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A B S T R A C T

Background: The impact of COVID-19 goes beyond its acute form and can lead to the persistence of symptoms and 
the emergence of systemic disorders, defined as long-term COVID.
Methods: We performed a cross-sectional study that included patients over 18 years of age who recovered from 
the severe form of COVID-19 at least 60 days after their discharge. Patients and controls were enrolled to undergo 
transthoracic echocardiography (TTE) using a more sensitive tool, myocardial work, in combination with car-
diopulmonary exercise testing (CPET).
Results: A total of 52 patients and 31 controls were enrolled. Significant differences were observed in ejection 
fraction (LVEF; 62 ± 7 vs. 66 ± 6 %; p = 0.007), global longitudinal strain (LVGLS; − 18.7 ± 2.6 vs. − 20.4 ± 1.4 
%; p = 0.001), myocardial wasted work (GWW; 152 ± 81 vs. 101 ± 54 mmHg; p = 0.003), and myocardial work 
efficiency (GWE; 93 ± 3 vs. 95 ± 2 %; p = 0.002). We found a significant difference in peak VO2 (24.4 ± 5.4 vs. 
33.4 ± 8.8 mL/kg/min; p < 0.001), heart rate (160 ± 14 vs. 176 ± 11 bpm; p < 0.001), ventilation (84.6 ± 22.6 
vs. 104.9 ± 27.0 L/min; p < 0.001), OUES% (89 ± 16 vs. 102 ± 22 %; p = 0.002), T ½ (120.3 ± 32 vs. 97.6 ±
27 s; p = 0.002) and HRR at 2 min (− 36 ± 11 vs. − 43 ± 13 bpm; p = 0.010).
Conclusion: Our findings revealed an increased wasted work, with lower myocardial efficiency, significantly 
reduced aerobic exercise capacity, and abnormal heart rate response during recovery, which may be related to 
previously described late symptoms. The reduction in functional capacity during physical exercise is partly 
associated with a decrease in resting myocardial work efficiency. These findings strongly indicate the need to 
determine whether these manifestations persist in the long term and their impact on cardiovascular health and 
quality of life in COVID-19 survivors.

1. Introduction

Coronavirus disease (COVID-19) is associated with a high risk of 
death from a cardiovascular event, especially in the first weeks after 
infection, with the elderly and those with cardiovascular diseases being 
the most vulnerable [1]. Cardiovascular complications occur in 
approximately 18 % of hospitalized patients, resulting in a 45 % mor-
tality rate compared to 13 % in those without such complications [2]. A 
study evaluating the Brazilian population (CoronaHeart) identified 

mechanical ventilation, a high level of C-reactive protein, and a high 
level of troponin as markers of in-hospital mortality [3].

Multiple mechanisms contribute to myocardial damage and the onset 
of numerous cardiovascular complications, including the rupture of in-
flammatory plaques, stent thrombosis, vascular dysfunction, stress 
related to the high cardiac output in septic patients, endotheliitis 
mediated by ACE receptor dysregulation, as well as hypoxemia resulting 
from severe pulmonary compromise and the potential toxic effects of 
treatment drugs [4–6]. The mechanism for persistent subclinical 
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dysfunction remains unknown; some magnetic resonance imaging 
studies suggest adverse remodeling, while another potential mechanism 
is endothelial and vascular dysfunction leading to subclinical impair-
ment of left ventricular function persisting after the acute event [7,8].

Although many patients remain symptomatic, dyspnoea is present in 
half of patients after three months of recovery, and several post-COVID 
studies have shown that even among those with severe acute infection, 
systolic impairment measured by traditional echocardiographic analysis 
is rare, affecting only 9–11 % of patients [9]. Most of these studies 
evaluated ejection fraction, which, although a strong predictor of car-
diovascular events, has low sensitivity in detecting subclinical events.

