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Introduction

Since the emergence of SARS-CoV-2 in late 2019, the 
COVID pandemic has become a substantial cause of morbid-
ity and mortality. As of May 1, 2022, over 500 million con-
firmed cases and over six million COVID-related deaths 
have been reported worldwide.1 The main cause of morbidity 
and mortality has been attributed to respiratory complica-
tions such as severe pneumonia or acute respiratory distress 
syndrome. In addition to the direct alveolar involvement, 

investigations have also linked damage to lung microcircula-
tion in COVID-19 patients.2–4 Autopsy studies have shown 
various degrees of pulmonary endothelial dysfunction and 
microvascular thrombosis.5,6 These conditions can lead to 
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Objective: Patients with underlying conditions are predicted to have worse outcomes with COVID-19. A strong association 
between baseline cardiovascular disease and COVID-19-related mortality has been shown by a number of studies. In the 
current retrospective study, we aim to identify whether patients with pulmonary hypertension have worse outcomes 
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measured and statistically analyzed.
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significantly higher intensive care unit admission rate (73.7% versus 25.4%, p < 0.001) and increased presence of acute 
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without pulmonary hypertension (80% versus 43.8%, p < 0.01).
Conclusion: COVID-19 in patients with pulmonary hypertension was associated with high in-hospital mortality even when 
adjusted for confounding factors. A number of mechanisms have been proposed for the worse outcomes in patients with 
pulmonary hypertension and right ventricular dysfunction, including right ventricle overload and indirect pro-inflammatory 
cytokine storm. Further, large-scale studies are required to evaluate the impact of right ventricular dysfunction in COVID-19 
patients and to elucidate the associated mechanisms
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the development and complications of pulmonary pressure 
and right ventricle overload. The association between 
COVID-19 and cardiovascular diseases was recognized and 
addressed extensively. Cardiovascular diseases, including 
arrhythmias and myocardial dysfunction, have been recog-
nized as key detrimental factors in COVID-19 patients.7–9 As 
early data have shown an increased mortality risk in patients 
with cardiovascular disease,10 naturally there has been sig-
nificant research focusing on cardiovascular complications 
of COVID-19 and predictors of mortality.

Pulmonary thrombosis associated with COVID-19-
related ARDS can lead to thrombotic microangiography and 
cause pulmonary hypertension (PH), which can lead to right 
ventricular (RV) dysfunction11 and increased mortality.12 
Increasing amount of imaging data has shown that the RV 
damage is more prevalent in COVID-19 patients than left 
ventricular damage.13,14 The right ventricle is directly and 
indirectly involved in the progression of COVID-19. The 
direct involvement is thought to be due to an increase in RV 
overload and decrease in RV contractility caused by various 
factors such as ARDS, pulmonary thrombosis, viral injury, 
and hypoxia. The indirect involvement may be due to inflam-
matory cytokine storm affecting the cardiovascular system 
caused by an increase in troponin levels 15.

The use of transthoracic echocardiogram (TTE) in inpa-
tient and critical care settings has been beneficial as it is a 
noninvasive, easily obtainable bedside procedure that can 
provide important clinical information. RV systolic pressure 
(RVSP) and function and pulmonary arterial systolic pres-
sure (PASP) are frequently utilized echocardiographic 
parameters to evaluate the presence of PH and RV dysfunc-
tion without requiring invasive right heart catheterization. 
As the pandemic has progressed, there has been emerging 
data showing an association between findings of RV dilation 
with poorer clinical outcomes.16–18 We proposed that patients 
hospitalized with hypoxemic respiratory failure due to 
COVID-19 pneumonia that demonstrated elevated RVSP on 
echocardiogram had worse outcomes than patients without 
elevated RVSP.

