Aal ' itet
alborg Universite AALBORG

UNIVERSITY

Myocardial Work in Patients Hospitalized With COVID-19
Relation to Biomarkers, COVID-19 Severity, and All-Cause Mortality

Olsen, Flemming Javier; Lassen, Mats Christian Hgjbjerg; Skaarup, Kristoffer Grundtvig;
Christensen, Jacob; Davidovski, Filip Soeskov; Alhakak, Alia Saed; Sengelav, Morten;
Nielsen, Anne Bjerg; Johansen, Niklas Dyrby; Graff, Claus; Bundgaard, Henning; Hassager,
Christian; Jabbari, Reza; Carlsen, Jgrn; Kirk, Ole; Lindholm, Matias Greve; Wiese, Lothar;
Kristiansen, Ole Peter; Nielsen, Olav W.; Lindegaard, Birgitte; Tander, Niels; Ulrik, Charlotte
Suppli; Lamberts, Morten; Sivapalan, Pradeesh; Gislason, Gunnar; Iversen, Kasper; Jensen,
Jens Ulrik Staehr; Schou, Morten; Svendsen, Jesper Hastrup; Aalen, John Moene; Smiseth,
Otto Armin; Remme, Espen Wattenberg; Biering-Sgrensen, Tor

Published in:
Journal of the American Heart Association

DOl (link to publication from Publisher):
10.1161/jaha.122.026571

Creative Commons License
CC BY-NC-ND 4.0

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):

Olsen, F. J., Lassen, M. C. H., Skaarup, K. G., Christensen, J., Davidovski, F. S., Alhakak, A. S., Sengelgv, M.,
Nielsen, A. B., Johansen, N. D., Graff, C., Bundgaard, H., Hassager, C., Jabbari, R., Carlsen, J., Kirk, O.,
Lindholm, M. G., Wiese, L., Kristiansen, O. P., Nielsen, O. W., ... Biering-Sgrensen, T. (2022). Myocardial Work
in Patients Hospitalized With COVID-19: Relation to Biomarkers, COVID-19 Severity, and All-Cause Mortality.
Journal of the American Heart Association, 11(19), Article e026571. https://doi.org/10.1161/jaha.122.026571


https://doi.org/10.1161/jaha.122.026571
https://vbn.aau.dk/en/publications/2c2322f9-ebe6-43c9-82de-f4441a2a2de2
https://doi.org/10.1161/jaha.122.026571

General rights

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy

If you believe that this document breaches copyright please contact us at von@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: December 04, 2025



2202 ‘¥ 800100 uo Aq Bio'sfeuinofeye//:dny wouy papeojumoq

Journal of the American Heart Association

ORIGINAL RESEARCH

Myocardial Work in Patients Hospitalized
With COVID-19: Relation to Biomarkers,
COVID-19 Severity, and All-Cause Mortality
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BACKGROUND: COVID-19 infection has been hypothesized to affect left ventricular function; however, the underlying mecha-
nisms and the association to clinical outcome are not understood. The global work index (GWI) is a novel echocardiographic
measure of systolic function that may offer insights on cardiac dysfunction in COVID-19. We hypothesized that GWI was as-
sociated with disease severity and all-cause death in patients with COVID-19.

METHODS AND RESULTS: In a multicenter study of patients admitted with COVID-19 (n=305), 249 underwent pressure-strain
loop analyses to quantify GWI at a median time of 4 days after admission. We examined the association of GWI to cardiac
biomarkers (troponin and NT-proBNP [N-terminal pro-B-type natriuretic peptide]), disease severity (oxygen requirement and
CRP [C-reactive protein]), and all-cause death. Patients with elevated troponin (n=71) exhibited significantly reduced GWI (1508
versus 1707 mmHg%; P=0.018). A curvilinear association to NT-proBNP was observed, with increasing NT-proBNP once
GWI decreased below 1446 mmHg%. Moreover, GWI was significantly associated with a higher oxygen requirement (relative
increase of 6% per 100-mmHg% decrease). No association was observed with CRP. Of the 249 patients, 37 died during
follow-up (median, 58days). In multivariable Cox regression, GWI was associated with all-cause death (hazard ratio, 1.08 [95%
Cl, 1.01-1.15], per 100-mmHg% decrease), but did not increase C-statistics when added to clinical parameters.

CONCLUSIONS: In patients admitted with COVID-19, our findings indicate that NT-proBNP and troponin may be associated
with lower GWI, whereas CRP is not. GWI was independently associated with all-cause death, but did not provide prognostic
information beyond readily available clinical parameters.

REGISTRATION: URL: https:/www.clinicaltrials.gov; Unique identifier: NCT04377035.
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CLINICAL PERSPECTIVE

What Is New?

e Myocardial work is associated with biomarkers
suggestive of myocardial injury in patients
admitted with COVID-19.

e Myocardial work is associated with oxygen
requirement as a sign of COVID-19 severity.

e Myocardial work is associated with all-cause
death in patients with COVID-19.

What Are the Clinical Implications?

e The findings indicate that a novel echocardio-
graphic measure of systolic function (ie, myo-
cardial work) is associated with myocardial
injury and disease severity in COVID-19 but
does not improve risk prediction of all-cause
mortality.

e Future studies should validate our findings and
explore the potential of myocardial work for pre-
dicting cardiovascular outcomes.

Nonstandard Abbreviations and Acronyms

EWS early warning score
GCW global constructive work
GLS global longitudinal strain
GWE global work efficiency
GWI global work index
GWW  global wasted work
PSL pressure-strain loop

comorbidity in patients admitted with COVID-19,

and studies suggest that preexisting cardiovascu-

lar disease increases the risk of both major adverse car-
diovascular events and in-hospital mortality."- Although
COVID-19 infection can induce a systemic inflammation,
resulting in cardiac complications, it may also affect left
ventricular (LV) function through various other mecha-
nisms.*% Accordingly, biomarker-based studies suggest
that COVID-19 is frequently associated with cardiac in-
jury (defined as elevated troponin) and that presence of
cardiac injury, in turn, poses an increased risk of death.®
Given the high frequency of cardiac involvement
and cardiac complications observed with COVID-19,2
there is a need for improving our understanding of
how COVID-19 infection affects the myocardium and
the clinical relevance of myocardial dysfunction in
COVID-19. Novel echocardiographic techniques hold
potential for detecting myocardial abnormalities and
may thereby help delineate the mechanism by which

Cardiovascular disease is a frequently encountered
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COVID-19 affects LV function. It may furthermore iden-
tify patients at risk of a poor disease course to help tailor
patient management and improve prognosis. Several
echocardiographic studies have been performed in
patients with COVID-19, and these have persistently
shown that right ventricular (RV) dysfunction is an im-
portant marker of mortality risk.”"® Although several
studies have also shown an association between LV
global longitudinal strain (GLS) and clinical outcomes
in patients with COVID-19,8'° others have reported that
this association is influenced by the presence of hyper-
tension, owing to the afterload dependency of GLS."

