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ABSTRACT

Aim: To evaluate the subclinical cardiac involvement in COVID-19 patients without clinical cardiac evidence using cardiac MR imaging.

Material and methods: Participants recovered from COVID-19 without cardiac symptoms and no cardiovascular medical history were enrolled in a
prospective cohort study. They underwent baseline cardiac MR and follow-up cardiac MR > 300 days after discharge (n = 20). The study also
included healthy controls (n = 20). Extracellular volume fraction (ECV), native T1, and 2D strain data were assessed and compared.

Results: The ECV values of participants at baseline [30.0% (28.3%-32.5%)] and at follow-up [31.0% (28.0%-32.8%)] were increased compared to
the healthy control group [27.0% (25.3%-28.0%)] (both p < 0.001). However, the ECV increase from baseline cardiac MR to follow-up cardiac MR
was not significant (p = 0.378). There was a statistically significant difference in global native T1 between baseline [1140 (1108.3-1192.0) ms] and
follow-up [1176.0 (1113.0-1206.3) ms] (p = 0.016). However, no native T1 difference was found between the healthy controls [1160.7
(1119.6-1195.4) ms] and the baseline (p = 0.394) or follow-up group (p = 0.168). The global T2 was 41(40-42) ms at follow-up which was within
the normal range. In addition, We found a recovery in 2D GLS among COVID-19 participants between baseline and follow-up [-12.4(-11.7 to
—14.3)% vs. —17.2(-16.2 to —18.3)%; p < 0.001].

Conclusion: Using cardiac MR myocardial tissue and strain imaging parameters, 35% of people without cardiac symptoms or clinical evidence of
myocardial injury still had subclinical myocardial tissue characteristic abnormalities at 300 days, but 2D GLS had recovered.

1. Introduction

It has been reported that COVID-19 patients developed a series of cardiovascular (CV) abnormalities beyond the acute phase,
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including arrhythmia, right ventricular dysfunction, myocardial infarction, and myocarditis [1,2]. The high incidence of acute
COVID-19-associated cardiac abnormalities warrants long-term surveillance of myocardial injury in convalescent patients [3-5].

Our previous study reported cardiac MR outcomes in the recovered COVID-19 population approximately 180 days after discharge,
including myocardial extracellular volume expansion and decreased myocardial strain. The clinical relevance of the cardiac alterations
found in COVID-19-convalescing patients was not evident.

We performed cardiac MR on patients who had been discharged for more than 300 days and were willing to participate in lon-
gitudinal follow-up. Our purpose of this study was to investigate the progression of subclinical myocardial findings in patients who
recovered from COVID-19.

2. Materials and methods
2.1. Study population

This observational, prospective study was performed at No.2 People’s Hospital of Fuyang City from October 2020 to September
2021, patients recovered from COVID-19 who met the following inclusion criteria were sequentially enrolled (n = 32): (1) Subjects
who had confirmed SARS-CoV-2 infection by reverse transcription polymerase chain reaction swab test; (2) No cardiac symptoms at
any time, including syncope, palpitations, chest pressure or chest pain, and no shortness of breath after discharge; (3) Normal serum
markers including brain natriuretic peptide (BNP), cardiac troponin I (Tnl), lactate dehydrogenase (LDH), creatine kinase-MB (CK-
MB), and creatine kinase (CK). (4) No abnormalities on ECG. (5) Had baseline cardiac MR within 150 days of discharge. The exclusion
criteria are: (1) A history of cardiac disease, such as myocarditis, vascular disease, stroke, diabetes, hypertension, coronary artery
disease, or myocardial infarction; (2) A history of aneurysm clips, or shrapnel injury and anaphylactic reactions to cardiac MR contrast
agents; (3) Poor quality cardiac MR. (4) Patients who were discharged from the hospital <300 days. (Fig. 1). Healthy controls whose
age- and sex-matched those of recovered patients were randomly selected from the database by matching these covariates directly [6].
These healthy controls had no history of cardiovascular disease and were previously enrolled and had cardiac MR examinations at our
institution. The study was approved by our local ethics institutional review board (#PJ2020-02-12), and all participants gave written
consent.