Methods

Data from patients admitted to NewYork-Presbyterian 
Brooklyn Methodist Hospital from March to April 2020 with 
laboratory confirmed diagnosis of COVID-19 were retro-
spectively collected (n = 679). IRB approval was obtained 
prior to data collection (NewYork-Presbyterian Brooklyn 
Methodist Hospital Institutional Review Committee: IRB 
reference number 1589266). Inclusion criteria were all 
patients with a positive COVID-19 test result and inpatient 
admission and exclusion criteria was age of <18 years. All 
patients who underwent TTE (n = 57), at the discretion of the 
treating medical team, were identified and TTE was reviewed 
by a single cardiologist for the presence of PH. PASP was 
estimated by measurement of tricuspid regurgitation velocity 

and estimated right atrial pressure (RAP) based on the size 
and collapsibility of inferior vena cava with the formula 
PASP: 4v^2+ RAP. Patients with PASP > 35 mmHg were 
considered to have PH. Additional data collected included 
demographic data, Charlson Comorbidity Index,19 intensive 
care unit (ICU) admission status, presence of ARDS,20 and 
whether prone positioning was utilized. Chart review 
screened patients for a history of baseline PH prior to the 
current admission, of which only five patients were identi-
fied. Outcome measures were hospital length of stay (LOS), 
ICU LOS, total mechanical ventilation (MV) days, in-hospi-
tal mortality, and 30-day mortality.

Statistical analysis

We summarized the continuous variables using means and 
standard deviations and categorical variables as frequencies 
and percentages. We used multivariable linear regression for 
continuous outcomes (hospital LOS, ICU LOS, and total 
MV days) and multivariable logistic regression for categori-
cal outcomes (in-hospital mortality). The final models 
included the outcome of interest as the dependent variable, 
presence of PH as the independent variable, and demo-
graphic variables as covariates. Other covariates did not 
improve the model fit and were not included. We examined 
the effect modification by including multiplicative interac-
tion terms (PH versus demographics) but did not find any 
interaction. Stata/SE 15.1 (StataCorp LLC, College Station, 
TX) was used for all statistical analyses.

Results

Patients requiring TTE had worse outcomes

Baseline patient characteristics are shown in Table 1. We 
studied a cohort of 679 patients (mean age 64.6 ± 16.5) of 
whom 47.9% were female. Of these, 57 patients (mean age 
67 ± 14.7 and 38.6 % females) underwent TTE; all patients 
in this sub-cohort had severe COVID, meeting the criteria of 
dyspnea, hypoxia, or >50% lung involvement on imaging 
within 24–48 h. Additionally, no patients in the cohort of 
those undergoing TTE had baseline PH. Other demographic 
variables (sex, body mass index, and race), smoking status, 
and presence of OSA did not show a significant difference 
between those who underwent TTE and those who did not. 
Aggregate markers of increased disease severity at baseline, 
both of chronic disease (Charlson Comorbidity Index) and 
acute disease (APACHE II Score21), additionally did not 
show a significant difference between those who did and did 
not undergo TTE, although severe worsening of critical ill-
ness represented by the need for prone positioning during 
MV was higher in TTE versus no TTE patients (21.4% ver-
sus 3.6%, p < 0.001).

Our data show that patients who underwent TTE had 
worse outcomes compared with the patients without TTE. 
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Patients who underwent TTE had a significantly higher ICU 
admission rate (73.7% versus 20.9%, p < 0.001) and 
increased diagnosis of ARDS (63.2% versus 17.8%, 
p < 0.001). We also found that these patients had longer ICU 
LOS (23.0 ± 18.8 versus 12.4 ± 14.6, p < 0.0001), longer 
MV time (21 ± 11.2 versus 10.9 ± 10.4, p < 0.0001), longer 
hospital LOS (29.5 ± 19.7 versus 10.6 ± 11.9, p < 0.0001), 
and higher in-hospital death rate when compared to those 
who did not undergo TTE (59.7% versus 29.7%, p < 0.001). 
Mortality at 30 days showed similar findings to in-hospital 
mortality (43.9% versus 29.8%, p < 0.05).

