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Background: Post-COVID-19 patients may incur myocardial involvement secondary to systemic inflam-
mation. Our aim was to detect possible oedema/diffuse fibrosis using cardiac magnetic resonance imag-
ing (CMR) mapping and to study myocardial deformation of the left ventricle (LV) using feature tracking
(FT).
Methods: Prospective analysis of consecutively recruited post-COVID-19 patients undergoing CMR. T1
and T2 mapping sequences were acquired and FT analysis was performed using 2D steady-state free pre-
cession cine sequences. Statistical significance was set to p < 0.05.
Results: Included were 57 post-COVID-19 patients and 20 healthy controls, mean age 59 ± 15 years, men
80.7%. The most frequent risk factors were hypertension (33.3%) and dyslipidaemia (36.8%). The contact-
to-CMR interval was 81 ± 27 days. LV ejection fraction (LVEF) was 61 ± 10%. Late gadolinium enhance-
ment (LGE) was evident in 26.3% of patients (19.3%, non-ischaemic). T2 mapping values (suggestive of
oedema) were higher in the study patients than in the controls (50.9 ± 4.3 ms vs 48 ± 1.9 ms,
p < 0.01). No between-group differences were observed for native T1 nor for circumferential strain
(CS) or radial strain (RS) values (18.6 ± 3.3% vs 19.2 ± 2.1% (p = 0.52) and 32.3 ± 8.1% vs 33.6 ± 7.1%
(p = 0.9), respectively). A sub-group analysis for the contact-to-CMR interval (<8 weeks vs � 8 weeks)
showed that FT-CS (15.6 ± 2.2% vs 18.9 ± 2.6%, p < 0.01) and FT-RS (24.9 ± 5.8 vs 33.5 ± 7.2%, p < 0.01)
values were lower for the shorter interval.
Conclusions: Post-COVID-19 patients compared to heathy controls had raised T2 values (related to
oedema), but similar native T1, FT-CS and FT-RS values. FT-CS and FT-RS values were lower in post-
COVID-19 patients undergoing CMR after < 8 weeks compared to � 8 weeks.
� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The World Health Organization confirmed, as of 25 May 2021,
166,352,007 cases and 3,449,189 deaths worldwide from severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
pathogen responsible for coronavirus disease 2019 (COVID-19)
[1]. People at cardiovascular risk are estimated to have around
15% greater probability of a fatal outcome [2–4], while mortality
in patients with COVID-19 and cardiovascular disease is five times
higher than in patients without heart disease [5].

Myocardial injury in the COVID-19 context has been defined as
an increase in troponin above the 99th percentile of the upper ref-
erence limit [2]. Although elevated cardiac biomarkers are related
to higher in-hospital mortality of patients with COVID-19 [2,4,6],
they may simply reflect disease severity (hypoxia, hypotension,
etc) rather than any specific pathology [7–9]. Biomarker determi-
nation and interpretation nonetheless represents a challenge for
clinical management of these patients, as they may originate in
numerous conditions, including myocarditis, acute coronary syn-
drome, arrhythmias, heart failure, cytokine storm, microangiopa-
thy, chronic kidney disease, or pulmonary thromboembolism [8–
11]. While cardiac imaging techniques such as echocardiography
are undoubtedly useful in clarifying diagnosis and prognosis, car-
diac imaging society pandemic-related recommendations are that
imaging be performed in the acute disease phase when a substan-
tial change in clinical management may determine morbidity-
mortality [12,13].

Limitations on defining myocardial involvement during the crit-
ical COVID-19 phase may modify medium- and long-term progno-
sis for this population, thereby posing a new post-discharge
COVID-19 challenge for cardiologists: to detect myocardial seque-
lae that may influence clinical evolution. It is therefore an oppor-
tune moment to define and characterize tissue and myocardial
deformation using more advanced techniques, in particular, car-
diac magnetic resonance imaging (CMR).

CMR can detect chronic myocardial oedema. While black-blood
sequences are generally used, these are susceptible to artifacts [14]
that may mislead interpretations regarding water/myocardial
oedema. T2 mapping, a highly reproducible technique [14], has
been successfully used to quantify oedema, given the higher
signal-to-noise ratio, shorter breath-holds, and fewer breathing
motion artifacts [15].

