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BACKGROUND: Acute myocardial injury in hospitalized patients with coronavirus disease 2019 (COVID-19) has a poor prognosis.
Its associations and pathogenesis are unclear. Our aim was to assess the presence, nature, and extent of myocardial damage
in hospitalized patients with troponin elevation.

METHODS: Across 25 hospitals in the United Kingdom, 342 patients with COVID-19 and an elevated troponin level (COVID+/
troponin+) were enrolled between June 2020 and March 2021 and had a magnetic resonance imaging scan within 28
days of discharge. Two prospective control groups were recruited, comprising 64 patients with COVID-19 and normal
troponin levels (COVID+/troponin—) and 113 patients without COVID-19 or elevated troponin level matched by age and
cardiovascular comorbidities (COVID—/comorbidity+). Regression modeling was performed to identify predictors of major
adverse cardiovascular events at 12 months,

RESULTS: Of the 519 included patients, 356 (69%) were men, with a median (interquartile range) age of 61.0 years (53.8,
68.8). The frequency of any heart abnormality, defined as left or right ventricular impairment, scar, or pericardial disease,
was 2-fold greater in cases (61% [207/342]) compared with controls (36% [COVID+/troponin—] versus 31% [COVID—/
comorbidity+]; A<0.001 for both). More cases than controls had ventricular impairment (17.2% versus 3.1% and 7.1%)
or scar (42% versus 7% and 23%; F<0.001 for both). The myocardial injury pattern was different, with cases more likely
than controls to have infarction (13% versus 2% and 7%; /£<0.01) or microinfarction (9% versus 0% and 1%; R<0.001),
but there was no difference in nonischemic scar (13% versus 5% and 14%; P=0.10). Using the Lake Louise magnetic
resonance imaging criteria, the prevalence of probable recent myocarditis was 6.7% (23/342) in cases compared with
1.7% (2/113) in controls without COVID-19 (P=0.045). During follow-up, 4 patients died and 34 experienced a subsequent
major adverse cardiovascular event (10.2%), which was similar to controls (6.1%; P=0.70). Myocardial scar, but not previous
COVID-19 infection or troponin, was an independent predictor of major adverse cardiovascular events (odds ratio, 2.25 [95%
Cl, 1.12-4.57]; P=0.02).
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CONCLUSIONS: Compared with contemporary controls, patients with COVID-19 and elevated cardiac troponin level have more
ventricular impairment and myocardial scar in early convalescence. However, the proportion with myocarditis was low and
scar pathogenesis was diverse, including a newly described pattern of microinfarction.

REGISTRATION: URL: https://www.isrctn.com; Unique identifier: 58667920.
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Editorial, see p 375

Clinical Perspective
What Is New?

» This study is the first large, multicenter, prospec-
tive, case-control study investigating the nature and
extent of myocardial injury in patients hospitalized
with COVID-19 and elevated cardiac troponin level
imaged within 28 days of discharge with core labo-
ratory analyses.

 Patients with COVID-19 had a much lower preva-
lence of probable recent myocarditis than previ-
ously reported.

* In patients with COVID-19, we identified a new
pattern of microinfarction on cardiac magnetic
resonance imaging, highlighting the prothrombotic
nature of this disease.

* Among hospitalized patients with COVID-19 and
elevated cardiac troponin level, the presence of
scar was independently associated with cardiovas-
cular outcomes at 12 months.

What Are the Clinical Implications?

* We identified a lower prevalence of probable
recent myocarditis than previously described and
higher proportions of myocardial infarction and
microinfarction in COVID-19. Myocardial scar was
independently associated with cardiovascular out-
comes. This is important to facilitate appropriate
management decisions.

Nonstandard Abbreviations and Acronyms

ANOVA analysis of variance
CONSORT Consolidated Standards of Reporting

Trials
COVID-19  coronavirus disease 2019
ECV extracellular volume
LGE late gadolinium enhancement
Lv left ventricle
LVEF left ventricular ejection fraction
MACE major adverse cardiovascular event
MRI magnetic resonance imaging

ultiorgan involvement in hospitalized patients with
M coronavirus disease 2019 (COVID-19) is com-

mon, particularly in patients with cardiovascular
disease or risk factors, and may result in acute myocar-
dial injury, detected by an increase in cardiac troponin
concentrations.'? Elevated cardiac troponin is associ-
ated with a worse prognosis.?® Multiple mechanisms of
myocardial injury have been proposed.” Defining these
is important because mitigation or prevention strategies
likely depend on the underpinning mechanisms and the
sequelae of scar may predispose to late events.