The presence of PH increased the risk of 
mortality from COVID-19

We further investigated whether among those undergoing 
TTE, the presence of PH was associated with worse out-
comes. Among patients who underwent TTE, 25 had PH 
confirmed by TTE and 32 did not (Table 2). We found no 
significant differences comparing PH versus non-PH patients 
with regard to ICU admission, presence of ARDS, ICU LOS, 
MV, and hospital LOS. There was, however, a significant 
increase in mortality in the PH group compared with the 
non-PH group (80% versus 43.8%, p < 0.01).

After multivariable adjustment via regression models, the 
findings remained consistent. Specifically, the presence of 
PH was not independently associated with ICU admission, 
presence of ARDS, ICU LOS, MV, and hospital LOS after 
adjusting for age, sex, and body mass index (Supplemental 
Table 1). PH was independently associated with higher mor-
tality after adjustment for demographic variables (OR 8.9, 
95% CI 1.6–49.2) (Supplemental Table 1).

Discussion

The emergence of SARS-CoV-2 and the subsequent COVID-
19 pandemic has had major implications worldwide. With 
that, medical research has focused on elucidating pathophys-
iology of COVID-19 itself and the pathophysiology and pre-
dictors of its clinical sequelae and outcomes. The continuous 
flood of research studies has revealed patterns between risk 
factors and poorer outcomes in COVID-19 patients. Early in 
the pandemic, several studies found associations between 
chronic comorbidities and increased severity or complica-
tions in COVID-19. For example, obesity has been shown to 
have an increased risk of respiratory failure in patients with 
COVID-19.22 Dessie et al. in a systematic review and meta-
analysis of 42 studies, demonstrated that the presence of 
COPD, diabetes, hypertension, cancer, and obesity as well as 
male gender and older age were the clinical risk factors for a 
fatal outcome associated with coronavirus.23 While the link 
between comorbidities and outcomes in COVID-19 is help-
ful, there is even greater utility in discovering an association 
between the measurable parameters during hospitalization 
and increased mortality. As bedside TTE is an easily obtain-
able and cost-effective procedure, it has become invaluable 
in diagnosing cardiac complications of COVID-19 patients 
and may provide prognostic value in hospitalized patients. 
Hence, the focus of this study was to determine whether PH 
alone was a predictor of mortality or worse clinical outcomes 
in patients with hypoxemic respiratory failure from COVID-
19. In our cohort of patients hospitalized for COVID-19 in 
the first month of the pandemic, our data demonstrated a sig-
nificant association between in-hospital mortality and the 
presence of PH in patients who underwent TTE during their 
hospital stay. We found that after multivariable adjustment 

Table 1. Baseline characteristics, total cohort (n = 679).

Variable Total cohort Subjects with 
TTE

p-Value*

Age 64.6 ± 16.5 67 ± 14.7 NS
Sex (female; %) 47.9 38.6 NS
BMI 29.4 ± 8.6 29.0 ± 8.7 NS
Race (%) NS
 Black 47.1 36.8  
 White 37.5 38.6  
 Other 10.8 17.5  
CCI 3.5 ± 2.5 3.9 ± 2.6 NS
ICU admission (%) 25.4 73.7 <0.001
ARDS (%) 21.6 63.2 <0.001
ICU LOS (days; n = 166) 12.4 ± 14.6 23.0 ± 18.8 <0.0001
MV time (days; n = 180) 10.9 ± 10.4 21 ± 11.2 <0.0001
Hospital LOS (days; 
n = 658)

10.6 ± 11.9 29.5 ± 19.7 <0.0001

In-hospital mortality (%) 32.3 59.7 <0.001

BMI: body mass index; CCI: Charlson Comorbidity Index; ICU: intensive 
care unit; ARDS: acute respiratory distress syndrome; LOS: length of stay; 
MV: mechanical ventilation.
*Comparison of those with and without transthoracic echocardiogram.

Table 2. Baseline characteristics, patients with echocardiogram 
(n = 57).