3. Cardiac MR protocol

Cardiac MR was performed using a clinical 3T scanner (Skyra, Siemens Healthcare, Germany). A stack of consecutive parallel short-
axis slices covering the entire left ventricle (LV) and right ventricle (RV), and three LV long-axis slices (2,3,4 chamber views) were
acquired using balanced steady state-free precession (SSFP). The parameters are as follows: field of view (FOV), 340 x 380 mm;
repetition time (TR)/echo time (TE), 3.4/1.4 ms; matrix size: 202 x 182 mm; voxel size 1.6 x 1.6 x 8.0 mm; bandwidth, 962 Hz/Px;
flip angle (FA), 47°; slice thickness, 8 mm; slice gap, 2 mm. LGE images were performed approximately 10-15 min after intravenous
injection of gadolinium-DTPA at a dose of 0.15 mmol/kg, using the phase-sensitive inversion recovery gradient echo sequence (FOV,
340 x 380 mm; matrix size, 256 x 224 mm,; voxel size, 1.3 x 1.3 x 8.0 mm; bandwidth 781Hz/Px; TR, 5.2 ms; TE, 1.24 ms; FA, 55°).
Inversion time was individually adjusted to null the myocardium. Native and post-contrast T1 mapping were obtained with typical
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Fig. 1. Flowchart of participant enrollment.
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parameters at the basal, mid, and apical levels of the LV short axis using the MOLLI sequence (protocols 5(3)3 and 4(1)3(1)2,
respectively), before and 15-20 min after venous contrast injection, respectively [7,8]. The scanning parameters are as follows: FOV,
340 x 380 mm; matrix size, 192 x 172 mm; voxel size, 1.3 x 1.3 x 8.0 mm; bandwidth, 1085 Hz/Px; TR/TE, 3.8/1.2 ms; FA, 35°; slice
thickness, 8 mm. T2 mapping was performed at the same slice location as T1 mapping using a T2 prepared SSFP sequence (T2 prep
duration, 0, 24, 55 ms; FOV, 340 x 380 mm; matrix size, 256 x 224 mm; voxel size, 1.3 x 1.3 x 8.0 mm; bandwidth 781Hz/Px; TR,
208 ms; TE, 1.24 ms; FA, 12°).

3.1. Imaging analysis

The cardiac MR data were analyzed using the commercially available post-processing software (CVI42, v.5.1, Circle Cardiovascular
Imaging, Calgary, Canada). All cardiac MR data were independently assessed by two radiologists (X.L. with 20 years of cardiac MR
experience and H.W. with 15 years of cardiac MR experience) who were blinded to all the identifying information. Functional pa-
rameters with CVI42 software were automatically analyzed for LV and RV and manually adjusted, including papillary muscle and
trabeculation in the ventricular volume. The LGE images were examined independently by the same two observers. The pattern
(epicardial, mid-myocardial, endocardial) and the location of the LGE lesion (16 AHA segment) were assessed manually [9]. Global T1
values were obtained on the T1 map with manual adjustment of contours to exclude intracavitary blood pool and epicardial fat as
needed. Global T1 values were the averages of the three short-axis slices. Global ECV was calculated in the native T1 and postcontrast
Tl of the myocardium and the blood pool, as previously described [9,10]. Hematocrit was measured from venous blood samples
collected from each individual within 24 h before cardiac MR.12 Cardiac MR feature tracking (FT) was performed using CVI42 as
previously described [11-13].

3.2. Inter-and intra-observer Reproducibility

Using the Bland-Altman method, 10 subjects were randomly selected from 60 subjects to evaluate the reliability of 2D strain and T1
values. The intra-observer reliability was performed by repeating measurements after at least one-month interval and blinded to the
initial measurement by a radiologist (X.L.). Another radiologist (H.W.) performed an assessment blinded to the first radiologist
measurement for inter-observer reliability.

