
Review 

Pulmonary Hypertension and the Development of  

Right Ventricular Hypertrophy among COVID-19 Patients 
Safia Haniya Yusuf 1 and Jeffrey L. Ram 2,*  

1    Department of Physiology, Wayne State University, Detroit, MI 48201; safiahaniya@wayne.edu 
2 Department of Physiology, Wayne State University, Detroit, MI 48201; jeffram@wayne.edu 

* Correspondence: jeffram@wayne.edu; Tel.: 1-313-577-1558 

Abstract: COVID-19 affects many organs in our body, including the heart and lungs. COVID-19 

cases that require hospitalization often exhibit pulmonary hypertension (PH) due to changes in the 

lung microvasculature in which the blood vessels become stiff, damaged, or narrow, causing in-

creased pulmonary arterial pressure. This review examines the hypothesis that PH can lead to 

right ventricular hypertrophy (RVH) as a long-lasting aftereffect of COVID-19. Recent studies 

have shown that significant percentages of hospitalized patients develop right ventricular hyper-

tension and right ventricular dilatation (RVD), which may lead to right ventricular failure and 

death. Despite recommendations for echocardiogram reports to include right ventricular wall 

thickness to assess RVH, few published reports have reported this parameter. Relevant studies on 

animal models of PH in which the timing of PH can be precisely controlled suggest that one to 

three weeks of PH can cause RVH. Thus, according to the hypothesis proposed here COVID-19 

patients who have long-lasting severe disease (e.g., needed to be on a ventilator for one or more 

weeks) accompanied by PH and RVD may develop RVH as a long-lasting sequela outlasting the 

infection itself. Echocardiogram studies of recovered COVID-19 patients may determine whether 

oft-reported cardiovascular sequelae include RVH. 
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1. Introduction 

COVID-19 is a rapidly developing disease that affects many organ systems, espe-

cially the cardiovascular and pulmonary systems. In fact, several studies have shown 

that patients with COVID-19 develop cardiac injury [1-4]. Shi et al. [2] noted that 19.7% 

of their study’s participants developed cardiac injury during hospitalization and notes 

that cardiac injury is an “independent risk factor for in-hospital mortality.” Another 

study has determined that a COVID-19-associated cytokine storm can lead to excessive 

neutrophil recruitment which is then responsible for organ damage and result in myo-

cardial infarction [5]. 

COVID-19 cases that require hospitalization also often exhibit pulmonary hyperten-

sion (PH) [6]. PH develops when blood vessels in the lungs become stiff, damaged, or 

narrow, which causes the blood pressure in the arteries of the lungs to be abnormally 

high and makes the right side of the heart work harder to pump blood to the lungs [7]. 

Ultimately, PH can cause the heart to lose ability to pump enough blood through the 

lungs. PH can occur at all ages, but incidence typically increases with age. PH is more 

common among women, non-Hispanic blacks, and people aged 65 or older and is com-

monly found with heart failure [8]. PH can be either idiopathic or can be caused by other 

injuries and diseases [9]. PH during COVID-19 might be one of the causal factors of car-

diac dysfunction that occurs during the disease.  

  A frequent result of PH is the development of cardiac dysfunction, particularly of 

the right ventricle which pumps blood to the lungs. Right ventricular dysfunction 

caused by PH encompasses right ventricular dilatation (VHD), right ventricular hyper-
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trophy (RVH), and heart failure (HF). The potential for PH to cause right ventricular 

dysfunction has been observed for many conditions. For example, hemodialysis patients 

have been noted to exhibit PH and associated RVD and RVH, with a significant increase 

in right ventricular wall thickening [10]. Similarly, high serum phenylalanine has been 

associated with PH and cardiac dysfunction in newborns and in a rat model, injections 

of phenylalanine caused PH and significant associated RVH within two weeks [11]. So, it 

is important to know if RVH similarly occurs as a result of COVID-19 associated PH.   

2. Hypothesis 

We hypothesize that patients who have long-lasting severe COVID-19 (e.g. needed 

to be on a ventilator for one or more weeks) accompanied by PH will develop RVH.  

This hypertrophy may be a long-lasting aftereffect resulting from COVID-19 disease. 

