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Background

and results

Troponin elevation is common in hospitalized COVID-19 patients, but underlying aetiologies are ill-defined. We
used multi-parametric cardiovascular magnetic resonance (CMR) to assess myocardial injury in recovered COVID-
19 patients.

One hundred and forty-eight patients (64 + 12 years, 70% male) with severe COVID-19 infection [all requiring hos-
pital admission, 48 (32%) requiring ventilatory support] and troponin elevation discharged from six hospitals under-
went convalescent CMR (including adenosine stress perfusion if indicated) at median 68 days. Left ventricular (LV)
function was normal in 89% (ejection fraction 67% + 11%). Late gadolinium enhancement and/or ischaemia was
found in 54% (80/148). This comprised myocarditis-like scar in 26% (39/148), infarction and/or ischaemia in 22%
(32/148) and dual pathology in 6% (9/148). Myocarditis-like injury was limited to three or less myocardial segments
in 88% (35/40) of cases with no associated LV dysfunction; of these, 30% had active myocarditis. Myocardial infarc-
tion was found in 19% (28/148) and inducible ischaemia in 26% (20/76) of those undergoing stress perfusion
(including 7 with both infarction and ischaemia). Of patients with ischaemic injury pattern, 66% (27/41) had no past
history of coronary disease. There was no evidence of diffuse fibrosis or oedema in the remote myocardium (T1:
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COVID-19 patients 1033 £41 ms vs. matched controls 1028 + 35 ms; T2: COVID-19 46 £ 3 ms vs. matched con-
trols 47 + 3 ms).

Conclusions During convalescence after severe COVID-19 infection with troponin elevation, myocarditis-like injury can be
encountered, with limited extent and minimal functional consequence. In a proportion of patients, there is evidence
of possible ongoing localized inflammation. A quarter of patients had ischaemic heart disease, of which two-thirds
had no previous history. Whether these observed findings represent pre-existing clinically silent disease or de novo
COVID-19-related changes remain undetermined. Diffuse oedema or fibrosis was not detected.
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Introduction :are mild, a minority of patients sustain severe acute respiratory syn-

: drome, the most frequent cause of death. Involvement of multiple
COVID-19 caused by severe acute respiratory syndrome corona- : organs including the heart has been reported® and concern is grow-
virus 2 (SARS-CoV-2) is a global pandemic that continues to cause : ing that survivors may endure long-term sequelae, particularly after

significant mortality and morbidity worldwide." Although most cases . intensive care admission.
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Myocardial injury in COVID-19

Acute respiratory infections and sepsis are often associated with
elevated serum troponin levels, which are associated with mortality
even after recovery.*® Similarly, elevated troponin is common in
hospitalized COVID-19 patients® " and is associated with adverse
outcomes.2'®"" Patients with severe COVID-19 disease frequently
have high rates of comorbidity associated with cardiac disease includ-
ing diabetes, airways disease, and obesity."* A variety of mechanisms
responsible for troponin rise have been proposed including acute
coronary syndromes, unmasking occult underlying cardiovascular dis-
ease, arrhythmias, myocarditis, or as part of a systemic inflammatory
syndrome.” Furthermore, concern is growing on the long-term
sequalae in COVID-19 survivors, which represent an increasing
number of patients as the pandemic progresses.'*

Cardiovascular magnetic resonance (CMR) is useful to provide a
diagnosis in patients with elevated troponin from unclear aetiology'*'
and is recommended by position statements.'® Advances in multi-
parametric CMR now include quantitative ischaemia assessment, and
detailed tissue characterization including scar, diffuse fibrosis, and oe-
dema. Early COVID-19 CMR studies have had necessary limitations
given the strain put upon healthcare systems: they have typically con-
sidered heterogenous COVID-19 cohorts with a wide range of disease
severity and limited troponin data, have been single centre, and have
not had a metrology focus (reference ranges, magnetic phantom
quality control) for advanced techniques such as T1 and T2 mapping.

The aim of this multicentre study across six acute hospitals
scanned at 3 institutions (4 scanners) was to assess the presence,
type and extent of myocardial injury using quality-controlled CMR in
a well-defined cohort of patients surviving hospital admission with
COVID-19 during which they had elevated serum troponin levels.

Methods

Patient population

All patients admitted with a diagnosis of COVID-19 and who were subse-
quently discharged from hospitals in three NHS trusts [Royal Free
London NHS Foundation Trust, Imperial College Healthcare NHS Trust
(Hammersmith) and University College London Hospital (UCLH) NHS
Foundation Trust] were reviewed. The three NHS trusts comprise six
acute hospitals serving a total population of over 3.5 million in North,
Central, and West London. Discharges up until 20 June 2020 (first wave)
were reviewed (Figure 7). Patients had a diagnosis of COVID-19 made
either by (i) a positive combined oro/nasopharyngeal throat swab or tra-
cheal aspirate for SARS-CoV-2 by reverse-transcriptase-polymerase
chain reaction or (i) a negative swab for SARS-CoV-2 but with a triad of
symptoms of viral illness (such as one or more of cough, fever, myalgia),
typical blood biomarkers (such as one or more of new lymphopenia, high
d-dimer, high ferritin, elevated liver transaminases), and reported findings
of at least probable likelihood of COVID-19 infection on chest radio-
graph or computed tomography (CT). A CMR scan appointment was
offered to patients discharged following hospital admission with acute
COVID-19 symptom:s if they had an abnormal high-sensitivity troponin
(hsTnT >14 ng/L for Royal Free and UCLH; hsTnl >14 ng/L for females
and >34 ng/L for males for Imperial) recorded during admission.
Exclusion criteria included patient refusal, severe renal impairment (esti-
mated glomerular filtration rate <30 mL/min/m?, if local hospital policy
excluded these patients), pregnancy, medical unsuitability assessed by the
referring clinician (including severe comorbid disease and/or frailty in
which it was felt that the information acquired would be unlikely to alter

