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Abstract

Lung diseases are among the main healthcare issues in the general population, having a high
burden of morbidity and mortality. The cardiovascular system has a key role in patients affected
by respiratory disorders. More specifically, the right ventricle (RV) enables the impaired lung
function to be overcome in an initial stage of disease process, reducing the severity of dyspnea. In
addition, two of the main causes of death in this setting are RV failure and sudden cardiac death
(SCD).

Echocardiography is regarded as a useful and easily available tool in assessing RV function.
Several non-invasive echocardiographic parameters of elevated pulmonary pressures and RV
function have been proposed. The combination of different parameters and imaging methods is
paramount and researches regarding RV impairment using these indices has been specifically
addressed in relation to the chronic obstructive and restrictive lung disease in order to guide the
clinicians in the management of these patients. Cardiac involvement in lung diseases is often
observed, and RV changes are reported also in early stages of pulmonary diseases. The role of
right ventricle in chronic respiratory disease patients has to be evaluated in detail to describe the
response to therapy and the degree of disease progression through multimodality and advanced

imaging techniques. The aim of this review is to describe the different pathophysiological
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mechanisms of cardiac impairment in primary lung disease (such as chronic obstructive
pulmonary disease (COPD), idiopathic pulmonary fibrosis (IPF), and sarcoidosis) and to
summarize the role of cardiac multimodality imaging in the diagnosis and the prognosis of these

diseases.

Keywords: echocardiography, lung disease, chronic obstructive pulmonary disease, diagnosis,

right heart.

Introduction

Despite improvements in therapeutic options, lung diseases are still one of the main healthcare
issues, with high rates of morbidity and mortality [1]. It is known that the main physio-
pathological mechanism responsible for the involvement of the right heart is hypoxia and related
vasoconstriction of pulmonary vessels, leading to pulmonary hypertension (PH) [2]. This
mechanism induces an increase of pulmonary vascular resistance (PVR) and, in the long run,
chronic right heart failure. However, the right heart involvement occurring in patients affected by
lung diseases is related to complex pathogenetic mechanism [2].

This review describes the right ventricular (RV) physiology and altered function occurring in
patients with common chronic lung diseases, describing the role of multimodality imaging (MMI)

in diagnosis and prognostication (Graphical abstract).

Right ventricular anatomy and its role in lung diseases

The right ventricle is characterized by a complex geometry, therefore, its imaging assessment by
echocardiography is challenging. It is divided in three main parts: the inflow tract, the apical
portion, and the outflow tract [2][3]. The physiology of RV contraction is quite elaborated too. It
occurs through three different mechanisms: (1) inward movement of the free wall; (2) contraction
of the longitudinal fibers; (3) traction on the free wall to the left ventricle (LV).

The key role of preload and afterload in conditioning RV cardiac output is another relevant topic.

As regard to chronic lung diseases, the afterload is influenced by the degree of hyperinflation or
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increased alveolar pressures, but also by the vasomotor tone resulting from the vasoactive
mediators released in response to alveolar hypoxia or local inflammatory processes [4] [5][6][7].
In addition, the development of secondary polycythemia, consequent to chronic hypoxemia, may
increase thrombi formation in the pulmonary circulation unit, leading to a further impairment of
the RV function [8]. The deposition of fibrotic tissue with consequent alveolar disruption and
parenchymal distortion, including lung vessels, is another process through which PVR could
increase [9].Moreover, in systemic diseases with pulmonary involvement such as sarcoidosis and
scleroderma, right heart function could be impaired secondary to a myocardial tissue infiltration
rather than an increase in PVR[10-12]. In this case, the main factor causing the cardiac
involvement is a process of deposition of inflammatory cells or an excessive deposition of fibrotic
tissue that leads to right heart stiffness and finally to RV failure.

The pathophysiology of chronic RV pressure overload has been reported in medical literature. The
first phase of homeometric adaptation was described as an increase in hypertrophy and RV
contractility to overcome the increased afterload. When dilatation occurs, the RV begins the
heterometric phase in which it is necessary to increase the end diastolic volume of the right
ventricle in order to ensure an adequate stroke volume. In this second phase, RV function is
gradually more influenced by preload. In addition, the lack of synchronization during the
ventricular contraction post systolic shortening determines an inefficiency of the RV-pulmonary
circulation unit leading to the development of right heart failure and “maladaptive” remodeling,

which leads to RV failure and poor prognosis [13][14][15].” (Figure 1).