An extension of myocardial speckle tracking has re-
cently been introduced, the so-called pressure-strain
loop (PSL) analyses.'”” PSL contemplates the use of
blood pressure (BP) and valvular event timing in con-
junction with LV speckle tracking to provide pressure-
strain area curves that can quantify the amount of
myocardial work, the global work index (GWI), per-
formed by the LV."?> Consequently, it incorporates after-
load and, therefore, provides a more valid measure of
intrinsic myocardial contractile function than with strain
imaging. GWI has also shown to correlate closely with
LV metabolism and may, therefore, be a useful marker
in ischemic heart disease.”? In addition, PSL analyses
also acquire measures of paradoxical deformation that
have been reported as useful markers in myocardial
ischemia.'® Taken together, PSL analyses may, there-
fore, be useful in patients with COVID-19 given the high
prevalence of cardiac injury that could suggest pres-
ence of myocardial ischemia.

Therefore, we hypothesized that GWI was asso-
ciated with cardiac and inflammatory biomarkers,
COVID-19 severity, and all-cause death and inves-
tigated this in a detailed, prospective, echocardio-
graphic study of patients admitted with COVID-19.
Because PSL analyses can also quantify constructive
work, wasted work, and work efficiency, which reflect
the amount of paradoxical motion that may develop
with cardiac injury, secondary to myocardial ischemia,
we also explored how these myocardial work indexes
relate to the above-mentioned factors.

METHODS

Data Availability

The data cannot be shared publicly because they
contain sensitive information on study participants.
This is in line with Danish regulations. Request for data
access should be directed to the Danish Data Protection
Agency (“Videnscenter for Dataanmeldelser”).

Study Population

The study is an analysis based on the ECHOVID-19
study, a multicenter study of patients admitted with
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laboratory-confirmed COVID-19 during the 2 Danish
COVID-19 epidemic waves. The study included patients
admitted at any hospital located in the eastern part of
Denmark, comprising a total of 8 centers. Patients
were included from COVID-19 wards but not intensive
care units. Patients were included independently of
their clinical and health profiles. Inclusion for the first
wave spanned from March 30 through June 3, 2020
(n=215), and the second wave spanned from January
19 through March 12, 2021 (n=90), resulting in a
total of 305 patients. Details on viral strains were not
specifically investigated in this study; however, the
dominant viral strain during the first wave was the 20C
clade, and the dominant viral strains during the second
wave were the 20E (EU1) and Alpha (B.1.1.7).

PSL analysis assumes that BP may be used as a
noninvasive surrogate of LV pressure. This assumption
is not fulfilled in patients with outflow obstruction, pa-
tients were excluded if they had any degree of aortic
valve stenosis (n=11), leaving 294 eligible for analyses.
Of these, 1 patient was excluded because of missing
details on BP and 44 patients were excluded because
of insufficient image quality for speckle tracking and
valvular event timing analyses, leaving 249 for final
analyses. An overview of the inclusion process and
data availability is shown in Figure 1.The study was reg-
istered at Clinicaltrials.gov (identifier: NCT04377035)
and was approved by the regional scientific ethics
committee (identifier: H-20021500). Informed consent
was obtained from all patients, and the study adhered
to the second Declaration of Helsinki.

Baseline Information

Details on medical history and current medication were
obtained by a questionnaire and from electronic medical
health records. Vital signs (BP, heart rate, temperature,
respiratory frequency, and oxygen saturation) were
acquired at the time of the echocardiogram and were
used to calculate the early warning score (EWS).
Venous blood samples were drawn at the time of
the echocardiogram and included measurement of
plasma values for NT-proBNP (N-terminal pro-B-type
natriuretic peptide) (available in 162) and troponin |
and troponin T (available in 86 and 88, respectively),
creatinine (available in 247), and CRP (C-reactive
protein) (available in 241). For analysis of NT-proBNP,
patients with a creatinine of >150 umol/L were excluded
because of unreliable NT-proBNP values (n=20).
Myocardial injury was defined as elevated troponin,
defined as either troponin | or troponin T above the
institutional 99th percentile. Known heart disease was
defined as presence of either ischemic heart disease
or heart failure. A more detailed outline of the definition
of comorbidities has previously been published and is
available in Data $1.84

J Am Heart Assoc. 2022;11:e026571. DOI: 10.1161/JAHA.122.026571
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Outcome

The primary outcome was all-cause death, obtained
from medical records. End point extraction was made
on June 17, 2020, for the first wave, and on April 15,
2021, for the second wave. At this point, no patient was
any longer admitted. In addition, secondary outcomes
included cardiac biomarkers (elevated troponin and
NT-proBNP) and COVID-19 severity, assessed by
oxygen requirement and CRP.

Echocardiography
Bedside transthoracic examinations were performed
in all patients according to a prespecified protocol
using a portable ultrasound machine (Vivid 1Q; GE
Healthcare, Horten, Norway). The median time
between admission and echocardiography was 4 days
(interquartile range, 2-8days). The examinations were
stored in a remote digital archive (Viewpoint 6.11.2),
and echocardiographic analyses were performed as
postprocessing analyses with commercially available
software (EchoPAC 203; GE Healthcare).
Conventional echocardiographic measurements
were performed according to the 2015 European
Association of Cardiovascular Imaging/American
Society of Echocardiography recommendations for
cardiac chamber quantification,’® and a detailed
description of the analyses is provided in Data Si.
Reduced LV ejection fraction (LVEF) was defined as an
LVEF <52% for men and <54% for women. RV systolic
dysfunction was defined as a tricuspid annular plane
systolic excursion <17mm. RV hypertension was de-
fined as present if the tricuspid regurgitant velocity was
>2.8m/s. If this was not measurable, RV hypertension
was instead defined on the basis of secondary indica-
tors, according to pulmonary hypertension guidelines'®
(Data S1).

PSL Analyses

The process of performing PSL analyses is shown in
Figure 2. Three key elements were acquired for PSL
analyses: (1) Arterial cuff BP, measured at rest by
an automatic BP monitor. (2) Valvular event timing,
measured using color tissue Doppler images of the
apical 4-chamber view by placing a curved M-mode
sample through the anterior mitral valve leaflet. From
a color-based scheme, the opening and closure of the
aortic and mitral valve were then determined.'” (3) LV
strain traces, obtained by myocardial speckle tracking
performed in the apical 4-chamber view, 2-chamber
view, and longitudinal long-axis view (mean frame
rate, 55+4 frames per second). Speckle tracking
was performed with a semiautomatic approach, and
segments that were persistently untraceable were
excluded.
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Figure 1. Flowchart.