Myocardial strain assessment is a more sensitive marker for the early 
detection of changes in myocardial systolic function [10]. Among the 
strain indices, left ventricular global longitudinal strain (LVGLS) has 
emerged as a precise and reproducible measure. Another method that 
has gained prominence is the analysis of myocardial work (MW). This 
new measure is being studied as an evaluator of LV systolic function. It is 
less influenced than LVGLS by overload conditions, as it incorporates 
deformation and load in its analysis [11,12]. A recent study demon-
strated that the pressure–strain curve measured by echocardiography 
can estimate LV performance in an analogous manner to invasive hae-
modynamics [13]. MW is highly reproducible and provides additional 
value to LVGLS in predicting adverse events. However, there are still no 
studies in the literature that have evaluated the behaviour of myocardial 
work in the post-COVID context and its relationship with aerobic 
capacity.

Equally important, cardiopulmonary exercise testing (CPET) has 
enabled the identification of the physiological mechanisms that affect 
patients’ exercise capacity. Multiple studies have shown a decrease in 
peak oxygen consumption following an acute episode [14,15]. The 
primary mechanism of this seems to be muscle deficiency (oxygen 
extraction deficiency), which manifests mainly as submaximal exercise 
or early onset of the 1st ventilatory threshold. Although uncommon, 
central cardiocirculatory involvement has been described in some case 
series, and its mechanism is still poorly understood [16,17].

This study is the first to report the use of a new and refined approach 
in echocardiographic measurement in combination with CPET, with the 
aim of evaluating the behaviour of MW and its potential mechanisms in 
the aerobic performance of patients recovered from COVID-19.

Our main objective was to evaluate MW through the two- 
dimensional echocardiogram and the assessment of functional capac-
ity through the CPET to assess the possible impact on the cardiovascular 
system and lower aerobic capacity of patients recovered from severe 
COVID-19. As secondary objectives, we aimed to correlate the results of 
MW measurements with the variables of the CPET, as well as correlate 
clinical, radiological, and laboratory data and length of hospitalization 
with the CPET and MW variables.

2. Methods

2.1. Study population

This was a single-centre, cross-sectional, observational study that 
included patients between 18 and 70 years of age who had recovered 
from severe COVID-19 (defined as intensive-care unit (ICU) admission 
with the need for oxygen supplementation by invasive or noninvasive 
mechanical ventilation). Patients with preexisting cardiac disease (heart 
failure, coronary artery disease, valvular heart disease, uncontrolled 
arrhythmias or those taking more than two antihypertensive medica-
tions), active cancer, renal failure requiring haemodialysis, cirrhosis, 
chronic obstructive pulmonary disease requiring oxygen therapy, dia-
betes requiring insulin, pregnancy, ultrasonographic limitations that 
prevented strain analysis or orthopaedic limitations or other contrain-
dications to exercise testing were excluded from the study. A control 
group, matched for sex and age, was recruited for comparative purposes. 
This group consisted of individuals who did not meet any exclusion 

criteria and had not experienced symptomatic COVID-19.
Prior to inclusion, all participants provided written informed con-

sent. The study received approval from the ethics and research com-
mittee of our centre under the number CAAE 45809421.7.0000.8069. 
Data from the electronic medical record of each hospitalization were 
collected. Pulmonary involvement data were derived from examination 
reports. The Total Severity Score (TSS) tool was employed to quantify 
and standardize the extent of pulmonary findings in chest tomography. 
At 60 days after hospital discharge, both the patients and control group 
underwent a transthoracic echocardiogram with measurement of MW 
and a cardiopulmonary exercise test performed during a single visit, 
according to established protocols [18–20].

2.2. Echocardiography

Two-dimensional transthoracic echocardiography was performed at 
the bedside using the Vivid S70 (GE Vingmed Ultrasound, Horten, 
Norway) with a 3Sc 1.3–4.0 MHz transducer, always by the same 
echocardiographer. The examination was performed with the patient in 
the left lateral decubitus position, and all images and measurements 
were acquired in accordance with the recommendations of the American 
Society of Echocardiography [19]. Video images corresponding to 3 
cardiac cycles showing the QRS complex were acquired. All patients 
underwent non-invasive blood pressure measurement during the 
examination.

