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Abstract

Background: The underlying pathophysiology of post-coronavirus disease 2019 (long-COVID-19) syndrome remains
unknown, but increased cardiometabolic demand and state of mitochondrial dysfunction have emerged as candidate
mechanisms. Cardiovascular magnetic resonance (CMR) provides insight into pathophysiological mechanisms under-
lying cardiovascular disease and 31-phosphorus CMR spectroscopy (*'P-CMRS) allows non-invasive assessment of the
myocardial energetic state. The main aim of the study was to assess whether long COVID-19 syndrome is associated
with abnormalities of myocardial structure, function, perfusion and energy metabolism.

Methods: Prospective case—control study. A total of 20 patients with a clinical diagnosis of long COVID-19 syndrome
(seropositive) and no prior underlying cardiovascular disease (CVD) and 10 matching healthy controls underwent
3'P-CMRS and CMR at 3T at a single time point. All patients had been symptomatic with acute COVID-19, but none
required hospital admission.

Results: Between the long COVID-19 syndrome patients and matched contemporary healthy controls there were no
differences in myocardial energetics (phosphocreatine to ATP ratio), in cardiac structure (biventricular volumes), func-
tion (biventricular ejection fractions, global longitudinal strain), tissue characterization (T, mapping and late gado-
linium enhancement) or perfusion (myocardial rest and stress blood flow, myocardial perfusion reserve). One patient
with long COVID-19 syndrome showed subepicardial hyperenhancement on late gadolinium enhancement imaging
compatible with prior myocarditis, but no accompanying abnormality in cardiac size, function, perfusion, extracellular
volume fraction, native T1, T2 or cardiac energetics.

Conclusions: In this prospective case—control study, the overwhelming majority of patients with a clinical
long COVID-19 syndrome with no prior CVD did not exhibit any abnormalities in myocardial energetics, structure,
function, blood flow or tissue characteristics.
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Background

While initial public health responses focused on reducing
the acute burden of coronavirus disease 2019 (COVID-
19), a growing body of evidence indicates that severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection can also result in long-term multisystem seque-
lae even after a mild acute SARS-CoV-2 infection [1].
The current definition of the Post-COVID-19 syndrome
includes persistent symptoms and/or long-term com-
plications of SARS-CoV-2 infection beyond 12 weeks
from the onset of the infection [2]. The global impact of
long COVID-19 syndrome, with the high burden of self-
reported symptoms, impaired quality of life, limitations
in exercise tolerance and cognitive function, has been
profound. In non-hospitalised patients with mostly mild
symptoms during the acute SARS-CoV-2 infection, the
long COVID-19 syndrome affects up to 27.8% of adults [3,
4].

Persistent symptoms suggestive of cardiovascular
involvement are common even in previously healthy
and non-hospitalised COVID-19 patients. These include
fatigue (63-98%), breathlessness (37-70%), chest pain
(16-60%) and palpitations (16%) [5]. It has been sug-
gested that the long-term sequelae in long COVID-19
syndrome patients may include increased cardiometa-
bolic demand and a state of mitochondrial dysfunction as
a result of oxidative stress triggered by the viral infection
[2].

Cardiovascular magnetic resonance (CMR) allows
comprehensive evaluation of myocardial structure, func-
tion, strain, tissue characteristics, fibrosis and perfusion
with excellent reproducibility [6]. Cardiac 31-phospho-
rus CMR spectroscopy (*'P-CMRS) allows for the meas-
uring of the relative concentration of phosphocreatine
(PCr) to adenosine triphosphate (ATP) (PCr/ATP) in the
heart which is a marker of the myocardium’s ability to
convert substrate into ATP for active processes, a sensi-
tive index of the energetic state and the cardiometabolic
status of the heart [7].

As there is only scarce data available from prospec-
tive CMR studies in non-hospitalised, previously healthy
individuals with long COVID-19 syndrome it is cur-
rently unknown whether it is associated with abnor-
malities of myocardial structure, function, perfusion and
tissue characteristics or energetic derangement. Com-
bining CMR and *'P-CMRS in an observational pro-
spective case—control study we sought to assess cardiac

involvement in long COVID-19 syndrome in previously
healthy and non-hospitalised patients.