Discharged alive after
COVID-19 admission

n = 1888

Troponin negative
or not measured

n=1068
Troponin positive
during admission
n = 820
No CMR:
- Declined = 66
- Dead =29

- Inappropriate = 441
- CMR contraindication = 115
- Uncontactable = 21

Convalescent CMR
n=148

Figure | Consort diagram. CMR, cardiovascular magnetic
resonance.

clinical management), acute coronary syndrome as the primary reason
for hospital admission and standard CMR contraindications. Twenty-nine
patients included in the analysis (all from Royal Free) have been reported
in a previous study."” A historical control group (40 patients) was identi-
fied from stable outpatients attending for clinical CMR scans at the Royal
Free Hospital prior to 1 January 2020. The controls were sequential out-
patients matched for age, gender, diabetes, and hypertension but with no
clinical suspicion of myocardial injury such as acute myocardial infarction
(MI) or myocarditis. The control group was used to assess whether
COVID-19 infection is associated with diffuse elevation in native T1 or
T2. In addition, 40 healthy volunteer scans performed at the Royal Free
Hospital prior to 1 January 2020 were also analysed to derive
normal ranges for native T1 and T2. All volunteer participants had no
symptoms, no past history of cardiovascular disease, and no history of
hypertension. For healthy volunteers and matched controls, only scans
performed before January 2020 were considered, to eliminate the risk of
previous COVID-19 infection in this group.

All CMR scans on recovered COVID-19 patients were performed for
clinical reasons. Ethical approval was obtained from the West Midlands—
Edgbaston Research Ethics Committee for the use of patient’s clinical
data for research purposes (Royal Free and Imperial sites; REC reference
20/WM/0208) and from the Joint University College London/University
College London Hospitals (UCL/UCLH) Research Ethics Committee
(UCLH site; REC reference 07/H0715/101). Patients in the control group
had provided written informed consent for use of their data for research
purposes and ethical approval had previously been obtained from the
Joint UCL/UCLH Research Ethics Committee (REC reference 07/
HO0715/101). All healthy volunteers provided written informed consent
and ethical approval was obtained from the South-Central Research
Ethics Committee (REC reference 17/SC/0077).

Clinical data

Patient symptoms, medication histories, inpatient blood test results, chest
radiographic imaging, electrocardiograms, and (where applicable) coron-
ary angiography data were reviewed.

Cardiovascular magnetic resonance study

protocol

Cardiovascular magnetic resonance was performed in accordance with
local institutional and international infection control guidelines'® on 1.5T
CMR  scanners (Magnetom Aera, Siemens Healthcare, Erlangen,
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Germany). A standard CMR protocol including parametric mapping and
post-contrast imaging was used which included:

® Standard long- (four-, two-, three-chamber) and short-axis cine images
(breath-hold or real-time, as needed).

® Native T1 and T2 mapping of three long-axis and at least one mid-
ventricular short-axis view. T1 mapping used the modified Look-
Locker inversion recovery sequence (MOLLI) after regional shimming
with 5s(3s)3s sampling.'® T2 mapping used single-shot T2-prepared
images acquired at multiple echo times (TE).%°

® Following 0.1 mmol/kg gadoterate meglumine (Royal Free and UCLH)
or gadobutrol (Imperial), early gadolinium enhancement of a short-axis
stack or three long-axis view images was performed to detect intracar-
diac thrombi. Bright blood and dark blood late gadolinium enhance-
ment (LGE) images were acquired using respiratory motion-corrected
sequences with magnitude and phase-sensitive inversion recovery
reconstructions.”’

® Patients with a clinical indication and no contraindications to adenosine
also underwent quantitative stress perfusion mapping22 after refraining
from caffeine for at least 12 h. Three short-axis views were acquired
during vasodilatation (140 pg/kg/min adenosine for 4 min with a fur-
ther two minutes at 175 pg/kg/min if needed). Acquisition was for 60
heartbeats using 0.05 mmol/kg gadoterate meglumine (Royal Free and
UCLH) administered at 4 mL/s followed by a 20-mL 0.9% saline flush.

Cardiovascular magnetic resonance

post-processing

Cardiovascular magnetic resonance studies were analysed offline using
Osirix MD 9.0.1 (Pixmeo Sarl, Bernex, Switzerland) and CVI42 5.12.1
(Circle Cardiovascular Imaging, Calgary, Canada). All cines, maps, first-
pass perfusion images/maps and early gadolinium enhancement/LGE
images were analysed by experienced observers (DSK., TK, G.C,
T.AT., MF.and].M.). When calculating ventricular volumes and mass, tra-
beculations and papillary muscles were included in the myocardial mass.
Right ventricular insertion point LGE was not included as an abnormal
LGE finding. The CMR diagnosis of myocarditis-like injury was made in
accordance with published expert recommendations based on the
presence of non-ischaemic myocardial injury in a typical distribution
(patchy sub-epicardial or mid-wall LGE, which tends to favour the basal
to mid inferolateral wall) and myocardial oedema (by T2 mapping).>
Active myocarditis was defined as the presence of non-ischaemic myo-
carditis-pattern LGE with associated elevation in T1 and T2, or T2 alone,
in the same distribution as LGE (i.e. T1 and T2 were measured within
areas of LGE). Healed myocarditis was defined as the presence of non-
ischaemic myocarditis-pattern LGE with or without elevation in native T1
and with normal T2.* Native T1 and T2 relaxation times were measured
within the myocardial septum in the four-chamber long-axis motion-
corrected quantitative maps and away from any areas of LGE (remote
myocardium) and also averaged within any area of myocarditis. Controls
and healthy volunteers were scanned at the centre contributing the most
patients (Royal Free), and a quality assurance standardization process
across all centres was used to demonstrate consistency in T1 and T2
mapping values across all participating centres and thus validating the
threshold between normal and abnormal.®