Myocardial deformation was assessed by two-dimensional dynamic 
images (3 cycles) in two, three and four chambers, with a frequency 
varying between 50 and 80 frames/second, acquired for the calculation 
of LVGLS. The opening and closing of the aortic and mitral valve were 
identified from the pulsatile Doppler of the aortic valve acquired in the 
apical three-chamber window. The endocardial and epicardial tracings 
were automatically tracked, and the acquisition was performed (after 
verification and adjustment by the examiner, when necessary). Using a 
17-segment model, the software calculated GLS from the weighted 
average of the peak systolic longitudinal strain of each of the segments. 
Participants were excluded from the study if they had more than one 
segment with inadequate acquisition.

2.3. Myocardial work acquisition

MW and its variables were noninvasively calculated using two- 
dimensional echocardiography with the GE Vivid S70 machine. Partic-
ipants’ systolic blood pressure was measured by a sphygmomanometer 
immediately before the test (in the supine position), which was used as 
an estimate of LV systolic pressure. The software performed a nonin-
vasive reconstruction of the LV pressure curve adjusted according to the 
durations of the ejection, isovolumetric contraction, and relaxation 
phases, defined from the times of opening and closing of the mitral and 
aortic valves. LV strain and pressure data were then synchronized with 
the times of valve events and systolic blood pressure, generating the 
following data for analysis:

Global work index (GWI): total work corresponding to the area of the 
pressure x strain curve, from mitral valve closure to mitral valve 
opening.

Global constructive work (GCW): total work that contributes to 
ventricular ejection: negative strain in systole + positive strain in iso-
volumetric relaxation time.

Global wasted work (GWW): work that does not contribute to LV 
ejection: strain positive in systole + strain negative in isovolumetric 
relaxation time.

Global work efficiency (GWE): fraction of constructive work from 
total work: GWE = (GCW)/(GCW + GWW) [21,22].

2.4. Cardiopulmonary exercise test

Stepwise incremental treadmill exercise was performed for the CPET 
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(Cortex Biophisik GmbH, Leipzig, Germany). A protocol that applied a 
linear increase in walking speed along with a curvilinear increase in 
treadmill inclination to produce a linear increase in work rate was used 
[23]. Before the exercise test, spirometry was performed for respiratory 
evaluation, according to the Brazilian guidelines for pulmonary function 
testing [24]. The following variables were evaluated: oxygen con-
sumption (VO2), carbon dioxide production (VCO2), respiratory ex-
change ratio (RER = VO2/VCO2), end-expiratory pressure of carbon 
dioxide (PETCO2), minute ventilation (Ve), tidal volume (Vt), dead 
space volume (Vd), respiratory rate (RR), heart rate (HR), oxygen pulse 
(VO2/HR), load achieved, ventilatory equivalents (Ve/VCO2 and 
Ve/VO2), Ve/VCO2 slope, oxygen uptake efficiency slope (OUES), and 
the recovery time taken for VO2 to fall to 50 % of its peak value (T ½).

The reference values used for VO2 and ventilatory thresholds were 
from Hansen and Wasserman and that for OUES% (OUES as a percent-
age of predicted) was from Hollenberg [25,26]. Exercise intolerance was 
defined as a peak VO2 <85 % of the predicted value. Ventilatory limi-
tation to exercise was defined when the breathing reserve was <15 %. 
The Wassermann flowchart was used to define circulatory limitation in 
participants when it led to a circulatory category, including ECG 
changes consistent with ischaemia or arrhythmia. Deconditioning was 
defined as a peak VO2 <85 % of predicted with normal breathing reserve 
and no evidence of cardiocirculatory pathology (assessed by ECG, 
Ve/VCO2 slope, and oxygen-pulse curve) [20].

2.5. Statistical analysis

Data are presented as the mean ± standard deviation or as median 
with lower and upper quartiles (95 % confidence interval) for contin-
uous variables and as frequencies and percentages for categorical vari-
ables. To verify associations between categorical variables, the chi- 
square test was performed when applicable. In the case of numeric 
variables, we used Student’s t-test or the Mann‒Whitney test for para-
metric and nonparametric variables, respectively. Correlations between 
variables were assessed by Pearson’s or Spearman’s test. A p value lower 
than 0.05 was defined as statistically significant. Statistical tests were 
performed using the Statistical Package for the Social Sciences (SPSS 
Inc., Chicago, IL, USA). The sample size was not calculated, as no studies 

in the literature have performed the same comparative analysis.