Variable PH No PH p-Value*

Age 70.2 ± 12.9 64.5 ± 15.8 NS
Sex (female; %) 40 37.5 NS
BMI 26.8 ± 6.5 30.6 ± 10.3 NS
Race (%) NS
 Black 36 37.5  
 White 36 40.6  
 Other 20 15.6  
CCI 4.4 ± 2.4 3.6 ± 2.7 NS
ICU admission (%) 76 71.9 NS
ARDS (%) 64 62.5 NS
ICU LOS (days; n = 37) 20.9 ± 16.2 24.7 ± 21 NS
MV time (days; n = 37) 18.7 ± 11.6 23 ± 10.8 NS
Hospital LOS (days; n = 51) 26.9 ± 17.6 31.7 ± 21.3 NS
In-hospital mortality (%) 80 43.8 <0.01

BMI: body mass index; CCI: Charlson Comorbidity Index; ICU: intensive 
care unit; ARDS: acute respiratory distress syndrome; LOS: length of stay; 
MV: mechanical ventilation.
*Comparison of those with and without PH.
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for age, gender, and body mass index, the association of in-
hospital mortality and PH remained while the univariate 
associations of PH with ICU admission, presence of ARDS, 
ICU LOS, MV time, and hospital LOS were no longer 
present.

Many complications including death in COVID-19 have 
been related to acute respiratory failure, with COVID pneu-
monia and ARDS being the most common pathologies 
encountered. While the respiratory system is the most com-
monly affected, emerging research has demonstrated signifi-
cant effects on other organ systems; most notably, the 
cardiovascular effects of COVID-19 have been considerable 
and well documented. There have been reports of higher lev-
els of serum cardiac enzymes in COVID-19, which in turn 
was associated with increased mortality.24 A study by Lindner 
and colleagues evaluated the presence of SARS-CoV-2 in 
myocardial tissue from autopsy cases and found viral pres-
ence within the myocardium.25 More systemic processes are 
also likely contributing, as several studies have implicated 
the significant inflammatory response caused by the virus 
promoting cytokine release. These pro-inflammatory 
cytokines have different effects on different tissues. From a 
cardiac perspective, there have been links between the 
cytokine cascade and ventricular remodeling, including 
hypertrophy and diastolic dysfunction.26 It has also been 
suggested that this same mechanism contributes to pulmo-
nary vascular remodeling, eventually leading to PH.27

The pulmonary vasculature could also be affected via 
direct endothelial injury. Ackerman and colleagues com-
pared the autopsy findings from patients with ARDS from 
COVID-19 versus influenza and showed that COVID-19-
infected patients had significantly more pronounced endothe-
lial injury with vascular changes including extensive 
thrombosis and microangiopathy compared to influenza-
infected patients.2 The proposed mechanism for endothelial 
damage is likely related to the inflammatory cytokine storm. 
These cytokines promote inflammatory cell involvement 
that can increase perivascular inflammation and vascular 
permeability, leading to fibrin and thrombi formation, which 
results in the proliferation of pulmonary arterial smooth 
muscle cells and consequently vascular remodeling.2,27 
These factors can lead to the development of PH.

Hypoxic pulmonary vasoconstriction is also considered 
an important factor in the development of PH in COVID-19. 
Several studies report a possible long-term effect of hypox-
emia sustained during COVID-19 infection on the degree of 
neurological sequalae from the disease.23,28 When hypoxia is 
sustained, as seen in COVID-19 pneumonia-associated 
ARDS, it could lead to prolonged pulmonary vasoconstric-
tion and consequently increased pulmonary vascular resist-
ance.27 In combination with the inflammatory cytokine storm 
and endothelial damage observed with the infection, this fur-
ther worsens the pulmonary hemodynamics and causes RV 
strain and elevated pulmonary arterial pressures as 

documented in our COVID-19 patient cohort. There have 
also been reports that this “protective” hypoxic pulmonary 
vasoconstriction can become impaired by the aforemen-
tioned inflammatory changes eventually worsening ventila-
tion-perfusion matching and hypoxemia.29