Multicentre phantom testing

A quality assurance standardization T1 and T2 phantom assessment was
undertaken to detect whether (i) measured T1 and T2 results from the
three sites (four magnetic resonance imaging scanners: Royal Free,
Hammersmith 1, Hammersmith 2, and UCLH) were comparable (i.e.
consistent measurements across sites) and (i) that pre-pandemic

controls could be used to construct a reference range (i.e. no significant
magnet system drift or hardware shift events in the time between control
and patient scanning). This used the T1 Mapping and ECV Standardization
(TIMES) phantom and analysis pipeline.”>?® At the time of COVID
patient scanning (September to October 2020), the same phantom was
transported between the four scanners in this study (all Siemens Aera
1.5T). After a minimum 8 h equilibrium in the magnet room at each site,
the phantom was scanned according to the protocol specified in the
T1MES user manual.*

Statistical analysis

Analyses were performed using SPSS Statistics, version 26 (IBM, Armonk,
NY, USA). Data were examined for normality using the Shapiro—Wilk
test. Normally distributed variables were expressed as mean + standard
deviation; non-normal as median (interquartile range). Proportions were
expressed as percentages. Student’s t-tests (two-tailed) and the Mann—
Whitney U test were used to compare normal and non-normally
distributed data between two groups. One-way analysis of variance with
Bonferroni correction was used to compare normally distributed data
across groups and Kruskal-Wallis test to compare non-normally
distributed variables across groups. The ? test was used to compare
proportions across groups. Binary logistic regression determined
relationships between troponin and LGE, a diagnosis of myocarditis or
any ischaemic or non-ischaemic diagnosis. Spearman’s correlation was
used to compare time to CMR with native T1 and T2. P<0.05 was con-
sidered statistically significant.

Results

Clinical characteristics

In total, 148 recovered COVID-19 patients underwent CMR scans
(75 at Royal Free, 40 at Imperial, and 33 at UCLH). One-hundred and
thirty-three patients underwent a full tissue characterization protocol
(LGE, T1, and T2 mapping) including 76 with additional adenosine
stress perfusion. Eleven patients underwent CMR without T1 and
T2 mapping and four underwent a non-contrast CMR with T1
and T2 mapping. Patient characteristics are presented in Table 1 and
Supplementary material online, Table S1. Mean age was 64 + 12 years
and patients were predominantly male (104/148, 70%). One-
hundred and twenty-eight (86%) were polymerase chain reaction
positive with the remainder diagnosed clinically based on symptoms,
blood biomarkers, and radiological features. Presenting symptoms
were typical of a COVID-19 prodrome (one or more of fever, cough,
dyspnoea, and myalgia) in 138/148 (93%) patients. Seven patients pre-
sented with gastrointestinal symptoms, one with a fall and two were
asymptomatic. Median length of inpatient hospital stay was 9 days
[interquartile range (IQR) 6-18days]. Forty-eight patients (32%)
required intensive care unit (ICU) for ventilatory support. Sixty-three
patients underwent computed tomography pulmonary angiography
(CTPA) during admission of which 22/63 (35%) showed pulmonary
embolism. The interval between discharge or confirmed diagnosis
(defined as a positive COVID-19 swab result or, in the case of
swab-negative patients, diagnostic chest radiographic, or CT imaging)
and CMR study was 56 days (IQR 30-88 days) and 68 days (IQR 39—
103 days), respectively.
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Table I Clinical characteristics
Recovered Controls (n = 40)
COVID-19
(n=148)
Demographics

Age (years) 64+12 64+9
Female (%) 44 (30) 12 (30)
Height (m) 1.70+£0.10 1.71+£0.10
Weight (kg) 825+17.9 83.3+19.0
Body mass index (kg/m?) ~ 28.5+5.6 288+57
Body surface area (m?) 1.95+0.24 1.99+0.27
Ethnicity

Caucasian 74 (50) 34 (85)

Afro-Caribbean 26 (18) 3(8)

Asian 22 (15) 2(5)

Other or unspecified 26 (18) 1)

Past medical history

Previous Ml (%) 11(7) 7 (18)
Previous PCl or CABG (%) 17 (12) 11 (28)
Hypertension (%) 85 (57) 25 (63)
Diabetes mellitus (%) 50 (34) 11 (28)
Hypercholesterolaemia (%) 68 (46) 21 (53)
Smoking history 35(24) 12 (30)

P-value (controls
vs. COVID-19)

Healthy
Volunteers (n = 40)

P-value (volunteers
vs. COVID-19)

0.86 4916 <0.001
097 17 (43) 0.13
0.84 1.73£0.10 0.15
0.60 75.5+14.4 0.02
0.71 252437 0.001
037 1.8940.21 0.19
0.001 0.02

25 (63)

4(10)

11(28)

0(0)
008 0 <0.001
0.01 0 <0.001
0.56 0 <0.001
045 0 <0.001
0.46 0 <0.001
0.41 2 (5) 0.008

BSA, body surface area; CABG, coronary artery bypass graft; MI, myocardial infarction; PCl, percutaneous coronary intervention.