3. Results

3.1. Baseline characteristics

Between January 10, 2021 and May 31, 2021, a total of 113 patients 
were admitted to our ICU for COVID-19 treatment. Of them, 68 were 
discharged from the hospital and were then enrolled in the study. Of 
these, 52 were able to complete the study protocol (Fig. 1). We also 
selected a group of 31 individuals as a control group, matched for age 
and sex.

The clinical characteristics of the study population are shown in 
Table 1. Participants with COVID-19 and the control group were similar 
in sex and age. Participants with COVID-19 had a higher body mass 
index than the control group. Regarding comorbidities, the most 

Fig. 1. Flowchart of patient inclusion in the research. (ICU: Intensive Care Unit; COVID-19: Coronavirus-19 infection. CPET: Cardiopulmonary exercise test).

Table 1 
Clinical characteristics of study participants.

COVID-19 n =
52

Control n =
31

p value

Age (years) 47 ± 8 46 ± 10 0.748
Male, n (%) 34 (65.4) 20 (64.5) 0.936
Height (cm) 170 170 0.844
Weight (kg) 84.3 76.3 0.017
Body mass index (kg⋅m− 2) 29.2 ± 4.3 26.2 ± 3.4 0.002
Systolic blood pressure (mmHg) 141 ± 17 126 ± 10 <0.001
Diastolic blood pressure (mmHg) 83 ± 9 77 ± 6 0.001
Comorbidities, n (%) 

Arrhythmias 
Asthma 
Diabetes 
Hypertension

15 (28) 
4 (8) 
2 (4) 
14 (27)

6 (19) 
0 
0 
6 (19)

0.436 
0.292 
0.526 
0.597

Maximum pneumonia extent on 
chest CT 
− 25–49 % 
− 50–74 % 
- ≥75 % 
- no data

24 (46.2 %) 
14 (26.9 %) 
11 (21.2 %) 
3 (5.8 %)
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frequent in both the COVID and control groups was the presence of 
hypertension (27 vs. 19 %; p = 0.597). None of the participants were 
using more than 2 classes of drugs as antihypertensive treatment. Pa-
tients with COVID-19 had higher SBP and DBP.

The median laboratory values upon admission to the ICU in the 
COVID-19 group were as follows: oxygenation index of 101.5 mmHg 
(95 % CI, 81–133.5), troponin I of 18.1 pg/mL (95 % CI, 9.1–58.8), lactic 
dehydrogenase of 723 U/L (95 % CI, 453–1027); C-reactive protein of 
128 mg/L (95 % CI, 73.5–153); D-dimer of 905 μg/L (95 % CI, 
315–2550.5); and lymphocytes of 1285 cells/mm3 (95 % CI, 
841.5–1561.7). Thirty-one (60 %) patients required invasive mechanical 
ventilation, with an average duration of 6 days of invasive ventilation, 
and the hospital stay was mostly between 11 and 20 days. During the 
study period, we lacked access to novel antiviral medications, such as 
remdesivir. Given that all our patients received ventilatory support, the 
established treatment protocol encompassed systemic corticosteroid 
therapy for all. Among patients who required invasive mechanical 
ventilation, one patient received extracorporeal membrane oxygenation 
(ECMO) support, and this patient’s total length of hospitalization was 80 
days. Patients with COVID-19 were evaluated on average 83 ± 30 days 
after hospital discharge. All received assistance in the form of a reha-
bilitation program after discharge.

3.2. Echocardiographic features

The echocardiographic characteristics are presented in Table 2. 
There were no significant differences in morphological parameters be-
tween the groups. The Doppler method revealed a significant difference 
in tricuspid regurgitation velocity. Of the LV functional parameters, 
there were significant differences observed in ejection fraction, LVGLS, 
GWW and GWE (Figs. 2–3).