3. Literature analysis 

3.1. Heart Structure Changes in Patients with COVID-19 

Numerous examples are now found in the literature of COVID-19 patients that de-

velop PH and having accompanying changes in their right ventricle. An exemplar case 

study is reported by van Dongen et al. [12] who cared for a patient who had COVID-19 

pneumonia, was on a ventilator for “a few days” and after discharge subsequently re-

turned to the hospital where he was placed on ventilation again and presented with hy-

poxemia and dyspnea. The authors found that he had a “grossly enlarged right ventri-

cle” and laboratory markers that indicated that the patient developed PH. van Dongen 

et al. [12] hypothesized that patients with COVID-19 pneumonia can develop “pulmo-

nary hypertension and right ventricular failure,” and that PH can arise from microvas-

cular damage. A question that we will come back to later in this review is how fast PH 

and right ventricular failure can develop.   

Clinical studies of multiple patients and subsequent meta-analyses provide many 

examples of RVD in association with COVID-19 and PH. Sud et al. [13] found that 

among their patients “with COVID-19 and significant myocardial injury… 17% had iso-

lated right ventricular dysfunction, 17% had biventricular dysfunction.” A later study by 

the same authors identified RV dilation as being prevalent among their patients [14]. The 

authors noted that patients presenting with RV dilation did not have differences in ma-

jor comorbidities, inflammatory markers, or myocardial injury when compared to pa-

tients without RV dilation; however, these patients were more likely to experience renal 

dysfunction compared to those without RV dilation. RV dilation was strongly associated 

with mortality among patients with COVID-19 infection and myocardial injury.  

Szekely et al. [15] conducted a large echocardiographic study in which a hundred 

patients were subjected to echocardiographic evaluation within 24 hours of admission. 

Among patients with abnormal echocardiograms, 57% presented with RV dilation. Dur-

ing hospitalization, 20% of patients experienced clinical deterioration, with 12 patients 

experiencing further deterioration of RV parameters.  

Provencher et al. [16] speculated that the pandemic put those with pre-existing se-

vere chronic PH at risk for development of cardiac problems, such as adaptive right ven-

tricular hypertrophy or failure. The authors observed that patients with severe COVID-

19 tend to develop “an atypical form of ARDS [acute respiratory stress syndrome] with 

significant dissociation between relatively well-preserved lung mechanics and severe 

hypoxemia.” Similarly, Martínez-Mateo et al. [17] state that “right ventricular (RV) over-

load and RV failure are common” in patients who had COVID-19 and related pneumo-

nia and developed ARDS; they also noted that four of their patients developed dilatation 

in the right cavities of the heart and that PH was absent among all six of their case stud-

ies. On the other hand, another study found that among their participants that had 

COVID-19 pneumonia, 41% had RV dilatation and 27% developed RV dysfunction [18]. 

While Mahmoud-Elsayed et al. [18] did not find a link between ventilation, RV dysfunc-

tion, and PH, the authors inferred that physicians could “limit positive end-expiratory 
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pressure” upon identifying RV impairment to avoid hypercapnic acidosis, which could 

possibly induce pulmonary arterial hypertension and increased RV afterload. 

Mahmoud-Elsayed et al. [18] noted that “it is conceivable that a proportion of patients 

with RV dysfunction had undiagnosed thromboembolic disease” since not all of their 

patients underwent pulmonary angiography prior to their acute COVID-19.  

Pagnesi et al. [19] found that among hospitalized non-ICU patients with COVID-19, 

presence of PH was associated with a higher rate of in-hospital death or ICU admission 

(41.7 vs 8.5%, p<0.001), while the presence of RVD was not (17.2 vs 11.7%, p=0.404). This 

is seen by the number of patients with PH who showed signs of severe infection (CXR 

lung damage, laboratory markers, oxygenation status, and noninvasive ventilation).   

A recent meta-analysis review of studies of COVID-19 patients developing right 

ventricular impairment and pulmonary hypertension on mortality concluded that the 

consensus is that patients who develop PH or RVD through COVID-19 are more likely 

to die [20]. Similarly, a review by Cicco et al. [21] about cardiac imaging evaluation of 

COVID-19 patients concluded that RV hypertrophy may be caused by mechanical venti-

lation. The proposed mechanism is that mechanical ventilation can increase RV after-

load, causing the RV to thicken in response to increased intrathoracic pressure. Cicco et 

al. [21] suggest that hypoxic pulmonary vasoconstriction is probably the main factor be-

hind increased arterial pressure. 