Bold denotes statistically significant values (P < 0.05).

Blood biomarkers

Admission and peak (in cases where more than one measurement
was taken) high-sensitivity troponin T levels were 20ng/L (15-29)
and 26ng/L (19-70) respectively (Royal Free and UCLH), and
high-sensitivity troponin | levels were 39 ng/L (21-82) and 43 ng/L
(24-125) (Imperial). N-terminal pro-brain natriuretic peptide (NT-
proBNP) levels were available in 92 patients and were elevated over-
all (231 ng/L, 72-878). Median lowest lymphocyte count was 0.70 X
10%/L (0.41-0.98). Lymphopenia (<1.0 x 107/L) was present in 115/
148 (78%) patients. Median peak C-reactive protein was 186 mg/L
(123-309) with C-reactive protein being elevated (>5 mg/L) in all
patients on at least one measurement during admission. Blood bio-
markers are summarized in Table 2.

Cardiovascular magnetic resonance
Extracardiac findings

Pleural effusions were present in 14/148 (9%) patients and pericardial
effusion in 8/148 (5%).

Cardiac function

Cardiac structure, function, and tissue characterization are detailed in
Table 3 and Supplementary material online, Table S2. Average left
ventricular (LV) systolic function of the COVID-19 recovered group
was normal [left ventricular ejection fraction (LVEF) 67% £ 11%] and
was no different to matched controls (LVEF 67% £ 9%, P=0.99) or
healthy volunteers (66% + 5%, P = 0.55). Left ventricular dysfunction
was present in 17/148 (11%) patients (13 with LVEF 35-55% and 4

with LVEF <35%), with 9 cases due to myocardial infarction (of which
6 had a known past history of ischaemic heart disease), one case both
infarct-pattern and non-ischaemic myocarditis-pattern LGE, one case
with non-ischaemic pattern mid-wall LGE and 6 with no LGE. The
average right ventricular ejection fraction (RVEF) was 61% + 9% and
was no different to healthy volunteers (RVEF 61% + 5%, P=0.85) but
was lower than matched controls (RVEF 64% + 7%, P=0.032).

Pattern of myocardial injury

In total, LGE was present in 70/144 patients (49%). There was suben-
docardial or transmural LGE only in 23/144 (16%), subepicardial LGE
only in 28/144 (19%), and mid-wall LGE only in 14/144 (10%). Five of
144 (3%) patients had LGE in more than one distribution (three with
sub-endocardial and sub-epicardial; two with sub-endocardial and
mid-wall) (Figure 2). Four patients did not receive gadolinium
contrast. Nine patients had inducible ischaemia without LGE and one
patient undergoing non-contrast CMR had regional elevation in
myocardial T2.

Cardiovascular magnetic resonance identified a cardiac abnormal-
ity in 80/148 (54%) patients, classified as non-ischaemic (including
myocarditis-like LGE) in 39/148 (26%), ischaemic heart disease-
related (infarction and/or inducible ischaemia) in 32/148 (22%) or
dual pathology in 9/148 (6%). Sixty-eight (46%) were classified as
normal. Of these normal CMR scans, 35/68 (51%) had a CTPA during
their acute admission with 10/35 (29%) demonstrating pulmonary
embolism. This compares to 12/28 (43%) with cardiac abnormality
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on CMR who also had co-existing pulmonary embolism (P =0.24 for
normal CMR vs. abnormal CMR).

Non-ischaemic, myocarditis-like injury pattern
Forty-seven of 148 (32%) patients had a non-ischaemic pattern of
myocardial injury (including 9 with dual pathology). Overall, 40/148

Table 2 Laboratory biomarkers

Laboratory findings

10.6 (8.4-15.7)
8.5 (64-13.5)
0.70 (0.41-0.98)
469 (363-593)

Peak white-cell count (x10°/L)
Peak neutrophil count (x10%/L)
Lowest lymphocyte count (x 10%/L)
Peak lactate dehydrogenase (U/L)

Creatinine at discharge (umol/L) 77 (66-97)
Creatinine at peak troponin (umol/L) 92 (72-116)
Admission high-sensitivity troponin T (ng/L)? 20 (15-29)
Peak high-sensitivity troponin T (ng/L)? 26 (19-70)
Admission high-sensitivity troponin | (ng/L)® 39 (21-82)
Peak high-sensitivity troponin | (ng/L)® 43 (24-125)
Peak creatine kinase (U/L) 206 (87-813)
Peak fibrinogen (g/L) 6.7 (6.3-7.8)

Peak D-dimer (ng/mL)
Peak C-reactive protein (mg/L)

2417 (1172-7548)
186 (123-309)

“Royal Free and UCLH patients.
®lmperial patients.

Table 3 Cardiovascular magnetic resonance findings

(27%) patients had myocarditis-pattern injury including four with
co-existing inducible ischaemia on adenosine stress perfusion and
three with co-existing myocardial infarction. One patient undergoing
non-contrast CMR had regional elevation in native T2 in the absence
of regional wall motion abnormality and was classified as myocarditis-
pattern injury. Median time from discharge to CMR and COVID-19
diagnosis to CMR in those with myocarditis-pattern injury were
34 days (IQR 19-65) and 45 days (IQR 30-76 days), respectively. Of
the patients with myocarditis-pattern LGE, 20 (50%) had involvement
of one myocardial segment, 8 (20%) with two myocardial segments,
7 (18%) with three myocardial segments, and 5 (13%) with four or
more segments involved. Biventricular function was preserved in
patients with myocarditis and no different to those without myocar-
ditis (LVEF 70% + 6% vs. 66% £ 12%, P=0.05; RVEF 62% + 8% vs.
61% £ 9%, P=0.27). No patients with myocarditis-pattern LGE had
regional wall motion abnormalities.