Research design and methods

This single-center cross-sectional study complied with
the Declaration of Helsinki. It was approved by the
Research Ethics Committee (REC18/YH/0168) and
informed written consent was obtained from each par-
ticipant. The data that support the findings of this study
are available from the corresponding author on reason-
able request.

Participants

Twenty participants at least 12 weeks after a laboratory-
confirmed (SARS-CoV-2 polymerase chain reaction
positive) acute SARS-CoV-2 infection with persistent
symptoms and a clinical diagnosis of long COVID-19
syndrome were prospectively recruited between March
2021 and July 2021 from the Leeds Teaching Hospi-
tals NHS Trust (LTHT) LONG COVID Rehabilitation
Clinic. Patients were approached by their medical team
at the time of clinical review and invited to participate
in our study. Ten healthy subjects without a previous
COVID-19 diagnosis and of similar age and sex distri-
bution formed the healthy control group. A flow chart
of participant recruitment is shown in Fig. 1.

Inclusion and exclusion criteria
Long COVID-19 syndrome was diagnosed by multi-
disciplinary assessment in the LONG COVID Reha-
bilitation Clinic according to the UK NICE guidelines:
(1) signs and symptoms that have developed during or
after a presumed or confirmed COVID-19 infection
(all patients included were seropositive); (2) continued
symptoms for more than 12 weeks; and (3) alternative
diagnoses have been excluded. Patients had to have
ongoing symptoms at the time of assessment [8].

Patients with known coronary artery disease, cer-
ebrovascular disease, cardiac surgery, atrial fibrillation,
moderate or above valvular heart disease, hypertension,
any type of diabetes, renal impairment, chronic pulmo-
nary obstructive disease, resolution of symptoms at the
time of assessment, and participants with contraindica-
tions to CMR were excluded.

Healthy subjects had no symptoms, no prior COVID-
19 diagnosis, no past medical history of cardiovascular
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Fig. 1 Study flow chart of participant recruitment

or respiratory disease and no history of hypertension or
any type of diabetes.

Study protocol
Patients and healthy subjects underwent identical
assessments and *'P-CMRS/CMR imaging protocols.

Clinical data

Details on clinical symptoms, signs, laboratory findings
at the LTHT LONG COVID Rehabilitation Clinic were
extracted from electronic medical records. Impact of
symptoms on quality of life and activities of daily living
was assessed by means of the EQ-5D-5L questionnaire.
Patient medication history, blood test results and chest
radiographic imaging were recorded (where applicable).
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Symptom severity was categorized using self-reported
COVID-19 Yorkshire Rehabilitation Screening ques-
tionnaire performed at the time of the assessment in
the rehabilitation clinic.

Anthropometric measurements

During the single visit to the research center, height and
weight were recorded, body mass index (BMI) was cal-
culated, blood pressure (BP) was recorded (DINAMAP-
1846-SX, Critikon Corporation, General Electric
Healthcare, Chicago, Illinois, USA). A blood sample was
taken from each participant for assessment of full blood
count, estimated glomerular filtration rate (eGFR) and
N-terminal pro hormone B-type natriuretic peptide (NT-
proBNP) levels.

31phosphorus-cardiovascular magnetic resonance
spectroscopy (3'P-CMRS)

3IP_.CMRS was performed to obtain the PCr/ATP from
a voxel placed in the mid-ventricular septum, with sub-
jects lying supine and a 3'P transmitter/receiver cardiac
coil (Rapid Biomedical GmbH, Rimpar, Germany) placed
over the heart, in the iso-center of the magnet on a 3T
CMR system (Prisma, Siemens Healthineers, Erlangen,
Germany) as previously described [9].

Cardiovascular magnetic resonance (CMR)

3IP-CMRS study was followed by CMR using the same
scanner after a coil change. The CMR protocol (Fig. 2)
consisted of cine imaging using a balanced steady-state
free precession (bSSFP) sequence, native pre- and post-
contrast T1 mapping, stress and rest perfusion and late
gadolinium enhancement (LGE).

Native T1 maps were acquired in 3 short-axis slices,
including segments with maximal wall thickness, using
a breath-held modified look-locker inversion recovery
(MOLLI) acquisition as previously described [10]. Post-
contrast T1 mapping acquisition was performed 15 min
after last contrast injection.