Tudoran et al. [6] noted that right ventricular global longitudinal strain (RV-GLS) 

was an echocardiographic parameter that provided a good prognosis for many heart 

failure-related outcomes. In their study to determine the presence and severity of PH 

two months after recovering from COVID-19 pulmonary infection the authors frequent-

ly documented incidences of PH and RVD in COVID-19 patients. These patients also 

presented with increased RV diameters and RV global longitudinal strain levels, which 

suggests RV enlargement and strain. Furthermore, tricuspid annular plane systolic ex-

cursion (TAPSE) levels were decreased in patients with PH and RVD, which along with 

the other echocardiographic markers suggest RVH.  

The above studies consistently report RV dysfunction and dilatation occurring in 

association with COVID-19 and resultant PH. However, despite the recommendation 

that echocardiograph reports should include RV wall thickness along with other dimen-

sions of the ventricle [22-24] none of them reported on the weight or wall thickness of 

the right ventricle, which would be necessary to determine if the reported RVD was ac-

companied by increased growth, i.e., hypertrophy. We’ve encountered one study that 

did report on wall thickness, by Lazzeri et al. [25]. These authors found that among 

COVID-19 patients requiring ventilation the average RV wall thickness of those with se-

vere COVID-19 induced ARDS increased from 5.3 ± 0.5 to 5.9 ± 0.7 over 30 days, indicat-

ing RVH. Furthermore, increases in systolic pulmonary arterial pressures were observed 

in all patients, indicative of PH. Lazzeri et al. [25] suggested that such outcomes are 

caused by hypoxic vasoconstriction in lungs and that increased RV afterload resulting 

from mechanical ventilation may be the cause of the RVH. The report by Lazzeri et al. 

[25] provides direct support for our hypothesis that PH developed in association with 

COVID-19 may cause RVH, leading to a long-lasting RV dysfunction following COVID-

19.       

3.2. The Speed at which Pulmonary Hypertension Causes Heart Dysfunction in Animals 

Prior to COVID-19, one might have expected RVH to develop slowly over periods 

of months or years in response to progressively developing PH caused by drugs or tox-

ins, connective tissue disease, congenital heart disease, and other unknown causes [26]; 

however, COVID-19 causes a rapid, acute development of PH in many patients, as re-

viewed above. Patients may arrive at the hospital already in acute respiratory distress, 

exhibiting a recent development of PH in response to their COVID-19 infection. In seri-

ous cases of COVID-19 in which patients have needed to be placed on ventilators for 

days or weeks, the PH may be present for days or weeks. In many cases, also as de-

scribed above, PH will cause RVD, and therefore the question arises as to how long RVD 
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must be present for the increased stress to result in RVH. In contrast to the usual slow 

progressive development of RVH in response to chronic PH, van Dongen et al. [12] ex-

pressed the view that their COVID-19 patient had developed PH “over a much shorter 

time period than usually expected” accompanied by a “grossly enlarged right ventricle.” 

The view that RVH can develop rapidly within days or weeks in response to acute PH is 

supported by various studies on animal models of PH in which the timing of the PH can 

be precisely controlled.  

PH can be initiated by a variety of techniques. 

Monocrotaline: In a study by Daicho et al. [27], PH was induced in rats by admin-

istration of monocrotaline, resulting in “marked myocardial hypertrophy and fibrosis” 

causing right ventricular failure within six weeks. Indeed, changes in echocardiographic 

parameters, ATP, and creatine phosphate were detected as early as four weeks after ad-

ministration of monocrotaline [27]. 