Myocardial deformation has also been evaluated using feature
tracking (FT) (analogous to speckle tracking in echocardiography),
which allows strain to be evaluated from conventional cine
sequences [16]. It is as yet uncertain whether studying myocardial
deformation could determine the presence and severity of myocar-
dial involvement in patients recovering from COVID-19.

Our aim was to detect possible oedema or diffuse fibrosis
reflecting an inflammatory pathology using CMR mapping
sequences, and to study myocardial deformation of the left ventri-
cle (LV) using FT to complement myocardial studies.
2. Materials and Methods

The study population was patients who had been hospitalized
for polymerase chain reaction (PCR)-confirmed COVID-19 in our
hospital. Discharged patients were prospectively recruited and
were evaluated in individual face-to-face cardiology visits.
Referred for CMR, provided they tested PCR-negative, were
patients with dyspnoea or chest pain and/or transthoracic echocar-
diogram (TTE) (LV dysfunction/alterations in segmental contractil-
ity, suspected right ventricle (RV) dilatation/dysfunction) or ECG
alterations (Table-1).
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Given that myocardial involvement is reported to occur 8–
14 days after COVID-19 symptom onset [17], to calculate the
contact-to-CMR interval, we took hospital admission/emergency
department visit as the first day of a possible diagnosis. First hos-
pital contacts were between March-May 2020. CMR studies were
conducted between April-July 2020.

Patients with a known history of ischaemic heart disease, previ-
ous cardiomyopathy, or previous myocarditis episodes were
excluded; in addition, conventional exclusion criteria for magnetic
resonance (MR) were applied. The study group included 57
patients, while 20 healthy individuals were included in a control
group. Sex- and age-matched healthy controls with normal ECG,
and without any prior known cardiac or inflammatory disease
who previously underwent CMR in our hospital were selected.
Baseline characteristics and hospital treatment details were
obtained from patients’ medical histories.

The study was approved by the ethics committee of our hospi-
tal. All subjects gave their written informed consent prior to CMR
and to use of imaging data for educational or scientific purposes.
No external funding was used.

CMR studies were carried out with a 1.5 Tesla device (Optima
MR450w-GE; GE Healthcare) using a 32-channel multi-element
surface antenna and ECG synchronization. The cine images, taken
in end-expiration with a retrospective ECG protocol, were captured
using conventional steady-state free-precession (SSFP) sequences
in longitudinal axes with 2-, 3- and 4-chamber views and in 10–
15 contiguous short-axis (SAX) slices covering both ventricles base
to apex. Non-contrast CMR exams in control group. In study group,
approximately 8–10 min after intravenous infusion of 0.15 mmol/
kg of gadobutrol (Gadovist� 1 mmol/mL), late gadolinium
enhancement (LGE) images were acquired, in the same views as
for the cine images, employing a T1-weighted gradient echo
inversion-recovery (IR) sequence.

To evaluate oedema, before gadolinium administration, T2-
weighted short tau inversion recovery (STIR) sequences were
acquired in SAX slices from base to apex, and T2 maps were
acquired in end diastole in basal, mid, and apical SAX and one
long-axis (LAX) plane using a T2-prepared turbo spin echo (TSE)
sequence. Acquired were four T2-prepared TSE images with differ-
ent T2-prepared times (11, 37, 63, and 90 ms; repetition time
(TR) = 1 � R-R). All images were acquired with attempted
breath-hold. T1 mapping was performed with a modified Look-
Locker IR sequence using a 3(3)5 scheme, immediately before
and 15 min after contrast application, in order to quantify extracel-
lular volume (ECV), in the same four planes as the T2 mapping
sequence. The updated Lake Louise criteria were used for the diag-
nosis of myocarditis [15]

All CMR studies were analysed by a cardiologist (**) and a radi-
ologist (**) with extensive CMR experience (>4 and > 8 years,
respectively). Cardiac functional analysis was performed offline
using CVI42 dedicated software (v.5.11; Circle Cardiovascular
Imaging). LV and RV ejection fractions, LV and RV end-diastolic/
end-systolic volumes were obtained from the cine sequences using
the disc summation method. The presence of focal myocardial
oedema in T2-STIR was visually evaluated and agreed by the two
experts, while the LGE of each myocardial segment was rated visu-
ally as subepicardial, midwall, subendocardial, transmural, or zero.