Neither admission nor peak troponin levels were predictive of the
diagnosis of myocarditis. Thirteen of the 48 patients (27%) requiring
ICU admission had evidence of myocarditis compared with 27 of the
100 patients (28%) not requiring ICU admission (P=0.99).

Of patients with myocarditis-pattern injury, 12 (30%) had findings
consistent with active myocarditis [8 (20%) with regional elevation of
both native T1 and T2, 4 (10%) with regional elevation of T2 only,
Figure 3]. Twenty-seven patients (68%) had findings consistent with
healed myocarditis [11 (28%) with elevated native T1 only and 16
(49%) with normal native T1 and T2]. One patient had myocarditis-
pattern LGE but no T1 and T2 mapping was performed.

Recovered Controls P-value Healthy P-value
COVID-19 (n=40) (controlsvs. Volunteers (volunteers vs.
(n=148) COVID-19) (n=40) COVID-19)

Functional metrics

LVEDV indexed (mL/m?) 67+15 60+ 13 0.44 78+ 17 <0.001

LVESV indexed (mL/m?) 23+ 14 23+9 0.97 28+7 0.08

LVEF (%) 67+11 6719 0.99 66+5 0.55

LV mass indexed (g/m?) 69+18 74427 0.19 58+ 11 <0.001

RVEDV indexed (mL/m?) 70+ 12 65+13 0.025 87121 <0.001

RVESV indexed (mL/m?) 28+9 2316 0.002 3711 <0.001

RVEF (%) 61+9 64+7 0.032 615 0.85
Multi-parametric myocardial mapping

Number of patients with abnormal septal T1 (>1076 ms by MOLLI) 19 (13%) 5 (13%) 0.95

Remote myocardium native T1 (ms) 1033+ 41 1028+35 045 1008 £ 35 <0.001

Number of patients with abnormal septal T2 (>52 ms) 4 (3%) 1(3%) 0.93

Remote myocardium T2 (ms) 46+3 47+3 0.09 48+2 0.01
Late gadolinium enhancement

Any LGE 70 (49%) 18 (45%)  0.80 0

Subendocardial or transmural 28 (16%) 10 (15%) 0.40 0

Mid-myocardial 16 (11%) 6 (15%) 0.46 0

Subepicardial 31 (22%) 2 (5%) 0.018 0

CMR, cardiovascular magnetic resonance; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic function; LGE, late gadolinium enhancement; LV, left ventricular;

MOLLI, modified Look-Locker inversion recovery; RV, right ventricular.
Bold denotes statistically significant values (P < 0.05).
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CMR following COVID-19 admission with troponin elevation
(n=148)

L 4

CMR with T1 and T2 mapping and LGE

’Han with LGE {no mapping) | |

(n=11)

Non-contrast CMR with mapping
(n=4)

CMR (n=133)
protocol
|5ub—endocardial and sub-epicardial (n=3)
Mid-wall
Scar (n=14)
pattern
Myocarditis + Mi (n=3) | | Non-ischaemic + Mi (n=2)|
CMR
diagnosis

[ Myocarditis + ischaemia (n=4) || MI + ischaemia (n=7)

| Inducible ischaemia only (n=9) |

| Other non-ischaemic (n=6) |

Figure 2 Patterns of myocardial scar and cardiovascular magnetic resonance diagnoses. CMR, cardiovascular magnetic resonance; LGE, late gado-

linium enhancement; MI, myocardial infarction.

Native T1
(MOLLI)

Myocardial T2

Figure 3 Example of patient with a myocarditis-pattern late
gadolinium enhancement and evidence of active inflammation.
Native T1 and myocardial T2 were elevated in the inferolateral wall
(T1 1261 ms, T2 56 ms) and normal in the basal inferoseptum (T1
983 ms, T2 50ms). Late gadolinium enhancement imaging shows
patchy areas of subepicardial enhancement in the lateral wall and
basal inferior wall, and mid-wall enhancement in the distal septum
and distal anterior wall (white arrows).

Ischaemic injury pattern

Forty-one of 148 (28%) patients had evidence of ischaemic heart
disease-related abnormality on CMR, including: 28/148 (19%) with
sub-endocardial and/or transmural LGE consistent with myocardial
infarction (Figure 4). Seven patients with evidence of Ml also had add-
itional inducible ischaemia on adenosine stress and 13 patients had in-
ducible ischaemia without evidence of Ml (Figure 5). Nine patients
had a known past history of myocardial infarction, 5 had undergone
previous PCl or CABG without previous Ml and 27 (66%) had no
known history of ischaemic heart disease and were, therefore, first
presentations of coronary artery disease diagnosed with CMR. Of
patients with ischaemic heart disease-related abnormality, 39/41
(95%) had at least one cardiovascular risk factor.

Dual pathology

Dual cardiac pathology was noted in 9/148 (6%) patients, with both
ischaemic (5 MI, 4 inducible ischaemia) and non-ischaemic findings (7
myocarditis-pattern LGE and 2 other non-ischaemic LGE) (Figure 6).