Ligation or balloon catheterization of pulmonary artery: Mercier et al. (2013) in-

duced chronic thromboembolic pulmonary hypertension (CTEPH) in piglets by ligation 

of left pulmonary artery; all of them developed PH within five weeks, with echocardiog-

raphy showing RV enlargement and wall thickening, with progressive RV remodeling 

starting as early as 2 weeks post-ligation. Mean pulmonary artery pressure (mPAP) and 

total pulmonary resistance (TPR) was higher in the CTEPH group of piglets, compared 

to the sham group. Another study found that piglets with banded pulmonary arteries 

developed right ventricular hypertrophy by four weeks [28]. Luitel et al. [29] found sig-

nificant changes in right and left ventricular structure and function of pulmonary artery 

banded mice within two weeks, with several changes taking place after three and seven 

days, respectively. Katayama et al. [30] induced right ventricular hypertrophy with an 

obstructing balloon catheter inserted into the main pulmonary artery and inflated twice 

a day for 2 to 2.5 hours for 4 consecutive days. The authors found that myocardial mass 

in the right ventricle increased after 4 days of this intermittently applied pressure over-

load; right ventricular weight was significantly higher in the balloon inflation group 

than those in the control group in measurements of wet heart (29.5 ± 1.2% versus 23.0 ± 

1.0%; P< .0001) and dry heart weights (27.0 ± 2.0% versus 21.0 ± 1.1%; P< .0001). 

Chronic hypoxia: Tabima et al. [31] found that mice exposed to chronic hypoxia for 

10 days developed hypoxia-induced pulmonary hypertension (HPH), accompanied by 

RV hypertrophy, ventricular-vascular decoupling, and a mild decrease in RV contractile 

reserve. Similarly, Fried et al. [32] found that hypoxic rats exposed to low oxygen for 2 

weeks exhibited RVH that they attributed to increased pulmonary vascular resistance as 

early as 5 days after the start of exposure. In addition, RV remodeling of treated rats is 

reflected by a significantly increased Fulton’s Index value and reduced TAPSE when 

compared to the normoxia rats. 

Spyropoulos et al. [33] conducted a study to determine which method of PH induc-

tion in rats is most like what humans undergo (two weeks of hypoxia, 28 days of MCT 

injection, and Sugen injection with placementin hypoxia for three weeks and normoxia 

for 1 week). All three models of PH induction had significantly higher RV systolic pres-

sures when compared to normoxic controls and specifically, RV wall thickness was sig-

nificantly greater in hypoxic compared to normoxic rats (p<0.001).  

The above evidence would suggest that right ventricular hypertrophy can develop 

relatively rapidly, within a few days to weeks in response to pulmonary hypertension 

that might be caused by COVID-19. This would be consistent with what happened to the 

patient in Van Dongen’s [12] case study in which the patient required ventilation (and 

probably had hypoxia) and was found to have developed pulmonary hypertension ac-

companied by RV dilation within 25 days of his initial admission to the hospital for 

COVID-19. 

3.3. Future Investigations and Implications of the Hypothesis that COVID-19 PH causes RVH 

The above considerations support the hypothesis that COVID-19 pneumonia can 

cause PH accompanied by changes in RV structure and function. The causal link be-
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tween COVID-19-induced PH and RVH in humans is circumstantial; however, rapid 

development of RVH in animals in response to acute activation of PH shows a causal re-

lationship in these animal models. While this review describes numerous studies of hu-

mans in which RV dilatation in hospitalized COVID-19 patients has occurred in associa-

tion with PH, only the study of Lazzeri et al. [25] has reported RV wall thickness, to pro-

vide direct support for hypertrophy and the hypothesis that a long-lasting after-effect of 

COVID-19 in some patients may be RVH caused by PH. More echocardiographic studies 

are needed to confirm the results by Lazzeri et al [25]. We would suggest that retrospec-

tive studies of electrocardiograms of patients that have been on a ventilator for two 

weeks or more (sufficient time for RVH to develop) should determine if the patient had 

PH, and if so, whether increases in RV size and wall thickness have occurred However, 

even with such confirmation, in a disease in which the virus SARS-CoV-2 is known to 

directly infect numerous tissues, including the heart, it may be difficult to prove a causal 

link between the PH and RVH in COVID-19. 

RVH is considered a serious risk to cardiac health, often leading to heart failure and 

death. Sustained pressure overload on the right ventricle, as would occur if PH were 

long-lasting, can produce maladaptive irreversible remodeling of the right ventricle [34].  

