
O R I G I N A L  R E S E A R C H

Hemodynamic Characteristics of Patients with 
Myocardial Injury and Cardiogenic Shock Caused 
by Severe COVID-19-Related Pneumonia

Yongjun Liu,1,* Yuee Chen,2,* 
Jie Chen,3 Yukung Kuang,4 

Niandi Tan,5 Ke Jiang,6 

Shuihui Peng,7 Chunlin Hu2

1Department of Critical Care Medicine, The 
First Affiliated Hospital of Sun Yat-sen 
University, Guangzhou, 510080, Province 
Guangdong, People’s Republic of China; 
2Department of Emergency Medicine, The 
First Affiliated Hospital of Sun Yat-sen 
University, Guangzhou, 510080, Province 
Guangdong, People’s Republic of China; 
3Department of Critical Care Medicine, 
Dongguan People’s Hospital, Dongguan, 
Province Guangdong, 523059, People’s 
Republic of China; 4Division of Pulmonary 
and Critical Care Medicine, The First 
Affiliated Hospital of Sun Yat-sen University, 
Guangzhou, 510080, Province Guangdong, 
People’s Republic of China; 5Department of 
Gastroenterology, The First Affiliated 
Hospital of Sun Yat-sen University, 
Guangzhou, 510080, People’s Republic of 
China; 6Department of Thoracic Surgery, 
Union Hospital, Tongji Medical College, 
Huazhong University of Science and 
Technology, Wuhan, 430022, People’s 
Republic of China; 7Department of 
Pharmacy Intravenous Admixture Services, 
The First Affiliated Hospital of Sun Yat-sen 
University, Guangzhou, 510080, Province 
Guangdong, People’s Republic of China  

*These authors contributed equally to this 
work  

Objective: To observe hemodynamic characteristics in a series of patients with myocardial 
injury caused by severe COVID-19-related pneumonia.
Materials and Methods: We continuously collected clinical data from severe COVID-19- 
related pneumonia patients from the West Campus of Union Hospital in Wuhan and 
Dongguan People’s Hospital in Dongguan to explore the prevalence of myocardial injury 
and hemodynamic characteristics after circulatory failure. Doppler ultrasound and PiCCO2 
were used to evaluate the hemodynamics of each patient, and arterial blood gas analysis was 
performed at the same time. Pearson correlation analysis was used to clarify the relationship 
between the parameters.
Results: A total of 376 patients were observed during the study period. Eighty-seven 
patients had myocardial injury after admission, and the mean time of myocardial injury 
after admission was 6 (2, 30) days, from which 16 patients developed hemodynamic 
instability and 15 died of cardiogenic shock or combined with MODS. Cardiac echocardio-
graphy found that the LVEF of all patients was in the normal range and that diastolic 
function was slightly to moderately impaired. The PiCCO2 data showed that the GEF was 
significantly decreased in all patients. The dpmx was in normal range. EVLWI, SVRI and 
GEDI were significantly increased in most patients. Pearson correlation analysis showed that 
cTNI was significantly related to BNP at hemodynamic instability (r = 0.662, p = 0.005); 
GEF was related to EVLWI (r = −0.572, p = 0.021) and LAC (r = 0.692, p = 0.003); and 
EVLWI was affected by LVEF (r = −0.564, p = 0.023), LVDF (r = −0.734, p = 0.001) and 
PVPI (r = −0.524, p = 0.037).
Conclusion: Hemodynamic status after myocardial injury and cardiogenic shock caused by 
severe COVID-19-related pneumonia was characterized by cardiac preload and increased 
EVLWI, accompanied by a decline in GEF.
Keywords: COVID-19, PiCCO2, myocardial injury, hemodynamic instability

Introduction
Coronavirus disease 2019 (COVID-19) is a global epidemic. While most patients 
recover, those with severe illnesses, especially elderly patients, have higher mor-
tality rates.1,2 COVID-19 is a systemic disease that damages various systems 
throughout the body. There are many underlying diseases in elderly patients. 
Since the emergence of the novel coronavirus severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), COVID-19 combined with the underlying conditions 
has resulted in aggravation of the disease and increased mortality. SARS-CoV-2 
infects host cells through angiotensin-converting enzyme 2 (ACE2) receptors, 
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leading to COVID-19-related pneumonia while also caus-
ing acute myocardial injury and chronic damage to the 
cardiovascular system.3 Myocardial injury associated 
with SARS-CoV-2 occurred in 5 of the first 41 patients 
diagnosed with COVID-19 in Wuhan, China, which 
mainly manifested as an increase in high-sensitivity car-
diac troponin I (hs-TnI) levels (>28 pg/mL).4 In another 
report of 138 patients with COVID-19 in Wuhan, 36 
patients with severe symptoms were treated in the inten-
sive care unit (ICU).5 The levels of biomarkers of myo-
cardial injury were significantly higher in patients treated 
in the ICU than in those not treated in the ICU, suggesting 
that patients with severe symptoms often have complica-
tions involving acute myocardial injury.4 However, the 
effects of myocardial injury on patients’ hemodynamics 
is still unclear.