Altogether, these effects on the pulmonary vasculature 
lead to alterations in hemodynamics causing deleterious 
effects on the right ventricle. The latter is ultimately associ-
ated with worse clinical outcomes. Just as our study has 
highlighted, there has been developing research linking PH 
and RV dysfunction to increased mortality risk in COVID-19 
patients.13–15 In particular, a recent meta-analysis showed a 
significantly increased mortality risk in patients with 
COVID-19 requiring respiratory support who had signs of 
RV dysfunction on TTE compared to those without.30 
Another study used tricuspid annular plane systolic excur-
sion (TAPSE), a widely utilized parameter of RV function, 
coupled with PASP to predict mortality risk in patients with 
COVID-19-induced respiratory failure. A more recent inves-
tigation showed that PH in COVID-19 patients was associ-
ated with increased mortality.31 A study by Hinojosa and 
colleagues showed that PH and COVID-19 patients mortal-
ity was not related to hemodynamic severity due to comor-
bidities.32 Generally, as right-sided heart pressures increase, 
there is an associated decrease in the TAPSE, which can be 
measured on a bedside TTE. D’Alto et al. found that a lower 
TAPSE/PASP ratio was associated with increased mortal-
ity.33 Clinically, lower PASP independently predicted sur-
vival in elderly patients admitted to the ICU due to COVID-19 
pneumonia.34 These studies and our own emphasize the util-
ity of echocardiographic bedside diagnostics in predicting 
mortality in COVID-19 patients, specifically regarding 
parameters associated with PH and RV dysfunction.

There are several limitations present in the current study. 
As this was a convenience sample early in the pandemic, we 
were unable to characterize the echocardiographic findings 
of all patients with COVID-19. Our findings that there were 
worse outcomes in those who underwent TTE versus those 
who did not are to be expected; only the sickest patients in 
whom knowledge of cardiac function was sought underwent 
TTE. These findings were present despite no difference in 
the TTE versus no TTE groups in Charlson Comorbidity 
Index and APACHE II scores, as these are baseline measure-
ments on admission to the hospital and admission to the ICU, 
respectively. However, the population selected for TTE were 
those who progressed rapidly during their hospitalization, 
creating a subset of very severely critically ill patients. The 
retrospective nature of data collection creates biases and pre-
vented us from collecting additional information that may 
have elucidated the relationship between COVID-19, PH, 
and mortality. For example, additional patients with PH may 
have been missed due to the lack of TTE on all subjects 
included in this study. We did, however, perform sensitivity 
analyses including five patients identified via chart review 
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with baseline PH prior to the current admission (who did not 
undergo TTE during the study admission), but these analyses 
did not alter our results. Additionally, this study was com-
pleted prior to the establishment of accepted treatments for 
COVID-19, as data was collected during the first 3 months of 
the pandemic; thus, external validity may be affected. Due to 
the retrospective nature of this convenience sample, a power 
analysis was not conducted to determine the required sample 
size.

Conclusion

COVID-19 has become a major cause of morbidity and mor-
tality in hospitals across the globe. We demonstrated the 
independent association of PH and mortality from COVID-
19 infection. Interestingly, other surrogate markers of dis-
ease severity based on hospital course (ICU LOS, hospital 
LOS, and MV) were not worse in those with PH. Additional 
studies are warranted to further evaluate the full impact of 
RV dysfunction and the presence of PH on morbidity and 
mortality from COVID-19 infection.

Author contributions

The authors confirm contribution to the article as follows: study 
conception and design: RM and JW; data collection: RM, RH, and 
JW; analysis and interpretation of results: RM, RH, KR, MG, and 
JW; and draft article preparation: RM, RH, MG, and JW. All 
authors reviewed the results and approved the final version of the 
article.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding

The author(s) received no financial support for the research, author-
ship, and/or publication of this article.

Ethics approval

Ethical approval for this study was obtained from NewYork-
Presbyterian Brooklyn Methodist Hospital Institutional Review 
Committee: IRB reference number 1589266.