Cardiac magnetic resonance imaging (MRI) is the ref-
erence standard for the assessment of acute myocardial
injury because it can assess structure, function, scar, and
inflammation.® Initial studies of COVID-19 using cardiac
MRI reported a myocarditis-like injury pattern was com-
mon,>'® but later, more comprehensive reports'’ also
identified myocardial infarction. More recent autopsy
studies identified microangiopathic thrombosis as a more
common occurrence than myocarditis.”>"'* However,
many of these early imaging studies were necessarily
small, were single-center, and used noncontemporane-
ous or unmatched controls, meaning injury causation and
association were not well separated.'o115-17

COVID-HEART was funded by the National Institute
for Health Research and categorized as an urgent public
health study in the United Kingdom. The study aims to
characterize myocardial injury and its associations and
sequelae in convalescent patients after hospitalization
with COVID-19 using appropriately matched contempo-
rary controls.

METHODS

Study Design

The rationale and design of COVID-HEART have been pub-
lished elsewhere.”® Full details of the methods are provided in
the Supplemental Material. Briefly, COVID-HEART was a pro-
spective, longitudinal, multicenter, observational cohort study
of patients hospitalized with COVID-19 and elevated serum
troponin in the United Kingdom, with the aim of characterizing
the occurrence, nature, and extent of myocardial injury using
cardiac MRI. Anonymized data that support the findings of this
study are available from the corresponding author upon rea-
sonable request.
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Study Population

In total, 25 of the 82 cardiac MRI centers in the United
Kingdom participated. The study population included patients
who were hospitalized with a molecular or clinical and radio-
logic diagnosis of COVID-19 with evidence of myocar-
dial injury defined as an increase in cardiac troponin | or T
above the sex-specific 99th percentile upper reference limit
(COVID+/troponin+). Enrollment occurred during the Wuhan
and Alpha waves of COVID-19, before vaccination, and when
dexamethasone and anticoagulant protocols were emerging.
Exclusion criteria were inability or unwillingness to provide
consent, contraindication to MRI, pregnancy, or breastfeed-
ing. Two contemporary control populations were prospectively
recruited: patients hospitalized with COVID-19 without ele-
vated cardiac troponin (COVID+/troponin—) and an age- and
cardiovascular comorbidity-matched community population
without COVID-19 (COVID—/comorbidity+). All cases and
controls provided written informed consent. Ethical approval
was granted by the UK National Research Ethics Service
(20/NW/0292) with data sharing under a UK national COPI
agreement.'’® The University of Glasgow Clinical Trials Unit
coordinated data and analyses. The study was sponsored by
the University of Leeds.

Cardiac MRI Data Acquisition and

Postprocessing

Cardiac MRI scans were performed during index admission or
within 28 days of discharge on either a 1.5T or a 3T MRI sys-
tem (overall 12 scanner models from 3 manufacturers) using
protocols consistent with Society for Cardiovascular Magnetic
Resonance recommendations for patients with COVID-19.%°
This included anatomic imaging, long- and short-axis cine scans,
and myocardial tissue characterization including T2 mapping,
precontrast and postcontrast T1 mapping (for assessment
of native T1 and extracellular volume fraction [ECV], where
available), and late gadolinium enhancement (LGE; see the
Supplemental Material).'® MRI data sets were analyzed blinded
to disease status within a disseminated core laboratory (Barts:
structure/function/LGE; Oxford: T1/T2 mapping; Glasgow:
extracardiac anatomy). Left ventricular mass, volumes, and ejec-
tion fraction were analyzed using a clinically validated artificial
intelligence analysis platform and verified by 2 experts, as were
right ventricular volumes and left atrial area®’ Impairment was
defined as below age- and sex-specific reference ranges. LGE
analysis was performed by 3 independent observers blinded to
patient details and disease status using a semiautomated sig-
nal 5-SD approach (Figure S3). The LGE images were classi-
fied visually (consensus of observers with senior author review)
into 6 main patterns (infarct: subendocardial or transmural scar
conforming to a coronary territory; nonischemic: subepicardial
or intramyocardial scar [a category that included most myocar-
ditis-related scars]; infarct and nonischemic: dual pathology;
microinfarction: bright subsegmental areas of scar, sometimes
in multiple territories; likely preexisting scar or nonspecific scar;
or no scar (Figure 2 and Figure S1). Global T1 and T2 mapping
were quality-assured (Methods in the Supplemental Material)
and analyzed to establish global left ventricular T2, native T1,
and ECV values. Results were expressed as normalized values
on the basis of normal reference ranges from each center.
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Statistical Analysis
Variables are expressed, as appropriate, as mean£SD, median
and interquartile range, or count and percentage. Fisher exact
or 2 or test was performed for discrete variables. For continu-
ous variables, comparisons were performed using analysis of
variance (ANOVA) or Student ¢ test, or by the nonparametric
Mann-Whitney test when necessary. When indicated, mul-
tiple testing correction was applied using Bonferroni correc-
tion. Multivariable logistic regression analysis was performed.
Major adverse cardiovascular events (MACEs) were defined as
a composite of death, myocardial infarction or acute coronary
syndrome, coronary revascularization, myocarditis, hospitaliza-
tion for other cardiovascular causes, transient ischemic attack,
pulmonary embolism, or deep vein thrombosis. The following
clinical measures were selected for inclusion in a multivari-
able logistic regression model: cases versus controls, age, sex,
impaired left ventricular ejection fraction (LVEF), and LGE.
IBM-SPSS statistical software version 26 and R software
(R Foundation for Statistical Computing) were used for statisti-
cal analyses.'®