Pulse indicator continuous cardiac output (PiCCO) 
monitoring technology is the combined application of 
pulse contour continuous cardiac output measurement 
and transpulmonary temperature dilution cardiac output 
measurement technology, which can systematically moni-
tor the hemodynamic status of patients.6,7 This study used 
PiCCO to monitor the hemodynamic changes after myo-
cardial injury in a series of patients with severe corona-
virus disease-related pneumonia, which will help doctors 
make treatment decisions.

Materials and Methods
All patients were confirmed to have SARS-CoV-2 infec-
tion by real-time reverse transcription polymerase chain 
reaction (RT–PCR) and were admitted to a designated 
hospital (West Campus of Union Hospital, Huazhong 
University of Science and Technology in Wuhan, and 
Dongguan People’s Hospital ICU in Dongguan). We pro-
spectively collected and analyzed data obtained from elec-
tronic medical records, including clinical charts, nursing 
records, laboratory findings, and chest X-rays, from 
February 8 to April 7, 2020.

Cardiac injury was diagnosed if serum levels of the 
cardiac biomarker hs-TnI were >28 pg/ml4 or if new 
abnormalities were shown on electrocardiography and 
echocardiography. COVID-19-related myocardial injury 
showed noncharacteristic ECG changes, such as ST seg-
ment deviation, presystole, atrioventricular block or sinus 
tachycardia. All patients were screened for clinical chest 
pain symptoms and electrocardiographic changes to rule 
out acute myocardial infarction (AMI). The ECG of AMI 
was mainly ST segment changes with positioning 

characteristics, mainly ST segment elevation, followed by 
the high cusp and inversion of T wave, and finally the 
formation of pathological Q wave. The changes in the ST 
segment were divided into ST segment elevation myocar-
dial infarction (STEMI) and nonST segment elevation 
myocardial infarction (NSTEMI).

Echocardiograms
Ejection fraction was measured by quantitative 
2-D methodology, as previously reported.8 Diastolic 
function was assessed by pulse wave Doppler examina-
tion of mitral flow, pulmonary venous flow, and Doppler 
imaging of the medial mitral annulus.8 Diastolic dysfunc-
tion was graded on a four-point ordinal scale: 1) nor-
mal; 2) mild diastolic dysfunction = abnormal relaxation 
without increased LV end-diastolic filling pressure 
(decreased E/A ratio <0.75); 3) moderate or “pseudonor-
mal” diastolic dysfunction = abnormal relaxation with 
increased LV end-diastolic filling pressure (E/A 0.75 to 
1.5, deceleration time >140 ms, plus 2 other Doppler 
indices of elevated end-diastolic filling pressure); 4) or 
severe diastolic dysfunction = advanced reduction in 
compliance, (ie, markedly increased stiffness) with 
restrictive filling (E/A ratio of >1.5, deceleration time 
<140 ms, and Doppler indices of elevated LV end- 
diastolic filling pressure).

Hemodynamic Measurements
The patients were placed in a supine position. The right 
femoral artery was dissected and a 6F arterial catheter 
inserted to measure blood pressure and cardiac output by 
means of a femoral arterial thermodilution system 
(PiCCO2, Pulsion Medical Systems, Munich, Germany). 
PiCCO2 is a combined application of pulse contour ana-
lysis and the thermodilution method for pulse indicator 
continuous cardiac output (PiCCO) technology, which can 
comprehensively evaluate the patient’s hemodynamic sta-
tus. PiCCO2 can monitor the following indicators: 1. 
Indicators of cardiac output, such as cardiac output (CO) 
and stroke volume (SV); 2. Indicators of blood volume, 
such as global end diastolic volume (GEDV), intrathor-
acic blood volume (ITBV), stroke volume variation 
(SVV), and pulse pressure variation (PPV); 3. Indicators 
of organ function, such as extravascular lung water 
(EVLW) and pulmonary vascular permeability index 
(PVPI); 4. Indicators of vascular resistance, such as sys-
temic peripheral vascular resistance (SVR) and arterial 
blood pressure (AP); 5. Indicators of cardiac function, 
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such as cardiac function index (CFI), global ejection 
fraction (GEF), and left ventricular contraction index 
(dPmx).