The complex interrelation of all these different mechanisms, in concert with the preload, the
afterload and the intrinsic contractility, determines RV function. Clinicians should consider all
these points to properly assess cardiac involvement in lung diseases in order to provide the
appropriate management of these patients. For example, the management of PH related to chronic
lung diseases could be challenging since no randomized control trial has shown benefits with
vasodilators. Moreover, some Authors described a potential harmful effect of vasodilators in
COPD and IPF patients, due to an imbalance between ventilation/perfusion, leading to worse
prognosis [16][17]. For these reasons, a multimodality approach is warranted not only to assess
any contributing causes of PH such as left heart disease, thromboembolic disease, and sleep-
disordered breathing, but also to obtain an early diagnosis of right heart involvement before overt

PH appears. To reach this goal, echocardiography was described as a useful and easily available

This article is protected by copyright. All rights reserved



tool in assessing RV function providing useful prognostic information. Several non-invasive
echocardiographic parameters of elevated systolic pulmonary artery pressure (sPAP) (Figure 2)
and RV function (Figure 3) could be useful for this purpose. As listed in Table 1, in the field of in
lung diseases, different cut-off values for the non-invasive assessment of RV impairment have
been proposed in medical literature. However, the combination of different parameters and
imaging techniques is often required. In the following paragraphs, the evidence regarding RV

impairment will be specifically addressed in relation to the different pulmonary diseases.

Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is the most frequent pulmonary disease in the
general population. The clinical manifestations and the degree of severity could be very
heterogeneous [18]. Echocardiography is a useful and available tool to assess RV involvement and
his progression over time in COPD, by the application of several parameters [19] [20].

In particular, as reported in the current guidelines by the European Society of Cardiology and
European Respiratory Society (ESC/ERS), echocardiographic evaluation is indicated in all
patients with symptoms of greater severity than the underlying pulmonary disease may suppose.
PH secondary to lung disease or chronic hypoxemia corresponds to group 3 of PH classification
[21].

However, the RV evaluation in patients with COPD should not be limited to sPAP evaluation. In
fact, increased sPAP values at rest are a sign of advanced pulmonary circulation impairment [22].
The gold-standard method for diagnosis of PH remains right heart catheterization (RHC). Potential
indications for RHC in advanced lung disease are (i) proper diagnosis or exclusion of PH in
candidates for surgical treatments (transplantation, surgical or endoscopic lung volume reduction),
(i1) to exclude alternative etiologies for PH such as pulmonary arterial hypertension (PAH) group
I; chronic thromboembolic pulmonary hypertension (CTEPH) or group 2 pulmonary
hypertension, (iii) episodes of RV failure and (iv) inconclusive echocardiographic findings in
cases with a high level of suspicion and potential therapeutic implications [23].The drawbacks of
this technique are the requirement of specific expertise and that its usefulness in patients is
justified only if it leads to a change of therapeutic strategy, so this method cannot be applied
routinely [21].

This article is protected by copyright. All rights reserved



However, RV remodeling already occurs in early stages of disease and even before PH
development, so a deeper evaluation of RV function is warranted since the very beginning of the
disease [22]. More specifically, the mid-end diastolic diameter of the right ventricle (RVEDd) was
increased in COPD patients compared to a control group (28 £+ 4,8 mm vs 24,4 + 4,3 mm)[24]. In
addition, Mynkland et al. reported a higher value of the RV wall thickness (1,5 0,2 mm vs. 2,045
mm, p <0,01) [24]. This last point was confirmed even in COPD patients with mild hypoxemia
[25]. Another interesting feature is the observation of RV outflow tract (RVOT) remodeling[26].
RVOT is the portion of the right ventricle mainly affected in the early stages of chronic pressure
overload. This occurs because RVOT is the last segment that takes part in the right ventricle
contraction and therefore the one exposed to a greater after-load [24][26]. Supporting this
hypothesis, it was described how RV wall thickness at the RVOT level was increased compared to
the control cases in the early stages of COPD [24][26]. Although these interesting physio-
pathological considerations, no cut-offs for RVOT thickness are available to assess initial
remodeling process.