RESULTS

Study Population

The CONSORT (Consolidated Standards of Reporting
Trials) diagram is shown in Figure 1. A total of 49025
patients with COVID-19 were discharged from the 25
participating hospitals between June 2020 and March
2021 during our enrollment period. Of these, 7273 had
an elevated cardiac troponin level, 383 of whom were
eligible and provided consent to participate. Cardiac MR
was not performed in 41 patients, with data complete
and suitable for analysis in 340 (99%) for cine imaging,
320 (93%) for T1 mapping, 318 (93%) for T2 mapping,
and 325 (95%) for LGE (Figure 1).

Demographic and clinical characteristics of par-
ticipants are shown in Table 1 and Table S1. Patients
(COVID+/troponin+)  were  predominantly — male
(243/342 [71%]) and 61.3 years of age (53.4,
69.7). Common comorbidities included hypertension
(160/342 [47%)]), obesity (145/342 [43%]), and
diabetes (84/3492 [25%]). Cases included current or
previous smoking in 36% of patients, 265 (77.5%)
received oxygen therapy during hospitalization, 34
(9.9%) required invasive mechanical ventilation, and
190 (56%) received steroid therapy. Sixty-five patients
(19.0%) underwent clinically indicated coronary angi-
ography. Of these, 21 (32.3%) had normal coronary
arteries, 21 (32.3%) had nonobstructive plaque, and
23 (35.4%) had obstructive plaque (Table S2). At dis-
charge, 128 (34%) received antiplatelet therapy and
134 (35%) received anticoagulation. The working diag-
nosis for an elevated cardiac troponin level was diverse
and was difficult to ascertain in many cases (Table S3).
The median length of hospital stay was 9 days (inter-
quartile range, 5 to 16).
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SARS-CoV-2 hospital admissions*
(Sept 2020 to March 2021)
n=49025

!

SARS-CoV-2 and troponin positive*®
(Sept 2020 to March 2021)
n=7273

l

COVID-19 and troponin positive

| Contemporary control populationst |

l l

Hospitalized COVID-19 negative,
COVID-19 positive, troponin negative,
troponin negative comorbid

n=383 eligible & consented

CMR not performed (n=41)

n=64 consented n=113 consented

| n=342 had baseline CMR |

»| Died before CMR n=3

Did not attend for CMR n=4
Consent withdrawn n=23
Unable to CMR n=11

! !

n=64 had baseline n=113 had baseline
CMR CMR

l
l l l |

cines T1 maps T2 maps LGE
n=340 n=320 n=318 n=325
analyzable analyzable analyzable analyzable

l |

Acquired/analyzable: Acquired/analyzable:
cines n=64 cines n=113

T1 maps n=64 T1 maps n=113

T2 maps n=60 T2 maps n=92

LGE n=59 LGE n=110

Figure 1. Study profile.

“From 25 recruiting UK hospitals. tFrom 5 of the recruiting hospitals. CMR indicates cardiac magnetic resonance imaging; LGE, late gadolinium

enhancement; and MRI, magnetic resonance imaging.

Controls with COVID-19 who did not have an ele-
vated cardiac troponin level (COVID+/troponin—) were
younger (56.5 [47.0, 65.0] years of age) and had a higher
body mass index than cases (Table 1). Controls without
COVID-19 (COVID—/comorbidity+) were well matched
for age, sex, and cardiovascular comorbidities with cases
(COVID+/troponin-+), but there was some variation in
individual risk factors (Table 1). For example, the preva-
lence of obesity and hypertension was higher in cases,
but smoking and diabetes was lower.

Cardiac MRI Findings

Cardiac assessment was in early convalescence with
scan timing at median 21.0 (11.0, 27.0) days after dis-
charge (Table 2).

Cardiac Structure and Function

Median LVEF in cases (COVID+/troponin+) was nor-
mal and not different from the control populations
(65% [58%, 70%] versus 65% [60%, 69%] and 65%
[60%, 70%]; P=0.67). However, individuals with LV im-
pairment were more frequent among the cases com-
pared with controls. In patients with COVID-19 and
elevated cardiac troponin level, LV impairment was
categorized as mild (LVEF below age/sex reference
range, but >50%) in 3.0%, moderate (LVEF 50% to
40%) in 8.9%, and severe (LVEF <40%) in 5.3% of
cases (Table 2). The median LV global longitudinal
strain was —156.2 (—17.1, —13.0) in cases and —16.1
(—175,—14.5) in controls, but LV mass index was high-
erin cases, consistent with the increased prevalence of
hypertension (Table 2).

