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Abstract

Background:Whether the combination of ventricular strain with high-sensitivity tro-

ponin I (hs-TNI) has an incremental prognostic value in coronavirus disease 2019

(COVID-19) patients has not beenevaluated. The study aimed to evaluate theprognos-

tic value of biventricular longitudinal strain and its combinationwith hs-TNI in COVID-

19 patients.

Methods: A total of 160 COVID-19 patients who underwent both echocardiography

and hs-TNI testing were enrolled in our study. COVID-19 patients were divided into

two groups (critical and non-critical) according to severity-of-illness. The clinical char-

acteristics, cardiac structure and function were compared between the two groups.

The prognostic value of biventricular longitudinal strain and its combination with hs-

TNI were evaluated by logistic regression analyses and receiver operating character-

istic curves. Left ventricular longitudinal strain (LV LS) and right ventricular free wall

longitudinal strain (RVFWLS)were determined by 2D speckle-tracking echocardiogra-

phy.

Results: The LV LS and RVFWLS both were significantly lower in critical patients than

non-critical patients (LV LS: -16.6±2.4 vs -17.9±3.0, P = .003; RVFWLS :-18.8±3.6 vs

-23.9±4.4, P<.001). During a median follow-up of 60 days, 23 (14.4%) patients died.

Themultivariant analysis revealed that LV LS andRVFWLS [Odd ratio (95% confidence

interval): 1.533 (1.131–2.079), P = .006; 1.267 (1.036–1.551), P = .021, respectively]

were the independent predictors of highermortality. Further, receiver-operating char-

acteristic analysis revealed that the accuracy for predicting death was greater for the

combination of hs-TNI levels with LV LS than separate LV LS (AUC: .91 vs .77, P= .001),

and the combination of hs-TNI levels with RVFWLS than RVFWLS alone (AUC: .89 vs

.83, P= .041).

Conclusions: Our study highlights that the combination of ventricular longitudinal

strain with hs-TNI can provide higher accuracy for predicting mortality in COVID-19

patients, whichmay enhance risk stratification in COVID-19 patients.
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1 INTRODUCTION

Coronavirus disease 2019 (COVID-19) caused by severe acute respira-

tory syndrome coronavirus 2 (SARS-CoV-2) has spread rapidly around

the world.1 The number of fatalities due to COVID-19 is escalating.

Acute cardiac injury has been commonly described and shown to be

associatedwith a higher risk of mortality in COVID-19 patients,2–4 but

the corresponding research regarding the changes of cardiac struc-

ture and function was still insufficient. Echocardiography is the first-

line imaging technique for cardiac assessment, and is an indispensable

bedside tool that allows non-invasive evaluation of ventricular per-

formance in COVID-19 patients in isolated wards. Myocardial strain

derived fromspeckle-tracking echocardiography (STE) has been shown

to be more sensitive and accurate in detecting subclinical impairment

of ventricular function than conventional echocardiography.5–7 More

importantly, ventricular longitudinal strain has been demonstrated

to be of robust prognostic value in various diseases.8–11 And pre-

vious study reported that ventricular strains were impaired in rela-

tive severeCOVID-19patients thannon-severepatients.12–13 Further-

more, although the prognostic implication of biventricular longitudi-

nal strain in COVID-19 patients also has been reported,12–14 whether

the combination of ventricular longitudinal strain with high-sensitivity

troponin I (hs-TNI) has an incremental prognostic value in COVID-19

patients has not been evaluated.

Therefore, the study aimed to (1) evaluate the cardiac structure and

function in COVID-19 patients with different severity of illness; (2)

explore the prognostic value of biventricular longitudinal strain; and (3)

investigate whether the combination of ventricular longitudinal strain

with hs-TNI has an incremental prognostic value inCOVID-19patients.

2 METHODS

2.1 Study population

This retrospective study was performed at Union Hospital (Affiliated

with TongjiMedical College, HuazhongUniversity of Science and Tech-

nology) Wuhan, China. We enrolled a total of 222 patients who were

confirmed with COVID-19 according to theWHO interim guidance,15

and both underwent echocardiography from January 29, 2020 to

March 4, 2020. Bedside echocardiography was performed based on

clinical indications. Of the 222 COVID-19 patients, we excluded 31

patients due to insufficient image quality for echocardiographic anal-

ysis, 10 patients because of arrhythmia (including atrial fibrillation or

flutter, frequent ventricular premature beats) during echocardiogram

examination, and 21 patients without the data of hs-TNI, leaving 160

patients included for the final analysis.