For the mapping analysis, for diffuse disease and global evalua-
tions, single regions of interest (ROIs) were drawn in the septum in
each mid-cavity SAX map to avoid lung, liver, and veins as possible
sources of susceptibility artifacts [18]. If artifacts or non-conclusive
results resulted, basal ROIs were used for validation [18].

FT was evaluated (using the CVI42 software) by analysing peak
circumferential strain (CS) and radial strain (RS) for each segment,
including basal, mid, and apical SAX breath-held SSFP cines. Con-
tours were drawn in the end-diastolic phase along LV epicardial



Table 2
Cardiac magnetic resonance imaging (CMR) findings (n (%), unless otherwise
indicated).

CMR findings

Post-COVID-19 (n = 57) Controls (n = 20) p

LVEF, % 61 ± 10 63 ± 4 0.68
LVEDV (index), mL/m2 76 ± 17 74 ± 12 0.75
LVESV (index), mL/m2 30 ± 9 27 ± 6 0.83
RVEF, % 60 ± 9 62 ± 6 0.84
RVEDV (index), mL/

m2
74 ± 18 75 ± 14 0.67

RVESV (index), mL/m2 30 ± 9 29 ± 8 0.83
Abnormal STIR
Myocardial
Pericardial

6 (10.5%)
4 (7%)
2 (3.5%)

Native T1, ms
<8 weeks (n = 7)
�8 weeks (n = 50)

996.4 ± 43.9
995 ± 88.3
996.5 ± 38.4

981.5 ± 21.2 0.34

ECV, %
Abnormal, %
<8 weeks, % (n = 7)
�8 weeks, % (n = 50)

26.6 ± 3.1
11 (19.3%)
28.3 ± 6
26.5 ± 2.75

–

T2 mapping, ms
<8 weeks (n = 7)
�8 weeks (n = 50)

50.9 ± 4.3
55 ± 12.6
50.51 ± 2.8

48 ± 1.9 <0.01

LGE
Non-ischaemic
Ischaemic
Pericardial

15 (26.3%)
11 (19.3%)
2 (3.5%)
2 (3.5%)

FT-CS
<8 weeks (n = 7)
�8 weeks (n = 50)

18.6 ± 3.3%
15.6 ± 2.2%
18.9 ± 2.6%.

19.2 ± 2.1% 0.52

FT-RS
<8 weeks (n = 7)
�8 weeks (n = 50)

32.3 ± 8.1%
24.9 ± 5.8%
33.5 ± 7.2%

33.6 ± 7.1% 0.90

Abbreviations: ECV, extracellular volume; FT, feature tracking; FT-CS, FT circum-
ferential strain; FT-RS, FT radial strain; LGE, late gadolinium enhancement; LV, left
ventricle; LVEDV, LV end-diastolic volume; LVEF, LV ejection fraction; LVESV, LV
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and endocardial borders in all short axis slices; except the first
two–three most basal slices with<50% myocardium, and in a refer-
ence cut of the 2-chamber, 4-chamber and 3-chamber cines. Sub-
sequently automatically propagated through all frames (if
propagation was faulty, editing was performed in end-diastolic
phase on the respective slice and again automatically propagated).
The LV was divided according to the AHA 16 segment model. FT-CS
and FT-RS values were obtained by tracking features within each
voxel throughout the cardiac cycle, resulting in global circumferen-
tial and radial strain values.

FT measurements obtained independently by the cardiologist
and radiologist were compared to determine intra- and inter-
observer variability.

Statistical analyses were performed using R (www.r-project.
org). Continuous variables were Shapiro-Wilk-tested for normality
and reported as mean ± standard deviation (SD) if normality could
be assumed, or median ± interquartile range (IQR) otherwise. Qual-
itative values were reported as percentages. For normally dis-
tributed data, the unpaired T-test was used under the non-equal
variances condition, and the Wilcoxon test otherwise. Qualitative
variables were compared using the chi-square test. Absolute intra-
class coefficient correlation (ICC) values were calculated to deter-
mine intra- and inter-observer reliability. For all tests,
significance was set to p < 0.05.