Continuous hemodynamic surveillance was initiated 
using arterial pulse contour analyses with transpulmonary 
thermodilution calibration. At least three boluses of iced 
(<8 °C) 0.9% saline were injected through the central 
venous catheter into the right internal jugular vein, and 
the thermodilution curve was used to estimate hemody-
namic variables. Triplicate consecutive injections for cali-
bration were performed at setup, repeated every eight 
hours, or more frequently if indicated by changes in the 
special condition.

Statistics
Continuous variables were expressed as medians (inter-
quartile ranges [IQRs]) and compared using the Mann– 
Whitney U-test. Pearson correlation analysis was used to 
analyze the relationship between different variables. 
Statistical analyses were performed using SPSS software, 
version 13.0 (IBM Corporation, Armonk, NY, USA).

Results
General Information
A total of 376 patients were observed during the study period, 
and all of the patients met the diagnostic criteria of severe 
COVID-19. According to the COVID-19 pneumonia diag-
nosis and treatment plan, trial version 7, patients with severe 
COVID-19 require oxygen inhalation to maintain SpO2 > 
93% (Figure 1). Twenty-five patients with myocardial injury 
at admission were excluded, and 3 patients experienced myo-
cardial injury during hospitalization, which was identified as 
acute myocardial infarction by the research team and was also 
excluded. Eighty-seven patients had myocardial injury after 

admission, with a mean time of myocardial injury after 
admission of 6 (2, 30) days and a mean time of discharge 
of 21 (11, 60) days, during which 16 patients developed 
hemodynamic instability. Vasoactive drugs were needed to 
maintain the mean arterial pressure above 70 mmHg, only 1 
of these 16 patients survived and was discharged, and the 
remaining 15 died of cardiogenic shock or combined with 
MODS (Table 1). Three of fifteen patients who died received 
ECMO to support cardiopulmonary failure.

Myocardial injury continued to progress, and the levels 
of cTNI, Myo, CK-MB, and pro-BNP progressively 
increased, and were significantly higher than those at 
admission (Table 2).

After hemodynamic instability, we used bedside echo-
cardiography to evaluate the cardiac function of the 
patients (Table 1). The LVEF of all patients was in the 
normal range, and diastolic function was slightly to mod-
erately impaired. All patients had a history of hypertension 
and mild ventricular septal hypertrophy (9–11 mm). At 
almost the same time, we used PiCCO2 to monitor the 
hemodynamics of the patients. The PiCCO2 data are 
shown in Table 3, and the artery blood analysis results 
are shown in Table 4. The results showed that the GEF 
(reflecting the whole cardiac systolic function) was sig-
nificantly decreased in all patients. The dpmx (reflecting 
left ventricular systolic performance) was close to the 
normal range, and SVRI (reflecting cardiac afterload) 
was significantly increased, which may be related to the 
use of vasoactive drugs, while GEDI (reflecting volume 
load) was significantly increased in most patients. ELWI 
(reference value 3–7 mL/kg) was significantly increased in 
all patients.

Pearson correlation analysis was used to analyze the 
relationship between all variables. cTNI was signifi-
cantly related to BNP at hemodynamic instability 
(r=0.662, p=0.005). GEF was related to ELWI (r= 
−0.572, p=0.021) and LAC (r=0.692, p=0.003). ELWI 
was affected by LVEF (r=−0.564, p=0.023), LVDF (r= 
−0.734, p=0.001) and PVPI (r=−0.524, p=0.037). For 
related analysis of other parameters, see the 
Supplementary Materials.

Discussion
In this study, we conducted continuous observations of 
376 critically ill patients. Eighty-seven of the 376 
(23.1%) patients developed myocardial injury after admis-
sion, 16 of those 87 (18.4%) patients developed circulatory 
failure and required the use of vasoactive drugs, and 3 Figure 1 Patients recruitment flow-chart.
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patients also received ECMO due to cardiopulmonary fail-
ure. At the same time, we also used bedside ultrasound and 
PiCCO2 to evaluate the hemodynamics of the patients. We 
found that the patient’s EVLWI was significantly 
increased.

