inflammatory
blood markers. This suggests that myocardial inflammation
after COVID-19 might resolve without treatment. Overall, the
study findings suggest an imaging phenotype that is ex-
pected to have good prognosis. However, longer-term
follow-up studies are required to understand the need for on-
going cardiac surveillance, relationship to cardiac symp-
toms, guidance for safe return to exercise and sports partici-
pation, and long-term cardiovascular disease risk.27

There are limited data regarding blood biomarkers in pa-
tients who have recovered from COVID-19 and their associa-
tion to myocardial abnormalities. One prior study described
elevations in hsTnI at the time of imaging6 while others have
not.4,5 In our cohort, no participants had elevated hsTnI at the
time of PET/MRI, and values did not differ between PET groups.
This suggests that there was no ongoing myocyte necrosis at
the time of imaging and that troponin is a poor screening test
for ongoing inflammation. However, we did identify eleva-
tions in systemic inflammatory biomarkers in participants with
focal FDG uptake. This supports the biological plausibility of
our findings especially given their concordant improvement

Figure 3. Change Between Baseline and Follow-up in Magnetic Resonance Imaging and Blood Biomarker Parameters
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All patients with focal fluorodeoxyglucose (FDG) uptake on baseline evaluation returned for follow-up 2 months later with interval improvement in positron
emission tomography/magnetic resonance imaging and blood inflammatory marker parameters. ECV indicates extracellular volume; hsCRP, high-sensitivity
C-reactive protein; IL, interleukin; LVEF, left ventricular ejection fraction; MPO, myeloperoxidase.
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along with FDG uptake at follow-up. It is possible that a more
intense systemic inflammatory process may be contributing
to cardiac inflammation and the consequential alteration
to regional and global myocardial function in PET-positive
participants.

Limitations
Our study has limitations including a modest sample size and
susceptibility to survivor bias similar to prior studies.4-7 There
is also a potential for selection bias given that participants vol-
unteered for the study based on invitation letters and there-
fore may not reflect the entire population of patients recov-
ered from COVID-19. Participants with concerns about their
health or symptoms may have been more motivated to par-
ticipate. However, the proportion of participants with car-
diac symptoms in our study was similar to prior studies.6 We
compared patients with and without FDG uptake but did not
have a control group given concerns with respect to radiation
exposure in healthy controls. Although it is possible that some
of the focal FDG uptake we observed was due to incomplete
suppression of physiologic myocardial uptake, this is un-
likely given that physiologic myocardial uptake is typically
diffuse or in a basal ringlike pattern, which was not observed
in our PET-positive group.28 Low false-positive rates of FDG
uptake have been reported after low-carbohydrate diet prepa-
ration and prolonged fasting as in our protocol.29,30 Most im-

portantly, we show biological plausibility with elevations in
inflammatory blood markers and lower myocardial function
in those who had focal FDG uptake and recovery of these ab-
normalities with improvement in FDG uptake. It is possible that
some of the cardiac MRI abnormalities detected were preex-
isting; however, the colocalization with focal FDG uptake and
improvement at follow-up indicates that at least some of these
abnormalities are associated with myocardial inflammation.
Finally, given the single-center nature of our study and a pre-
dominantly outpatient cohort, the generalizability of the study
findings is unknown. These findings should be confirmed in
future multicenter studies, ideally with comparison with age-,
sex-, and comorbidity-matched controls.

Conclusions
In conclusion, our study demonstrates that localized myocar-
dial inflammation is present in a small proportion of patients
who have recovered from COVID-19, is associated with MRI
abnormalities and elevated systemic inflammatory blood bio-
markers, and improves at follow-up. Overall, imaging find-
ings are generally consistent with an imaging phenotype with
good prognosis; however, it does emphasize the importance
of studies examining the longer-term effects of COVID-19
on the heart.
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