3. Results

Of 377 patients evaluated in post-COVID-19 cardiology visits,
62 were recruited for CMR studies, of whom 57 met the inclusion
criteria. Most patients were referred due to control TTE alterations
(71.9%), and most were asymptomatic (82.5%) according to the
post-discharge cardiology evaluation. The contact-to-CMR interval
was 81 ± 27 days.
Table 1
Patient baseline characteristics (n (%), unless otherwise
indicated).

Baseline characteristics (n = 57)

Age, years 59 ± 15
Male 46 (80.7%)
Hypertension 19 (33.3%)
Diabetes 8 (14%)
Hypercholesterolaemia 21 (36.8%)
Smoking 2 (3.5%)
Immunomodulator treatment
Ciclosporin
Tocilizumab
Ciclosporin + tocilizumab

29 (50.9%)
17 (29.8%)
1 (1.8%)
11 (19.3%)

Corticosteroid treatment 14 (24.6%)
ICU admission 4 (7%)
TTE LVEF, % 60 ± 9
CRP levels (in-hospital) 12.7 ± 9.8
D-dimer levels (in-hospital) 831.9 ± 1240.7
Ferritin levels (in-hospital) 1436.3 ± 1068.8
ECG findings
RBBB
Atrial fibrillation
Ventricular extrasystole
Negative precordial T wave
Pathological Q wave

24 (42%)
9 (15.8%)
3 (5.3%)
1 (1.8%)
7 (12.3%)
4 (7%)

CMR referral
Symptoms
No symptoms
TTE findings
ECG findings
TTE + ECG findings

10 (17.5%)
47 (82.5%)
41 (71.9%)
4 (7%)
2 (3.5%)

Abbreviations: CRP, C-reactive protein; ECG, electrocar-
diogram; ICU, intensive care unit; LVEF, LV ejection frac-
tion; RBBB, right bundle branch block; CMR, cardiac
magnetic resonance; TTE, transthoracic echocardiography.

end-systolic volume; RV, right ventricle; RVEDV, end-diastolic volume; RVEF, RV
ejection fraction; RVESV, RV end-systolic volume; STIR, short tau inversion
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Table 1 describes baseline characteristics, and CMR results in
Table 2. LVEF by the disc summation method was 61%±10%. No
visual segmental alterations in contractility were observed in
80.7% of patients, while contractile abnormality was mainly driven
by mild global hypokinesia (8.7%). Most patients (73.7%) had no
pathological findings for focal fibrosis by LGE, 19.3% showed non-
ischaemic LGE, and 3.5% each showed ischaemic and pericardial
LGE.

In relation to FT-measured LV deformation parameters, intra-
and inter-observer reliability was good to excellent (Figure 1)
(ICC 0.98 and 0.78 for FT-CS, and 0.98 and 0.84 for FT-RS). While
FT-CS differences between the study group vs the control group
were statistically non-significant (18.6 ± 3.3% vs 19.2 ± 2.1%,
p = 0.52), on differentiating between study group patients accord-
ing to contact interval (<8 weeks, n = 7 vs � 8 weeks, n = 50, i.e., up
to 49 days and after 50 days), FT-CS values for the former were
found to be significantly lower (15.6 ± 2.2% vs 18.9 ± 2.6%,
p < 0.01). FT-RS differences between the study group vs the control
group were statistically non-significant (32.3 ± 8.1% vs 33.6 ± 7.1%,
p = 0.9), but were significantly reduced for the shorter contact
interval (<8 weeks 24.9 ± 5.8 vs � 8 weeks 33.5 ± 7.2%, p < 0.01)
(Figure 2).