3.3. Statistical analysis

SPSS (version 22.0, IBM statistics, Armonk, NY) was used for statistical analysis. Continuous variables are expressed in median with
interquartile range, and categorical variables are expressed in counts (percentages). We used Wilcoxon signed-rank test to evaluate the
paired comparison of quantitative variables between two cardiac MRs. Mann-Whitney U test was used to evaluate the differences

Table 1
Clinical characteristics of the study participants.
Characteristic Healthy Controls (n = All COVID-19 All COVID-19 P bp “P value
20) Participants Participants Value value
Baseline (n = 20) Follow-up (n = 20)
Median Age (years), 52(35-61) 46(41-58) 47(42-59) 0.968 0.776 <0.001
Men, No. (%) 10(50%) 10(50%) 10(50%) >0.99 >0.99 >0.99
BMI (kg/mz) 23.8(22.4-25.1) 25.0(23.6-25.4) 25.2(23.5-25.4) 0.055 0.062 0.854
Heart rate (bpm) 70(65-75) 70(65-76) 68.0(65.5-75.5) 0.978 0.870 0.275
Systolic blood pressure (mmHg) 126(121-130) 127(122-133) 125(121-130) 0.532 0.957 0.339
Diastolic blood pressure (mmHg) 84(81-86) 79(75-87) 81(75-88) 0.125 0.266 0.350
Confirmed SARS-CoV-2 PCR 0 20(100%) 20(100%) NA NA
Duration between discharge to CMR 0 123(108-142) 339(327-399) NA NA NA
(days)
Duration between admission to CMR 0 157(141-169) 377(355-423) NA NA NA
(days)
Laboratory results
White blood cell count ( x 109/L) NA 5.9(5.4-6.3) 5.9(5.2-6.5) NA NA 0.736
cTnl, ng/mL NA <0.01 <0.01 NA NA NA
BNP, pg/mL NA 29.5(23.3-34.0) 26.5(19.0-31.8) NA NA 0.131
LDH (U/L) NA 204.0(168.5-224.5) 198.0(159.8-221.0) NA NA 0.667
CK-MB (U/L) NA 11.5(8.3-14.8) 12.0(7.3-14.0) NA NA 0.159
CK (U/L) NA 80(58.0-137.0) 79.5(63.5-123.3) NA NA 0.765

Data are expressed as median (IQR) for continuous variables, and n (%) for categorical variables. P < 00.05 is considered to indicate statistical
significance. BMI = body mass index. HR = heart rate. Bpm = PCR = polymerase chain reaction. LDH = lactate dehydrogenase. cTnl = cardiac
troponin I. BNP = brain natriuretic peptide. NA = not apply. CK-MB= Creatine kinase-MB. CK= Creatine kinase IQR = interquartile range.

@ P value statistical difference between Healthy Controls and COVID-19 participants at baseline.

b p value statistical difference between Healthy Controls and COVID-19 participants at follow-up.

¢ P value statistical difference between COVID-19 participants at baseline and follow-up.
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between two independent samples. Chi-square tests were used to evaluate the differences between categorical variables. P < 0.05 was
considered statistically significant.

4. Results
4.1. Participant characteristics

20 participants and 20 healthy controls matched for age [47(42-59) vs. 52(35-61) years, p = 0.776] and sex were included in the
study (Fig. 1). Table 1 reports the clinical characteristics and laboratory test results. The time interval between admission or discharge
and baseline cardiac MR examination was 157(141-169) and 123(108-142) days. The time interval between admission or discharge
and follow-up cardiac MR examination was 377(355-423) and 339(327-399) days (Table 1).

4.2. Cardiac MR results

The cardiac morphological and functional parameters are shown in Table 2. The left ventricular end-diastolic volume index at
follow-up [61.9(57.0-74.6) mL/m2] was significantly higher than that at the baseline [59.9(55.1-79.2) mL/m2] (p = 0.03). All
baseline and follow-up participants with COVID-19 had negative LGE. The ECV values of COVID-19 recovery participants at baseline
[30.0% (28.3%-32.5%)] and at follow-up [31.0% (28.0%-32.8%)] were increased compared to the healthy control group [27.0%
(25.3%-28.0%)] (both p < 0. 001). However, the ECV increase from baseline cardiac MR to the follow-up examination was not
significant (p = 0.378). 55% (11/20) of the baseline participants and 35% (7/20) of the follow-up participants’ ECV values were above
the upper limit of normal (29%) (Fig. 2).

There was a statistically significant difference in global native T1 between baseline [1140 (1108.3-1192.0) ms] and follow-up
[1176.0 (1113.0-1206.3) ms] (p = 0.016). However, no difference in native T1 was found between the healthy controls [1160.7
(1119.6-1195.4) ms] and the baseline (p = 0.394) or follow-up group (p = 0.168). The global T2 was 41(40-42) ms at follow-up which
was within the normal range. The representative native T1 mapping images of the patients are shown in Fig. 3.