3.3. Exercise evaluation

The CPET results are presented in Tables 2 and in Fig. 4. The two 
groups differed in peak VO2, HR, Ve and RER. They also significantly 
differed in the number of patients with desaturation (14 vs. 0; p =
0.002). Although there was no significant difference in their oxygen 
pulse values (HR/VO2), the morphology of the curve (dynamic behav-
iour) was significantly altered, with the finding of an early plateau in the 
COVID-19 group (14 vs. 0; p = 0.002). Regarding oxygen kinetics, there 
was a significant difference in relation to OUES% and T ½. During re-
covery, there was a significant difference in the drop-in heart rate 
(HRR), which was better characterized in the second minute of recovery 
than in the first minute. The chronotropic index was lower for patients 
with COVID-19 than for controls (0.83 ± 0.20 vs. 1.03 ± 0.15; p <
0.0001).

3.4. Association between echocardiographic and spiroergometric results

In Fig. 5, we present the main correlations between the echocar-
diogram data and the CPET results. There was an association between 
higher GWW and the following CPET results: deficit in peak VO2 from 
predicted (r = − 0.36; p = 0.001), reduction in minute ventilation (r =
− 0.30; p = 0.008), deficit in VO2/HR from predicted (r = − 0.32; p =
0.004), and HRR at 2 min (r = − 0.28; p = 0.012). There was also a 
correlation between increased GWE and increased peak VO2 in % pre-
dicted (r = 0.31; p = 0.004). None of the other echocardiographic var-
iables showed a significant correlation with CPET data.

4. Discussion

The main findings of this study revealed that most severe COVID-19 
patients exhibited low LVGLS and GWE, accompanied by high GWW. 
They demonstrated lower exercise capacity, as evidenced by lower peak 
VO2, lower work achieved, and lower OUES% than the matched con-
trols. These patients exhibited a prolonged time for heart rate recovery, 
as indicated by higher T1/2 and higher HRR at 2 min.

Since early studies involving MW and COVID-19, GWE has emerged 
as a crucial marker of subclinical cardiac dysfunction in hospitalized 
patients [12,27]. It has been investigated as a prognostic indicator of 
in-hospital mortality, even in those with normal LVEF [28,29]. In our 
study, although there were significant differences in LVEF between the 
groups, these values still fell within the normal range, having no clinical 
significance. Regarding MW, patients exhibited normal GWI values. This 
finding could be attributed to the timing of the examination (an average 
of 60 days after hospital discharge, with cardiac rehabilitation), the 
patients’ higher systolic blood pressure than the control group, the 
younger age of the patients compared to previously published studies, or 
survivor bias [30]. In our study, the patients demonstrated higher values 
of GWW and lower values of GWE and LVGLS, indicating the presence of 
subclinical cardiac dysfunction in patients with COVID-19. Some studies 
have suggested an improvement in some of these indices, particularly 
GWI and particularly in the acute phase [31]. However, there are still no 
prospective studies evaluating these parameters specifically related to 
COVID-19.

Despite the considerable heterogeneity among studies, aerobic ca-
pacity is often reduced in patients following COVID-19, significantly 
improving in the months of recovery from the acute phase [32–34]. 

Table 2 
Characteristics of the echocardiogram and cardiopulmonary exercise test of the 
patients.

Echocardiogram COVID-19 (n = 52) Control (n = 31) p value

LVEDD indexed (mm/m2) 26.5 ± 8.7 25.5 ± 7.5 0.611
LV indexed mass (g/m2) 75.0 ± 18.1 72.4 ± 18.0 0.529
LAVI (mL/m2) 24.6 ± 6.4 26,5 ± 7,8 0.237
E/e’ 6.8 ± 1.2 6.7 ± 1.5 0.838
Tricuspid S’ (cm/s) 13.4 ± 2.1 13.3 ± 1.8 0.934
TAPSE (mm) 21.5 ± 3.3 22.8 ± 3.3 0.098
sPAP (mmHg) 22.1 ± 4.9 21.7 ± 5.5 0.784
TRV (m/s) 2.2 ± 0.3 2.0 ± 0.3 0.011
LVEF (%) 62 ± 7 66 ± 6 0.007
LVGLS (%) − 18.7 ± 2.6 − 20.4 ± 1.4 0.001
GWI (mmHg) 