Tissue characterization of the remote myocardium

Abnormal native T1 and T2 were defined as 1.96 standard deviations
above the mean values for the healthy volunteer group (upper limit
of native T1 1076 ms, upper limit of myocardial T2 52 ms). Nineteen
of 137 (14%) patients had elevated native T1 in the remote
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Bright blood Bright blood Dark blood Coronary
LGE LGE LGE Angiogram

Figure 4 Example of patient admitted with COVID-19 infection and associated troponin rise. Late gadolinium enhancement (bright blood left two
panels and dark blood third panel) shows a lateral infarct (white arrows). Coronary angiography (right panel) showed an occluded obtuse marginal
branch (black arrow).

Figure 5 Example of patient admitted with COVID-19 infection and associated troponin rise. Cardiovascular magnetic resonance with adenosine
stress perfusion mapping showed inducible ischaemia in the inferior wall, basal inferoseptum, anterior, and anterolateral walls. Coronary angiography
showed occluded right coronary artery and severe disease in proximal-mid LAD (black arrows).

myocardium compared with 5/40 (13%) patients in the controlgroup  :  (P=0.93). There was no difference in mean native T1 in the remote
(P=0.95). Four of 137 (3%) patients had elevated T2 in the remote  : myocardium between controls and COVID-19 patients (COVID-19
myocardium compared with 1/40 (3%) in the control group : patients 1033 +£41 ms vs. controls 1028 £ 35 ms, P=0.45) but both
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groups had higher T1 than healthy volunteers (1008 +35 ms,
P <0.001 COVID-19 vs. healthy volunteers and P=0.013 controls vs.
healthy volunteers) (Figure 7). There was no difference in mean myo-
cardial T2 in the remote myocardium between COVID-19 patients
and controls although COVID-19 patients had lower T2 compared
with healthy volunteers (COVID-19 46 + 3 ms vs. controls 47 + 3 ms
vs. healthy volunteers 48 + 3 ms; P =0.09 for COVID-19 vs. controls

Native T1
(MOLLI)

LGE

Figure 6 Example of patient with dual pathology. Late gadolinium
enhancement showed mid-wall late gadolinium enhancement in the
basal inferolateral wall (myocarditis-pattern, red arrow) and sub-
endocardial late gadolinium enhancement in the mid-anterior and
part of the distal lateral wall (myocardial infarction pattern, white
arrows). Native T1 and T2 were normal within the area of myocar-
ditis-pattern late gadolinium enhancement (T1 1061 ms, T2 52 ms).

Septal native T1

p<0.001
1200~ L 3 1
o
1150 = o
]
. 1100} o
o
(]
E og°
= &
H - o0
H 1050
B
2
]
1000 b=
8
&
esof- B
800 1 1 1
COVID-18 Controls Healthy Volunteers.

and P=0.01 for COVID-19 vs. healthy volunteers) (Figure 7). There
was no difference in native T1 or T2 between patients scanned at
each site (T1: Royal Free 1035 £ 37 ms vs. Hammersmith 1030 £ 42
ms vs. UCLH 1032+ 50 ms, P=0.80; T2: Royal Free 46+ 3 ms vs.
Hammersmith 47 £4 ms vs. UCLH 45+ 2 ms, P=0.06). There was
no correlation between time from COVID-19 diagnosis to CMR and
native T1 (rho -0.135,P=0.12) or T2 (rho 0.268, P= 0.10).

Multicentre phantom testing

The phantom temperature, read from the liquid crystal display
thermometer fixed to the front of the phantom body, was 21°C at
UCLH, 22°C at Royal Free and Hammersmith 1, and 23°C in
Hammersmith 2. Phantom T1 and T2 times of tube 4 (representing
native myocardium) for UCLH, Hammersmith 1, Hammersmith 2,
Royal Free were: T1=1052 ms (corrected to 1047 ms), 1047 ms,
1040 ms (corrected to 1045ms), and 1040 ms; T2=48ms (cor-
rected to 46 ms), 50ms, 46 ms (corrected to 48 ms), and 49 ms.
Therefore, for phantom tube 4 across the four sites, the average (SD,
%) of temperature corrected T1 and T2 times (at 22°C), were
1045 ms (SD 3.3 ms, 0.3%) and 48 ms (SD 1.7 ms, 3.6%), respectively.
The Royal Free site where healthy volunteers and matched controls
were scanned, had phantom T1 and T2 times that deviated from
these mean values by 0.5% and 1.5%, respectively. At the Royal Free
site where the historical matched control and healthy volunteer
cohorts had been scanned, serial data using this same phantom from
early 2019 confirmed good longitudinal stability of T1 and T2 reads
over 20 months, with mean coefficients of variation of 0.77% and
1.97%, respectively. Phantom results thus supported the cross-site
pooling of T1 and T2 patient data, and the use of historical control
and healthy volunteer data for reference range construction.

Septal T2
p=0.01
s} r 1
—nt0
sol-
o
£ s
e
g 50}
4
,% ash-
a0
BE 1 1 1

COVID-19 Controls Healthy Volunteers

Figure 7 Native T1 (left panel) and myocardial T2 (right panel) measured in the remote myocardium. There was no significant difference in native
T1 or T2 in the remote myocardium between COVID-19 patients and controls.
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Discussion

Multi-organ involvement in COVID-19 is recognized, with many
patients having troponin release indicative of acute myocardial in-
jury.é’11 Here, in a multicentre study across six acute hospitals, we
show that myocardial injury during acute COVID-19 infection requir-
ing acute hospital admission is associated with a CMR abnormality in
approximately half of patients, with three patterns of injury being
observed: non-infarct, myocarditis-pattern injury (27%), ischaemic
pathology (22%), and non-ischaemic non-specific scar (5%). Dual
pathology with ischaemic and non-ischaemic features was observed
in 6%. The different patterns of abnormalities found suggest multiple
possible underlying mechanisms including myocarditis (with limited
extent and no functional consequence), Ml (type 1 or type 2), and in-
ducible myocardial ischaemia.