Flowchart showing study inclusion process and data availability. Created with Biore
nder.com. BP indicates blood pressure; CRP, C-reactive protein; Hgb, hemoglobin; NT-
proBNP, N-terminal pro-B-type natriuretic peptide; and PSL, pressure-strain loop.

Systolic BP and valvular event timings were used to
customize a reference LV pressure curve to provide an
individualized estimated LV pressure curve. Combined
with strain traces, this estimated pressure curve was
used to acquire segmental PSL. Global work indexes

were calculated as averages of segments. Because
work represents the product of force (LV pressure in
mmHg) and distance (strain in percentage), the unit
for the work indexes is in mmHg%. The primary mea-
sure of interest was GWI, which represents the total

Figure 2. Overview of study methods and concept.

The figure summarizes the study design. Top panel: patients admitted with COVID-19 were included. Second panel: 4 steps in the
pressure-strain loop analyses: (1) Arterial cuff blood pressure (BP) was measured. (2) Valvular event timing was measured by color
tissue Doppler imaging M-mode. Color changes were used to place event timing. White dotted lines represent valvular event timings,
as follows: from left to right on the figure: mitral valve closure, aortic valve opening, aortic valve closure, and mitral valve opening. (3)
Strain curves were derived from left ventricular (LV) speckle tracking: each curve represents a myocardial segment from one projection.
(4) An LV pressure (LVP) reference curve was customized according to valvular event timing and systolic BP to generate an estimated
LVP curve, which, along with strain curves, were used to derive pressure-strain loops. Third panel: segmental pressure-strain loops,
the area of which corresponds to the myocardial work index. Fourth panel: myocardial work index was then related to the outcomes of
all-cause death and COVID-19 severity. Parts of the figure were created with Biorender.com.

J Am Heart Assoc. 2022;11:e026571. DOI: 10.1161/JAHA.122.026571
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»
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Biomarkers

work performed from mitral valve closure to mitral
valve opening and consequently corresponds to the
area within the PSL. Secondary exposure variables
that were obtained included the following: global

J Am Heart Assoc. 2022;11:e026571. DOI: 10.1161/JAHA.122.026571

constructive work (GCW), global wasted work (GWW),
and global work efficiency (GWE). GCW represents the
sum work from shortening during systole and length-
ening during the isovolumic relaxation, and conversely
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GWW represents the sum of work from lengthening
during systole and shortening during isovolumic relax-
ation. GWE is calculated as the fraction of GCW to the
sum of GCW and GWW.'8

Abnormal work indexes were defined according
to recently proposed age- and sex-stratified thresh-
old values derived from the CCHS (Copenhagen City
Heart Study) (Data $1).'°

Statistical Analysis

For continuous variables, normality was assessed by
histograms, and normally distributed variables are pre-
sented as means with SDs. Nonnormally distributed vari-
ables are presented as medians with interquartile ranges.
Categorical variables are presented as total numbers
and proportions. Clinical characteristics were compared
across the 2 COVID-19 waves, between groups of PSL
feasibility, and between groups with available versus non-
available NT-proBNP. Groupwise comparisons of clinical
and echocardiographic variables were further performed
according to normal versus abnormal GWI, presence of
myocardial injury, and all-cause mortality.

Linear regression analyses were performed to in-
vestigate the association between myocardial work
indexes and NT-proBNP. Similar analyses were also
performed to investigate the association between myo-
cardial work indexes and CRP. Because of skewness,
several variables were transformed to acquire normal-
ity. NT-proBNP and GWW were log transformed, CRP
was square root transformed, creatinine was trans-
formed with a 1/square root transformation, and GWE
underwent a logit transformation. Multivariable adjust-
ments were made for the following variables: age, sex,
known heart disease, creatinine, and atrial fibrillation.
These variables were selected because they are all as-
sociated with NT-proBNP and have also been linked to
elevations in CRP.?0-23

Because a substantial part did not require supple-
mental oxygen, the oxygen requirement variable was
overdispersed with excess zeros. Therefore, negative
binomial regression analysis was applied for model-
ing for highly dispersed count data to investigate the
association between myocardial work indexes and
oxygen requirement. Multivariable adjustments were
performed similar to the linear regression analyses.

Cox proportional hazards regression was used to ex-
amine the association between myocardial work indexes
and all-cause death. Proportional hazards were exam-
ined by inspection of Schoenfeld residuals. Harrell's
C-statistics were calculated from the univariable Cox
regression analyses. Kaplan-Meier survival curves were
constructed to illustrate the risk of all-cause death for
abnormal versus normal work indexes throughout fol-
low-up. The log-rank test was used to test for statisti-
cal significance across curves. Complementary loglog

J Am Heart Assoc. 2022;11:e026571. DOI: 10.1161/JAHA.122.026571
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survival plots were constructed to inspect proportionality
for normal versus abnormal work indexes.

Multivariable Cox regression was made to adjust
for confounders and obtain fitted hazard ratios (HRs).
A limited number of covariates were selected to avoid
overfitting. Adjustments were made for the most influ-
ential confounders, being well-established predictors
of death and factors that would also influence myocar-
dial work indexes. These included age, EWS, known
heart disease, and left bundle-branch block by admis-
sion ECG. Test for interaction was made against age,
sex, RV hypertension, and COVID-19 wave. Harrell’s
C-statistics were also calculated from multivariable
Cox regression to explore whether work indexes or
GLS would improve discrimination when added to a
base model of age, EWS, and known heart disease.
Comparative analyses of systolic measures were made
by including GLS, LVEF, and work indexes sequentially
in bivariable models (ie, LVEF and GWI in one model,
and GLS and GWI in another model). Variance inflation
factor was calculated as an estimate of collinearity.

Because of nonlinearity in some of the regression
models, restricted cubic spline curves were created,
and the number of knots was selected on the basis of
the model that provided the lowest Akaike information
criterion.

P<0.05 was considered significant in all analyses.

All analyses were performed using STATA SE (ver-
sion 15; StataCorp, College Station, TX).

RESULTS

Baseline clinical, biochemical, and echocardiographic
characteristics are presented in Table 1. Briefly, the
mean age was 68+14years, 57% were men, 15% had
known heart disease, and the median EWS was 2 (in-
terquartile range, 1-4).

In terms of echocardiographic characteristics, 21%
had RV systolic dysfunction, 13% had RV hyperten-
sion, and 20% had LV systolic dysfunction by LVEF.
Mean GWI was 1659+550mmHg%, mean GCW was
1852+567 mmHg%, median GWW was 76 mmHg%
(interquartile range, 48-130mmHg%), and median
GWE was 95.6% (interquartile range, 92.1%-97.5%).
Table 1 also outlines clinical, biochemical, and echo-
cardiographic characteristics, as stratified by normal
versus abnormal GWI. Those with abnormal GWI were
older, had a higher EWS, had lower BP, higher heart
rate, more frequently had ischemic heart disease,
heart failure, kidney dysfunction, and higher LV mass,
and had reduced LV and RV systolic function.