We found a recovery in 2D GLS among COVID-19 participants between baseline and follow-up [—12.4(—11.7 to —14.3)% vs. —17.2
(—16.2to —18.3)%; p < 0.001]. There was a significant difference compared to healthy controls at baseline [-15.4(—14.3 to —17.8)%
vs. —12.4(—11.7 to —14.3)%; p = 0.001]. There were no significant differences between follow-up participants and healthy controls
[-17.2(—16.2 to —18.3) vs. —15.4(—14.3 to —17.8); p = 0.066].

The clinical characteristics and cardiac MR results of the group with increased ECV versus decreased ECV compared to baseline are
shown in Table 3. Two patients had no change in ECV compared to baseline data. The median age in ECV-increased group was older
than the ECV-decreased group (57(56-61) vs. 44(34-49) years) (p = 0.021). The median length of first-time Covid-19 hospitalizations
stay was longer (30(29-40) vs. 27(25-28) days, p = 0.003) days in the ECV-increased group as compared to the ECV-decreased group.
Global native T1 (1270.0(1255.0-1292.0) ms) in ECV-increased group was higher compared with the ECV-decreased group (1146.0
(1098.0-1222.0) ms) (p = 0.006).

Table 2

Cardiac CMR results at baseline and follow-up examinations.
Variable Healthy Controls (n = 20) Baseline (n = 20) Follow-up (n = 20) “P Value "P value ¢ P value
LVEF (%) 63.5(61.6-66.4) 63.7(59.8-67.1) 64.5(60.7-66.1) 0.705 0.725 0.601
LVEDVi(mL/m2) 60.9(53.2-66.9) 59.9(55.1-79.2) 61.9(57.0-74.6) 0.607 0.176 0.030
LV mass index (g/m2) 55.7(47.4-66.6) 51.3(44.9-60.5) 51.9(48.6-58.6) 0.267 0.417 0.709
RVEF (%) 56.1(53.2-58.5) 53.9(51.2-55.9) 55.1(50.8-57.9) 0.152 0.317 0.247
RVEDVi (mL/m2) 78.9(67.4-83.5) 68.2(59.3-86.1) 68.7(63.5-83.8) 0.159 0.234 0.156
Visible myocardial LGE NA 0(0) 0(0) NA NA NA
Visible pericardial LGE NA 0(0) 0(0) NA NA NA
Pericardial effusion 0(0) 0(0) 0(0) NA NA NA
Pleural effusion 0(0) 0(0) 0(0) NA NA NA
Global native T1 (ms) 1160.7(1119.6-1195.4) 1140(1108.3-1192.0) 1176.0(1113.0-1206.3) 0.394 0.168 0.016
Global ECV (%) 27.0(25.3-28.0) 30.0(28.3-32.5) 31(28.0-32.8) <0.001 <0.001 0.378
Global T2 (ms) 41(40-42) NA 41(40-42) NA NA NA
2D Strain
2D GLS (%) —15.4(-14.3—-17.8) —12.4(-11.7--14.3) -17.2(-16.2-—18.3) 0.001 0.066 <0.001
2D GCS (%) —21.9(-20.4--22.7) —21.0(-14.3-—23.7) —21.0(-16.6-—23.3) 0.291 0.262 0.433
2D GRS (%) 33.7(24.9-39.5) 20.8(9.7-41.3) 21.6(14.8-39.1) 0.130 0.068 0.279

Data are expressed as median (IQR) for continuous variables. P < 00.05 is considered to indicate statistical significance. Baseline: First Cardiac CMR;
Follow-up: Second Cardiac CMR. LV: Left ventricular; EF: ejection fraction; EDVi:Left ventricular end-diastolic volume index; RV: right ventricular;
GLS: global longitudinal strain; GCS: global circumferential strain; GRS: global radial strain; LGE: late gadolinium enhancement; ECV: extracellular
volume fraction; 2D = 2 dimensional.

@ P value statistical difference between Healthy Controls and COVID-19 participants at baseline.

b p value statistical difference between Healthy Controls and COVID-19 participants at follow-up.

¢ P value statistical difference between COVID-19 participants at baseline and follow-up.
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Fig. 2. The schematic diagram of myocardial ECV change in the first year after SARS CoV-2 infection. ECV elevation represents reactive interstitial
fibrosis and/or edema. ECV reduction may reflect the regression of reactive interstitial fibrosis and/or extracellular interstitial edema.