Circulation. 2023;147:364-374. DOI: 10.1161/CIRCULATIONAHA.122.060632

The median right ventricular ejection fraction in cases
(COVID+/troponin+) was 54% (49%, 59%), and was
similar to controls with COVID-19 (54% [50%, 58%)),
but was lower than in community controls without COVID-
19 (56% [53%, 60%]; ~<0.001). The right ventricle was
impaired in 26.2% of cases, which was comparable to
controls with COVID-19 (19.0%) but more frequent than
community controls (13.3%; P=0.02).

Extent and Patterns of Myocardial Injury

There were 135 (42%) cases (COVID+/troponin+)
with scar on LGE imaging, which was 6-fold higher
than controls with COVID-19 (7%; R<0.001) and
double that of community controls without COVID-19
(23%; £<0.001). Where present, the extent of scar was
variable and not different between cases and commu-
nity controls (7 g [3 g, 15 g] and 6% [3%, 11%] versus
7 g4 g, 15 gl and 5% [3%, 12%]; Table 2). The preva-
lence of scar in the controls with COVID-19 and normall
cardiac troponin concentrations was insufficient for sta-
tistical comparison. Scar extent in the cases and com-
munity controls was associated with adverse cardiac
remodeling (ventricular or atrial dilatation, hypertrophy,
impairment; Table S4) and patients with LV impairment
had a higher frequency and extent of scar (Figure Sb).
Scar pattern classifications are shown in Figure 2 with
multiple examples in Figures S1 and S2. Cases had a
higher frequency of myocardial infarction (13% versus
2%) and microinfarction (9% versus 1%) pattern scar
than controls; this latter pattern was almost exclusively
found in patients with COVID-19 and elevated cardiac
troponin. Examples of the microinfarction pattern are
shown in Figure 2. The prevalence of other scar patterns
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¥y

Microinfarcts

-
|
®
.
’
HCM DCM
-

] Likely preexisting

Nonsignificant LGE

Figure 2. Patterns of myocardial scar (late gadolinium enhancement).

Patterns of late gadolinium enhancement (LGE; in parentheses, the features of each). A, Infarct (bright, subendocardial, or territorial). B,
Nonischemic (mid-myocardial, less bright, or more diffuse). C, Dual pathology (both A and B). D, Microinfarcts (bright spots [eg, approximately 1
gram] of LGE often but not exclusively subendocardial and potentially in >1 territory). E, Chronic, likely preexisting disease (only 4 cases total; top
left: HCM; top right: dilated cardiomyopathy [DCM]; bottom left: amyloidosis; bottom right: pulmonary hypertension). F, Nonspecific (unequivocal
LGE that cannot be considered normal and has insufficient volume to assign with certainty to any other category). G, Nonsignificant LGE (minor
right ventricle insertion point LGE alone; trabecular LGE alone; or septal perforator LGE alone, which can be considered normal variant). H, No

LGE. Other examples are shown in Figures S1 and S2.

(nonischemic including myocarditis, dual pathology, and
nonspecific) were not different between cases and the
control groups (Figure 3).

Myocardial Tissue Characterization (Mapping)

Mapping results are shown in Table 2 and Figure S4.
Normalized global T1 was elevated in cases and both
control groups (1.03 [1.01, 1.07], 1.04 [1.02, 1.08],
1.05 [1.00,1.08] versus a normal of 1.00; P<0.001),
but there were no between-group differences. The
myocardial extracellular volume was elevated (~19%)
in cases compared with both control groups (0.28
[0.25, 0.30] versus 0.27 [0.24, 0.28], P=0.04, and
0.26 [0.24, 0.29], P=0.002, respectively). Global
myocardial T2 values were no different across groups
and were not elevated (Table 2). In cases, where T2
values were measurable (n=102), T2 was higher in
LGE areas compared with remote myocardium (AT2
+5.1 ms). Infarct and microinfarct patterns had the
highest AT2: +8.6 ms compared with +5.2 ms for
mixed and +3.5 ms for nonischemic patterns.

Cardiac Troponin Concentrations

The peak cardiac troponin concentration was higher
in cases with evidence of LGE compared with cases

368  January 31,2023

without LGE (14.2 versus 3.7 x upper limit of normal,
P<0.01; TnT 3.0 versus 2.1 x upper limit of normal,
P=0.04). Cases with myocardial infarction and micro-
infarction patterns had higher cardiac troponin values
than those with no LGE (both /A<0.05), with other LGE
patterns comparable to that of no LGE (Figure S6). The
magnitude of the troponin elevation was not related to
respiratory support status (P=NS).

Patient-Level Excess Cardiac Pathology

The frequency of any heart abnormality defined as left or
right ventricular impairment, scar, or pericardial disease
was 2-fold greater in cases (61% [207/342]) compared
with controls (36% [COVID+/troponin—] and 31% [CO-
VID—/comorbidity+]; A<0.001 for both). This was driven
by more LV and right ventricle impairment (5% and 15%,
both associated with more scar, the excess scar being
exclusively infarction and microinfarction) and 10% more
pericardial effusions but no extra scar in those without
ventricular impairment (Figure S7).