Of note, no clinical differences were observed be-
tween patients in the 2 COVID-19 waves (Table S1).
However, patients in whom PSL was feasible were
younger (68 versus 73years) than those without
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Table 1. Baseline Characteristics for Entire Population and Stratified by GWI

Myocardial Work in COVID-19

Characteristic All (n=249) Normal GWI (n=143) Abnormal GWI (n=106) P value
Clinical
Age, y 68+14 65+14 72+13 <0.001
Male sex 143 (57) 77 (54) 66 (62) 0.18
Body mass index, kg/m? 27+5 27+5 26+5 0.09
Early warning score 2 (1-4) 2 (1-9) 3(1-4) <0.001
Systolic blood pressure, mmHg 12719 132+19 119417 <0.001
Diastolic blood pressure, mmHg 7411 75+11 72412 0.018
Heart rate, beats/min 81116 78+14 85+18 <0.001
Oxygen saturation, % 95 (94-96) 95 (94-96) 95 (93-96) 0.22
Respiratory rate 18 (17-20) 18 (17-20) 19 (18-22) 0.14
Temperature, °C 37.0+0.69 37.0+0.70 37.1+0.68 0.96
Hypertension 131 (53) 68 (48) 63 (59) 0.06
Diabetes 62 (25) 35 (25) 27 (26) 0.91
Chronic obstructive pulmonary 33 (13) 17 (12) 16 (15) 0.46
disease
Ischemic heart disease 26 (10) 10 (7) 16 (15) 0.039
Heart failure 25 (10) 4 (3) 21 (20) <0.001
Biomarkers
Plasma pro-B-type natriuretic 340 (118-1370) 304 (133-1036) 506 (118-1522) 0.36
peptide, ng/L
Plasma troponin I, ng/L 12 (7-29) 11 (6-29) 14 (9-34) 0.32
Plasma troponin T, ng/L 21 (13-33) 18 (11-25) 25 (17-54) 0.008
Plasma CRP, mg/L 56 (23-95) 51 (20-85) 58 (24-98) 015
Plasma creatinine, umol/L 75 (58-99) 70 (57-93) 81 (61-109) 0.042
Echocardiography
Left ventricular mass index, g/m? 82 (67-97) 78 (68-92) 90 (67-112) 0.045
Left ventricular internal diameter, cm 4.5+0.7 4.5+0.6 4.6+0.8 0.20
Left ventricular ejection fraction, % 59 (63-63) 61 (57-64) 53 (47-58) <0.001
Left atrial volume, mL/m? 20 (15-26) 20 (16—-24) 22 (15-30) 0.10
Tricuspid annular plane systolic 20+4.8 22+4 1845 <0.001
excursion, mm
Tricuspid regurgitant gradient, mmHg 219 20+9 2349 0.09
Right ventricular hypertension 32 (13) 15 (11) 17 (16) 0.20
Global longitudinal strain, % -15.8+4.3 -18.3+2.8 -12.3+£3.3 <0.001
Global constructive work, mmHg% 1852+567 2212+411 1366+341 <0.001
Global wasted work, mmHg% 76 (48-130) 68 (41-110) 88 (56-156) 0.008
Global work efficiency, % 95.6 (92.1-97.5) 96.7 (94.8-98.0) 92.2 (88.0-96.3) <0.001

Continuous variables showing Gaussian distribution are shown as mean+SD. Continuous variables not showing Gaussian distribution are shown as median

(interquartile range). Other data are given as number (percentage). CRP indicates C-reactive protein; and GWI, global work index.

feasible PSL analyses, and fewer had chronic obstruc-
tive pulmonary disease (13% versus 29%) (Table S2).

Association With Cardiac Biomarkers

Patients with abnormal GWI exhibited higher troponin
T values compared with normal GWI but no difference
for troponin | (Table 1). We did, however, observe that
patients who had myocardial injury (n=71) exhibited
significantly reduced GWI (1508 versus 1707 mmHg%;
P=0.018) and GCW (1701 versus 1887 mmHg%;
P=0.026), whereas no differences were observed for

J Am Heart Assoc. 2022;11:e026571. DOI: 10.1161/JAHA.122.026571

GWW (81 mmHg% for both groups; P=0.35) nor GWE
(95.1% versus 95.8%; P=0.11). These patients were
also of older age, more frequently had hypertension
and heart failure, and had a higher LV mass and lower
LVEF (Table S3).

Patients with abnormal work indexes by GWI,
GCW, and GWW did not exhibit any differences in
NT-proBNP compared with those with normal work in-
dexes. However, those with abnormal GWE did exhibit
significantly higher NT-proBNP at baseline (median,
747 versus 290ng/L; P=0.006, for abnormal versus
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Figure 3. Association between work indexes and NT-proBNP (N-terminal pro-B-type natriuretic peptide).

The figures represent restricted cubic spline curves, showing a curvilinear association between global work index and NT-proBNP as
well as global constructive work and NT-proBNP. In unadjusted models, both decreasing and increasing values of global work index
beyond the inflection point of 1446 mmHg% were associated with increasing NT-proBNP (top left panel). A similar association can
be appreciated for global constructive work and NT-proBNP (inflection point of 1616 mmHg%) (top right panel). After adjustments
for relevant confounders, only decreasing values were associated with increasing NT-proBNP for both global work index (bottom left
panel) and global constructive work (bottom right panel). The values of NT-proBNP are presented as geometric means.

normal GWE, respectively). Of note, patients who had
NT-proBNP measured more frequently had heart fail-
ure at baseline (13% versus 5%; P=0.045) than those
who did not have NT-proBNP measured; otherwise, no
clinical differences were observed (Table S4).

In unadjusted analyses, both GWI and GCW
showed a significant curvilinear association with NT-
proBNP (Figure 3A and 3B), but after multivariable
adjustment, this association changed such that only
decreasing GWI and GCW below the inflection points
of 1446 and 1616 mmHg%, respectively, were asso-
ciated with increasing NT-proBNP (Figure 3). No as-
sociation with GWW and GWE was observed after
multivariable adjustments.

Association With Severity of COVID-19

In linear regression analyses, no association was ob-
served between any myocardial work indexes and

J Am Heart Assoc. 2022;11:e026571. DOI: 10.1161/JAHA.122.026571

CRP, and patients with abnormal work indexes exhib-
ited similar CRP levels as those with normal work in-
dexes (P>0.05 for all) (Figure S1).