Regarding the RV diastolic function evaluated by tissue Doppler imaging (TDI), it has been
described that RV index of myocardial performance (RIMP), with a cut off of 0.43, is able to
accurately discriminate the remodeling of the right ventricle in subjects with COPD without PH
[23]. In addition, TDI appeared as useful in assessing the response to therapy during COPD
exacerbations [28]. In this setting, speckle tracking echocardiography (STE) is able to better
define RV function [28]. Particularly, free wall RV longitudinal strain (fwRVLS) of the basal
portion with a cut off <-23% was associated with an early impairment of RV function [24]. When
considering the tricuspid pulse wave (PW) Doppler pattern, patients with PH had higher peak A
velocity, lower E velocity and longer isovolumetric relaxation time, than COPD patients without
PH [29]. In addition, echocardiography is able to detect severely increased sPAP values with good
accuracy compared to the invasive assessment [30] [31]. The non-invasive measurement of sSPAP
is calculated by adding the systolic atrioventricular gradient between right ventricle and right
atrium (RA) (evaluated by the modified Bernoulli equation applied to the TR jet) to the right atrial
pressures evaluated by echocardiography [19]. For practical reasons, we will refer to the above-
mentioned method by writing sSPAP. However, the pulmonary hemodynamics assessment could be
challenging. According to some 32] [33], in case of increased pulmonary pressure the non—
invasive measurement of SPAP is less accurate than the gold standard method. Nevertheless, Jiang

et al. reported that a multiparametric echocardiographic approach has a good diagnostic accuracy
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in predicting severely augmented sPAP in patients with COPD and PH [34]. PH grading according
to invasive and noninvasive measures of pulmonary artery pressures is shown in Table 2 [34][35].
In fact, increased sPAP values can be indirectly estimated by other RV parameters. In particular,
RV end diastolic transverse diameter >38 mm, pulmonary artery diameter > 27 mm; and a
tricuspid annular plane systolic excursion (TAPSE)< 16,5 mm have shown to predict increased
sPAP values with good accuracy [35].

Cardiac magnetic resonance imaging (CMR) is considered as the gold standard technique for non-
invasive assessment of RV volume and function, since no geometric assumptions are necessary
[36]. In COPD, CMR provides information of pulmonary artery stiffness through the pulse wave
velocity (PWV). PWV was described as a non-invasive marker of PH (sensitivity (93.5%),
specificity (92.8%)) and a good predictor of major adverse cardiac events (MACEs) in COPD
patients (HR = 4.75, 95% CI 1.00 to 22.59, p = 0.03) [37]. The non-invasive assessment of the
pulmonary artery elastance has been evaluated by Computed tomography (CT) too. However, this
method is not yet standardized and currently its routine clinical use is still not advisable [38]. In
addition, a ratio of pulmonary artery to aorta >1 assessed by CT was described as a good predictor
of increased sPAP values in patients with a history of frequent COPD exacerbations [39].

Exercise stress imaging was also applied to COPD patients. Even if it is not considerable as a
routine imaging method, patients with exercise mean pulmonary atrial pressure (mPAP) values
>30 mmHg were more likely to develop PH over time [40].

Several indices of RV function have been associated with the prognosis in COPD. With regard to
sPAP values, it has been seen that the development of severe PH is associated with increased
mortality. Moreover, PH has been associated with higher probability of acute exacerbation of
COPD [40].

RV MPI evaluated by echocardiography was associated with quality of life and the BODE index
(Body mass index, airflow obstruction, Dyspnea and Exercise), a multiparametric score used to
predict long term outcomes in COPD [41].

In addition, RV diastolic function parameters by TDI were associated to an improvement of the
symptoms after response to therapy in the setting of an acute exacerbation of COPD [27].
Furthermore, speckle tracking echocardiography (STE) allows to assess the degree of
improvement of RV function (fw RVLS: 18.1 £ 3.4% vs. 22.9 + 3.7%, p < 0.001) and the
improvement of the 6MWT distance (6MWTD A) (r = 0.41, p = 0.04) after a pulmonary
rehabilitation program [42].
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Idiopathic pulmonary fibrosis (IPF)

Idiopathic interstitial pneumonias (IIP) are a subgroup of diffuse pulmonary interstitial diseases in
which the correct diagnosis could be tricky [43]. This review focuses on the cardiac involvement
in idiopathic pulmonary fibrosis (IPF), the most frequent and better described among I1Ps.