Informed consent

Requirement for written informed consent was waived off by 
Institutional Review Board and was not sought for the present study 
because this was a retrospective analysis study.

ORCID iD

Ruth Minkin  https://orcid.org/0000-0003-4133-1650

Supplemental material

Supplemental material for this article is available online.

References

 1. WHOb. Weekly epidemiological update on COVID-19. Geneva, 
Switzerland: World Health Organization. https://www.who.int/
publications/m/item/weekly-epidemiological-update-on-covid-
19—4-may-2022 (2020, accessed 4 May 2022).

 2. Ackermann M, Verleden SE, Kuehnel M, et al. Pulmonary 
vascular endothelialitis, thrombosis, and angiogenesis in 
Covid-19. N Engl J Med. 2020; 383(2): 120–128.

 3. Liu PP, Blet A, Smyth D, et al. The science underlying 
COVID-19: implications for the cardiovascular system. 
Circulation 2020; 142(1): 68–78.

 4. Teuwen LA, Geldhof V, Pasut A, et al. COVID-19: the vascu-
lature unleashed. Nat Rev Immunol 2020; 20(7): 389–391.

 5. Klok FA, Kruip MJHA, van der Meer NJM, et al. Incidence 
of thrombotic complications in critically ill ICU patients with 
COVID-19. Thromb Res 2020; 191: 145–147.

 6. Varga Z, Flammer AJ, Steiger P, et al. Endothelial cell infec-
tion and endotheliitis in COVID-19. Lancet 2020; 395(10234): 
1417–1418.

 7. Shi S, Qin M, Shen B, et al. Association of cardiac injury with 
mortality in hospitalized patients with COVID-19 in Wuhan, 
China. JAMA Cardiol 2020; 5(7): 802–810.

 8. Gupta AK, Jneid H, Addison D, et al. Current perspectives on coro-
navirus disease 2019 and cardiovascular disease: a white paper 
by the jaha editors. J Am Heart Assoc 2020; 9(12): e017013.

 9. Romiti GF, Corica B, Lip GYH, et al. Prevalence and impact 
of atrial fibrillation in hospitalized patients with covid-19: 
a systematic review and meta-analysis. J Clin Med 2021; 
10(11): 2490.

 10. Clerkin KJ, Fried JA, Raikhelkar J, et al. COVID-19 and car-
diovascular disease. Circulation 2020; 141(20): 1648–1655.

 11. Lazzeri C, Bonizzoli M, Batacchi S, et al. Echocardiographic 
assessment of the right ventricle in COVID-related acute res-
piratory syndrome. Intern Emerg Med 2021; 16(1): 1–5.

 12. De Cobelli F, Palumbo D, Ciceri F, et al. Pulmonary vascular 
thrombosis in COVID-19 pneumonia. J Cardiothorac Vasc 
Anesth 2021; 35(12): 3631–3641.

 13. Szekely Y, Lichter Y, Taieb P, et al. Spectrum of cardiac 
manifestations in COVID-19: a systematic echocardiographic 
study. Circulation 2020; 142(4): 342–353.

 14. Mahmoud-Elsayed HM, Moody WE, Bradlow WM, et al. 
Echocardiographic findings in patients with COVID-19 pneu-
monia. Can J Cardiol 2020; 36(8): 1203.

 15. Lan Y, Liu W and Zhou Y. Right ventricular damage in 
COVID-19: association between myocardial injury and 
COVID-19. Front Cardiovasc Med 2021; 8: 606318.

 16. Norderfeldt J, Liliequist A, Frostell C, et al. Acute pulmo-
nary hypertension and short-term outcomes in severe Covid-
19 patients needing intensive care. Acta Anaesthesiol Scand 
2021; 65(6): 761–769.

 17. Li Y, Li H, Zhu S, et al. Prognostic value of right ventricu-
lar longitudinal strain in patients with COVID-19. JACC 
Cardiovasc Imaging 2020; 13(11): 2287–2299.