On the other hand, recent reports indicate that if the PH-related cause of RVH can be 

removed, the right ventricle is capable of a remarkable degree of recovery. In a mouse 

model, removal of the resistive cause of the RV afterload enabled RVH and exercise ca-

pacity to recover, whereas RV fibrosis recovered more slowly [35]. Typically, treatment 

of RVH when PH is present is directed at reducing the causal PH. There seems to be no 

consensus on treatments aimed directly at reducing or stopping the thickening of the 

walls of the right ventricle that occurs in RVH [36] or reducing the fibrosis that accom-

panies it as a therapeutic target [37].  

In COVID-19 patients, treatments aimed at preventing a long-lasting PH due to mi-

crovascular damage in the lungs may prevent the development of an irreversible RVH. 

Thus, a goal of treatment of patients hospitalized with COVID-19 should be to reduce 

the occurrence of PH. Drugs that were used in targeted therapy for PH prior to the pan-

demic, including bosentan, sildenafil and epoprostenol, have been recommended for 

treating patients experiencing acute respiratory distress syndrome during COVID-19 

and might therefore help to achieve that goal [38]. Another treatment that has been sug-

gested for use during COVID-19 to reduce pulmonary arterial pressure and prevent 

right ventricular dysfunction is inhaled nitric oxide. Decreasing the occurrence of PH or 

reducing its duration may have beneficial effects on cardiac health following COVID-19. 

 
Author Contributions: Conceptualization, J.L.R.; literature research, J.L.R. and S.H.Y.; writing—

original draft preparation, S.H.Y.; writing—review and editing, J.L.R. and S.H.Y. All authors have 

read and agreed to the published version of the manuscript. 

Funding: This research received no external funding 

Conflicts of Interest: The authors declare no conflict of interest. 

 

References 

1. Bikdeli, B.; Madhavan, M.V.; Jimenez, D.; Chuich, T.; Dreyfus, I.; Driggin, E.; Nigoghossian, C.D.; Ageno, W.; Madjid, M.; 

Guo, Y.; et al. COVID-19 and Thrombotic or Thromboembolic Disease: Implications for Prevention, Antithrombotic 

Therapy, and Follow-Up. Journal of the American College of Cardiology 2020, 75, 2950-2973, doi:10.1016/j.jacc.2020.04.031. 

2. Shi, S.; Qin, M.; Shen, B.; Cai, Y.; Liu, T.; Yang, F.; Gong, W.; Liu, X.; Liang, J.; Zhao, Q.; et al. Association of Cardiac Injury 

With Mortality in Hospitalized Patients With COVID-19 in Wuhan, China. JAMA Cardiology 2020, 5, 802, 

doi:10.1001/jamacardio.2020.0950. 

3. Wang, D.; Hu, B.; Hu, C.; Zhu, F.; Liu, X.; Zhang, J.; Wang, B.; Xiang, H.; Cheng, Z.; Xiong, Y.; et al. Clinical Characteristics 

of 138 Hospitalized Patients With 2019 Novel Coronavirus–Infected Pneumonia in Wuhan, China. JAMA 2020, 323, 1061, 

doi:10.1001/jama.2020.1585. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2022                   doi:10.20944/preprints202205.0030.v1

https://doi.org/10.20944/preprints202205.0030.v1


 

4. Giustino, G.; Croft, L.B.; Stefanini, G.G.; Bragato, R.; Silbiger, J.J.; Vicenzi, M.; Danilov, T.; Kukar, N.; Shaban, N.; Kini, A.; 

et al. Characterization of Myocardial Injury in Patients With COVID-19. Journal of the American College of Cardiology 2020, 

76, 2043-2055, doi:10.1016/j.jacc.2020.08.069. 

5. Maxwell, A.J.; Ding, J.; You, Y.; Dong, Z.; Chehade, H.; Alvero, A.; Mor, Y.; Draghici, S.; Mor, G. Identification of key 

signaling pathways induced by SARS-CoV2 that underlie thrombosis and vascular injury in COVID-19 patients. Journal of 

Leukocyte Biology 2021, 109, 35-47, doi:10.1002/jlb.4covr0920-552rr. 