ELWI is one of the indicators reflecting the severity of 
extravascular lung water in patients with severe sepsis, which 
is closely related to the prognosis of patients. The factors 
affecting EVLWI are pulmonary and cardiogenic. Early 
autopsy studies found that in patients with severe COVID- 
19-related pneumonia, the alveolar capillaries were con-
gested, capillary leakage caused fibrin exudation and fibrin 
precipitation to form a transparent membrane, the accumula-
tion of monocytes in the alveolar cavity and the accumulation 
of squamous metaplasia of lung epithelial cells.9 Pearson 
correlation analysis showed that ELWI was significantly 
related to LVEF (r=−0.564, p=0.023), LVDF (r=−0.734, 
p=0.001) and PVPI (r=−0.524, p=0.037). Metaplastic alveo-
lar epithelial cells may also be one of the sources of EVLWI, 
which is different from the phenomenon previously observed 
in patients with severe ARDS.10–12 Whether EVLWI can 
predict the prognosis of patients with COVID-19-related 
pneumonia needs to be confirmed through further research. 
The increase in ELWI was related to the decrease in left 
ventricular diastolic function or the increase in nonvascular 
water sources in the lung. The increase in ELWI will inevi-
tably affect gas exchange in the lung, leading to the occur-
rence of hypoxemia. Blood gas analysis showed that the 
difference in oxygen partial pressure in the alveolar air and 
artery increased significantly, indicating the disorder of oxy-
gen diffusion.

Although the heart is not the main organ affected by 
COVID-19, the incidence of myocardial injury in 
severe COVID-19-related pneumonia patients is still 
high, and the mortality rate of patients with myocardial 
injury is significantly increased.13–15 Viral infectious 
sepsis can also cause MODS, autopsy-reported9,16 

myocardial edema, weight gain and lymphocyte infil-
tration in the epicardium. Central CMC shows vacuolar 
degenerative changes without inflammatory cell 
infiltration.9 Studies have shown that myocardial 
edema affects myocardial energy metabolism efficiency 
and impairs the systolic and diastolic function of the 
heart.17,18 Sepsis myocardial injury caused by bacterial 
infection also affects myocardial remodeling,18,19 and 
whether myocardial injury caused by COVID-19 also 
leads to myocardial remodeling remains to be con-
firmed by future studies.LV
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In this study, we observed that in most patients with 
impaired diastolic function, ventricular diastolic dys-
function can compromise the myocardial response to 

fluid load by increasing diastolic filling pressure and 
wall tension, simultaneously impairing microvascular 
flow and aggravating myocardial injury. Left 

Table 2 Time to Myocardial Injury and Hemodynamic Instability After Admission

Patient 
ID

Time to 
Myocardial Injury 
After Admission

Time from Myocardial 
Injury to Hemodynamic 

Instability

On Admission When Hemodynamics Was 
Unstable

hsTNT 
(ng/ 
mL)

Myo 
(ng/ 
mL)

CK- 
MB 
(ng/ 
mL)

BNP 
(pg/ 
mL)

hsTNT 
(ng/ 
mL)

Myo 
(ng/ 
mL)

CK- 
MB 
(ng/ 
mL)

BNP 
(pg/ 
mL)

1 7 14 11.4 37.4 5.1 120 135.9 210 12 432
2 6 13 6.1 166.3 0.8 18.6 75.1 34.9 2.8 150.1

3 12 11 3.8 41.5 0.8 98 3414.7 1016.9 32.7 171.3

4 25 9 19.5 147.4 0.9 140.4 59.9 346.4 3.5 102.1
5 3 9 29.3 47 5 33.6 76.2 92.8 18 171

6 16 22 6.1 59.6 2.3 41.7 336.8 34.2 1.6 195.6

7 16 37 16.6 99.1 1.2 98.7 1133 1200 25 464.9
8 4 4 7.5 37.8 0.4 27.5 45.3 37.8 0.4 427.5

9 5 25 4.4 26.6 0.2 98.5 553.2 1200 27.7 1826.6

10 5 40 18.8 38 0.2 29.3 70.3 162 0.7 300
11 18 6 6.1 290.4 1.6 229.7 200.2 1500 8 720.1

12 13 2 25 193 1.6 145 1958.4 1200+ 18.4 420

13 26 5 13.7 95.5 0.6 152 69.8 62 1.2 187
14 3 6 8.2 59.1 0.6 30.4 10,759 1200+ 6.4 2048.4

15 27 5 22.3 89.5 1.2 60.8 313 117 0.9 315

16 9 25 10.5 142.8 3.4 98 229.8 75.8 6.9 251.6

Abbreviations: hsTNT, High sensitivity troponin T; Myo, Myoglobin; CK-MB, Creatine kinase-MB; BNP, Brain natriuretic peptide.