The study was approved by the ethics committee of the Union hos-

pital TongjiMedical College, HuazhongUniversity of Science and Tech-

nology Ethics Committee.Written informed consentwaswaived for all

participants with emerging infectious diseases.

2.2 Clinical data

Data including demographic and clinical information during hospital-

ization were retrieved from the medical records. Patients clinical out-

comes were followed up to April 20, 2020, the endpoint event was

death. Serum plasma levels of hs-TNI above the 99th percentile of the

upper limit of referencewere considered to be elevated and suggestive

of acute cardiac injury.16 Acute respiratory distress syndrome (ARDS)

was defined according to the Berlin Definition.17 The criteria for the

severity ofCOVID-19diseasewasdefinedby theChinesemanagement

guideline for COVID-19 (version 7.0), and the 160 COVID-19 patients

were divided into two groups: critical and non-critical groups.18 The

critical COVID-19 disease: with any of the following conditions: res-

piratory failure requiring mechanical ventilation, shock, and/or other

organ failure requiring admission to the intensive care unit (ICU) based

on the published guideline.18

Of the 23 deceased COVID-19 patients, six patients with acute car-

diac injury underwent the ultrasound-guided postmortem tissue sam-

pling toobserve thepathological changes of heart tissueunder the con-

sent of their family members. The ultrasound-guided postmortem tis-

sue sampling of heart was takenwithin approximately 2 hours of death

in isolated wards.

2.3 Conventional echocardiography

Bedside echocardiography was performed with Philip EPIQ7C ultra-

sound scanner (Philips Medical Systems, Andover, MA, USA) equipped

with S5-1 transducers. The echocardiography examinations were

performed according to the current recommendations of theAmerican

Society of Echocardiography.19 The frame ratewas set between50 and

70 frames/sec. All 2DandDoppler echocardiographic parameterswere

acquired according to the published guidelines.20,21 Left ventricular

ejection fraction (LVEF) was calculated using Simpson’s method. Right

ventricular (RV) basal diameter was measured from right ventricle–

focused apical four-chamber view, and theminor right atrial (RA) diam-

eter was measured from the mid level of RA from apical four-chamber

view. Tricuspid annular plane systolic excursion (TAPSE), systolic

tricuspid lateral annular tissue velocity (S’), and RV fractional area

change (FAC) were measured according to the published guideline.21

Pulmonary artery systolic pressure (PASP) was assessed by the peak
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tricuspid regurgitation (TR) jet velocity, using the simplified Bernoulli

equation and added this value to the estimated right atrial pressure.21

2.4 Strain analysis

Biventricular strain parameters were acquired by experienced

echocardiographers who were blinded to the clinical information

using 2D strain software (2D Cardiac Performance Analysis 1.2 for

2D-STE; TomTec Imaging Systems, Unterschleissheim, Germany)

according to the current recommendation.7 The endocardium was

tracked automatically by the software throughout the entire cardiac

cycle, and the endocardial border could be adjusted manually by the

operator if necessary. The LV longitudinal strain (LS) was calculated

as the average peak systolic longitudinal strain of the six segments of

LV from apical four-chamber views. RV free wall longitudinal strain

(FWLS) was calculated as the mean longitudinal peak systolic strain

of the three segments of RV free wall from the apical four-chamber

RV-focused view.

2.5 Inter-observer and intra-observer
reproducibility

Twenty five subjects were randomly selected to estimate intra-

observer and inter-observer variability of LV LS and RVFWLS. Intra-

observer variability was assessed by the same observer remeasur-

ing the same patients two weeks later. Inter-observer variability was

assessed independently by two researchers.