At baseling, the patients who required any supple-
mental oxygen (n=138) exhibited significantly reduced
GWI and GCW (GWI: 1598 versus 1749mmHg%
[P=0.031]; GCW: 1791 wversus 1936mmHg%
[P=0.043]), albeit similar GWW and GWE compared
with those with normal work indexes. Decreasing GWI
and GCW were associated with higher oxygen require-
ment (Figure 4A and 4B), which persisted after mul-
tivariable adjustments, showing a relative increase in
oxygen requirement of 6% per 100-mmHg% decrease
in both GWI and GCW (relative increase of 6% [95% Cl,
1-11] [P=0.010] and 6% [95% ClI, 1-10] [P=0.011] for
GWI and GCW, respectively). No association between
neither GWW nor GWE and oxygen requirement was
observed after multivariable adjustments.
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Figure 4. Association between work indexes and oxygen supply.

The figures represent unadjusted restricted cubic spline curves based on negative binomial regression analyses, showing that
decreasing global work index (A) and global constructive work (B) were associated with increasing oxygen requirement. An underlying
histogram is also provided, and the second y axis refers to this histogram.

Systolic Function and All-Cause Mortality
During a median follow-up of 58days (interquartile
range, 43-70days), 37 (15%) died of any cause. Clinical,
biochemical, and echocardiographic characteristics,
stratified by survival status, are shown in Table S5.

The risk of dying with continuous changes in work
indexes is shown in Figure 5. Furthermore, abnor-
malities in all work indexes were associated with a
significantly increased risk of death, as shown in
Figure 6.

After multivariable adjustment for age, EWS, known
heart disease, and left bundle-branch block, GLS,
GWI, GWW, and GWE remained significantly associ-
ated with all-cause death (Table 2). Of note, no effect
modification was observed from age, sex, COVID-19
wave, or RV hypertension in multivariable models
(P>0.05 for interaction for all). In contrast, LVEF did not
remain significantly associated with all-cause death
after similar adjustments (HR, 1.03 [95% ClI, 0.99-1.07]
[P=0.11], per 1% decrease).

Of all myocardial work indexes, GWI yielded the high-
est Harrel’'s C-statistic of 0.694, also higher than LVEF
(C-statistic of 0.648) but similar to GLS (C-statistic of
0.697). However, neither GLS nor any of the work in-
dexes significantly increased Harrell's C-statistics when
added to age, EWS, and known heart disease (Harrell’s
C-statistic for age, EWS, and known heart disease:
0.778 versus age, EWS, known heart disease, and GWI:
0.790 [P for increment=0.39]; age, EWS, known heart
disease, and GCW: 0.785 [P for increment=0.49]; age,
EWS, known heart disease, and GWW: 0.791 [P for in-
crement=0.24]; and age, EWS, known heart disease,
and GWE: 0.788 [P for increment=0.44]).

In a bivariable model, including GWI and LVEF, only
GWI remained significantly associated with all-cause
death (GWI: HR, 1.14 [95% ClI, 1.03-1.26] [P=0.012],
per 100-mmHg% decrease; LVEF: HR, 1.03 [95% ClI,
0.99-1.07] [P=0.19], per 1% decrease). The same was
noted in a bivariable model with GLS and LVEF (GLS:
HR, 1.15 [95% CI, 1.02-1.30] [P=0.028], per 1% ab-
solute decrease; LVEF: HR, 1.02 [95% CI, 0.97-1.07]
[P=0.39], per 1% decrease).

In a bivariable model including GWI and GLS, none
of the 2 measures was associated with all-cause
death. Variance inflation factor for this model was 3.06.
Neither GCW nor GWE was associated with all-cause
death in bivariable models with GLS, whereas GLS
did remain associated with all-cause death in these
models. However, this association for GLS did not per-
sist with further multivariable adjustments (age, EWS,
known heart disease, and left bundle-branch block). In
a bivariable model with GLS and GWW, both variables
were associated with all-cause death; however, only
GWW remained associated with all-cause death with
further multivariable adjustments (HR, 1.09 [95% CI,
1.00-1.18]; P=0.048, per 50—-mmHg% increase).

DISCUSSION

The key findings from this report can be summarized as
follows: Cardiac dysfunction, as assessed by biomark-
ers, may be associated with reduced GWI and GCW,
whereas inflammatory burden was not associated with
any echocardiographic measure of myocardial func-
tion. Furthermore, GWI and GCW were also associated
with disease severity by oxygen requirement, possibly

J Am Heart Assoc. 2022;11:e026571. DOI: 10.1161/JAHA.122.026571 9
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Figure 5. Association between work indexes and all-cause death.

The figures represent unadjusted restricted cubic spline curves based on Poisson regression, showing the continuous association
between myocardial work indexes and the incidence rate of all-cause death. Decreasing global work index (top left panel), global
constructive work (top right panel), and global work efficiency (bottom right panel) were all associated with a higher risk of all-cause
death, and so was increasing global wasted work (bottom left panel).

reflecting their close association to myocardial oxygen
consumption. Finally, we observed that GWI, GWW,
and GWE were associated with all-cause death, but
the measures did not increase discrimination to predict
all-cause death compared with clinical features.

Myocardial Work and Biomarkers in
COVID-19

As mentioned, cardiac injury has been noted as a frequent
finding in patients with COVID-19, which was also ob-
served in this study, with 41% exhibiting elevated troponin.
Cardiac injury has previously been reported to underly
15% of indications for echocardiography in patients with
COVID-19.24 Systolic measures, including both LVEF and
GLS, have been shown to be associated with troponin,?®
and GLS has been shown to add prognostic information
beyond presence of cardiac injury and clinical character-
istics.?22" This previously observed additive clinical benefit
of echocardiography contrasts with our findings and may

J Am Heart Assoc. 2022;11:e026571. DOI: 10.1161/JAHA.122.026571

rely on the prior studies being retrospective, with echocar-
diograms being performed clinically and, hence, subject
to indication bias. The strength of a prospective study as
ours is that it includes a broader scope of patients with
CQVID-19, providing more unselected insights as to the
pathophysiological features of cardiac injury and myocar-
dial dysfunction. Furthermore, systemic hypertension may
itself cause elevations in troponin,?®2° and given the after-
load dependency of systolic measures, measures seeking
to account for BP may therefore be of value to account for
this potential underlying confounder and provide a more
unbiased assessment of the relationship between tro-
ponin and systolic function.

Several mechanisms have been proposed as expla-
nations for why these patients exhibit signs of cardiac
injury. First, myocardial injury could indicate ischemia as
part of a type 2 myocardial infarction that would reduce
the metabolism of the LV.2° This notion is supported
by the close correlation between myocardial work
and myocardial metabolism that has previously been

10
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Figure 6. Abnormal work indexes and all-cause death.