GCW (mmHg) 
GWW (mmHg) 
GWE (%)

2308 ± 464 
2515 ± 458 
152 ± 81 
93 ± 3

2253 ± 358 
2442 ± 315 
101 ± 54 
95 ± 2

0.571 
0.440 
0.003 
0.002

Cardiopulmonary exercise test
Peak VO2 (mL/min/kg) 24.4 ± 5.4 33.4 ± 8.8 <0.001
Peak VO2 (% pred) 92 ± 20 112 ± 21 <0.001
Work (watts) 227 ± 61 242 ± 81 <0.001
RER 1.12 ± 0.09 1.18 ± 0.09 0.01
Peak HR (bpm) 160 ± 14 176 ± 11 <0.001
VO2/HR (mL/beats⋅min) 13.2 ± 4.1 14.6 ± 4.2 0.151
VO2/HR (% pred) 96 ± 21 104 ± 23 0.103
Peak Ve (L/min) 84.6 ± 22.6 104.9 ± 27 <0.001
Breathing reserve (%) 29 ± 13 20 ± 13 0.014
Slope Ve/VCO2 33.1 ± 5.9 33.5 ± 5.1 0.794
OUES (L/min) 2.3 ± 0.7 2.5 ± 0.7 0.147
OUES% (% of pred.) 89 ± 16 102 ± 22 0.002
T 1/2 (s) 120.3 ± 32 97.6 ± 27 0.002
HRR at 1 min (bpm) − 20 ± 10 − 23 ± 15 0.265
HRR at 2 min (bpm) − 36 ± 11 − 43 ± 13 0.010

E/e′: ratio between the peak of the mitral and tissue E wave; GCW: global 
constructive work; GWE: global work efficiency; GWI: global work index; GWW: 
global wasted work; HR: heart rate; HRR: heart rate decay in recovery from 
exertion; HR/VO2: relationship between heart rate and oxygen consumption; 
LAVI: left atrial volume index; LVEDD: left ventricle end-diastolic diameter; 
LVEF: left ventricle ejection fraction by Simpson; LVGLS: left ventricle global 
longitudinal strain; OUES: oxygen uptake efficiency slope; RER: respiratory 
exchange ratio (VCO2/VO2); Slope Ve/VCO2: slope of the ratio of minute 
ventilation and carbon dioxide production; sPAP: systolic pulmonary artery 
pressure; TAPSE: tricuspid annular plane systolic excursion; TRV: tricuspid 
regurgitation velocity; Ve: minute ventilation; VO2: oxygen consumption; T ½: 
recovery time for VO2 to drop to 50 % of its peak value.
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Among the multiple factors underlying this, peripheral limitation has 
been considered the primary mechanism associated with anaemia, 
reduced oxygen extraction, impaired mechanical efficiency, and 
decreased muscle strength [35–38]. In a study assessing the long-term 
evolution of aerobic capacity over the first year after COVID-19, the 
number of patients with cardiocirculatory limitation was even higher 
than that of patients with ventilatory limitation [17].

The persistence of reduced VO2 in a significant portion of patients, 
even after a long period of recovery, suggests that peripheral decondi-
tioning alone does not explain this reduction. While there is no clear 
central cardiocirculatory mechanism (e.g., myocardial contractility 
deficit), there is a strong association between low VO2 and the presence 
of diastolic dysfunction, chronotropic incompetence, autonomic 

dysfunction, and peripheral vascular damage (i.e., endothelial 
dysfunction), which can limit oxygen delivery to muscles during exer-
cise [39–41]. One way to assess autonomic dysfunction is through heart 
rate decline in the recovery phase, and chronotropic incompetence has 
been seen in association with an abnormal heart rate response during 
recovery [42–45]. In our study, patients exhibited a blunted peak heart 
rate, increased T1/2, and reduced HRR in the second minute compared to 
the control group, potentially indicating impaired parasympathetic 
drive and possibly having prognostic implications for the reduced aer-
obic capacity of such patients, as high heart rate variability is a marker 
of a favourable chronotropic adaptation response seen in healthy 
individuals.