We applied the updated 2018 Lake Louise MRI criteria
to identify probable recent myopericarditis.*? There was no
overall global T2 elevation and T1 elevation was compa-
rable across cases and both control groups, but there was
some evidence of myocardial scar in a pattern consistent
with recent myocarditis. This was found in the nonischemic

Circulation. 2023;147:364-374. DOI: 10.1161/CIRCULATIONAHA.122.060632
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Table 1. Baseline Characteristics of the Study Population and Control Groups

Hospitalized CO- Hospitalized CO- P value vs
VID-19+/troponin+ VID-19 +/troponin— | COVID-19—/comor- | P value vs CO- COVID-19—/
Characteristics (n=342) (n=64) bidity+ (n=113) VID-19+/troponin— | comorbidity+
Demographics
Age, y 61.3 (63.4, 69.7) 56.5 (47.0, 65.0) 62.5 (570, 68.0) 0.004* 0.353
Male sex 243 (71) 35 (54.7) 78 (69.0) 0.015* 0.721
BMI, kg/m? 29.0 (25.1, 33.2) 31.0 (27.2, 35.9) 270 (25.0, 30.1) 0.005* 0.005*
Obese (BMI >30 kg/m?) 145 (42.9) 37 (58.7) 29 (25.7) 0.029* 0.001*
BSA, m? 2.0(1.8,2.1) 2.0 (1.9, 2.1) 1.9 (1.8, 2.1) 0.113 0.069
White 226 (66.0) 56 (82.2) 95 (84) 0.044* 0.007*
Comorbidities
Previous Ml or ACS 34 (9.9) 3(4.7) 8 (8.1) 0.27 0.69
Revascularization (PCl or CABG) 31 (9.1) 2 (5.9) 4 (4.0) 0.76 0.14
Hypertension 160 (46.8) 22 (34.4) 36 (35) 0.09 0.04*
Heart failure 22 (6.4) 0 (0.0) 9 (9.1) 0.25 0.37
Current or previous smoker 127 (36) 21 (32.8) 41 (40.2) 0.28 0.009*
Diabetes 84 (24.6) 13 (20.3) 42 (40.8) 0.56 0.002*
COVID-19 diagnosis and treatment
COVID-19 diagnosis by positive 342 (100) 63 (98.4) 0 (0) 0.37 <0.001*
PCR or antibody test
Oxygen therapy 265 (77.5) 38 (59.4) - 0.004* -
Invasive ventilation 34 (9.9) 3 (4.7) - 0.27 -
Length of hospital stay, d 9.0 (5.0, 16.0) 4.5 (1.0, 9.0) - <0.001* -
ECMO 1(0.3) 0 (0) - 1.00 -
Inotrope therapy 29 (8.5) 2 (3.1) - 0.22 -
Steroid therapy 190 (55.6) 34 (53.1) - 0.82 -
Antiviral therapy 62 (18.1) 17 (26.6) - 0.16 -

Values are median (interquartile range) or n (%). ACS indicates acute coronary syndrome; BMI, body mass index; BSA, body surface area; CABG, coronary artery
bypass graft; COPD, chronic obstructive pulmonary disease; COVID-19, coronavirus disease 2019; ECMO, extracorporeal membrane oxygenation; MI, myocardial
infarction; PCI, percutaneous coronary intervention; and PCR, polymerase chain reaction.

*Significant.

category (n=42), the nonischemic component of the dual
pathology group (n=8), and in the low volume nonspecific
scar group without known preexisting disease (n=11). The
overall frequency of this scar pattern was not different in
cases compared with control groups. We sought evidence
that this scar could be recent, with either T2 elevation b
ms) or a pericardial effusion (ie, probable recent myocarditis).
Comparing cases and community controls, the frequency
was 37% (23/61) and 13% (2/16), respectively (F=0.06).
This resulted in an overall prevalence of myocarditis of 6.7%
(23/342) in cases compared with 1.7% (2/113) in commu-
nity controls, an excess of 5% overall (P=0.045).

Cardiac Measures and Disease Severity

In cases, there was no association between cardiac
LV/right ventricle structure and function and respiratory
support requirements. However, scar was more prevalent
in those who received no or oxygen-only respiratory sup-
port (Table Sb).