Extracellular-volume fraction (ECV) was estimated
based on the native and post contrast septal myocardial
and blood T1 values and haematocrit (obtained from
full blood count sample taken on the day of assessment).
Dynamic steady state between the plasma and the inter-
stitium was achieved by acquisition of the second T1 map
15 min after gadolinium administration. ECV was there-
fore quantified as change of concentration of gadolinium
in the myocardium relative to the concentration in blood
in this dynamic steady state, according to the equation:
ECV =(1 — haematocrit)*[(1/post contrast myocardial T1
— 1/native myocardial T1)/(1/post contrast blood T1-1/
native blood T1)] as previously described [11].
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Fig. 2 Study CMR protocol. Multi-parametric cardiovascular magnetic resonance included 3'P-CMR spectroscopy (CMRS) (20 min). This was
followed by CMR, which included cine imaging to assess left ventricular (LV) volumes, mass and ejection fraction and strain parameters; native
pre-contrast and native post contrast T1 mapping for measuring T1 values and extracellular volume fraction; adenosine stress perfusion imaging for
assessment of myocardial rest and stress blood flow and myocardial perfusion reserve; late gadolinium enhancement (LGE) imaging for measuring
myocardial scar percentage

T2 maps were acquired in 3 short-axis slices using
a T2 prepared true fast imaging with balanced steady
state free precession (bSSFP) pulse sequence to produce
single-shot T2 prepared images, each with different T2
preparation times as previously described [12]. The T2
prepared bSSFP images were acquired with 3 recovery
heartbeats to allow for sufficient magnetization recovery
in between acquisitions [13]. T2 was estimated by pixel-
wise fitting assuming monoexponential signal decay, and
a color, scaled, motion-corrected myocardial T2 map was
then generated [13].

Perfusion imaging used free-breathing, motion-cor-
rected automated in-line perfusion mapping [14]. Par-
ticipants were advised to avoid caffeine for 24 h before
the study. For stress perfusion imaging, adenosine was
infused at a rate of 140 pg/kg/min and increased up to a
maximum of 210 pg/kg/min according to haemodynamic
and symptomatic response (a significant haemodynamic
response to adenosine stress was defined as >10 beats/
min increase in heart rate, or BP drop >10 mmHg and > 1
adenosine-related symptom e.g., chest tightness, breath-
lessness) [15]. For perfusion imaging, an intravenous
bolus of 0.05 mmol/kg gadobutrol (Gadovist, Leverkusen,
Germany) was administered at 5 ml/s followed by a 20 ml
saline flush using an automated injection pump (Medrad
MRXperion Injection System, Bayer Healthcare, Berlin,
Germany). Perfusion mapping was performed and imple-
mented on the scanner using the Gadgetron streaming
software image reconstruction framework as previously

described [14]. Short axis cine acquisition was performed
for biventricular volume and function assessments after a
minimum of 5 min delay following the discontinuation of
adenosine, to allow sufficient washout of the vasodilator
and for the heart rate to return to pre-adenosine admin-
istration resting values.

Late gadolinium enhancement (LGE) CMR was per-
formed using a phase-sensitive inversion recovery (PSIR)
sequence in the left ventricular (LV) short-axis planes,
and long axis planes > 8 min after gadolinium administra-
tion [16].

Quantitative analysis

All 3'P-CMRS and CMR post-processing analyses were
performed off-line blinded to all participant details by
ST and NJ after completion of the study. The anonymiza-
tion codes were only unlocked once all data analysis was
completed.

All CMR image analysis was performed by MG using
cvi42 software (Circle Cardiovascular Imaging, Calgary,
Canada) and reviewed by EL. Images for biventricu-
lar volumes and function were analysed as previously
described [17].

Global longitudinal shortening (GLS) data were
derived from horizontal long-axis and vertical long-axis
images, and image reconstruction and processing were
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implemented using the Gadgetron software framework
with the previously developed convolutional neural net-
work for labelling landmarks on CMR images. The per-
formance of this network was shown to be comparable to
manual labeling [18].

Myocardial perfusion image reconstruction and pro-
cessing was implemented using the Gadgetron software
framework as previously described [14]. Rest/stress
myocardial blood flow (MBF) were measured for each of
the 16-segments using the American Heart Association
(AHA) classification. MBF values for 16-segments were
averaged to provide a global value.