The main mechanism of RV damage is considered the increase of PVR secondary to the
progressive rearrangement and fibrotic distortion of alveolar parenchyma, leading to
honeycombing lesions [6].The impact of lung parenchymal destruction in the risk of PH onset is
supported by the observation that patients with combined pulmonary fibrosis and emphysema
(CPFE) show an increased risk of developing PH, which is associated with a poor prognosis [44].
The assessment of right heart function could be useful in the multi-parametric approach of these
patients to evaluate prognosis and tailor available therapy. As recently confirmed by American
Thoracic Society Document for diagnosis, IPF is considered a progressive disease but its clinical
course is still unpredictable at the moment of diagnosis, ranging from a slow relentless decline of
lung volumes to a more aggressive deterioration, sometimes punctuated by episodes of acute
worsening of hypoxemia, called “acute exacerbation” of disease [43]. PH is considered among the
most negative prognostic factor for IPF patients and, therefore, an early detection of this
complication could be very useful in the clinical management of these patients (e.g. for a timely
referral to a lung transplant evaluation). Also, in IPF patients, the evidence demonstrates that
assessing the RV involvement only by sPAP incompletely describes right heart involvement. In
addition, sPAP is impaired only in the terminal phase of the disease and other parameters could be
useful in earlier stages to asses RV function such as fwRVLS and RV global longitudinal strain
(RVGLYS) [45].

More specifically, D’Andrea et al. described that in patients with IPF without PH, fwRVLS was
lower compared to control (basal fwRVLS: -19.445.7 vs -14.7+ 6.7; midwall fwRVLS: -16.5+6.5
vs -13.5£9.5)[46]. In addition, a RVGLS >-18% was able to differentiate controls and IPF (area
under the curve (AUC) :0.89; sensitivity 81.4% and specificity 90.2%) [46].

In addition, a lower contractile reserve of the RV, evaluated by stress echocardiography, was
found in the early stages of the disease. More specifically, fwRVLS and RVGLS increase
(AfwRVLS and ARVGLS respectively) during exercise was lower in patients with IPF (2.1+ 0.9
and 1.2 + 0.6) vs control patients (5.3 = 2.2 and 5.9 + 2.4) [46].

Sarcoidosis
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Sarcoidosis is a systemic granulomatous idiopathic disease that affects the lungs in the majority of
cases (90%), while a clinical manifest cardiac involvement occurs in around 5% of patients [10].
However, some Authors reported that cardiac sarcoidosis (CS) carries a strong prognostic burden,
being responsible for as much as 85% of deaths in these patients [47]. The cardiac involvement is
characterized by different grades of severity, from asymptomatic forms to SCD. The underlying
mechanism is peculiar, consisting in an infiltration of cells in cardiac tissue. This means that the
grade of severity is strongly influenced by the extension but also by the location of the pathologic
process. The common clinical manifestation of CS is conduction abnormalities and/or ventricular

arrhythmias leading to SCD [10].
Assessment of cardiac involvement in CS

According to the 2014 European Heart Rhythm Association (EHRA) guidelines, the gold standard
for diagnosis of CS is cardiac biopsy proving non caseating granuloma on histological
examination of myocardial tissue [48]. However, given the focal characteristics of this disease,
this method is often inconclusive. For this reason, non-invasive techniques are warranted to make
a provisional diagnosis in presence of biopsy-proven extracardiac sarcoidosis [48]. In the
symptomatic forms of cardiac sarcoidosis, ECG and standard echocardiogram can provide useful
information [49]. Echocardiography can detect cardiac structural abnormalities such as regional
wall motion abnormalities, increased myocardial wall thickness or enhanced ventricular wall
echogenicity. As regard to second-level echocardiographic imaging techniques, it was described
that RVGLS, with a cut off value of -19% could be useful in the early assessment of the RV
impaired function and to estimate prognosis [50][51]. However, in patients with non-cardiac
sarcoidosis, ECG abnormalities prevalence is highly variable, ranging from 4 to 55%, with
frequently non-specific findings for inflammation and not sensitive for detecting early changes in
CS [49]. For these reasons, the diagnosis of CS could be challenging, and a multimodality imaging
approach could be helpful. The recent American Thoracic Society (ATS) guidelines on diagnosis and
detection of sarcoidosis did not recommend routinely echocardiographic assessment in sarcoidosis
patients with no suspicion of cardiac disease. On the contrary, in patients with suspected sarcoid
cardiac involvement, a conditional recommendation for CMR as first-line imaging technique was

made [52].
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As regard to CMR, T2 weighted images could be used to detect myocardial inflammation and
edema in CS whereas late gadolinium enhancement (LGE) imaging to delineate myocardial tissue

with expanded extracellular space as occurs in infiltration, scarring or fibrosis.