6. Tudoran, C.; Tudoran, M.; Lazureanu, V.E.; Marinescu, A.R.; Pop, G.N.; Pescariu, A.S.; Enache, A.; Cut, T.G. Evidence of 

Pulmonary Hypertension after SARS-CoV-2 Infection in Subjects without Previous Significant Cardiovascular Pathology. 

Journal of Clinical Medicine 2021, 10, 199, doi:10.3390/jcm10020199. 

7. Gladwin, M.T., MD; Levine, A.R., MD. Pulmonary Hypertension. 2020, 21. 

8. Mandras, S.A.; Mehta, H.S.; Vaidya, A. Pulmonary Hypertension: A Brief Guide for Clinicians. Mayo Clinic Proceedings 

2020, 95, 1978-1988, doi:10.1016/j.mayocp.2020.04.039. 

9. Fox, D.; Khattar, R. Pulmonary arterial hypertension: Classification, diagnosis and contemporary management. 

Postgraduate medical journal 2006, 82, 717-722, doi:10.1136/pgmj.2006.044941. 

10. Zhao, L.J.; Huang, S.M.; Liang, T.; Tang, H. Pulmonary hypertension and right ventricular dysfunction in hemodialysis 

patients. European Review for Medical and Pharmacological Sciences 2014, 18, 3267-3273. 

11. Tan, R.; Li, J.; Liu, F.; Liao, P.; Ruiz, M.; Dupuis, J.; Zhu, L.; Hu, Q. Phenylalanine induces pulmonary hypertension 

through calcium-sensing receptor activation. American Journal of Physiology-Lung Cellular and Molecular Physiology 2020, 319, 

L1010-L1020, doi:10.1152/ajplung.00215.2020. 

12. Van Dongen, C.; Janssen, M.; Van Der Horst, R.; Van Kraaij, D.; Peeters, R.; Van Den Toorn, L.; Mostard, R. Unusually 

Rapid Development of Pulmonary Hypertension and Right Ventricular Failure after COVID-19 Pneumonia. European 

Journal of Case Reports in Internal Medicine 2020, doi:10.12890/2020_001784. 

13. Sud, K.; Vogel, B.; Bohra, C.; Garg, V.; Talebi, S.; Lerakis, S.; Narula, J.; Argulian, E. Echocardiographic Findings in 

Patients with COVID-19 with Significant Myocardial Injury. Journal of the American Society of Echocardiography 2020, 33, 

1054-1055, doi:10.1016/j.echo.2020.05.030. 

14. Argulian, E.; Sud, K.; Vogel, B.; Bohra, C.; Garg, V.P.; Talebi, S.; Lerakis, S.; Narula, J. Right Ventricular Dilation in 

Hospitalized Patients With COVID-19 Infection. JACC: Cardiovascular Imaging 2020, 13, 2459-2461, 

doi:10.1016/j.jcmg.2020.05.010. 

15. Szekely, Y.; Lichter, Y.; Taieb, P.; Banai, A.; Hochstadt, A.; Merdler, I.; Gal Oz, A.; Rothschild, E.; Baruch, G.; Peri, Y.; et al. 

Spectrum of Cardiac Manifestations in COVID-19. Circulation 2020, 142, 342-353, doi:10.1161/circulationaha.120.047971. 

16. Provencher, S.; Potus, F.; Bonnet, S. COVID-19 and the pulmonary vasculature. Pulmonary Circulation 2020, 10, 

204589402093308, doi:10.1177/2045894020933088. 

17. Martínez-Mateo, V.; Fernández-Anguita, M.J.; Paule, A. Electrocardiographic signs of acute right ventricular hypertrophy 

in patients with COVID-19 pneumonia: A clinical case series. Journal of Electrocardiology 2020, 62, 100-102, 

doi:10.1016/j.jelectrocard.2020.07.007. 

18. Mahmoud-Elsayed, H.M.; Moody, W.E.; Bradlow, W.M.; Khan-Kheil, A.M.; Senior, J.; Hudsmith, L.E.; Steeds, R.P. 

Echocardiographic Findings in Patients With COVID-19 Pneumonia. Canadian Journal of Cardiology 2020, 36, 1203-1207, 

doi:10.1016/j.cjca.2020.05.030. 