Circulation. 2023;147:364-374. DOI: 10.1161/CIRCULATIONAHA.122.060632

Clinical Follow-Up

At 12 months, 4 (1.2%) patients with COVID-19 and an
elevated cardiac troponin level and 2 (1.2%) community
controls without COVID-19 had died. MACE was report-
ed in 34 (10.2%) cases and in 10 (6.1%) persons from
the combined control groups (Table 3). In detail, com-
paring cases with the combined control group, 4 (1.2%)
and 2 (1.2%) patients experienced myocardial infarction
or acute coronary syndrome and coronary revasculariza-
tion was performed in 4 (1.2%) and 1 (0.6%) patients,
respectively. Myocarditis was reported in 10 (3%) and O
(0%) patients, and pericarditis in 1 (0.3%) and O (0%)
patients, respectively, with 13 (3.9%) and 1 (0.6%) hos-
pitalized for other cardiovascular causes.

By multivariable logistic regression, including age, sex,
LV dysfunction, and LGE, the presence of LGE was asso-
ciated with MACE (odds ratio, 2.25 [95% CI, 1.12-4.57];
P=0.02). Conversely, impaired LVEF or previous COVID-
19 infection/troponin status were not associated with
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Table 2. MRI Findings

Myocardial Involvement After Hospitalized COVID-19

COVID-19+/ COVID-19+/ COVID-19—/ P value vs CO- P value vs COV-
MRI findings troponin+ troponin— comorbidity+ VID-19+/troponin— | 1D-19—/comorbidity+
Cardiac MRI scan timing
Days from admission 30.0 (21.0,38.0) | 32.5(14.0,58.0) | NA 0.805 -
Days from discharge 21.0 (11.0,27.0) | 24.0 (6.0, 50.0) NA 0.019* -
Functional measures
Left ventricle
End diastolic volume indexed, mL/m? 75 (63, 88) 69 (62, 80) 76 (67, 90) 0.0145* 0.263
End systolic volume indexed, mL/m? 26 (20, 35) 24 (21, 28) 27 (22, 34) 0.131 0.607
Mass indexed, g/m? 56 (48, 65) 47 (41, 55) 52 (46, 60) <0.001* 0.003*
Ejection fraction, % 65 (58, 70) 65 (60, 69) 65 (60, 70) 0.672 0.674
Impaired ejection fraction 58 (17.2) 2 (3.1) 8(7.1) 0.004* 0.009*
Mild 10 (3) 0(0) 0() 0.033* 0.016*
Moderate 30 (8.9) 2 (3.1) 2(1.8)
Severe 18 (5.3) 0(0) 6 (5.4)
Left atrium area indexed, cm?/m? 13 (11,15) 11(10,13) 12 (10,14) <0.001* <0.001*
Right ventricle
End diastolic volume indexed, mL/m? 78 (68, 90) 77 (68, 91) 82 (71,97) 0.998 0.061
Ejection fraction, % 54 (49, 59) 54 (50, 58) 56 (53, 60) 0.481 <0.001*
Impaired ejection fraction 186 (58.7) 33 (56.9) 39 (37.1) 0.801 <0.001*
T1 normalized 1.08 (1.01,1.07) | 1.04 (1.02, 1.08) | 1.05 (1.00, 1.08) 0.313 0.431
T2 normalized 1.01£0.08 1.02+0.08 1.00£0.06 0.292 0.096
Extracellular volume 0.28 (0.25, 0.30) | 0.27 (0.24,0.28) | 0.26 (0.24, 0.29) 0.042* 0.002*
Late gadolinium enhancement types
Late gadolinium enhancement 135 (42) 4(7) 25 (283) <0.001* <0.001*
Infarct 41 (13) 1(2)* 8(7) <0.001* <0.001*
Nonischemic 42 (13) 3 (5) 15 (14)
Dual pathology 8 (3) 0 (0) 1(1)
Nonspecific 15 (5) 0 (0) 0 (0)
Microinfarcts 29 (9) 0 (0)* 1(1)*
Late gadolinium enhancement, % 6(3,11) 4(1,9) 5(3,12) 0.368 0.921
Late gadolinium enhancement, g 7 (8,15) 4(1,18) 7 (4,15) 0.407 0.797

Values are median (interquartile range), mean+SD, or n (%). COVID-19 indicates coronavirus disease 2019; and MRI, magnetic resonance imaging.

*P<0.05 for multiple comparisons.

MACE (odds ratio, 1.54 [95% ClI, 0.64-3.49]; P=0.23;
odds ratio, 1.17 [95% ClI, 0.54-2.67]; P=0.70; Table 4).

DISCUSSION

This prospective, multicenter, case—control study explored
how COVID-19 can affect the heart, focusing on hospital-
ized patients with relatively severe COVID-19 and elevated
cardiac troponin levels. The working clinical diagnosis for
myocardial injury was diverse and difficult to ascertain in
many cases. This highlights the challenge of defining the
mechanism of myocardial injury in COVID-19 without the
aid of MRI. Cases were compared with 2 control groups
that were scanned contemporaneously: patients hospi-
talized with COVID-19 but normal cardiac troponin con-

370  January 31,2023

centrations and community controls without COVID-19
matched by age, sex, and cardiovascular comorbidity. This
enabled us to differentiate the effects of COVID-19 infec-
tion from previous myocardial scarring and injury attribut-
able to cardiovascular comorbidities. Our main finding was
that patients with COVID-19 and myocardial injury were
twice as likely to have cardiac abnormalities than either
control population. This included more patients with left and
right ventricular systolic impairment, more pericardial effu-
sions, and more myocardial scarring. The scar pattern sug-
gested the pathogenesis of injury was different from that
of controls. Although there was some evidence of probable
recent myocarditis in 1 in 20 cases, excess scar was pre-
dominantly from myocardial infarction and microinfarction,
highlighting the prothrombotic sequelae of COVID-19.