Another second level imaging technology is the radionuclide imaging with ¢’Gallium-citrate
SPECT and FDG-PET. !8F-fluorodeoxyglucose positron emission tomography (FDG-PET) which
provides the advantages of whole heart evaluation and has the ability to identify granulomas with
active inflammation, with a moderate-to-good accuracy. Therefore, FDG-PET was endorsed by
ATS guidelines as a potential alternative to CMR for detection of cardiac localizations of diseases
[52].7Gallium-citrate is specific for inflammation, however it has relatively low sensitivity and

poor spatial resolution compared with FDG-PET [49].

Right atrium: a not-to-be-forgotten chamber

The RA is an often forgotten and poorly studied heart chamber, however, it has the role of
collecting blood during systole and favoring RV filling during diastole. In addition, an alteration
in the RA volume can lead to tricuspid regurgitation [53]. The prognostic role of this cardiac
chamber has not been evaluated in the context of pulmonary disease. However, in other clinical
scenarios, such as chronic systolic heart failure, right atrial dilatation has shown an unfavorable
prognostic value [54]. Therefore, it is mandatory to include the assessment of RA size (by area
and volume) and function (by STE) in the echocardiographic report when evaluating a pulmonary

patient.

Limitations

The right heart imaging provides many useful information in the field of pulmonary diseases.
However, there are several limitations that should be underlined. First of all, the poor acoustic
window in most cases due to lung hyper-distention causes a worsening of image quality. More
specifically, the low acoustic impedance derives from an increase of air inside the chest. This
prevents optimal ultrasound transmission which results in lower image quality. Secondly, the
proper assessment of RV parameters could be challenging and time-consuming. These limitations
are quite valid, especially for advanced imaging techniques such as STE and three-dimensional
(3D) echocardiography. Despite the limitations found in RV assessment, 3D echocardiography
showed promising results in the assessment of RV volumes and ejection fraction in other clinical

scenarios such as PH [55]. In fact, this method allows to better describe RV function, its specific
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role in pulmonary diseases has not been investigated so far, but only in the context of RV pressure
overload of the right ventricle in primary PH [56]. In the field of echocardiographic examination
with a specific training and correct probe orientation the image quality limits could be overcome

in many cases [57].

Conclusion

Cardiac involvement in lung diseases has been widely observed, RV changes are reported also in
early stages of pulmonary diseases. Strengthening the role of right ventricle in a prospective
manner and including it in a multidisciplinary clinical evaluation involving cardiologists,
pulmonologist, radiologists in chronic respiratory patients is a relevant topic in the field of chronic
lung disease. Future research is required in evaluating the response to therapy and the degree of

disease progression through multimodality and advanced imaging technologies.

Acknowledgements

None.

Fundings

None.

Conflict of interest

None.

This article is protected by copyright. All rights reserved



References

10.
11.

12.

13.

14.

Mathers CD, Loncar D. Projections of global mortality and burden of disease from 2002 to 2030. PLoS
Med. 2006;3(11): e442.

Ho SY, Nihoyannopoulos P. Anatomy, echocardiography, and normal right ventricular
dimensions. Heart. 2006;92 Suppl 1(Suppl 1):i2-i3.

Mandoli GE, Cameli M, Novo G, et al. Right ventricular function after cardiac surgery: the diagnostic
and prognostic role of echocardiography. Heart Fail Rev. 2019;24(5):625-635.

Joppa P, Petrasova D, Stancak B, Tkacova R. Systemic inflammation in patients with COPD and
pulmonary hypertension. Chest. 2006;130(2):326-333. doi:10.1378/chest.130.2.326

Beall CM, Laskowski D, Strohl KP, et al. Pulmonary nitric oxide in mountain dwellers. Nature.
2001;414(6862):411-412.

Larsen BT, Colby TV. Update for pathologists on idiopathic interstitial pneumonias. ArchPathol Lab
Med. 2012;136(10):1234-41.