Native T1 and T2 maps were analyzed using cvi42
software (Circle Cardiovascular Imaging) which were
measured for each of the 16-segments using the AHA
classification as previously described [13, 19].

LGE images were analysed qualitatively as either LGE
present or absent. If present, the location was described
as per AHA 16-segment model and the myocardial distri-
bution pattern described.

Definition of cardiac injury

Study definitions for both myocardial and pericardial
involvement with imaging components were adapted
from the Updated Lake Louise Imaging Criteria [20] as
previously described by Moulson and colleagues [21].

Statistical analysis

Statistical analysis was performed using Minitab (ver-
sion 19, Minitab, LLC, State College, Pennsylvania, 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 per-
centages. Comparisons of all >’P-CMRS, CMR and bio-
chemistry data between patients and healthy controls
were performed with 2-sample t-test or Mann—Whitney
as appropriate. Categorical variables were compared with
Pearson’s chi-square test. A priori sample size calcula-
tion was performed to detect a 10% difference in PCr/
ATP ratio between the controls and participants with
long COVID-19 syndrome. Assuming two-tailed inde-
pendent ¢-test analysis (with 80% power at a =0.05) pilot
data (PCr/ATP in normal populations 2.104+0.25) sug-
gested that 16 subjects would be needed for each group.
P <0.05 was considered statistically significant.

Results

Participant demographics, biochemical and clinical
characteristics

Demographics, laboratory data, symptoms and haemody-
namics are shown in Table 1.

(2022) 24:50
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Of the 26 patients with long COVID-19 syndrome
screened from the local LONG COVID Rehabilita-
tion clinic, with no prior comorbidities, who had a mild
course of illness during the acute phase of SARS-CoV-2
infection, 20 were recruited prospectively. There were
no significant differences in age, sex or BMI between the
healthy controls and the long COVID-19 group. There
were also no significant differences in BP or resting heart
rates between the two groups.

The numeric elevation in NT-proBNP values in
the long COVID-19 group did not reach statisti-
cal significance (Healthy Controls: 35 ng/L [35-71] vs
Long COVID-19 group: 55 ng/L [36—68], p=0.24). There
were no significant differences in inflammatory markers
from the full blood count assessment (white cell, neutro-
phil and monocyte counts) or in renal profile between
the groups.

Any other clinical investigations including lung imag-
ing were undertaken at the discretion of the LTHT Long
Covid Rehabilitation Clinic as per clinical indications.
Only 4 patients required a repeat chest X ray imaging at
12 weeks post diagnosis, which was normal in all these
cases (n=4, 21%). One patient required a computed
tomography imaging of the thorax (n=1, 5%) and two
patients were assessed with transthoracic echocardiog-
raphy (n=2, 11%). These investigations did not demon-
strate any pathology.

The majority of patients received the first dose of a
COVID-19 vaccine prior to CMR and *'P-CMRS assess-
ments (n=17, 85%).

Clinical symptoms and questionnaires
Mean duration of symptoms at the time of study assess-
ment was 163 [142,185] days. The most common car-
diovascular symptoms were: fatigue (n=16, 84%),
palpitations (n=14, 69%) and dyspnea (n=10, 53%). A
minority of patients experienced chest pain (n=2, 11%).
Impact of symptoms on quality of life and activities
of daily living was assessed by means of the EQ-5D-5L
questionnaire (Table 2.) This revealed that almost 50%
of long COVID-19 patients had at least moderate prob-
lems in walking about. Although only a minority of long
COVID-19 patients expressed difficulty in washing and
dressing themselves (n=3; 19%), 75% of patients (n=12)
had either severe difficulty or were unable to carry out
their usual daily activities such as work, studying, house-
work or leisure activities. A large proportion of long
COVID-19 patients experienced either pain or discom-
fort (moderate, n=7; 44%, severe, n=2; 13%; extreme,
n=1; 6%). Nearly all long COVID-19 patients in our
cohort experienced anxiety or depression, with over 50%
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Table 1 Comparison of baseline characteristics between patients with long COVID-19 syndrome and healthy subjects