Fig. 3. CMR native T1 maps in a 66-year-old with COVID-19 at baseline and a 1-year follow-up. A. Baseline short-axis T1 map image shows normal
global native T1 of 1106 ms. B. Follow-up T1 map shows an elevated global native T1 of 1292 ms.

4.3. Intra-and inter-observer reliability

BA plot for intra-observer reliability of the global native T1 was 0.40 + 0.84 ms, and inter-observer reliability was —0.26 + 1.42
ms. The intra-observer reliability of the global ECV was —0.17% =+ 0.44% and the inter-observer reliability was —0.81% + 0.65%. BA
plot for intra-observer reliability of 2D GLS was 0.02% + 0.79% and inter-observer reliability of 2D GLS was 0.14% + 1.03%.

5. Discussion

COVID-19’s long-term impact on cardiovascular health and mortality has become a global concern [3,14,15]. Davis et al. [16]
studied 3762 patients and found that cardiac symptoms including fainting (13%), palpitations (68%), and chest pain (53%) were
observed in up to 86% of patients by 7 months from infection.

Cardiac MR is a non-invasive reference standard for cardiac function, structure, and tissue composition which is a potentially
valuable diagnostic tool for COVID-19 patients with myocardial injury and cardiac dysfunction [2,9,17-20].

Although COVID-19-related myocarditis is not common, up to 28.8% of patients have reported COVID-19-related cardiovascular
abnormalities, which increases concerns about long-term myocardial injury [18,21-25]. So far, studies have reported that 26%-60% of
hospitalized patients within 1-5 months after discharge had abnormal cardiac MR findings, including myocardial tissue abnormalities,
pericardial abnormalities, functional impairment, or late gadolinium enhancement [3,18]. Recent cardiac MR investigations showed
that patients with COVID-19 who are outpatients, including elite athletes, as well as hospitalized patients, may also have cardiac
consequences. At present, it is not completely clear how these myocardial changes evolve in convalescent COVID-19 patients without
any cardiac abnormalities.

The precision and repeatability, as well as its ability in myocardial tissue characterization are the advantages of using cardiac MR in
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Table 3
Clinical characteristics and cardiac CMR Results of ECV increase versus decrease groups.
Characteristic ECV-increased groups (n = 7) ECV-decreased groups (n = 11) P value
Median Age (years) 57(56-61) 44(34-49) 0.021
Men, No.(%) 4(57%) 5(45%) 0.320
BMI (kg/m?) 25.4(23.6-25.6) 24.9(23.4-25.3) 0.363
Heart rate (bpm) 68(65-76) 68(67-78) 0.819
Systolic blood pressure (mmHg) 125(125-130) 125(120-130) 0.482
Diastolic blood pressure (mmHg) 86(70-88) 80(75-85) 0.438
Duration between discharge to cardiac CMR (days) 338(336-357) 359(329-418) 0.497
Duration between admission to cardiac CMR (days) 380(364-387) 384(357-445) 0.751
Average length of Covid-19 hospitalizations stay(days) 30(29-40) 27(25-28) 0.003
Laboratory results
White blood cell count ( x 10°/L) 5.9(5.0-7.0) 5.8(5.2-6.5) 0.554
¢Tnl, ng/mL <0.01 <0.01 NA
BNP, pg/mL 30.0(19.0-32.0) 26.0(19.0-30.0) 0.525
LDH (U/L) 198.0(165.0-218.0) 185.0(146.0-236.0) 0.525
CK-MB(U/L) 11.0(6.0-14.0) 12.0(8.0-14.0) 0.750
CK(U/L) 107(65.0-142.0) 78.0(62.0-124.0) 0.033
Cardiac MRI findings
Left ventricular ejection fraction (%) 60.5(56.4-62.4) 64.5(61.5-66.3) 0.069
Left ventricular end-diastolic volume index (mL/m?) 64.5(60.5-74.6) 57.9(56.3-74.6) 0.341
Left ventricular mass index (g/mz) 52.3(50.3-58.6) 51.6(45.6-61.5) 0.856
Right ventricular ejection fraction (%) 52.6(48.9-55.6) 57.8(51.6-58.9) 0.057
Right ventricular end-diastolic volume index (mL/m?) 74.5(63.8-79.6) 65.5(61.5-84.6) 0.525
Global native T1 (ms) 1270.0(1255.0-1292.0) 1146.0(1098.0-1222.0) 0.006
Global ECV (%) 33.0(28.0-34.0) 29.0(28.0-29.0) 0.117
2D GLS (%) -17.6(-16.2-—17.9) —16.9(-16.2-—18.5) 0.892
2D GRS (%) 20.6(19.8-35.6) 28.6(13.5-40.5) 0.821
2D GCS (%) —18.5(-16.5-—18.5) —21.5(-15.7--23.6) 0.556