The figures represent Kaplan-Meier estimators, showing the probability of survival throughout the follow-up period, according to
normal vs abnormal myocardial global work index (GWI) (top left panel), global constructive work (GCW) (top right panel), global
wasted work (GWW) (bottom left panel), and global work efficiency (GWE) (bottom right panel).

established,”” as well as the association we observed
between GWI and oxygen requirement. Both GWW
and GWE further represent the features of postsystolic
shortening and early systolic lengthening, both of which
can indicate presence of myocardial ischemia.®!

However, troponin release could indicate various
other conditions, including cytokine storm, myocarditis,
stress-induced cardiomyopathy, and myocardial injury
secondary to direct viral invasion.® Our findings are in
line with a prospective cohort study of patients admitted

Table 2. Continuous Changes in Myocardial Work Indexes and Risk of All-Cause Death

Global work index, per 100-mmHg% 114 (1.07-1.21) <0.001 0.694 1.08 (1.01-1.15) 0.031
decrease

Global constructive work, per 100— 1.10 (1.04-1.17) 0.002 0.653 1.05 (0.99-1.12) 0.13
mmHg% decrease

Global wasted work, per 50-mm Hg% 115 (1.07-1.23) <0.001 0.645 1.11 (1.03-1.21) 0.007
increase

Global work efficiency, per % 1.06 (1.03-1.09) <0.001 0.674 1.04 (1.01-1.08) 0.014
decrease

Global longitudinal strain, per % 119 (1.10-1.28) <0.001 0.697 1.10 (1.01-1.19) 0.028
absolute decrease

Adjusted for age, early warning score, known heart disease, and left bundle-branch block. HR indicates hazard ratio.

J Am Heart Assoc. 2022;11:e026571. DOI: 10.1161/JAHA.122.026571
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with COVID-19 by Lairez et al (h=31), including patients
with abnormal troponin levels, which observed that GWI
and GWE were lower in those with abnormal troponin T
compared with controls.®? However, in a retrospective
cohort study of 136 patients admitted with COVID-19
(PSL available in 75), Minhas et al observed no asso-
ciation between troponin | and measures of LV systolic
function, which is at odds with our observation.®® Of
note, this observation should be interpreted in context of
the overall normal troponin levels observed in that study,
indicating a fairly mild myocardial involvement.

As for troponin, large-scale studies have also
noted abnormalities in NT-proBNP that frequently ap-
pear in COVID-19 and relate to prognosis, even in the
absence of heart failure.3* Although we observed a
significant association between GWI and GCW and
NT-proBNP, neither Minhas et al nor Lairez et al ob-
served such an association.®?33 This discrepancy may
rely on the statistical handling, because we observed
a nonlinear association, an analytical approach that
was not explored in the other studies. Although a
stretch-mediated secretion of natriuretic peptides
may explain the association between these measures
of LV systolic dysfunction and NT-proBNP, as typically
observed in heart failure, NT-proBNP is also released
as part of the inflammatory response when cytokines
are released.®® Accordingly, the association between
GWI and GCW and NT-proBNP could therefore also
reflect inflammatory burden. This is, however, less
likely given that we observed no association between
any work indexes and CRP, concordant with other
studies.3233

Clinical Perspective

Although we observed that several work indexes were
associated with an increased risk of death, Minhas et
al only found GWE to be associated with in-hospital
death, whereas no association was observed for
GWI, GLS, or LVEF. This underlines the prognostic
potential of GWE, whereas the discrepant findings
compared with ours may be explained by the smaller
sample size and fewer number of events in their study
(n=75; events: 25).%3 However, an interesting finding by
Minhas et al was that GWE was associated with an
increased risk of death even in patients with normal
LVEF.3® Whether there is additional benefit of work
indexes compared with GLS has, however, not been
clear. In fact, our findings do not suggest superiority
of GWI over GLS, but rather that they provide similar
prognostic information. Nonetheless, knowing that
GLS is influenced by afterload, GWI may serve as a
better alternative. Furthermore, GWW, also acquired
through PSL analyses, did seem to carry prognostic
information independent of GLS. Although this needs
to be validated externally, it emphasizes the strength of

J Am Heart Assoc. 2022;11:e026571. DOI: 10.1161/JAHA.122.026571
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PSL analysis in providing a detailed characterization of
myocardial tissue function.

Although we observed that work indexes were as-
sociated with mortality, they did not improve discrim-
ination for predicting mortality compared with readily
available clinical information, including age, EWS, and
known heart disease. This defers their routine use in
clinical practice, particularly considering the need for
limiting exposure time for sonographers.! However,
in carefully selected patients, echocardiography may
change management in up to a third of patients,?*3°
and the excess mortality observed with myocardial
injury and LV dysfunction stresses the need for further
studies to clarify the underlying mechanisms to bet-
ter delineate how biomarkers and echocardiographic
measures should be applied clinically to improve
prognosis in patients with COVID-19. Furthermore, we
did not examine cause-specific death, and it may be
possible that work indexes could be clinically useful
in terms of improving risk prediction of cardiovascular
death. Because RV dysfunction has been reported in
20% of hospitalized patients with COVID-19 and may
develop secondary to severe respiratory distress,®"38
RV measures may be more valuable in terms of as-
sessing prognosis. Although RV strain has been
shown to be associated with mortality, it is also influ-
enced by afterload; and because pulmonary hyper-
tension has similarly been shown to be associated
with mortality,®® the prognostic potential of reduced
RV strain could therefore be mediated by pulmonary
hypertension. Similar to PSL analyses of the LV, RV
PSL has recently been proposed as a method to ac-
count for RV afterload.“®4" Consequently, RV PSL
could be of potential use in patients with COVID-19.
Although the use of RV PSL may be limited by image
quality, particularly in a bedside, short-term setting
such as with COVID-19, this could be a point of focus
for future studies to clarify the importance of intrin-
sic RV systolic dysfunction. In addition to outcome
prediction, there is also a clinical need to better un-
derstand the long-term consequences in patients
who recover from COVID-19. Several ailments have
been described following COVID-19 infection,*? and
although RV function has been reported to both im-
prove and deteriorate after recovery of COVID-19 in-
fection, LV function does not seem to improve and
may even deteriorate, particularly in moderate-severe
infection but also in mild cases.*>#* Hence, the con-
sequences of COVID-19 go beyond the immediate in-
fection, and the clinical implications of persistent LV
dysfunction need to be explored further.

Strengths and Limitations

Strengths of the study include the large sample size,
prospective multicenter design, and protocolized

12
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echocardiographic examination. This is the to date
largest echocardiographic study of patients hospital-
ized with COVID-19.