For myocardial mapping, we observed a statistically significant
difference between the study and control groups for oedema detec-
tion in T2 mapping, with high values suggestive of myocardial
oedema in post-COVID-19 patients (50.9 ± 4.3 ms vs 48 ± 1.9 ms
for the study group vs the controls, p < 0.01). STIR sequence sensi-
tivity to oedema evaluation was pathological in only 10.5% of
cases; in two cases (3.5%), however, signal hyperintensity was



Fig. 1. Cardiac-magnetic-resonance-imaging (CMR). Feature-tracking (FT) radial-strain (RS) and circumferential-strain (CS). Intra-(A-B) and inter-observer(A-B) variability.
ICC: intraclass correlation coefficient.
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observed at the pericardial level which, in view of LGE in IR
sequences, resulted in diagnoses of pericarditis or myopericarditis
(Figure 3). We found no differences with respect to the following:
native myocardial T1 for the study group vs the controls (996.4 ±
43.9 ms vs 981.5 ± 21.2 ms, p = 0.34), contact-to-CMR interval
(<8 weeks vs � 8 weeks), native myocardial T1, or ECV.
4. Discussion

Patients recovering from COVID-19, with a contact-to-CMR
interval of 81 ± 27 days, had higher T2 mapping values, suggestive
of residual myocardial oedema, than controls. Only T2 mapping
sequences detected myocardial involvement. No differences were
found for native T1, FT-CS, or FT-RS between the study and control
groups. However, when patients were analysed according to
contact-to-CMR interval (<8 weeks and � 8 weeks), we found sig-
nificantly lower FT-CS and FT-RS values for the shorter interval.

Myocardial involvement is associated with greater mortality in
critically ill patients with COVID-19 [19,20]. While the pathophys-
iological mechanisms are not fully understood, several theories
have been proposed. One theory is that direct virus-induced dam-
age at the cardiomyocyte level is managed through interaction
with angiotensin-converting-enzyme-2 receptors [7], although
autopsies have frequently reported an inflammatory process in
the absence of the virus [21,22]. The main route of action may
4

therefore be indirect: a disproportionate systemic inflammatory
response that launches a pathological immune response, leading,
in turn, to reduced coronary blood flow and myocardial oxygen
supply, coronary plaque destabilization, and microthrombogenesis
[23]. Cardiac manifestations in COVID-19 potentially encompass
arrhythmias, heart failure, ischaemic heart disease, myocardial
injury, and myocardial infarction with nonobstructive coronary
arteries that includes myocarditis and cardioembolic events
[7,9,17].

Although myocarditis needs to be considered in the differential
diagnosis of myocardial injury in patients with COVID-19, few
cases have been histologically confirmed. Myocardial biopsies in
some cases have returned findings of SARS-CoV-2 [24] or of an
inflammatory infiltrate without virus [22]; in other cases, no
biopsy was performed to demonstrate viral presence [25]. A study
of 22 biopsies for patients who died after COVID-19 did not report
the typical finding of lymphocytic infiltration associated with
myocarditis, but did report that hearts showed necrosis/apoptosis
patterns unrelated to lymphocyte infiltration [26].

We therefore support the idea that, while a myocarditis process
is certainly possible [27], myocardial injury is more likely to be the
result of a systemic inflammatory response syndrome (SIRS) that
includes cytokine storm, dysregulated immunocytes, and uncon-
trolled inflammation [8,9,17] – and, as in our post-COVID-19
patients, also involving the myocardium. Infection-associated fever
and tachycardia increase myocardial oxygen demand, while



Fig. 2. Feature-tracking (FT) radial-strain (RS) and circumferential-strain (CS). Post-COVID-19 patients vs controls (A-B). CMR < 8 weeks vs CMR � 8 weeks (C-D).

Fig. 3. Post-COVID-19 patient with myopericarditis. A-B: Short-tau-inversion-recovery (STIR) sequences showing signal hyperintensity at the pericardial level consistent
with pericardial oedema (yellow arrow). C-D: 2D-phase-sensitive-inversion-recovery (2D-PSIR) sequence showing pericardial gadolinium capture (yellow arrow) and
myocardial focal fibrosis in the basal inferolateral segment (orange arrow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. T1-T2-mapping in a post-COVID-19 patient. A: Raised T1-mapping (1067 ms) suggestive of diffuse fibrosis. B: Globally raised T2-mapping (59 ms) suggestive of
residual oedema. C: Slightly raised (29%) extracellular volume (ECV) suggestive of diffuse fibrosis.
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hypoxemia secondary to pneumonitis reduces myocardial oxygen
supply, leading to a supply–demand imbalance that causes
myocardial injury [28]. Also described in the literature is systemic
capillary leak syndrome (SCLS), defined as a paroxysmal perme-
ability disorder of the capillary system that causes abrupt and mas-
sive intravascular space-to-interstitial space passage of fluids and
proteins. SCLS may explain raised T2 mapping values, native
myocardial T1, and ECV in the absence of focal fibrosis in some
patients with COVID-19 [29] (Figure 4). We suggest that myocar-
dial involvement in most cases is secondary to a major systemic
inflammatory process, rather than a primary lesion [8,28].