Cardiovascular magnetic resonance is the most suited non-
invasive modality for the assessment of unexplained troponin rise in
this context, as it can confirm the presence, type, and extent of
myocardial injury, and is able to identify pathology occurring before
regional wall motion abnormalities are apparent. Myocarditis has
been associated with a range of acute viral illnesses although the true
incidence of acute myocarditis in these cohorts is unknown.®’
Where viral myocarditis occurs, only a small proportion of patients
suffer long-term consequences. Inflammatory myocardial infiltrates
have been found at autopsy of patients with COVID-19*%% but the
true prevalence of myocarditis in COVID-19 is unknown. A recent
preliminary study suggests myocarditis in 15% of competitive athletes
with COVID-19, but larger studies are needed to understand the
true prevalence.’® Here we show that in patients with COVID-19
hospitalized for severe acute respiratory syndrome and troponin ele-
vation, 27% of patients had myocarditis-pattern LGE and a third of
these showed evidence of ongoing active myocardial inflammation at
this early stage post-infection. The extent of myocarditis was limited
to three or less segments in the majority of cases (88%), there were
no associated regional wall motion abnormalities and biventricular
function was preserved, an imaging phenotype that would be
expected to have a good overall prognosis with a non-COVID myo-
carditis aetiology. These data suggest that, even in a group who were
comparatively ill (all requiring hospital admission, all with positive
troponin, one in three intubated and ventilated), inflammation (with
changes such as myocardial oedema, inflammatory infiltrates, hyper-
aemia)®" settle within weeks of acute infection in the majority of
cases. Our results demonstrate that in this subset of patients surviv-
ing severe COVID-19 and with troponin elevation, ongoing localized
myocardial inflammation, whilst less frequent than previously
reported, remains present in a proportion of patients and may repre-
sent an emerging issue of clinical relevance. The scale of the COVID-
19 pandemic means that following up all patients in the long term
with CMR may not be practical. However, those who were very ill
(admitted to hospital and having a positive troponin) with evidence of
residual inflammation on early convalescent CMR may be an import-
ant group to target, especially as it has been shown that inflammation
and LGE may play a role in the pathophysiology of dilated cardiomy-
opathy.®>* Future follow-up studies would be useful to assess for
long-term presence of scar, which has been shown to be associated
with adverse cardiac events following myocarditis.>’

Of the studied cohort, 26% had CMR findings consistent with is-
chaemic aetiology either alone or in combination with non-ischaemic
pathology. A quarter of patients undergoing adenosine stress perfu-
sion demonstrated inducible ischaemia. Almost all patients with
ischaemic-related pathology on CMR (95%) had at least one cardio-
vascular risk factor. However, 66% of patients with Ml or inducible is-
chaemia had no known past history of ischaemic heart disease. It has
previously been shown that patients with COVID-19 requiring hospi-
talization have high prevalence of comorbidity including hyperten-
sion, diabetes, and obesity.>>>® It is likely that at least a proportion of
the elevated troponins in hospitalized COVID-19 patients could be
the result of pre-existing coronary artery disease being unmasked by
systemic illness (type 2 MI), where increased myocardial demand due
to fever and tachycardia, and reduced supply due to hypoxaemia and
hypotension, can result in myocardial ischaemia in vulnerable
patients. Even in an asymptomatic population apparently free from
cardiovascular disease the prevalence of myocardial scar is 7.9%,> so
it is likely that some of the abnormalities found here represent pre-
existing disease. Considering the high proportion of previously un-
diagnosed Mls, an alternative hypothesis is that a proportion of Mls in
these patients could be the result of a pro-thrombotic state in
patients with underlying vulnerability due to cardiovascular risk fac-
tors resulting in type 1 MI occurring during the acute infection.
Regardless of the mechanism underlying ischaemic myocardial injury,
these patients are important to identify as they could benefit from
prognostic medical therapy and be considered for coronary interven-
tion in the presence of significant obstructive disease.

Pulmonary embolism was detected in 29% of patients with no
evidence of myocardial scar or ischaemia who also underwent CTPA
scanning, suggesting another possible cause for troponin elevation.
However, 43% of patients with cardiac abnormality also had
co-existing pulmonary embolism suggesting that the diagnosis of
pulmonary embolism during hospital admission should not be
assumed to be the only cause for troponin elevation.

It has recently been reported that two-thirds of patients recovered
from COVID-19 had CMR evidence of abnormal findings with a high
incidence of elevated T1 and T2 in the myocardial septum, in keeping
with diffuse fibrosis and oedema.®® These findings were from a cohort
with the majority having mild illness (two-thirds recovered at home,
<20% requiring invasive or non-invasive ventilation, up to 15% with
troponin elevation). Our findings, in a multi-centre cohort of patients
requiring hospitalization for respiratory failure and all with troponin
elevation, show that both native T1, which may be elevated in diffuse
fibrosis or oedema, and T2, which is more specific for myocardial
oedema, measured remote to any areas of LGE were within normal
limits in the vast majority of patients (87% for T1 and 97% for T2).
Importantly, both native T1 and T2 were not elevated when com-
pared with a control group matched for age, gender, and cardiovas-
cular comorbidities either in terms of mean values or proportion of
patients with elevated values. Both COVID-19 patients and matched
controls had elevated native T1 compared with healthy volunteers
suggesting the difference observed in previous literature is likely
confounded by chronic disease and comorbidity rather than a direct
effect of COVID-19 infection.®® We believe our data challenge the
hypothesis that chronic inflammation, diffuse fibrosis or long-term
LV dysfunction is a dominant feature in those surviving COVID-19.
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The use of the TIMES phantom across all scanners provided
robust quality assurance and confirmed reproducibility on a three-
centre scale, fulfilling a key requirement for the use of T1 and T2
mapping in clinical studies involving more than one centre. The
results showed that T1 and T2 were remarkably repeatable in the
three centres, all of which used the same setup (manufacturer, field
strength, magnet, sequence), with very low coefficients of variation.