2.6 Statistical analysis

Categorical variables were described as frequency rates and per-

centages, and continuous variables as mean±standard deviation (SD),

median, and inter-quartile range (IQR). The normality of the data was

evaluatedbyShapiro-Wilk test. Comparisonsbetween critical andnon-

critical COVID-19 patients were assessed by independent group t

tests for normally distributed data, the Mann-Whitney U test for non-

normally distributed data, and the χ2 or Fisher exact test for categor-

ical variables. Spearman’s correlation coefficient was used to deter-

mine the association of plasma hs-TNI levels with C-reactive protein

(CRP) and interleukin-6 (IL-6) levels. Univariate andmultivariate logis-

tic regression analyses were used to explore the predictors of death in

COVID-19 Patients. Univariate predictors with P < .05 were selected

to include into the multivariate logistic regression analysis. And the

number of independent variables included in the multivariable model

was constrained to yield roughly 10 events per variable to avoid over-

fitting of the model.22 Receiver operating characteristic curves (ROC)

were performed to calculate the sensitivity and specificity of strain

parameters and identify their cutoff values (maximum Youden index)

for predicting death. To investigate whether the combination of strain

parameters and hs-TNI had an incremental prognostic value for pre-

dicting death, we also calculated the resulting area under the curve

(AUC) of ROC for the combination of hs-TNI and LV LS or RVFWLS.

Comparisons of AUCwere performed using theDelong test.23 Kaplan-

Meier survival curves were plotted to compare survival between the

groups according to strain parameter alone, and the combination of

strainparameter andhs-TNIusing the log-rank test. The reproducibility

was assessed using intra-class correlation coefficients (ICC) andBland-

Altman analyses. All statistical analyses were performed using SPSS

version 23.0 (Statistical Package for the Social Sciences, Chicago, IL

USA) and STATA software version 10 (StataCorp, Texas, USA). All tests

were 2-tailed, P< .05 was considered statistically significant.

3 RESULTS

3.1 Clinical characteristics

The clinical characteristics of the 160 patients were shown in Table 1.

The mean age was 62.1±13.4 years. Eighty-three (51.9%) patients

were men. Compared with non-critical patients, the critical patients

were older, showed a significantly higher rate of male predominance

and higher respiratory rate. And critical patients presented with

more abnormal laboratory findings including lower Lymphocyte count,

higher inflammation-related indices (white blood cell counts, CRP, pro-

calcitonin, IL-6, and D-dimer), and further elevations in cardiac func-

tion indices (hs-TNI, creatine kinase muscle-brain, B-type natriuretic

peptide) than non-critical patients. Additionally, critical patients were

more likely to receive antibiotic, glucocorticoid, immunoglobulin, and

mechanical ventilation therapy, admit to ICU, developARDS, acute car-

diac injury, acute kidney injury, and coagulation dysfunction. More-

over, plasmahs-TNI levels correlatedwith plasma IL-6 levels (spearman

r= .58, P< .001) and CRP levels (spearman r= .40, P< .001) (Figure 1).

3.2 Echocardiographic characteristics

Echocardiographic characteristics of the 160 COVID-19 patients were

shown in Table 2. Compared with non-critical patients, critical patients

had significantly highermitral E/e’, larger RA, RV and pulmonary artery

(PA) diameters, higher PASP, and worse TAPSE. There was no sig-

nificant difference in LVEF and RVFAC between these two groups.

While the LV LS and RVFWLS were both significantly lower in criti-

cal patients than non-critical patients (LV LS: -16.6±2.4 vs -17.9±3.0,

P = .003; RVFWLS: -18.8±3.6 vs -23.9±4.4, P<.001). During a median

follow-up of 60 days, 23 (14.4%) patients died. The LV LS and RVFWLS

were significantly decreased in non-survivors than survivors (LV LS:

-15.5±1.6 vs -17.8±3.0, P<.001; RVFWLS :-17.9±3.5 vs -23.1±4.6,

P<.001).

In addition, of the six autopsy samples of heart tissue from

23 deceased COVID-19 patients, histological examination presented

interstitial or cardiomyocyte edema, inflammatory infiltrates or necro-

sis, although no viral inclusion body was seen in pathologic speci-

men. All the six patients had impaired LV LS and RVFWLS. A typical
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TABLE 1 Clinical characteristics of critical and non-critical COVID-19 patients