Circulation. 2023;147:364-374. DOI: 10.1161/CIRCULATIONAHA.122.060632
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Figure 3. Late gadolinium enhancement patterns in each cohort.
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LGE indicates late gadolinium enhancement.

Myocardial scar was not uncommon in both control
populations (7% and 23%), with a variety of patterns
reflecting the high prevalence of comorbidities, which
may lead clinicians to underestimate preexisting scar in
multimorbid patients?*?* and therefore falsely attribute
scar to the intercurrent COVID-19 infection episode
(case ascertainment bias). The association of scar with
LV hypertrophy and impairment within just 28 days from
discharge further supports the hypothesis that at least a
proportion of LGE represents preexisting scar.

The large size of this study permitted more granular
adjudication of the scar pattern than previous, smaller stud-
ies*'"1® and the focus on hospitalized patients with COVID-
19 and elevated cardiac troponin concentrations meant
abnormalities were expected to be common. Our under-
standing of scar patterns comes from previous research
showing that myocardial infarction has a specific pattern
(subendocardial, bright, territorial), whereas nonischemic
scar from a variety of different pathogens or insults typi-
cally has a mid-myocardial, often more lateral wall pattern.

For a new disease, caution is needed in interpretation
with respect to case ascertainment bias. In this study, the
excess scar appeared to be predominantly infarction and
microinfarction, the latter a pattern that appeared near-

Circulation. 2023;147:364-374. DOI: 10.1161/CIRCULATIONAHA.122.060632

specific to patients with COVID-19 and elevated cardiac
troponin level compared with controls. These small, often
multiterritory, bright subsegmental areas of scar are
familiar from studies evaluating patients with acute myo-
cardial injury after coronary angioplasty.?® The simplest
explanation is that a substantial component of COVID-
19-related myocardial injury appears related to mac-
roangiopathic and microangiopathic thrombosis caused
by a prothrombotic state, a phenomenon now familiar in
multiple vascular beds during the inflammatory phase
of infection. Cardiac troponin elevations were higher in
patients with infarct and microinfarct patterns, strength-
ening the hypothesis of cardiac microangiopathic and
macroangiopathic thrombosis.

At 12-month follow-up, only 4 (1.2%) patients with
COVID-19 and elevated cardiac troponin had died, and 34
(10%) had experienced MACE. In line with other cardiac
pathologies®° the presence of LGE had the strongest
association with clinical outcomes and this should be con-
sidered in the management of hospitalized patients with
COVID-19 with troponin elevation. Despite cases seeming
to have more clinical events than controls, after adjustment
for other variables, this was no longer statistically signif-
icant; this finding is in keeping with a recent, very large
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Table 3. Clinical Outcomes at 12-Month Follow-Up

COVID-19+/ Combined
troponin+ controls
Outcomes (n=342) (n=177)
12-Month data available and consent 334 (97.7) 165 (93.2)
not withdrawn
MACE 34 (10.2) 10 (6.1)
Components of MACE
Death 4(1.2) 2(1.2)
Myocardial infarction or acute coro- 4(1.2) 2(1.2)
nary syndrome
Coronary revascularization 4(1.2) 1(0.6)
Myocarditis 10 (3) 0 (0)
Hospitalization for other cardiovas- 13 (3.9) 1(0.6)
cular cause
Heart failure 3(23.1) 0 (0)
Arrhythmia 1(7.7) 1 (100)
Other 9 (69.2) 0 (0)
Any other new cardiovascular dis- 13 (3.9) 0 (0)
ease diagnosis
Transient ischemic attack 0 (0) 1(0.6)
Pulmonary embolism 2 (0.6) 4(3.2)
Deep vein thrombosis 1(0.3) 0 (0)

Values are n (%). COVID-19 indicates coronavirus disease 2019; and
MACE, major adverse cardiovascular event.

population study:2° This raises the question of whether it is
the presence of scar, rather than the COVID-19 status per
se, that worsens the cardiovascular prognosis.