Pinsky MR. The right ventricle: interaction with the pulmonary circulation. Crit Care. 2016;20(1):266.
Nakamura A, Kasamatsu N, Hashizume I, et al. Effects of hemoglobin on pulmonary arterial pressure
and pulmonary vascular resistance in patients with chronic emphysema. Respiration. 2000;67(5):502-
506. doi:10.1159/000067463

Matsuoka S, Washko GR, Yamashiro T, et al. Pulmonary hypertension and computed tomography
measurement of small pulmonary vessels in severe emphysema. Am J Respir Crit Care Med.
2010;181(3):218-225. doi:10.1164/rccm.200908-11890C

Birnie DH, Nery PB, Ha AC et al. Cardiac Sarcoidosis. J Am Coll Cardiol. 2016;68(4):411-21.
Kelemen BW, Mathai SC, Tedford RJ, et al. Right ventricular remodeling in idiopathic and
scleroderma-associated pulmonary arterial hypertension: two distinct phenotypes. Pulm Circ.
2015;5(2):327-34.

Barbera JA, Blanco 1. Pulmonary hypertension in patients with chronic obstructive pulmonary disease:
advances in pathophysiology and management. Drugs. 2009;69(9):1153-1171.

Marcus JT, Gan CT, Zwanenburg JJ, et al. Interventricular mechanical asynchrony in pulmonary
arterial hypertension: left-to-right delay in peak shortening is related to right ventricular overload and
left ventricular underfilling. J Am Coll Cardiol 2008; 51:750-7

Vonk-Noordegraaf A, Westerhof BE, Westerhof N. The relationship between the right ventricle and its
load in pulmonary hypertension. J Am Coll Cardiol 2017; 69:236—43

This article is protected by copyright. All rights reserved



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Campo A, Mathai SC, Le Pavec J et al. Outcomes of hospitalisation for right heart failure in pulmonary
arterial hypertension. Eur Respir J. 2011;38(2):359-67.

Kennedy TP, Michael JR, Huang CK, Kallman CH, Zahka K, Schlott W, et al. Nifedipine inhibits
hypoxic pulmonary vasoconstriction during rest and exercise in patients with chronic obstructive
pulmonary disease. A controlled double-blind study. Am Rev Respir Dis. 1984;129(4):544-51

Hoeper MM, Behr J, Held M, Grunig E, Vizza CD, Vonk-Noordegraaf A, etal. Pulmonary
hypertension in patients with chronic Fibrosing idiopathic interstitial pneumonias. PLoS One.
2015;10(12): e0141911.

Hurst JR, Vestbo J, Anzueto A, et al. Susceptibility to exacerbation in chronic obstructive pulmonary
disease. N Engl J Med. 2010;363(12):1128-1138.

Rudski LG, Lai WW, Afilalo J, et al. Guidelines for the echocardiographic assessment of the right heart
in adults: a report from the American Society of Echocardiography endorsed by the European
Association of Echocardiography, a registered branch of the European Society of Cardiology, and the
Canadian Society of Echocardiography. J Am Soc Echocardiogr. 2010;23(7):685-788.

Thabut G, Dauriat G, Stern JB, et al. Pulmonary hemodynamics in advanced COPD candidates for lung
volume reduction surgery or lung transplantation. Chest. 2005;127(5):1531-1536.

Galie N, Humbert M, Vachiery JL, et al. 2015 ESC/ERS Guidelines for the diagnosis and treatment of
pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary
Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society
(ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC),
International Society for Heart and Lung Transplantation (ISHLT). EurHeart J. 2016;37(1):67-119.
Buklioska-Ilievska D, Minov J, Kochovska-Kamchevska N, et al. Cardiovascular Comorbidity in
Patients with Chronic Obstructive Pulmonary Disease: Echocardiography Changes and Their Relation
to the Level of Airflow Limitation. Open Access Maced J Med Sci. 2019;7(21):3568-3573.
Vonk-Noordegraaf A, Haddad F, Chin KM, et al. Right heart adaptation to pulmonary arterial
hypertension: physiology and pathobiology. J Am Coll Cardiol. 2013;62(25 Suppl): D22-D33.

Hilde JM, Skjerten I, Gretta OJ, et al. Right ventricular dysfunction and remodeling in chronic
obstructive pulmonary disease without pulmonary hypertension. J AmCollCardiol. 2013;62(12):1103-
1111.

Vonk-Noordegraaf A, Marcus JT, Holverda S et al. Early changes of cardiac structure and function in
COPD patients with mild hypoxemia. Chest. 2005;127(6):1898-1903.