Variables All Patients (n= 160) Critical (n= 50) Non-critical (n= 110) PValue

Clinical characteristics

Age (years) 62.1±13.4 65.6±12.1 60.5±13.7 .027

Male, n (%) 83(51.9) 18(78.3) 65(47.4) .006

Bodymass index (kg/m2) 23.7±2.9 24.1±2.9 23.4±2.9 .194

Heart rate (beats/min) 90.5±16.7 92.0±17.1 89.8±16.5 .433

Respiratory rate (times/min) 23(20, 30) 25(20, 32) 22(20, 30) .028

SBP (mmHg) 132(121, 144) 131(120, 144) 132(122, 144) .970

DBP (mmHg) 80(73, 87) 79(73, 86) 80(74, 89) .254

Smoker, n (%) 9 (5.6) 3(6.0) 6(5.5) 1.000

Comorbidities

Hypertension, n (%) 67(41.9) 25(50.0) 42(38.2) .160

Diabetes, n (%) 23(14.4) 5(10.0) 18(16.4) .288

Cardiac disease, n (%) 27(16.9) 14(28.0) 13(11.8) .011

COPD, n (%) 9(5.6) 4(8.0) 5(8.5) .611

Chronic kidney disease, n (%) 4(2.5) 1(2.0) 3(2.7) 1.000

Chronic liver disease, n (%) 8 (5.0) 4(8.0) 4(3.6) .434

Malignancy, n (%) 11 (6.9) 3(6.0) 8(7.3) 1.000

Laboratory findings

White blood cell(× 109/L) 7.0(5.0, 10.0) 8.9(6.2, 11.0) 6.2(4.7, 9.2) <.001

Lymphocyte count (× 109/L) 1.01(.61, 1.42) .64(.39, 1.07) 1.12(.79, 1.50) <.001

CRP (mg/L) 26.3(3.7, 65.2) 70.3(26.9, 121.4) 12.3(2.4, 43.5) <.001

PCT (ng/ml) .09(.05, .20) .15(.09, .28) .07(.04, .16) <.001

IL-6 (pg/ml)a 4.3(2.2, 20.4) 13.0(4.0, 44.6) 3.9(1.7, 8.4) <.001

D-dimer (mg/L) 1.5(0.6, 6.1) 4.7(1.2, 8.0) 1.1(.5, 3.8) <.001

hs-TNI (ng/L) 5.2 (2.2, 33.8) 34.9(8.0, 71.9) 3.3 (1.6, 10.8) <.001

CK-MB (U/L) 12.0(9.0, 26.0) 20.5(10.0, 32.0) 11.0(9.0, 16.0) .001

BNP( pg/ml) 53.4(19.0, 176.4) 162.5(62.4, 249.0) 35.0(10.0, 96.6) <.001

Treatments

Antiviral therapy n (%) 149(93.1) 47(94.0) 102(92.7) 1.000

Antibiotic therapy, n (%) 120(75.0) 47(94.0) 73(66.4) <.001

Immunoglobulin, n (%) 54(33.8) 31(62.0) 23(20.9) <.001

Glucocorticoid therapy, n (%) 65(40.6) 31(62.0) 34(30.9) <.001

ACE-I/ARB, n (%) 12(7.5) 5(10.0) 7(6.4) .627

Oxygen therapy, n (%) 139(86.9) 50(100.0) 89(80.9) .093

High-flow oxygen, n (%) 84(52.8) 47(94.0) 37(33.9) <.001

Mechanical ventilation 37(23.1) 37(74.0) 0(.0) <.001

IMV, n (%) 27(16.9) 27(54.0) 0(.0) <.001

NIMV, n (%) 10(6.3) 10 (20.0) 0(.0) .055

ICU admission, n (%) 29(18.1) 29(58.0) 0(.0) <.001

Complications

ARDS, n (%) 67(41.9) 41(82.0) 26(23.6) <.001

Acute cardiac injury (%) 49(30.6) 31(62.0) 18(16.4) <.001

Acute kidney injury, n (%) 20(12.5) 14(28.0) 6(5.5) <.001

Coagulation dysfunction, n (%) 30(18.8) 19(38.0) 11(10.0) <.001

Data are n (%), mean±SD, or median (IQR). P values comparing critical and non-critical patients. ARDS, acute respiratory distress syndrome; ACE-I,

angiotensin-converting enzyme inhibitors; ARB, angiotensin II receptor blockers; BNP, B-type natriuretic peptide; COVID-19, coronavirus disease 2019;

COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; CK-MB, creatine kinase muscle-brain; DBP, diastolic blood pressure; hs-TNI, high-

sensitivity troponin I; IL-6, interleukin-6; IMV, invasive mechanical ventilation; ICU, intensive care unit; NIMV, non-invasive mechanical ventilation; PCT,

procalcitonin; SBP, systolic blood pressure.
aMeans that 89 patients had the laboratory examination of IL-6.
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F IGURE 1 The relationship between inflammation related-indices and Plasma hs-TNI in COVID-19 patients. Plasma hs-TNI was significantly
positive correlated with IL-6 (A), and CRP (B). The concentrations of hs-TNI, CRP and IL-6 were log transformed. There were 89 patients who had
the laboratory examination of IL-6.
COVID-19, coronavirus disease 2019; CRP, C-reactive protein; hs-TNI, high-sensitivity troponin I; IL-6, interleukin-6

decreased LV LS, RVFWLS and pathologicalmanifestations of heart tis-

sue in a deceased patient with elevated hs-TNI levels were shown in

Figure 2.