Variable Healthy subjects (n=10) Long COVID-19 syndrome  p-value
(n=19)*
Age (years) 51+11 45+13 0.20
BMI (kg/m?) 2543 2644 042
Male, n (%) 6 (60) 9 (47) 0.52
Duration of symptoms at time of assessment (days) n/a 163 [142,185] n/a
Heart rate (beats per minute) 61+6 68+12 0.17
Systolic blood pressure (mmHg) 126 +£27 119+£17 049
Diastolic blood pressure (mmHg) 70£10 74+9 0.30
Laboratory findings
C-Reactive Protein at diagnosis (mg/L) n/a 141+ n/a
White Blood Cell count at study visit (1 0°/L) 6.4 [4.8-8.9] 7.2 [5.9-8.6] 0.36
Lymphocyte count at study visit (10%/L) 20408 1025 0.28
Neutrophil count at study visit (1 0%/L) 3.6[2.8-5.2] 44 [3.2-5.0] 0.35
Monocyte count at study visit (10°/L) 0.39+£0.15 046£0.16 0.30
Platelet count at study visit (10°/L) 226 +54 260457 0.14
Haemoglobin at study visit (g/L) 145 [139-156] 147 [130-150] 0.71
Creatinine at study visit (umol/L) 66+ 14 68417 0.69
eGFR at study visit (ml/min/1 73m?) 90 [86-90] 90 [82-90] 0.31
NT-proBNP at study visit (ng/L) 35[35-71] 56 [38-68] 0.24
Chest X-ray findings at index diagnosis
Normal, n (%) n/a 2(11) n/a
COVID-19 changes, n (%) n/a 3(16) n/a
Chest X-ray findings at > 12 weeks
Normal, n (%) n/a 4(21) n/a
COVID-19 changes, n (%) n/a 0(0) n/a
Cardiovascular symptoms
Fatigue, n (%) n/a 16 (84) n/a
Chest pain, n (%) n/a 2(011) n/a
Dyspnoea, n (%) n/a 10 (53) n/a
Palpitations, n (%) n/a 13 (69) n/a

Continuous variables are expressed as mean [95% confidence interval], mean (SD) or median [IQR] and categorical variables as number (%). BMI: Body mass index; n:
number; eGFR: estimated glomerular filtration rate; NT-pro BNP: N-terminal pro hormone B-type natriuretic peptide

"1 patient with possible myocarditis scar has been excluded from the analysis and their findings presented separately in the figure (Fig. 3) legend

of long COVID-19 patients describing these symptoms as
at least moderate. Mean ‘health today’ score was 45417
reflecting poor overall health status.

Myocardial energetics

There were no significant differences in myocardial
PCr/ATP ratio between the long COVID-19 syn-
drome patients and the healthy controls (Healthy Con-
trols: 2.1+0.5, Long COVID-19 syndrome: 2.240.4;
p=0.49).

Myocardial structure and function comparisons

CMR results for biventricular volumes, systolic function
and strain parameters are summarized in Table 3. The two
groups were comparable in terms of LV volumes and ejec-
tion fraction (LVEF). There were no significant differences
in circumferential strain, GLS or diastolic strain rates
between the two groups. Right ventricular (RV) volumes
and function were also comparable between the groups.
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Table 2 Results of the EQ-5D-5L questionnaire

Variable Long COVID-
19 syndrome
(n=16)
Mobility
I have no problems in walking about 5(31)
I have slight problems in walking about 3(19)
| have moderate problems in walking about 7 (44)
I have severe problems in walking about 1(6)
I'am unable to walk about 0(0)

Self-care
I'have no problems washing/dressing myself 13
I have slight problems washing/dressing myself 3(
I have moderate problems washing/dressing myself 0
I have severe problems washing/dressing myself 0
I am unable to wash/dress myself 0 (
Usual activities
| have no problems doing my usual activities 0(
I have slight problems doing my usual activities 0
I have moderate problems doing my usual activities 42
| have severe problems doing my usual activities 9(
| am unable to do my usual activities 3¢
Pain/discomfort

| have no pain or discomfort 2(13)
I'have slight pain or discomfort 4(25)
I have moderate pain or discomfort 7 (44)
I have severe pain or discomfort 2(13)
I have extreme pain or discomfort 1(6.3)
Anxiety/depression
I am not anxious or depressed 1(6)
I am slightly anxious or depressed 4 (25)
| am moderately anxious or depressed 4 (25)
| am severely anxious or depressed 4(25)
| am extremely anxious or depressed 2(13)
‘Health today’score 45+17