Previous studies have suggested evidence of mitochondrial 

Fig. 2. Comparison of myocardial work between COVID-19 and Control groups.

Fig. 3. Myocardial work index bull’s-eye mapping. (A) Representative patient of the control group with normal strain and myocardial work; (B) Representative 
patient of COVID-19 group with severe reduced global longitudinal strain, myocardial work index, and work efficiency.
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dysfunction characterized by significant impairment in fat beta- 
oxidation and increased blood lactate accumulation during exercise in 
patients with post-acute sequelae of SARS-CoV-2 infection [46]. 
Furthermore, patients with COVID-19 exhibit exaggerated muscle 
sympathetic nerve activity and a blunted vasodilatory response to 
mental challenge compared to control adults [30]. Taken together, these 
alterations may contribute to exercise limitations in these patients.

To our knowledge, this is the first study to evaluate cardiac me-
chanics via myocardial work and establish correlations with CPET in 

patients who have recuperated from severe COVID-19. Shimoni et al. 
had previously demonstrated the association between reduced LVGLS 
and aerobic capacity assessed through the standard treadmill exercise 
stress test using the Bruce protocol. Although it was weak, we found an 
association between higher wasted myocardial work (GWW) and lower 
VO2% and an association between higher myocardial work efficiency 
(GWE) and higher peak VO2 values. GWE reflects regional myocardial 
oxygen metabolism when compared against measurements obtained by 
positron emission tomography using (18F) fluorodeoxyglucose [47,48]. 

Fig. 4. Exercise capacity between COVID-19 and Control.

Fig. 5. Correlations between echocardiogram and CPET data.
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Therefore, the reduction in GWE does not exclude a central car-
diocirculatory component related to disturbances in myocardial meta-
bolism that may occur in the context of increased systemic inflammation 
and may contribute to the reduced aerobic capacity of these patients.

Our study has some limitations. First, all patients had severe COVID- 
19 requiring ICU admission, so our findings may not be applicable to 
patients with long COVID outside this profile. Our patients had not 
received the COVID-19 vaccine due to the timing of the study, so our 
findings may not replicate in a vaccinated population. Another note-
worthy aspect pertains to the control group. Given the stage of the 
pandemic during the study, we were unable to perform RT‒PCR testing 
for COVID-19 in the control group, as the Brazilian Ministry of Health 
protocol did not include testing for asymptomatic individuals. There-
fore, we cannot exclude the possibility that some of the control group 
had asymptomatic COVID-19, which may still affect cardiovascular ca-
pacity. Another significant limitation in our study was the absence of a 
control group consisting of critically ill patients but with a different 
infectious cause other than COVID-19. Consequently, we cannot solely 
attribute the observed alterations in results to COVID-19 or to post-ICU 
care syndrome. Furthermore, we had no data on the patients’ aerobic 
capacity prior to hospitalization, and since all the patients underwent 
cardiopulmonary rehabilitation, we cannot assess the impact of this 
intervention on their recovery. Cardiac output, arterial lactate and 
endothelial function were not assessed during exercise, and muscle bi-
opsies were not conducted, which introduces some uncertainty in 
evaluating the degree of deconditioning.

5. Conclusion

Survivors of severe COVID-19 exhibit increased wasted work, with 
lower myocardial efficiency, significantly reduced aerobic exercise ca-
pacity, and abnormal heart rate response during recovery, which may be 
related to previously described late symptoms. The reduction in func-
tional capacity during physical exercise is partly associated with a 
decrease in resting myocardial work efficiency. These findings strongly 
indicate the need to determine whether these manifestations persist in 
the long term and their impact on cardiovascular health and quality of 
life in COVID-19 survivors.
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de Albuquerque: Methodology, Investigation, Data curation. Marcelo 
Dantas Tavares de Melo: Writing – review & editing, Supervision, 
Project administration, Methodology, Data curation, Conceptualization. 
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