Data are expressed as median (IQR) for continuous variables. P < 0.05 is considered to indicate statistical significance. GLS: global longitudinal strain;
GCS: global circumferential strain; GRS: global radial strain; LGE: late gadolinium enhancement; ECV: extracellular volume fraction; 2D: 2 dimen-
sional; CMR: magnetic resonance imaging; BMI: body mass index; HR: heart rate; PCR = polymerase chain reaction; LDH: lactate dehydrogenase;
cTnl: cardiac troponin I; BNP: brain natriuretic peptide; NA: not apply; CK-MB: Creatine kinase-MB; CK: Creatine kinase; IQR = interquartile range.

the context of COVID-19 [9,18,19]. We found that 55% (11/20) of the participants had an increase in ECV about 123 days after
discharge and 35% (7/20) of the participants had an elevated ECV (>29%) about 339 days after discharge (Fig. 3). These participants
had no clinical signs of myocardial damage or cardiac symptoms, and there is no functional or anatomical cardiac impairment (LVEF
64.5(60.7-66.1) % at follow-up vs. 63.7(59.8-67.1) % at baseline) (Fig. 4).

Diffuse interstitial and localized replacement fibrosis are two manifestations of SARS-CoV-2-induced myocarditis [2]. Myocardial
scarring with localized replacement fibrosis may be uncommon among individuals with moderate or severe acute COVID-19 infection
but no cardiac symptoms or clinical signs, according to our prior study.6 Diffuse myocardial fibrosis, which is defined by the expansion
of extracellular space and an excessive buildup of collagen in the extracellular matrix, is typically a reaction to recurrent or unresolved
injury and stress [26]. Inflammation leading to repeated injury causes tissue damage and repair under both chronic ischemic and
non-ischemic settings, activating innate immune responses with the resultant widespread interstitial fibrosis [26,27]. cardiac MR has
been considered the non-invasive method of choice for detecting diffuse myocardial fibrosis by calculating ECV from T1 mapping and
hematocrit [9,26]. The pathological remodeling of the myocardium is caused by the inflammatory process of interstitial fibrosis, which
is often linked to apoptosis. Apoptosis promotes the accumulation of collagen, resulting in an increase in extracellular volume. Viral
infections, which may be latent but can potentially induce or accelerate fibrosis and structural remodeling, often trigger innate im-
mune responses [26]. Chronic infections associated with myocardial fibrosis and cardiac hypertrophy can be evaluated using ECV [3,
15,18,26,27].

Since ECV evaluates the overall interstitial space, an elevation in ECV can be a result of fibrous tissue, infiltration, edema, and/or
inflammation [26,27]. We observed a decrease in extracellular volume fraction at 1 year in most of the participants who presented
with an abnormal ECV at baseline. None of the patients had T2 elevation at 1-year follow-up. One possible explanation for this change
is that ECV reflects the regression of extracellular interstitial edema, which was a common finding in COVID-19’s autopsy reports [3,
18].

Our research has several limitations. Firstly, the sample size of this study is relatively small, and further studies with more patients
are needed to confirm the conclusion. Secondly, the relationship between cardiac MR parameters and histology could not be verified
due to the lack of myocardial biopsy. Thirdly, there is no follow up of the healthy cohort.

In conclusion, subclinical abnormalities in myocardial tissue are still present in some COVID-19 survivors without cardiac
symptoms or overt myocardial injury at one year after recovery. Although all patients had improved subclinical function as shown by
myocardial strain, myocardial interstitial alterations remained in some patients. To ascertain the diagnostic significance of these
findings and their connection to incident health outcomes, longer-term (>1 year) investigations are needed.
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