3.3 Prediction of the death

In univariate analysis, sex, elevated hs-TNI, ARDS, LV LS, and RVFWLS

were associated with death (P<.05 for all) (Table 3). To avoid overfit-

ting and collinearity in the multivariate analysis, four separate models

that included ARDS and one of ventricular strains (LV LS, RVFWLS); or

ARDS, elevated hs-TNI and one of ventricular strains (LV LS, RVFWLS)

were constructed to predict death. The stepwise, multivariate anal-

ysis showed that LV LS and RVFWLS were the independent signifi-

cant predictors of death after adjustment for ARDS and elevated hs-

TNI. And the multivariable model containing hs-TNI and one of LV LS

and RVFWLS had a significantly larger C-index than the multivari-

able model containing only LV-LS or RVFWLS (Table 4). ROC analysis

revealed that the optimal cutoff used to predict mortality was -16.5%

for LV LS with sensitivity of 86.96% and specificity of 69.34%, -18.8%

for RVFWLS with sensitivity of 73.91 % and specificity of 83.94%. Fur-

ther, the accuracy for predicting death was greater for the combina-

tion of hs-TNI levels with LV LS than separate LV LS (AUC: .91 vs .77,

P = .001), and separate hs-TNI (AUC: .91 vs .83, P = .002). Likewise,

the combination of hs-TNI levels with RVFWLS also had an incremen-

tal accuracy to predict mortality than RVFWLS alone (AUC: .89 vs .83,

P= .041) (Figure 3), and hs-TNI alone (AUC: .89 vs .83, P= .047).

Figure 4 showed the Kaplan-Meier survival curves stratified by sep-

arate LV LS (cutoff value: -16.5%), separate RVFWLS (cutoff value: -

18.8%), the combination of hs-TNI and LV LS, and the combination of

hs-TNI and RVFWLS. For combination of with/without elevated hs-

TNI and with/without decreased strain parameters, survival was sig-

nificant worst in patients with elevated hs-TNI levels combined with

LV LS≥-16.5% than other groups. Likewise, survival was also signif-

icant worst in patients with elevated hs-TNI levels combined with

RVFWLS≥-18.8%.

3.4 Variability of 2D-STE measurements

The intra-observer and inter-observer variability for the LV LS was

.4±2.5% and .7±3.8%, RVFWLS was.3±2.6% and .7±4.3%. The intra-

observer and inter-observer ICC for LV LS were .95 and .89, and

RVFWLSwere .96 and .91.

4 DISCUSSION

To the best of our knowledge, this is the first study that evaluated the

prognostic values of 2D STE-derived biventricular longitudinal strain

along with hs-TNI in COVID-19 patients. The major findings of this

study were as follows: (1) Critical patients were more prone to have

larger right heart chamber, higher PASP, and lower LV LS and RVFWLS

than non-critical COVID-19 patients; (2) LV LS andRVFWLSwere both

mortality predictors independent fromARDS and elevated hs-TNI; and

(3) More importantly, combining decreased ventricular longitudinal

strain with elevated hs-TNI provided an incremental value for predict-

ingmortality in COVID-19 patients.

Recent studies reported that acute cardiac injury was an indepen-

dent risk factor for mortality in COVID-19 patients, with the preva-

lence of acute cardiac injury varying from 7.2% to 37.5%.2–4,16,24,25

In the present study, there were 49 out of 160 patients had cardiac

injury confirmed by the elevated plasma hs-TNI levels. Addition-

ally, non-survivors were more likely to develop acute cardiac injury

than survivors. Although the exact pathophysiological mechanism

of myocardial injury caused by COVID-19 is not fully understood,

influenza infection and acute viral pneumonitis were known to be

associated with the development of cardiac injury.26–28 Whether

COVID-19 cardiac injury has a unique pathogenesis process is

unknown. The ACE2 has been identified as a functional receptor

for coronaviruses and may lead to direct cardiac injury by the virus

infection.29 Moreover, the systemic inflammatory response may

result in indirect cardiac damage.30 Our study showed that patients



SUN ET AL. 1277

TABLE 2 Echocardiographic characteristics in critical and non-critical COVID-19 patients