Although our study is affected by survivor bias, and
despite the potential for myocarditis to heal before cardiac
MR, it provides some evidence to support COVID-19 myo-
carditis and direct myotropic injury, although this was found
in excess in only 1 in 20 cases compared with controls,
even among a cohort of hospitalized patients with relatively
severe illness and elevated cardiac troponin level. These
observations are consistent with several case reports®'=2
and with the most recent cardiac autopsy meta-analysis of
22 studies, in which there is a reducing focus on myocardi-
tis (7.2% prevalence but only 1.4% functionally significant)
and more focus on microangiopathic thrombosis,*¥%* with

Table 4. Multivariable Analysis of MACE Risk at 12-Month
Follow-Up

Variables OR Cl P value

COVID-19+/troponin+ vs controls 1.17 0.54-2.67 0.70

Age 0.98 0.96-1.01 0.22
Sex 0.67 0.29-1.42 0.32
Impaired LVEF 1.55 0.64-3.49 0.31
LGE 2.26 1.25-4.57 0.02

COVID-19 indicates coronavirus disease 2019; LGE, late gadolinium en-
hancement; LVEF, left ventricular ejection fraction; MACE, major adverse cardio-
vascular event; and OR, odds ratio.
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one study highlighting these as common, occurring even
without epicardial coronary artery disease, and being widely
distributed at all levels of the vascular tree.® This prothrom-
botic state may arise from hypercoagulability, endothelial
injury, vasculitis, cytokine storm, and thrombosis itself,?® with
pulmonary embolism, strokes, small asymptomatic brain
infarcts, and peripheral embolism being common,3337%8

Myocardial scar is clearly important. It has functional
consequences,® even before overt LV impairment, and is
associated with adverse outcome in almost all diseases
studied to date.*®*' Myocardial scar was associated with
reduced LV ejection fraction in all 3 groups. As with other
diseases, we suspect myocardial scar after COVID-19
may be a marker of future vulnerability to subsequent
insults and an adverse prognostic marker.

Myocardial inflammation was also investigated. Over-
all, the MRI mapping results are clinically reassuring.
Whereas T2 was elevated in scar areas, supporting the
concept of acute myocardial injury, there was no general-
ized elevation compared with our control patients. T1 and
ECV values were mildly elevated, as others have found
in COVID-19 and in those with comorbidities,®® but not
more so in the cases compared with both control groups.
These data corroborate recent reports*? that persisting
cardiac inflammation is not as high as initial reports sug-
gested, refocusing attention on thrombosis (here infarc-
tion and microinfarction) and deemphasizing myocarditis.

Our findings suggest that respiratory disease sever-
ity during hospitalization does not reflect cardiac disease
severity. Although 1-third of patients with COVID-
19 and elevated cardiac troponin had residual lung
changes reflecting the hospital illness severity, myocar-
dial scar was not more prevalent in those with severe
lung involvement. This may reflect a survivor bias (with
ventilated patients with troponin elevations not surviving)
or intensive care troponin release being diffuse without
focal scar, or it may represent fewer patients having had
bystander infection, which may be more likely in those
with an acute cardiac presentation.

There are several strengths and limitations that
merit consideration. The study was designed to look
only at those patients with COVID-19 who sustained
an elevation in cardiac troponin during their hospi-
tal admission and survived. Subsequent MRI at 6
months and effect of recovery status is pending. Study
strengths are that this is a national prospective study
with clearly defined inclusion criteria, standardized
imaging protocol, blinded core laboratory analyses,
and independent statistical analyses by a certified
clinical trials unit. However, no patients had baseline
prepandemic MRI scans; therefore, it is possible that
patients with preexisting cardiac abnormalities (LV
impairment, scar) might be more likely to be hospital-
ized with COVID-19 or have an elevated cardiac tro-
ponin level as a response. We only recruited patients
with an elevated cardiac troponin level for whom this

Circulation. 2023;147:364-374. DOI: 10.1161/CIRCULATIONAHA.122.060632
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was measured as part of routine clinical care and,
therefore, we cannot comment on the true prevalence
of elevated cardiac troponin level in this population.
There may also have been some patients who had
asymptomatic COVID-19 identified on screening with
polymerase chain reaction. Sites used their local MRI
scanning procedures following a prespecified imaging
protocol with harmonization performed post hoc. MRI
tissue mapping was up to 3 slices and not whole heart.
Because of the relatively low number of events, the
combined end point was very broad.

Convalescing patients with  COVID-19 who had
acute myocardial injury during their hospitalization were
twice as likely to have abnormalities on cardiac MRI
compared with matched contemporary controls. These
patients had more ventricular impairment and myocar-
dial scar than those with COVID-19 who did not have
elevated cardiac troponin concentrations and commu-
nity controls without COVID-19 who were matched for
cardiovascular comorbidities. Excess scar was typically
that of myocardial infarction or microinfarction, the lat-
ter being a newly described imaging pattern, with myo-
cardial inflammation and probable recent myocarditis
occurring less frequently. These findings suggest that
macroangiopathic and microangiopathic thrombosis
may be the key pathologic process for myocardial injury
in COVID-19 survivors. Future work will determine the
prognostic, functional, and quality of life effects of these
changes in the longer term.
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