Table 3 Parameters Monitored by PiCCO When Hemodynamics Was Unstable

Numbers HR pArt-M CO SVI CI GEF dPmx GEDI SVRI ELWI PVPI

1 65 78 3.01 26 1.69 12 1716 1050 2976 17.2 2.2

2 74 85 3.67 28 1.06 17 1333 773 3067 13.6 2.4

3 66 84 4.01 34 2.25 16 1611 791 2782 16 2.7
4 74 85 3.67 28 2.06 17 1333 773 3067 13.6 2.4

5 90 76 6.83 43 3.9 20 1955 824 1403 19.7 3.5

6 79 66 5.69 40 3.19 30 1336 730 1516 9.5 1.8
7 106 93 7.1 38 3.98 30 2000 730 1766 9.5 1.8

8 115 86 7.41 36 4.15 22 1506 787 1552 15.6 2.8

9 82 64 7.62 49 4.09 16 1560 1362 1137 17.1 1.8
10 69 91 7.7 60 4.13 17 1183 1714 1659 21.2 1.9

11 124 76 6.09 27 3.41 22 1564 787 1659 15.6 2.8

12 61 98 8.36 46 4.49 20 1595 1357 1640 12.1 1.3
13 66 84 4.01 34 2.25 16 1611 791 2782 16 2.7

14 68 69 4.66 39 2.66 23 1928 756 1929 14.9 2.9

15 96 79 7.04 43 4.2 20 2204 894 1839 18.3 2.8
16 71 85 4.57 44 2.91 20 1997 729 2102 10.1 2.1

Abbreviations: HR, Heart rate; pArt-M, Mean artery pressure; CO, Cardiac output; SVI, Stroke volume index; CI, Cardiac index; GEF, General ejection fraction; dpmx, dp/ 
dt maximum; GEDI, General end diastolic volume index; SVRI, Systemic vascular resistance index; ELWI, Extravascular lung water index; PVPI, Pulmonary vascular 
permeability index.
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ventricular diastolic dysfunction will lead to an 
increase in pulmonary capillary hydrostatic pressure, 
which tends to promote an increase in EVLWI. In 
addition, most of the patients have diseases that may 
potentially damage ventricular diastolic function, such 
as hypertension and coronary heart disease.

Therefore, the hemodynamics of COVID-19-related 
pneumonia are not exactly the same as those of sepsis, 
and it shows its particularity: (1) Pulmonary capillary per-
meability is not as high as that of sepsis. Pulmonary inter-
stitial edema is not all water; it also includes changes in 
alveolar exudate organization and pulmonary interstitial 
fibrosis, which have been confirmed by autopsy. (2) 
PiCCO2 monitoring showed that the patient’s cardiac pre-
load and ELWI increased, superimposed on hypoxia- 
induced pulmonary artery spasm, increased pulmonary 
artery resistance, and right heart dysfunction was induced, 
which was consistent with the findings of cardiac ultra-
sound. Therefore, patients have not lost a large amount of 
effective circulating blood volume, hence shock cannot be 
corrected by rehydration. Instead, it may lead to increased 
pulmonary hydrostatic pressure and extravascular lung 
water, which further aggravates the symptoms of hypoxia. 
A recent study compared the difference between ARDS 
caused by COVID-19 and nonCOVID-19; Shi’s20 study 
found that the values of EVLWi and PVPI in patients with 
COVID-19 ARDS increased significantly after the onset of 
disease, which was consistent with the severe alveolar 
injury caused by COVID-19, thereby correlating with the 
results of this study. The difference was that the condition 
of 16 patients in this study was more serious and GEF 
decreased significantly.

The current research has the following limitations. 
First, in this study, patients with myocardial injury were 
monitored by PiCCO after hemodynamic instability. 
Whether EVLWI increases after lung injury or when 
hemodynamic instability occurs after myocardial injury is 
still uncertain. Second, PiCCO is a very useful method of 
hemodynamic monitoring, and it is usually used for hemo-
dynamic monitoring of critically ill patients; for patients 
with severe COVID-19-related pneumonia, if hemody-
namic instability does not appear, there is no need to use 
PiCCO for monitoring, so in noncritically ill patients, 
whether they have elevated EVLWI is currently unknown. 
In future studies, we should improve the methods to accu-
rately evaluate the right ventricular function of COVID-19 
ARDS patients. More clinical evidence is needed to con-
firm whether impaired right ventricular function and 

increased EVLWI can reflect the severity of ARDS in 
patients with COVID-19?

Conclusions
The hemodynamic status after myocardial injury and car-
diogenic shock caused by severe COVID-19-related pneu-
monia was characterized by cardiac preload and increased 
EVLWI accompanied by a decline in GEF.
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