Number of patients in each category is expressed as n (%). ‘Health today’score
is expressed as mean =+ SD. Scale 0-100, where 0 is the worst health imaginable,
whereas 100 is the best health imaginable

Myocardial tissue characteristics

There were no significant differences in global
myocardial T1 (Healthy Controls: 1206+64 ms,
Long COVID-19 syndrome: 1158+114 ms; p=0.15)
or T2 measurements (Healthy Controls: 39+2 ms,
Long COVID-19 syndrome: 40+3 ms; p=0.46).
Although there was a statistically significant differ-
ence in the ECV between the 2 groups, the ECV was
normal in both groups (Healthy Controls: 2542%,
Long COVID-19 syndrome: 22 £ 5%; p=0.03).
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Myocardial perfusion

There were no significant differences in global rest MBF
(Healthy Controls: 0.74+0.1 ml/min/g, Long COVID-
19 syndrome group: 0.8+0.3 ml/min/g; p=0.20) or
stress MBF (Healthy Controls: 2.0+0.5 ml/min/g,
Long COVID-19 syndrome: 2.1+0.5 ml/min/g;
p=0.74). The two groups’ means of myocardial perfu-
sion reserve were also comparable.

Myocardial fibrosis

Hyperenhancement confined to the RV insertion point
on LGE was noted in 4 long COVID-19 patients (20%)
and 2 controls (20%). The global myocardial native T1
and T2 were normal in all participants. No other areas
of LGE were detected in the study participants except
for one long COVID-19 syndrome patient.

Of the long COVID-19 patients with a persistent symp-
tom of chest pain, only one patient (55 years old, female,
symptom duration of 271 days) was found to have pre-
viously undiagnosed isolated subepicardial pattern of
scar on the CMR LGE imaging, involving the basal and
mid inferolateral segments, with no associated structural
or functional abnormality and normal native T1 and T2
measurements, suggestive of a possible injury reminis-
cent of previous myocarditis but no active inflammation.
The CMR, *'P-CMRS and clinical data of this isolated
case were excluded from all statistical analyses (Fig. 3).

Discussion
Although the number of patients affected by long COVID-
19 syndrome is continuously increasing, the underlying
pathophysiology remains unknown [22]. Whilst it appears
to be a multiorgan disease cardiovascular complaints
are particularly common in patients with long COVID-
19 syndrome diagnosis [23, 24]. This study has compre-
hensively evaluated this issue, by assessing myocardial
energetic status, function, perfusion and tissue char-
acterization in patients suffering from long COVID-19
syndrome. Moreover, in this study we have focused on
patients who developed persistent debilitating symptoms
despite a mild acute phase of the infection and no pre-
existing cardiovascular disease. The results were com-
pared with data from contemporary healthy subjects with
no prior diagnosis of COVID-19.

The main findings of our study were: (1) In the over-
whelming majority of the patients (19 of the 20 patients)
there was no evidence of cardiac injury with no significant
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Table 3 Comparison of >'P-CMRS and CMR findings between patients with long COVID-19 syndrome and healthy subjects
Variable Healthy subjects (n=10) Long COVID-19 syndrome p-value
(n=19)

PCr/ATP ratio 21+£05 22+04 0.49
LV end diastolic volume (ml) 158439 152422 0.68
LV end diastolic volume index (ml/m?) 87+£20 8110 043
LV end systolic volume (ml) 57+£12 6012 0.50
LV end systolic volume index (ml/m?) 317 32+6 0.83
LV stroke volume (ml) 93 [79-121] 87[81-110] 0.26
LV ejection fraction (%) 6444 6144 0.07
RV end diastolic volume (ml) 170+ 46 156429 041
RV end diastolic volume index (ml/m?) 93423 83+13 0.24
RV end systolic volume (ml) 76+£25 67+18 034
RV end systolic volume index (ml/m?) 42412 36+£9 0.20
RV stroke volume (ml) 93+29 89+17 0.64
RV ejection fraction (%) 5548 57+6 0.49
Peak circumferential strain (%) —21.0£21 —20.7£33 0.77
Global longitudinal strain (%) —133+£23 — 119437 021
Peak diastolic circumferential strain rate (1/s) 13+£0.2 13+£03 0.80
Peak diastolic longitudinal strain rate (1/s) 1.0+£0.2 1.0+£04 0.98
MeanT1 (ms) 1206 £ 64 1158+ 114 0.15
Extra-cellular volume (%) 2542 2245 0.03
T2 (ms) 3942 40+£3 0.46
MBF rest (ml/g/min) 0.7+0.1 08403 0.20
MBF stress (ml/g/min) 20+£05 21+£05 0.74
MPR 3.1+09 30+08 0.89