19. Pagnesi, M.; Baldetti, L.; Beneduce, A.; Calvo, F.; Gramegna, M.; Pazzanese, V.; Ingallina, G.; Napolano, A.; Finazzi, R.; 

Ruggeri, A.; et al. Pulmonary hypertension and right ventricular involvement in hospitalised patients with COVID-19. 

Heart 2020, 106, 1324-1331, doi:10.1136/heartjnl-2020-317355. 

20. Paternoster, G.; Bertini, P.; Innelli, P.; Trambaiolo, P.; Landoni, G.; Franchi, F.; Scolletta, S.; Guarracino, F. Right 

Ventricular Dysfunction in Patients With COVID-19: A Systematic Review and Meta-analysis. Journal of Cardiothoracic and 

Vascular Anesthesia 2021, 35, 3319-3324, doi:10.1053/j.jvca.2021.04.008. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2022                   doi:10.20944/preprints202205.0030.v1

https://doi.org/10.20944/preprints202205.0030.v1


 

21. Cicco, S.; Vacca, A.; Cariddi, C.; Carella, R.; Altamura, G.; Solimando, A.; Lauletta, G.; Pappagallo, F.; Cirulli, A.; 

Stragapede, A.; et al. Imaging Evaluation of Pulmonary and Non-Ischaemic Cardiovascular Manifestations of COVID-19. 

Diagnostics 2021, 11, 1271, doi:10.3390/diagnostics11071271. 

22. Zaidi, A.; Knight, D.S.; Augustine, D.X.; Harkness, A.; Oxborough, D.; Pearce, K.; Ring, L.; Robinson, S.; Stout, M.; Willis, 

J.; et al. Echocardiographic Assessment of the Right Heart in Adults: A Practical Guideline from the British Society of 

Echocardiography. Echo Research & Practice 2020, 7, G19-G41, doi:10.1530/erp-19-0051. 

23. Lang, R.; Bierig, M.; Devereux, R.; Flachskampf, F.; Foster, E.; Pellikka, P.; Picard, M.; Roman, M.; Seward, J.; Shanewise, J. 

Recommendations for chamber quantification☆. European Journal of Echocardiography 2006, 7, 79-108, 

doi:10.1016/j.euje.2005.12.014. 

24. Rudski, L.G.; Lai, W.W.; Afilalo, J.; Hua, L.; Handschumacher, M.D.; Chandrasekaran, K.; Solomon, S.D.; Louie, E.K.; 

Schiller, N.B. Guidelines for the Echocardiographic Assessment of the Right Heart in Adults: A Report from the American 

Society of Echocardiography. Journal of the American Society of Echocardiography 2010, 23, 685-713, 

doi:10.1016/j.echo.2010.05.010. 

25. Lazzeri, C.; Bonizzoli, M.; Batacchi, S.; Peris, A. Echocardiographic assessment of the right ventricle in COVID -related 

acute respiratory syndrome. Internal and Emergency Medicine 2021, 16, 1-5, doi:10.1007/s11739-020-02494-x. 

26. Levine, D.J. Pulmonary arterial hypertension: updates in epidemiology and evaluation of patients. The American Journal of 

Managed Care 2021, 27, S35-S41, doi:10.37765/ajmc.2021.88609. 

27. Daicho, T.; Yagi, T.; Abe, Y.; Ohara, M.; Marunouchi, T.; Takeo, S.; Tanonaka, K. Possible Involvement of Mitochondrial 

Energy-Producing Ability in the Development of Right Ventricular Failure in Monocrotaline-Induced Pulmonary 

Hypertensive Rats. Journal of Pharmacological Sciences 2009, 111, 33-43, doi:10.1254/jphs.08322fp. 

28. Weixler, V.; Lapusca, R.; Grangl, G.; Guariento, A.; Saeed, M.Y.; Cowan, D.B.; Del Nido, P.J.; Mccully, J.D.; Friehs, I. 

Autogenous mitochondria transplantation for treatment of right heart failure. The Journal of Thoracic and Cardiovascular 

Surgery 2021, 162, e111-e121, doi:10.1016/j.jtcvs.2020.08.011. 