Several limitations, however, apply to this study.
First, the time span between admission and echocar-
diography of 4 days introduces some bias as patients
with COVID-19 who died early after admission would
not have been included. Second, patients who did not
have PSL analyses performed were older and more
frequently had chronic obstructive pulmonary disease,
and patients who had NT-proBNP measured more fre-
quently had heart failure at baseline, which suggests
some selection bias. We did not include patients from
intensive care units. Collectively, these aspects indi-
cate that we cannot generalize our findings to all pa-
tients admitted with COVID-19.

Cardiovascular death could have provided different
insights as to the prognostic and clinical value of myo-
cardial work indexes; hence, it is a limitation that we did
not have information on cause of death in this study.

Because of the low number of events, we were lim-
ited as to how many confounders we could adjust for to
avoid overfitting. Furthermore, the observational nature
of the study also implies that unrecognized and unreg-
istered factors could have influenced the findings, in-
cluding our lack of details on viral strains of COVID-19.
Consequently, there may be residual and uncorrected
confounding present in our study. Furthermore, some
of our findings may also be ascribed to low statistical
power, including the observation that LVEF was not
associated with all-cause mortality after multivariable
adjustments.

Our analyses on cardiac biomarkers were per-
formed only on a subset of the patients because of
missing values; however, the number of covariates
that we included in the regression analyses falls
within the acceptable number of subjects per vari-
able proposed by simulation studies.*® Even so, this
warrants caution for the interpretation of our results,
and our findings should therefore be validated in
larger studies.

CONCLUSIONS

In hospitalized patients with COVID-19, our findings in-
dicate that myocardial work indexes may be associated
with troponin and NT-proBNP; however, given the few
subjects with available cardiac biomarkers, this should
be validated in larger studies. Furthermore, myocardial
work indexes are associated with oxygen requirement,
but not CRP as a marker of inflammation. Worsening
myocardial work indexes posed an increased risk of
death in COVID-19; however, the indexes did not im-
prove prognostic assessment when added to readily
available clinical details, which does not support their
routine use in COVID-19.
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Data S1.

Supplemental Methods

Definition of comorbidities

Hypertension was defined as self-reported condition, use of antihypertensive medication, or
reported condition in the medical records. Diabetes mellitus was similarly defined as self-reported
condition, use of antidiabetic medication, or reported condition in the medical records. Heart
failure was also defined as self-reported condition, use of relevant medication for the indication of
heart failure (beta blocker, RAAS-inhibitors, aldosterone antagonist), or reported condition in the
medical records. Known ischemic heart disease was defined as prior admission with acute

myocardial infarction, percutaneous coronary intervention, or coronary artery bypass grafting.

Conventional echocardiographic analyses

LV dimensions were measured from the parasternal long-axis view and used to calculate left
ventricular (LV) mass index (Devereux’ formula), which was indexed to body surface area (DuBois’
formula). LV ejection fraction was measured by the Simpson’s biplane method. Tricuspid annular
plane systolic excursion was measured by M-mode through the tricuspid annulus from the apical
4-chamber view. The peak tricuspid regurgitant (TR) velocity was measured with continuous wave
Doppler placed perpendicularly through a TR jet if present (n=189). RV hypertension was defined
according to RV hypertension guidelines as a TR velocity>2.8 m/s. If TR was not measurable,
presence of right ventricular (RV) hypertension was based on secondary indicators, including D-
shape of the LV, RV-LV diameter ratio, pulmonary outflow velocity, right atrial area, and inferior

vena cava size and collapse.

Abnormal work indices

Abnormal work indices were defined according to previously established reference values based
on data from the Copenhagen City Heart Study.

Abnormal global work index (GWI) was defined as a GWI<1534 mmHg% for men. For women,
abnormal GWI was defined as a GWI<1604 mmHg% for age<40 years, a GWI<1646 mmHg% for
age of 40-60 years, and a GWI<1599 mmHg% for age>60 years.

For men, abnormal global constructive work (GCW) was defined as a GCW<1715 mmHg% for

age<40 years, a GCW<1671 mmHg% for age of 40-60 years, and GCW<1691 mmHg% for age>60
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years. For women, abnormal GCW was defined as a GCW<1706 mmHg% for age<40 years, a
GCW<1754 mmHg% for age of 40-60 years, and a GCW<1759 mmHg% for age>60 years.
Abnormal global wasted work (GWW) was defined as a GWW>153 mmHg% for men. For women,
abnormal GWW was defined as a GWW>145 mmHg% for age<40 years, a GWW>167 mmHg% for
age of 40-60 years, and a GWW>199 mmHg% for age>60 years.

Abnormal global work efficiency (GWE) was defined as a GWE<93.2% for men. For women,
abnormal GWE was defined as a GWE<93.6% for age<40 years, a GWE<92.9% for age of 40-60

years, and a GWE<90.6% for age>60 years.
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Table S1 — Clinical characteristics across the two ECHOVID waves

2" COVID-19 wave

1°t COVID-19 wave p-value
n=215 n=90
Age, years 69114 7016 0.59
Male sex 118 (55) 56 (62) 0.24
Body mass index, kg/m? 2746 2745 0.85
Systolic blood pressure, mmHg 126119 129419 0.30
Diastolic blood pressure, mmHg 73111 74+12 0.25
Heart rate, bpm 80+17 82117 0.43
Oxygen saturation, % 95 [94;97] 94 [93;97] 0.20
Respiratory rate 19 [18;20] 18 [16;20] 0.48
Temperature, °C 37.1+0.68 36.9+£0.72 0.013
Hypertension, n (%) 106 (49) 54 (60) 0.09
Diabetes mellitus, n (%) 57 (27) 23 (26) 0.83
COPD, n (%) 32 (15) 17 (19) 0.38
Ischemic heart disease, n (%) 20(9) 15 (17) 0.06
Heart failure, n (%) 22 (10) 12 (13) 0.43
Supplemental oxygen, L/min 1[0;3] 1[0;2] 0.52
Plasma C-reactive protein, mg/L 58 [25;98] 39[21,76] 0.037

COPD: chronic obstructive pulmonary disease
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Table S2 — Clinical characteristics by feasibility

PSL not feasible PSL feasible p-value
n=56 n=249

Age, years 73113 68114 0.026
Male sex 31 (55) 143 (57) 0.78
Body mass index, kg/m? 2746 2745 0.53
Systolic blood pressure, mmHg 128420 127419 0.62
Diastolic blood pressure, mmHg 71+£12 74111 0.16
Heart rate, bpm 80£19 81116 0.65
Oxygen saturation, % 95 [93;97] 95 [94;96] 0.70
Respiratory rate 20 [18;24] 18 [17;20] 0.12
Temperature, °C 37.0£0.73 37.0£0.69 0.65
Hypertension, n (%) 29 (52) 131 (53) 0.91
Diabetes mellitus, n (%) 18 (32) 62 (25) 0.28
COPD, n (%) 16 (29) 33 (13) 0.005
Ischemic heart disease, n (%) 9(17) 26 (10) 0.19
Heart failure, n (%) 9(16) 25 (10) 0.20