Continuous variables are expressed as mean (SD) or median [IQR] and categorical variables as number (%). PCr/ATP: phosphocreatine and adenosine triphosphate
ratio; LV: left ventricular; ml: milliliter; ml/m2 milliliters per square meter of body surface area; g: grams; RV: right ventricular; MBF: myocardial blood flow; ms:

milliseconds; MPR: myocardial perfusion reserve

differences in cardiac structural and functional assess-
ments, strain, perfusion or advanced tissue characteris-
tics between the patients with long COVID-19 syndrome
and the healthy controls; (2) There was no evidence of
impaired myocardial energetic status in patients with
long COVID-19 syndrome with comparable myocardial
PCr/ATP ratio between the patients and the controls.
Only one patient with a symptom of chest pain showed
subepicardial scar on LGE imaging suggestive of previ-
ous myocarditis, but there was no accompanying myo-
cardial oedema, adverse remodelling, or regional/
global functional abnormalities. LGE confined to the
RV insertion point, which is sometimes seen in healthy
populations, was detected in the same proportion of the
long COVID-19 syndrome group as in the healthy con-
trol group. Consequently, our data indicate low preva-
lence of cardiovascular involvement with reassuring
CMR findings in patients with a mild acute phase of
SARS-CoV-2 infection, but persistent symptoms associ-
ated with long COVID-19 syndrome. None of the partici-
pants showed evidence of an active myocarditis-pattern
injury based on Updated Lake Louise Imaging Criteria

[20]. However, the dissociation between the burden of
self-reported symptoms and objective measures of car-
diovascular health warrants further investigation into the
long-term effects of COVID-19 beyond the cardiovascu-
lar system.

There are currently no reports from other studies of
patients with a clinical diagnosis of long COVID-19 syn-
drome following a mild acute phase of SARS-CoV-2 infec-
tion and no prior cardiovascular comorbidities. Though
distinct in their study design, aims and participant charac-
teristics, two other studies have also explored non-acute
(medium or late: 2—3 months [1] and 6 months [25] from
the index infection respectively) prevalence and extent of
the cardiovascular sequelae after an acute SARS-COV-2
infection utilising CMR [1, 25]. Joy and colleagues have
compared seropositive subjects after a mild nonhospital-
ized SARS-CoV-2 infection to seronegative age-, sex- and
comorbidity-matched participants [25]. Six months from
the index infection, at the time of CMR scanning, 11% of
their total study population (seropositive and seronegative
subjects) had reported on-going symptoms with no differ-
ence between the two groups. They detected no persistent
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Fig. 3 Timeline and investigations undertaken in the long COVID-19 patient with evidence of myocarditis on CMR. This patient presented first to
the emergency department 36 days after diagnosis of COVID-19 with chest pain. 12-lead electrocardiogram (ECG) and cardiac biomarkers were
all normal. On second presentation to the emergency department at 125 days post diagnosis, ECG and cardiac biomarkers were again normal.
CMR during the study visit remonstrated evidence of prior myocarditis with subepicardial late gadolinium hyperenhancement (LGE) in the lateral
wall at basal to mid-ventricular level (red arrows) in the short-axis (SAx) view (left) and 4 chamber (4Ch) view (right). 31 P_CMRS demonstrated PCR/
ATP ratio of 1.87. Other parameters were as follows: LV end-diastolic volume (LVEDV) 146 ml, LV ejection fraction (LVEF) 64%, right ventricular (RV)
end diastolic volume (RVEDV) 151 ml, RV ejection fraction (RVEF) 68%, native T1 1221 ms, extracellular volume fraction (ECV) 21%, T2 43 ms, global
longitudinal strain (GLS) -11.3 and myocardial perfusion reserve (MPR) 3.9