Variable

All patients

(n= 160)

Critical

(n= 50)

Non-critical

(n= 110) PValue

Left heart

LA (mm) 34.9±5.4 36.1±6.2 34.5±4.9 .118

LV (mm) 46.0±4.6 46.1±5.0 46.0±4.5 .897

IVST, (mm) 9.7±1.2 9.7±1.1 9.7±1.2 .705

LVPWT (mm) 9.2±1.2 9.5±1.0 9.0±1.2 .016

LVMI (g/m2) 88.3±19.8 87.1±20.4 88.9±20.0 .583

MVE (m/s) .76±.20 .80±.22 .75±.19 .364

MVA (m/s) .87±.22 .88±.18 .87±.23 .940

MV (E/A) .92±.36 .95±.36 .91±.35 .787

Mean e’ (cm/s) 8.7±2.3 8.0±1.5 9.1±2.5 .004

E/e’ (mean) 9.2±3.4 10.3±3.4 8.6±3.3 .001

DT (ms) 203.4±54.8 204.2±50.2 203.7±57.0 .959

LVEF (%) 63.2±6.9 64.2±6.6 62.7±7.0 .395

LV LS (%) -17.5±2.9 -16.6±2.4 -17.9±3.0 .003

Right heart

RA (mm) 35.8±4.7 37.6±5.7 35.0±3.9 .004

RV (mm) 34.2±4.0 35.9±4.2 33.51±3.7 <.001

PA (mm) 23.7±3.0 25.3±3.1 23.0±2.7 <.001

TV, E (m/s) .56±.14 .58±.16 .54±.13 .285

TV, A (m/s) .58±.16 .63±.16 .56±.15 .015

TV (E/A) 1.00±.33 1.00±.35 1.02±.32 .167

Free wall e’ (cm/s) 11.4±3.3 11.2±3.4 11.5±3.3 .604

Free wall (E/e’) 5.2±1.7 5.5±1.9 5.0±1.6 .247

S’ (cm/s) 14.2±3.0 14.9±3.8 14.0±2.6 .167

TAPSE (mm) 22.8±4.0 21.6±4.4 23.3±3.7 .016

FAC (%) 47.4±5.6 47.4±5.1 47.4±5.8 .957

RVFWLS (%) -22.3±4.8 -18.8±3.6 -23.9±4.4 <.001

Moderate–severe TR (n (%)) 7 (4.4) 6 (12.2) 1 (.9) .004

PASP (mmHg) 34.9±13.2 44.6±14.6 30.1±9.2 <.001

Data are mean ± SD, or n (%). P values comparing critical and non-critical patients. A, late diastolic inflow velocity; COVID-19, coronavirus disease 2019;

DT, deceleration time of E; E, early diastolic inflow velocity; e’,early diastolic tissue velocity; IVST, interventricular septum thickness; FAC, right ventricular

fractional area change; LA, left atrial diameter; LV, left ventricular diameter; LVPWT, left ventricular posterior wall thickness; LVMI, left ventricular mass

index; LVEF, left ventricular ejection fraction; LV LS, left ventricular longitudinal strain; Mean e’, mean value of early diastolic mitral annular tissue velocity

and left ventricular lateral wall tissue velocity; PA, pulmonary artery diameter; PASP, pulmonary artery systolic pressure; RA, right atrial diameter; RV, right

ventricular diameter; RVFWLS, right ventricular free wall longitudinal strain; S’, systolic tricuspid lateral annular tissue velocity; TAPSE, tricuspid annular

plane systolic excursion; TR, tricuspid regurgitation.

with elevated hs-TNI levels had significantly higher inflammatory

indices including CRP and IL-6. In addition, plasma hs-TNI levels were

positively correlated with CRP and IL-6 levels, Meanwhile, histolog-

ical examination presented interstitial inflammatory infiltrates of

myocardial tissue obtained from deceased COVID-19 patients.