COPD: chronic obstructive pulmonary disease
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Table S3- Baseline characteristics according to myocardial injury

No cardiac injury Cardiac injury p-value
n=103 n=71

Clinical
Age, years 65114 74113 <0.001
Male sex 58 (56) 40 (56) 1.00
Body mass index, kg/m? 2746 2615 0.47
Early warning score 2 [1;3] 2 [1;4] 0.45
Systolic blood pressure, mmHg 12620 127+19 0.79
Diastolic blood pressure, mmHg 74+11 7211 0.26
Heart rate, beats/minute 80+15 81+17 0.78
Oxygen saturation, % 95 [94;96] 95 [93;97] 0.71
Respiratory rate 18 [16;20] 18 [18;22] 0.33
Temperature, °C 37.0£0.67 37.0£0.67 0.74
Hypertension, n (%) 52 (51) 47 (66) 0.040
Diabetes mellitus, n (%) 27 (26) 17 (14) 0.78
Chronic obstructive pulmonary disease, n (%) 10 (10) 14 (20) 0.06
Ischemic heart disease, n (%) 7(7) 11 (16) 0.06
Heart failure, n (%) 5(5) 15 (21) <0.001
Biomarkers
Plasma Pro-brain natriuretic peptide, ng/L 220[102;699] 751 [377;1522] <0.001
Plasma C-reactive protein, mg/L 58 [23;89] 56 [24;97] 0.41
Plasma Creatinine, umol/L 70 [56;88] 92 [64;134] <0.001
Echocardiography
Left ventricular mass index, g/m? 78 [66;94] 90 [73;115] 0.030
Left ventricular internal diameter, cm 4.,5+0.7 4.6+0.7 0.17
Left ventricular ejection fraction, % 60 [54;64] 56 [51;62] 0.024
Left atrial volume, mL/m? 21 [15;25] 19 [15;30] 0.76
Tricuspid annular plane systolic excursion, mm 21+4.9 20+4.6 0.09
Tricuspid regurgitant gradient, mmHg 2110 2318 0.35
Right ventricular hypertension, n (%) 16 (16) 10 (14) 0.79
Global longitudinal strain, % -16.1+3.9 14.4+4.3 0.007
Global work index, mmHg% 17074542 15084536 0.018
Global constructive work, mmHg% 18871542 17014531 0.026
Global wasted work, mmHg% 81 [50;132] 81 [54;142] 0.35
Global work efficiency, % 95.8[92.8;97.2] | 95.1[89.9;97.2] 0.11

Continuous variables showing Gaussian distribution are shown as mean + standard deviation. Continuous

variables not showing Gaussian distribution are shown as median with [interquartile range].
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Table S4 — Clinical characteristics by BNP measurement

BNP not measured BNP measured p-value
n=87 n=162
Age, years 67114 69114 0.55
Male sex 47 (54) 96 (59) 0.43
Body mass index, kg/m? 2745 2746 0.99
Systolic blood pressure, mmHg 12617 127420 0.91
Diastolic blood pressure, mmHg 75+12 73111 0.18
Heart rate, bpm 82116 81116 0.64
Oxygen saturation, % 95 [94;96] 95 [93;96] 0.30
Respiratory rate 18 [17;20] 18 [18;20] 0.38
Temperature, °C 37.1+0.75 37.0£0.65 0.33
Hypertension, n (%) 45 (52) 86 (53) 0.84
Diabetes mellitus, n (%) 25 (29) 37 (23) 0.26
COPD, n (%) 9(10) 24 (15) 0.32
Ischemic heart disease, n (%) 10 (12) 16 (10) 0.69
Heart failure, n (%) 4 (5) 21 (13) 0.045

BNP: brain-natriuretic peptide; COPD: chronic obstructive pulmonary disease
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Table S5 - Baseline characteristics according to all-cause death

Alive Deceased p-value

n=212 n=37
Clinical
Age, years 66114 7819 <0.001
Male sex 116 (55) 27 (73) 0.038
Body mass index, kg/m? 2746 2545 0.046
Early warning score 2 [1;3] 3[2;4] 0.002
Systolic blood pressure, mmHg 127419 124418 0.30
Diastolic blood pressure, mmHg 74111 72114 0.34
Heart rate, beats/minute 80+15 88122 0.002
Oxygen saturation, % 95 [94;96] 94 [92;97] 0.29
Respiratory rate 18 [17;20] 20 [18;24] 0.07
Temperature, °C 37.1+0.68 37.0£0.73 0.90
Hypertension, n (%) 106 (50) 25 (68) 0.048
Diabetes mellitus, n (%) 55 (26) 7 (19) 0.35
Chronic obstructive pulmonary disease, n (%) 24 (11) 9 (24) 0.031
Ischemic heart disease, n (%) 20(9) 6 (16) 0.21
Heart failure, n (%) 17 (8) 9 (24) 0.002
Biomarkers
Plasma Pro-brain natriuretic peptide, ng/L 313 [110;1285] 506 [228;3061] 0.048
Plasma Troponin I, ng/L 11 [7;25] 35[18;49] <0.001
Plasma Troponin T, ng/L 19 [13;32] 35[21;118] 0.007
Plasma C-reactive protein, mg/L 46 [19;81] 93 [62;146] <0.001
Plasma Creatinine, umol/L 72 [57;93] 109 [64;194] <0.001
Echocardiography
Left ventricular mass index, g/m? 81 [69;95] 92 [61;115] 0.65
Left ventricular internal diameter, cm 4.5+0.7 4.4+0.8 0.26
Left ventricular ejection fraction, % 59 [54;63] 54 [42;61] 0.009
Tricuspid annular plane systolic excursion, mm 2145 1845 0.002
Tricuspid regurgitant gradient, mmHg 2149 2319 0.35
Right ventricular hypertension, n (%) 25(12) 7 (19) 0.23
Global work index, mmHg% 17174523 13294592 <0.001
Global constructive work, mmHg% 1898+556 15854565 0.002
Global wasted work, mmHg% 70 [44;123] 111 [68;233] <0.001
Global work efficiency, % 95.9 [92.9;97.6] 91.5 [86.4,96.4] <0.001

Continuous variables showing Gaussian distribution are shown as mean + standard deviation. Continuous

variables not showing Gaussian distribution are shown as median with [interquartile range].
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Figure S1. C-reactive protein according to normal vs. abnormal work indices.

Bar charts showing no significant differences in the concentration of CRP according to normal

vs. abnormal myocardial work indices.
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