Limitations

This study reports findings in a group of patients surviving severe
COVID-19 infection and with troponin elevation. The study
excluded those with contraindications to CMR scanning, those who
died in hospital, and those who had no troponin elevation (or where
troponin level was not measured). We also excluded those who
were assessed by the referring clinician to be sufficiently frail that the
findings would be unlikely to inform management. Whilst this intro-
duces some subjectivity, we believe our cohort reflects a group in
which clinicians might reasonably request a clinical CMR. The high
inpatient mortality of COVID-19 with troponin elevation means
conclusions from this study will be prone to survivorship bias; we
have no way of knowing, for comparison, what injury pattern
occurred in those who died (though recent autopsy data suggest that
myocarditis is a relatively uncommon finding at autopsy, being found
in <10% of post-mortem hearts??). Ultimately, we cannot definitely
establish a link between the abnormalities detected on these CMR
scans and the acute COVID-19 infection. However, the high preva-
lence of myocarditis, high prevalence of ischaemia (likely leading to
type 2 M), and the high proportion of previously unknown Mils (pos-
sibly some representing type 1 Mls during acute COVID-19 infection)
suggest a likely link with COVID-19 infection. The mechanisms of
COVID-19 related injury are still under investigation and the CMR
features observed here may reflect injury through pathways other
that the classic enteroviral and anti-cardiac myosin autoimmune
models.> Histological confirmation from cardiac biopsies with paired
CMR would provide incremental information but was not performed
for any of the patients within our cohort and is unlikely to be per-
formed in future studies due to lack of clinical indications.

Troponin-negative patients (and those where no troponin level
was measured) with COVID-19 were not included in this study as a
comparator group and therefore the incidence of CMR abnormalities
in these patients is unknown. However, unless COVID-19 challenges
the paradigm that significant acute myocardial injury occurs without
troponin release, we believe it is unlikely that more abnormalities
would have been seen in a troponin-negative group than we
observed in their troponin-positive counterparts in this study.

Our measurement methodology for assessment of diffuse myocar-
dial abnormalities reflected the current guidelines with a septal region
of interest measurement of T1 and T2 chosen in order to minimise
artefact.®® However, it is possible that we may not have detected
subtle abnormalities in non-septal segments. Furthermore, expert
criteria for the diagnosis of acute myocarditis have typically focused
on short illnesses (<4 weeks),”> whereas our convalescent study
group underwent CMR at a later timepoint and this could have led to
some degree of underestimation of acute oedema. Additionally,
whilst the diagnosis of myocarditis-like injury was made in accordance
with published expert recommendations, based on the presence of
non-ischaemic myocardial injury in a typical distribution, these criteria

are not 100% specific, as these patterns can also be found in patients
with other non-ischaemic pathology. However, CMR remains the
most sensitive and specific imaging modality to non-invasively confirm
a diagnosis of active or healed myocarditis.

High-sensitivity troponin was systematically collected on admis-
sion in all patients included in the study, but the quantification of
acute myocardial injury using serial troponin measurements was not
routinely performed. However, our cohort represents a ‘real-world’
group of patients in whom attending clinicians requested serial
troponins if clinically indicated. Cardiovascular magnetic resonance
scanning in this cohort was performed relatively early following
discharge and further follow-up scanning was not performed within
this study to assess the long-term prevalence of scar. This dataset
represents the severe end of the spectrum of COVID-19 infection
(with one in three patients requiring ventilation) so is likely to be an
overestimation of the overall cardiac effects of COVID-19 infection.
A further study of asymptomatic and/or mildly symptomatic individu-
als will be required to understand the possible, if any, cardiac
consequences in the wider population. Additionally, the cardiac
effects of other severe viral infections are not fully known. It is
possible therefore that the effects of COVID-19 infection on the
myocardium may not be different from other severe viral illnesses.
Finally, the relationship between convalescent CMR phenotype and
subsequent arrhythmic and mortality outcomes is not yet known and
will require further study.

In summary, myocardial injury during COVID-19 infection severe
enough to require acute hospital admission is associated with a CMR
abnormality in approximately half of patients. The patterns of abnor-
malities found suggest multiple underlying mechanisms including
myocarditis, Ml (type 1 or type 2) and inducible myocardial ischaemia.
Whether these represent pre-existing disease or COVID-19-related
changes remain undetermined. In those with myocarditis-like scar,
the extent is low with no functional consequence. Although 30% of
these cases with myocarditis-like scar showed localised oedema, we
did not find evidence of diffuse fibrosis. The trajectory and outcome
of those with evidence of ongoing localized inflammation remains un-
known but would support ongoing research.

Supplementary material

Supplementary material is available at European Heart Journal online.

Data availability

The study dataset will be made available to other researchers for pur-
poses of reproducing the results or replicating the procedure upon
reasonable request to the corresponding author, subject to institu-
tional and ethical committee approvals.
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