With respect to cardiac structure and function, our study depicted

the biventricular geometry and function at different levels of sever-

ity in COVID-19 patients. The conventional echocardiographic param-

eters revealed that right heart chamber was larger, and the PASP

was higher in critical patients than non-critical patients. As previous

studies have pointed out, ARDS can cause an increase in RV after-

load due to severe hypoxemia and the augmented pulmonary vascu-

lar resistance.31,32 The presence of ARDSwasmore common in critical

patients than non-critical patients (82.0% vs 23.6%) in our study, which

can explain for the increase of RV afterload. Additionally, although

there was no significant difference in LVEF and RVFAC between these

two groups, the value of LV LS and RVFWLS were lower in criti-

cal patients. It reflected that longitudinal myocardial strain is capa-

ble of detecting subclinical impairment of ventricular function with

greater sensitivity than conventional echocardiographic parameters,
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F IGURE 2 An example of LV LS, RV FWLS analysis and pathological manifestations of cardiac tissue in a deceased COVID-19 patient with
elevated hs-TNI. (A, B) The LV LS, RV FWLSwere decreased in a deceased patient with elevated hs-TNI. (C, D) The pathological examination
showed interstitial edema and necrosis, and interstitial inflammatory infiltrates in the heart tissue. The red arrows indicated the interstitial edema
and inflammatory infiltrates. The green arrow indicated the interstitial necrosis.
COVID-19, coronavirus disease 2019; hs-TNI, high-sensitivity troponin I; LV LS, left ventricular longitudinal strain; RV FWLS, right ventricular free
wall longitudinal strain

TABLE 3 Univariate logistic regression analysis for predicting the
risk of death in COVID-19 patients

Univariate Analysis

Factors OR (95%CI) PValue

Age (≥65 vs< 65) (years) 2.336 (.929, 5.873) .071

Gender (male vs female) 3.988 (1.401, 11.350) .010

Smoking (yes vs no) 1.769 (.344, 9.097) .495

Hypertension (yes vs no) 1.626 (.670, 3.947) .282

Diabetes mellitus (yes vs no) .526 (.115, 2.413) .408

Cardiac disease (yes vs no) 2.559 (.935, 7.005) .067

Chronic liver diseases (yes vs no) .844 (.099, 7.200) .877

Chronic kidney disease (yes vs no) 2.030 (.202, 20.406) .548

Malignancy (yes vs no) 2.419 (.592, 9.887) .219

ARDS (yes vs no) 20.772 (4.667, 92.453) <.001

hs-TNI (elevated vs normal) 24.82 (6.897, 89.372) <.001

D-dimer (mg/L) 1.057 (.919, 1.215) .439

LVEF (%) 1.047 (.975, 1.126) .207

LV LS (%a) 1.463 (1.179, 1.815) <.001

TAPSE (mma) .959 (.858, 1.071) .456

RV free wall S’ (cm/sa) 1.141 (.996, 1.337) .057

RVFAC( %a) 1.019 (.935, 1.112) .665

RVFWLS (%a) 1.424 (1.210, 1.676) <.001

aPer 1unit increase.OR, odds ratio; other abbreviations as in Tables 1 and2.

TABLE 4 Multivariate logistic regressionmodels for predicting
the risk of death in COVID-19 patients

OR (95%CI) PValue C-index

Model 1 .880

ARDS (yes vs no) 20.068 (4.276, 94.181) <.001

LV LS (%a) 1.499 (1.143, 1.967) .003

Model 2 .933#

ARDS (yes vs no) 12.226 (2.190, 68.252) .004

hs-TNI (elevated

vs normal)

15.132 (3.689, 62.072) <.001

LV LS (%a) 1.533 (1.131, 2.079) .006

Model 3 .895

ARDS (yes vs no) 13.140 (2.796, 61.747) .001

RVFWLS (%a) 1.365 (1.141, 1.633) .001

Model 4 .924†

ARDS (yes vs no) 8.704 (1.749, 43.316) .008

hs-TNI (elevated

vs normal)

7.833 (1.959, 31.322) .004

RVFWLS (%a) 1.267 (1.036, 1.551) .021

aPer 1 unit increase.
#P< .05 versusmodel 1.
†P< .05 versusmodel 3.