In CMR studies, increased oedema causes an increase in T1 and
especially in T2 relaxation times in the myocardium [15], reflected,
in turn, in signal hyperintensity in T2-weighted images and in T1-
T2 mapping prolongation at the myocardial level. Higher T1, T2,
and ECV values for an inflamed myocardium can be quantified
directly by sequence mapping, which has none of the limitations
of qualitative and semiquantitative tissue characterization tech-
niques. High T1 and T2 values in the early acute inflammation
stages [30] decrease as the inflammation and oedema resolve.
Luetkens et al. [30] found that only native myocardial T1 and T2
mapping can detect residual inflammation in patients with
myocarditis at 4–8 weeks of follow-up, reporting normal values
for other myocardial oedema evaluation parameters, such as early
gadolinium enhancement (EGE) or T2-STIR ratios (i.e., skeletal
muscle/myocardial signal intensity in the T2-black blood
sequence); those authors further reported 35% (reduced from
88%) visible myocardial oedema at 4–8 weeks of follow-up (only
4% at longer follow-up), indicating that only the T2 map remained
altered for the study group at 8 weeks of follow-up (this was the
reason why we took 8 weeks as our cut-off). Lurz et al. [31] also
concluded that only T2 mapping yields an acceptable diagnosis
14 days after an inflammatory cardiac process with chronic symp-
toms – a conclusion of direct relevance to our results, as most of
our CMR studies were performed � 8 weeks (81 ± 27 days) after
first contact.

For 100 post-COVID-19 patients (33% hospitalized, 8% treated
with corticosteroids) studied using CMR (median (IQR) interval
between diagnosis and CMR of 71 (64–92) days), Puntmann et al.
[32] reported abnormal CMR findings for 78% of their patients,
including LGE (32%) or pericardial enhancement (22%), raised
native myocardial T1 values (73%), and raised T2 mapping values
(60%), concluding, furthermore, that mapping techniques have
the greatest discriminatory power in detecting cardiac involve-
ment in the COVID-19 context. We likewise observed altered T2
mapping values in our patients, but no difference in native T1 val-
ues, a divergence probably explained by the contact-to-CMR inter-
val (81 ± 27 days).

It is striking that, in four of our patients with abnormal myocar-
dial STIR (7%), the oedema was predominantly located at the
anteroseptal segment level, corroborating findings by Huang
6

et al. [33]. While we could not definitively confirm this by segmen-
tal evaluation of T2 mapping sequences where involvement was
generally global, the LGE percentage in our study (26.3%) was sim-
ilar to that reported (31%) by those authors.

The question of whether we are dealing with a classic
myocarditis process is, therefore, at the very least debatable. While
different myocardial segments may be involved in myocarditis, the
inferolateral segments are a typical location for viruses similar to
SARS-CoV-2, e.g., Middle East respiratory syndrome coronavirus
(MERS-CoV) [34,35], for which non-ischaemic (subepicardial/intra
myocardial) LGE tends to be much greater [30]. Recently, however,
Li et al. [36] observed a different LGE pattern for patients with
acute fulminant compared to acute non-fulminant myocarditis,
predominantly at the septal level, with higher T1, T2, and ECV val-
ues, and lower FT-CS, FT-RS, and FT longitudinal strain (FT-LS) val-
ues, further reporting significant positive correlation between
quantitative myocardial oedema/inflammation parameters and
FT-CS. We observed no relationship between myocardial oedema
parameters and FT-CS/FT-RS in our patients, probably because of
their preserved systolic function.