Simon MA, Pinsky MR. Right ventricular dysfunction and failure in chronic pressure
overload. Cardiol Res Pract. 2011:568095. Published 2011 Mar 23.

Akcay M, Yeter E, Durmaz T, et al. Treatment of acute chronic obstructive pulmonary disease

exacerbation improves right ventricle function. Eur J Echocardiogr. 2010;11(6):530-536.

This article is protected by copyright. All rights reserved



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Cameli M, Mandoli GE, Sciaccaluga C et al. More than 10 years of speckle tracking echocardiography:
Still a novel technique or a definite tool for clinical practice? Echocardiography. 2019;36(5):958-970.
Ozer N, Tokgozoglu L, Coplii L, et al. Echocardiographic evaluation of left and right ventricular
diastolic function in patients with chronic obstructive pulmonary disease.J Am Soc Echocardiogr.
2001;14(6):557-561.

Yock PG, Popp RL. Noninvasive estimation of right ventricular systolic pressure by Doppler
ultrasound in patients with tricuspid regurgitation. Circulation 1984; 70:657-62.

Currie PJ, Seward JB, Chan KL, Fyfe DA, Hagler DJ, Mair DD, et al. Continuous wave Doppler
determination of right ventricular pressure: a simultancous Doppler-catheterization study in 127
patients. J Am Coll Cardiol 1985; 6:750-6

Fisher MR, Forfia PR, Chamera E, Housten-Harris T, Champion HC, Girgis RE, et al. Accuracy of
Doppler echocardiography in the hemodynamic assessment of pulmonary hypertension. Am J Respir
Crit Care Med 2009; 179:615-21.

Hinderliter AL, Willis PW, Barst RJ, Rich S, Rubin LJ, Badesch DB, et al., Primary Pulmonary
Hypertension Study Group. Effects of long-term infusion of prostacyclin (epoprostenol) on
echocardiographic measures of right ventricular structure and function in primary pulmonary
hypertension. Circulation 1997;95:1479-86

Jiang R, Wu C, Pudasaini B, et al. A novel scoring index by Doppler echocardiography for predicting
severe pulmonary hypertension due to chronic lung diseases: a cross-sectional diagnostic accuracy
study. Int J Chron Obstruct Pulmon Dis. 2017; 12:1741-1751.

Simonneau G, Montani D, Celermajer DS, et al. Haemodynamic definitions and updated clinical
classification of pulmonary hypertension. Eur Respir J 2019; 53

Kawut SM, Barr RG, Lima JA, et al. Right ventricular structure is associated with the risk of heart
failure and cardiovascular death: the Multi-Ethnic Study of Atherosclerosis (MESA)--right ventricle
study. Circulation. 2012;126(14):1681-1688.

Agoston-Coldea L, Lupu S, Mocan T. Pulmonary Artery Stiffness by Cardiac Magnetic Resonance
Imaging Predicts Major Adverse Cardiovascular Events in patients with Chronic Obstructive
Pulmonary Disease. Sci Rep. 2018;8(1):14447.

Weir-McCall JR, Struthers AD, Lipworth BJ, at al. The role of pulmonary arterial stiffness in
COPD. RespirMed. 2015;109(11):1381-1390.

Wells JM, Washko GR, Han MK, et al. Pulmonary arterial enlargement and acute exacerbations of
COPD. N Engl J Med. 2012;367(10):913-921.

Kessler R, Faller M, Weitzenblum E, et al. "Natural history" of pulmonary hypertension in a series of
131 patients with chronic obstructive lung disease. Am J Respir Crit Care Med. 2001;164(2):219-224.

This article is protected by copyright. All rights reserved



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Tannus-Silva DG, Masson-Silva JB, Ribeiro LS, et al. Myocardial performance index correlates with
the BODE index and affects quality of life in COPD patients. Int J Chron Obstruct Pulmon Dis.
2016;11:2261-2268.

Kanar BG, Ozmen I, Yildirim EO, et al. Right Ventricular Functional Improvement after Pulmonary
Rehabilitation Program in Patients with COPD Determined by Speckle Tracking
Echocardiography. Arq Bras Cardiol. 2018;111(3):375-381.