cardiovascular abnormalities on CMR 6 months post—
mild infection with SARS-CoV-2 compared with matched
subjects [25]. Raman and colleagues have investigated
survivors of a moderate to severe acute phase of COVID-
19 infection 2-3 months from disease-onset at median
interval of 2.3 months (IQR 2.1-2.5) and median inter-
val of 1.6 months from discharge (IQR 1.4-1.8). They
detected significantly elevated native T1 on CMR in 26%
of convalescing patients but no significant difference in
cardiac function or native T2 values between the patients
and healthy controls [1]. Recent study of COVID-19 sur-
vivors evaluated their participants with CMR and com-
puted tomography. The authors reflected that cardiac
abnormalities found in these patients were more likely
the result of pre-existing conditions, rather than COVID-
19 infection. Although, not specifically focused on long
COVID-19 syndrome, these findings also confirm lack
of significant cardiovascular complications in this illness
[26].

Potential role of mitochondrial dysfunction
in Post-COVID-19 syndrome
The mitochondria are the principal generators of cellular
energy as ATP. Organ involvement in the vast majority of
mitochondrial diseases is multi-systemic with a predilec-
tion for the high-energy demanding tissues [27]. These
tissues depend on maintaining efficient energetic sta-
tus and in times of metabolic stress, patients’ symptoms
characteristically decompensate and regress [27]. The
heart has a very high energy demand, while having mini-
mal energy storing capacity [28]. Given the similarities
with the clinical manifestations of mitochondrial diseases
associated with genetic mutations and the symptoms
of long COVID-19 syndrome including fatigue, muscle
weakness, and cognitive decline along with decreased
energy patterns, mitochondrial dysfunction has emerged
as a candidate pathophysiological mechanism. However,
no prior studies have assessed energy metabolism in
patients with long COVID-19 syndrome.

3IP_.CMRS has become increasingly important in bio-
medical research because of its ability to measure in vivo
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biochemical information non-invasively [29, 30]. The
energy deficient state in the heart can be detected non-
invasively by 3'P-CMRS. The relative concentration of
PCr/ATP is a marker of the myocardium’s ability to con-
vert substrate into ATP for active processes, and a sensi-
tive index of the energetic state of the myocardium [7]. In
this study, in line with other CMR findings showing reas-
suringly normal assessments, we have not detected any
significant abnormality in the cardiac PCr/ATP ratio in
patients with long COVID-19 syndrome, suggesting pre-
served function of the myocardial metabolic machinery.

Limitations

The small sample size and the cross-sectional nature of
the study assessments are important limitations which
prevent the generalizability of our findings and accuracy
of prevalence estimates. Quality of life data was also only
available in 16 patients, which may underestimate the
severity of symptoms in this cohort. As such, this study
should be considered preliminary and exploratory. The
complexity of the imaging protocol and associated finan-
cial costs may limit its widespread use, but if feasible
larger multicenter studies with extended follow-up will
provide more definitive answers.

As short axis cine stack was performed after adenosine
administration, this could have potentially masked minor
differences in LV function between the 2 groups in theory
[31]. However, this is unlikely to be significant, as all tis-
sue characteristics and stress myocardial perfusion were
normal in our cohort and therefore the impact of adeno-
sine on LV function would likely be comparable. While
healthy subjects reported no symptoms nor displayed any
signs of an active infection, COVID-19 PCR testing was
not performed to exclude an asymptomatic SARS-CoV-2
infection and neither was antibody testing performed to
exclude a prior infection.

Conclusions

In this single centre prospective study, we found that the
overwhelming majority of patients with a clinical diagnosis
of long COVID-19 syndrome with a mild acute phase of
SARS-CoV-2 infection and no prior cardiovascular disease
or comorbidities, exhibited no significant abnormalities in
cardiac energetics, structure or function, myocardial blood
flow or tissue characteristics. Larger/multicenter studies
are, however, needed to evaluate the generalizability of
these findings in a larger population and to better under-
stand the pathophysiology of long COVID-19 syndrome.
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