OR, odds ratio; other abbreviations as in Tables 1 and 2.
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F IGURE 3 Receiver operating characteristic curves in predicting death of COVID-19 patients. (A) Discriminative abilities of separate LV LS,
separate hs-TNI and combined LV LSwith hs-TNI were evaluated to predict death; (B) Discriminative abilities of separate RVFWLS, separate
hs-TNI and combined RVFWLSwith hs-TNI were evaluated to predict death. The best cutoff values and corresponding AUCwere shown in below.
hs-TNI was analyzed as categorized data (elevated vs normal).
AUC, area under the curve; COVID-19, coronavirus disease 2019; hs-TNI, high-sensitivity troponin I; LV LS, left ventricular longitudinal strain;
RVFWLS, right ventricular free wall longitudinal strain

whichwas in alignmentwith previous studies.5,6 Because the subendo-

cardial layer of the myofibers contributes mainly to longitudinal strain

which ismore sensitive tomyocardial injury.33 Our pathological assess-

ment from autopsies also revealed interstitial or cardiomyocyte edema

and necrosis ofmyocardial tissue, although the pathological specimens

were small. The ability to achieve early detection of impaired myocar-

dial function in SARS-CoV-2 infection by STE may help risk stratify

patients, and the strain value can be easily obtained from bedside

echocardiography. In addition,we used the LV LS thatwas derived from

apical four-chamber rather than LV global longitudinal strain from 4-

, 3- and 2- chamber considering the high risk of contagion to health-

care workers, as well as feasibility of image acquisition in the setting of

respiratory illness and improve feasibility in performing strain analysis

frombedsideechocardiography. Further, previous studyhasproved the

good feasibility, reproducibility of LV LS derived from apical 4-chamber

and demonstrated its strong correlation with LV global longitudinal

strain from 4-, 3- and 2- chamber. Therefore, it is reasonable to use

LV LS to assess LV myocardial function during the outbreak of COVID-

19.34

Risk stratification of patients with COVID-19 can aid decision mak-

ing in early patient triage and resource allocation. Previously, elevated

hs-TNI levels, lower LV LS and RVFWLS, respectively, were reported

as predictors for death in COVID-19 patients.2–4,12–14,35 However,

whether the combination of ventricular longitudinal strain with hs-

TNI has an incremental prognostic value in COVID-19 patients has not

been evaluated. Our study firstly confirmed the significant prognostic

value of ventricularmyocardial function. Themultivariant logistic anal-

ysis revealed that LV LS and RVFWLS both were independent predic-

tors for highermortality in COVID-19 patients, whichwas in alignment

with previous studies in various other diseases.7–10 More importantly,

the further combination of the decreased LV LS or RVFWLS with the

elevated hs-TNI could increase the accuracy for predicting mortality in

COVID-19patients, the lower strain values combinedwithelevatedhs-

TNI levels resulted in an increased risk for death. Therefore,wedemon-

strated that the combination of ventricular longitudinal strain with hs-

TNI can provide an incremental predictive value of death, which may

help to stratify higher risk COVID-19 patients.

5 LIMITATIONS

Our study had some limitations. First, this was a single-center study,

and the sample size was relatively small. Due to the limited number

of events, we did not include all the potential factors associated with

mortality in our study. Second, 2D-STE technique was dependent on

image quality, and the cutoff value of strain in our study may not apply

to other software algorithms due to inter-vendor variability. Third, we

used the LV LS that was derived from apical 4-chamber rather than

LV global longitudinal strain from 4-, 3- and 2- chamber considering

the high risk of contagion to healthcare workers, as well as feasibil-

ity of image acquisition in the setting of respiratory illness. Fourth, the

autopsy findings in deceased patients were based on a small sample

size due to autopsy was unusual in the pandemic environment. Finally,

as a retrospective study design, we did not acquire all the laboratory

biomarker tests of our patients. Therefore, future studies with multi-

center involvement may strengthen the study power.
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F IGURE 4 Kaplan-Meier survival curves based on separate LV LS (A), RVFWLS (B), combination of LV LSwith hs-TNI (C), and combination of
RV FWLSwith hs-TNI (D) in COVID-19 patients.
COVID-19, coronavirus disease 2019; hs-TNI, high-sensitivity troponin I; LV LS, left ventricular longitudinal strain; RVFWLS, right ventricular free
wall longitudinal strain

6 CONCLUSIONS

Our study showed that LV LS and RVFWLS were both mortality pre-

dictors independent from ARDS and elevated hs-TNI in COVID-19

patients. Furthermore, the combination of the elevated hs-TNI and

decreased LV LS or RVFWLS could help increase the predictive value

for fatal outcome. Therefore, we highlight the combination of ventric-

ular longitudinal strain with hs-TNI may enhance risk stratification in

COVID-19 patients.
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