29. Luitel, H.; Sydykov, A.; Schymura, Y.; Mamazhakypov, A.; Janssen, W.; Pradhan, K.; Wietelmann, A.; Kosanovic, D.; 

Dahal, B.K.; Weissmann, N.; et al. Pressure overload leads to an increased accumulation and activity of mast cells in the 

right ventricle. Physiological Reports 2017, 5, e13146, doi:10.14814/phy2.13146. 

30. Katayama, H.; Krzeski, R.; Frantz, E.G.; Ferreiro, J.I.; Lucas, C.L.; Ha, B.; Henry, G.W. Induction of right ventricular 

hypertrophy with obstructing balloon catheter. Nonsurgical ventricular preparation for the arterial switch operation in 

simple transposition. Circulation 1993, 88, 1765-1769, doi:10.1161/01.cir.88.4.1765. 

31. Tabima, D.M.; Hacker, T.A.; Chesler, N.C. Measuring right ventricular function in the normal and hypertensive mouse 

hearts using admittance-derived pressure-volume loops. American Journal of Physiology-Heart and Circulatory Physiology 

2010, 299, H2069-H2075, doi:10.1152/ajpheart.00805.2010. 

32. Fried, R.; Boxt, L.M.; Huber, D.J.; Reid, L.M.; Adams, D.F. Nuclear magnetic resonance spectroscopy of rat ventricles 

following chronic hypoxia: A model of right ventricular hypertrophy. Magnetic Resonance Imaging 1985, 3, 353-357, 

doi:10.1016/0730-725x(85)90399-6. 

33. Spyropoulos, F.; Vitali, S.H.; Touma, M.; Rose, C.D.; Petty, C.R.; Levy, P.; Kourembanas, S.; Christou, H. 

Echocardiographic markers of pulmonary hemodynamics and right ventricular hypertrophy in rat models of pulmonary 

hypertension. Pulmonary Circulation 2020, 10, 1-10, doi:10.1177/2045894020910976. 

34. Brown, R.D.; Fini, M.A.; Stenmark, K.R. Band on the run: insights into right ventricular reverse remodelling. Cardiovascular 

Research 2020, 116, 1651-1653, doi:10.1093/cvr/cvaa091. 

35. Boehm, M.; Tian, X.; Mao, Y.; Ichimura, K.; Dufva, M.J.; Ali, K.; Dannewitz Prosseda, S.; Shi, Y.; Kuramoto, K.; Reddy, S.; 

et al. Delineating the molecular and histological events that govern right ventricular recovery using a novel mouse model 

of pulmonary artery de-banding. Cardiovascular Research 2020, 116, 1700-1709, doi:10.1093/cvr/cvz310. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2022                   doi:10.20944/preprints202205.0030.v1

https://doi.org/10.20944/preprints202205.0030.v1


 

36. Johnson, R.; Muller, C.J.F.; Ghoor, S.; Louw, J.; Archer, E.; Surujlal-Naicker, S.; Berkowitz, N.; Volschenk, M.; Bröcker, 

L.H.L.; Wolfaardt, G.; et al. Qualitative and quantitative detection of SARS-CoV-2 RNA in untreated wastewater in 

Western Cape Province, South Africa. South African Medical Journal 2021, 111, 198, doi:10.7196/samj.2021.v111i3.15154. 

37. Andersen, S.; Nielsen-Kudsk, J.E.; Vonk Noordegraaf, A.; De Man, F.S. Right Ventricular Fibrosis. Circulation 2019, 139, 

269-285, doi:10.1161/circulationaha.118.035326. 

38. Puk, O.; Nowacka, A.; Smulewicz, K.; Mocna, K.; Bursiewicz, W.; Kęsy, N.; Kwiecień, J.; Wiciński, M. Pulmonary artery 

targeted therapy in treatment of COVID-19 related ARDS. Literature review. Biomedicine & Pharmacotherapy 2022, 146, 

112592, doi:https://doi.org/10.1016/j.biopha.2021.112592. 

 

 

  
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2022                   doi:10.20944/preprints202205.0030.v1

https://doi.org/10.1016/j.biopha.2021.112592
https://doi.org/10.20944/preprints202205.0030.v1