 18. Pagnesi M, Baldetti L, Beneduce A, et al. Pulmonary hyper-
tension and right ventricular involvement in hospitalised 
patients with COVID-19. Heart 2020; 106(17): 1324–1331.

 19. Charlson ME, Pompei P, Ales KL, et al. A new method of clas-
sifying prognostic comorbidity in longitudinal studies: devel-
opment and validation. J Chronic Dis 1987; 40(5): 373–383.

https://orcid.org/0000-0003-4133-1650
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19�4-may-2022
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19�4-may-2022
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19�4-may-2022
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19�4-may-2022


6 SAGE Open Medicine

 20. Ferguson ND, Fan E, Camporota L, et al. The Berlin definition 
of ARDS: an expanded rationale, justification, and supplemen-
tary material. Intensive Care Med 2012; 38(10): 1573–1582.

 21. Tian Y, Yao Y, Zhou J, et al. Dynamic APACHE II score to 
predict the outcome of intensive care unit patients. Front Med 
2022; 8: 3139.

 22. Goyal P, Ringel JB, Rajan M, et al. Obesity and COVID-19 in 
New York City: a retrospective cohort study. Ann Intern Med 
2020; 173(10): 855–858.

 23. Dessie ZG and Zewotir T. Mortality-related risk factors of 
COVID-19: a systematic review and meta-analysis of 42 stud-
ies and 423,117 patients. BMC Infect Dis 2021; 21(1): 855.

 24. Toraih EA, Elshazli RM, Hussein MH, et al. Association of 
cardiac biomarkers and comorbidities with increased mor-
tality, severity, and cardiac injury in COVID-19 patients: a 
meta-regression and decision tree analysis. J Med Virol 2020; 
92(11): 2473–2488.

 25. Lindner D, Fitzek A, Bräuninger H, et al. Association of car-
diac infection with SARS-CoV-2 in confirmed COVID-19 
autopsy cases. JAMA Cardiol 2020; 5(11): 1281–1285.

 26. Dewachter L and Dewachter C. Inflammation in right ventricu-
lar failure: does it matter? Front Physiol 2018; 9(AUG): 1056.

 27. Potus F, Mai V, Lebret M, et al. Novel insights on the pul-
monary vascular consequences of COVID-19. Am J Physiol 
– Lung Cell Mol Physiol 2020; 319(2): L277–L288.

 28. Dondaine T, Ruthmann F, Vuotto F, et al. Long-term cogni-
tive impairments following COVID-19: a possible impact of 
hypoxia. J Neurol 2022; 1: 1–8.

 29. Lang M, Som A, Mendoza DP, et al. Hypoxaemia related 
to COVID-19: vascular and perfusion abnormalities on 
dual-energy CT. Lancet Infect Dis 2020; 20(12): 1365– 
1366.

 30. Paternoster G, Bertini P, Innelli P, et al. Right ventricular 
dysfunction in patients with COVID-19: a systematic review 
and meta-analysis. J Cardiothorac Vasc Anesth 2021; 35(11): 
3319–3324.

 31. Wolters AEP, Wolters AJP, van Kraaij TDA, et al. 
Echocardiographic estimation of pulmonary hypertension in 
COVID-19 patients. Neth Heart J 2022; 30(11): 510–518.

 32. Hinojosa W, Cristo-Ropero MJ, Cruz-Utrilla A, et al. 
The impact of COVID-19 pandemic on pulmonary hyper-
tension: what have we learned? Pulm Circ 2022; 12(4):  
107061.

 33. D’Alto M, Pavelescu A, Argiento P, et al. Echocardiographic 
assessment of right ventricular contractile reserve in healthy 
subjects. Echocardiography 2017; 34(1): 61–68.

 34. Kurnik M, Božič H, Vindišar A, et al. Pulmonary hyperten-
sion at admission predicts ICU mortality in elderly critically 
ill with severe COVID-19 pneumonia: retrospective cohort 
study. Cardiovasc Ultrasound 2023; 21(1): 1.