Another factor in myocardial inflammatory processes is seg-
mental contractility alterations, representing a support criterion
for the updated Lake Louise criteria [15]. Thavendiranathan et al.
[35] found in patients with acute myocarditis, FT values reductions
in study group in comparison with controls for both FT-CS (-
13.7 ± 6.3% vs –23.3 ± 5.8%) and FT-RS (16.8 ± 7.6% vs 38.5 ± 6.7
%), suggesting greater FT sensitivity in detecting abnormal wall
motion of segments with altered T2. Similarly, Baeßler et al. [37]
studied the additive role of T2 mapping and FT in patients with
myocarditis and a preserved LVEF (>50%), reporting greater diag-
nostic precision and greater reproducibility for FT-CS compared
to FT-LS, and suggesting, furthermore, that T2 mapping, FT-CS,
and LGE evaluation combined was diagnostically more sensitive
than separate imaging parameter analyses or Lake Louise criteria.
Gatti et al. [38] found no differences between 2D FT-CS, FT-RS, or
FT-LS for patients with myocarditis and LVEF > 55% compared with
healthy controls. In view of the divergent results and opinions,
therefore, the debate on FT for patients with inflammatory myocar-
dial processes remains open.

In our study of a systemic inflammatory process in which many
patients did not have focal fibrosis, results pointed to broadly pre-
served LV contractility, corroborating Huang et al. [30]. We found
no FT-CS and FT-RS differences, however, between the study and
control groups, possibly explained by preserved ventricular func-
tion, less critical disease phase (only 7% ICU admissions), and a
lengthy contact interval (2–3 months) that probably meant recov-
ery in the evaluation phase – as evidenced by the sub-analyses of
FT-CS (<8 weeks 15.6 ± 2.2% vs � 8 weeks 18.9 ± 2.6%, p < 0.01)
and of FT-RS (<8 weeks 4.9 ± 5.8 vs � 8 weeks 33.5 ± 7.2%,
p < 0.01) (Figure 5; Video 1), as Chen et al [39] have recently
proved with global longitudinal



Fig. 5. CMR FT-CS and FT-RS (blue and red bullseyes, respectively) in post-COVID-19 patients. A: LVEF = 54%. Reduced FT-CS (14.1%) and FT-RS (20.6%), with regional analysis
showing predominantly septal segment involvement. B: Preserved LVEF = 59%. Global FT-CS (16.5%) and FT-RS (25.8%) involvement. C: FT-CS showing segments with
preserved contractility (dark blue) and altered contractility (light blue). D: Preserved FT-CS (21.1%) and FT-RS (40.5%) with regional septal involvement. E: Reduced FT-CS
(13.8%) and FT-RS (20.6%) with extensive regional involvement. F: FT-RS, showing segments with preserved contractility (dark red) and altered contractility (yellow/orange).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5. Limitations

Following recommendations, our CMR studies were per-
formed after recovery from COVID-19 and following individual
consultations. An obvious limitation in evaluating the impact of
our findings is the contact-to-CMR interval, even though T2
mapping alterations were striking. Our results should be viewed
in relation to the observation by Zhou et al. [40] that myocardial
injury can occur in different phases of COVID-19, including late
phases.

Another limitation was that we did not have cardiac biomarker
evaluations for some of our patients (due to early-pandemic hospi-
tal protocol). Furthermore, selection bias cannot be ruled out as all
CMR studies were performed after clinical and echocardiographic
indication.

Other limitations are technical ones inherent to sequence
mapping and FT. Results for mapping depend on multiple factors,
including hardware, software, measurements, image quality, user
experience, and protocol adherence [15]; furthermore, sensitivity/
specificity values drop for studies performed > 14 days after
symptom onset [31]. We did not consider FT-LS because of
intra- and inter-observer variability regarding our sample; how-
ever, FT-CS is reported to have greater validity in CMR for
myocarditis-type inflammatory processes [37], including COVID-
19 scenario [41]. Since intra- and inter-observer reliability in
our sample was highly variable depending on the segment evalu-
ated (ICC 0.03–0.89), we did not take quantitative segmental
results into account, considering the global FT value to be more
robust.
6. Conclusions

In our study of myocardial involvement in post-COVID-19
patients compared to healthy controls, we found raised T2 map-
ping values (related to oedema) but no differences in native T1
(mainly associated with diffuse fibrosis), or in myocardial deforma-
tion parameters; FT-CS and FT-RS values. When study group
patients were sub-grouped according to contact-to-CMR interval
(<8 weeks and �8 weeks), we found lower FT-CS and FT-RS values
for the shorter interval.
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