Raghu G, Remy-Jardin M, Myers JL, et al. Diagnosis of Idiopathic Pulmonary Fibrosis. An Official
ATS/ERS/JRS/ALAT Clinical Practice Guideline. Am J Respir Crit Care Med. 2018;198(5):e44-¢68.
Travis WD, Costabel U, Hansell DM, et al. An official American Thoracic Society/European
Respiratory Society statement: Update of the international multidisciplinary classification of the
idiopathic interstitial pneumonias. Am J RespirCrit Care Med. 2013;188(6):733-748.

D'Andrea A, Stanziola A, D'Alto M, et al. Right ventricular strain: An independent predictor of
survival in idiopathic pulmonary fibrosis. Int J Cardiol. 2016;222:908-910.

D'Andrea A, Stanziola A, Di Palma E, et al. Right Ventricular Structure and Function in Idiopathic
Pulmonary Fibrosis with or without Pulmonary Hypertension. Echocardiography. 2016;33(1):57-65.
Kusano KF, Satomi K. Diagnosis and treatment of cardiac sarcoidosis. Heart. 2016;102(3):184-190.
Birnie DH, Sauer WH, Bogun F, et al. HRS expert consensus statement on the diagnosis and
management of arrhythmias associated with cardiac sarcoidosis. Heart Rhythm. 2014;11(7):1305-1323.
Writing group; Document reading group; EACVI Reviewers: This document was reviewed by
members of theEACVI Scientific Documents Committee for 2014-2016 and 2016-2018. A joint
procedural position statement on imaging in cardiac sarcoidosis: from the Cardiovascular and
Inflammation & Infection Committees of the European Association of Nuclear Medicine, the European
Association of Cardiovascular Imaging, and the American Society of Nuclear Cardiology. Eur Heart J
Cardiovasc Imaging. 2017;18(10):1073-1089.

Patel MB, Mor-Avi V, Murtagh G, et al. Right Heart Involvement in Patients with
Sarcoidosis. Echocardiography. 2016;33(5):734-741.

Joyce E, Kamperidis V, Ninaber MK, et al. Prevalence and Correlates of Early Right Ventricular
Dysfunction in Sarcoidosis and Its Association with Outcome.J Am Soc Echocardiogr.
2016;29(9):871-878.

Crouser ED, Maier LA, Wilson KC, et al. Diagnosis and Detection of Sarcoidosis. An Official
American Thoracic Society Clinical Practice Guideline. Am J Respir Crit Care Med. 2020;201(8):€26-
e51.

Topilsky Y, Khanna A, Le Tourneau T, et al. Clinical context and mechanism of functional tricuspid
regurgitation in patients with and without pulmonary hypertension. Circ Cardiovasc Imaging.

2012;5(3):314-323.

This article is protected by copyright. All rights reserved



53.

54.

55.

56.

57.

Sallach JA, Tang WH, Borowski AG, et al. Right atrial volume index in chronic systolic heart failure
and prognosis. JACC Cardiovasc Imaging 2009; 2:527-34.

Li Y, Wang Y, Zhai Z et al. Real-Time Three-Dimensional Echocardiography to Assess Right
Ventricle Function in Patients with Pulmonary Hypertension. PLoS One. 2015;10(6): €0129557.

Lang RM, Badano LP, Tsang W, et al. EAE/ASE recommendations for image acquisition and display
using three-dimensional echocardiography. Eur Heart J Cardiovasc Imaging. 2012;13(1):1-46.

Badano LP, Kolias TJ, Muraru D, et al. Standardization of left atrial, right ventricular, and right atrial
deformation imaging using two-dimensional speckle tracking echocardiography: a consensus document
of the EACVI/ASE/Industry Task Force to standardize deformation imaging [published correction
appears in Eur Heart J Cardiovasc Imaging. 2018 Jul 1;19(7):830-833]. EurHeart J Cardiovasc
Imaging. 2018;19(6):591-600.

Ryan T, Petrovic O, Dillon JC, et al. An echocardiographic index for separation of right ventricular

volume and pressure overload. J Am Coll Cardiol. 1985;5(4):918-927.

This article is protected by copyright. All rights reserved



Table 1: Non-invasive normal value of RV function in Primary lung diseases

Cutoff References
RVFWT <Smm [19]
RVEDD <35 mm [35]
Pulmonary artery <27mm [35]
diameter
P/A ratio <1 [40]
Rimp (MPI) <0.43 [25]
mPAP! <25mmHg [19]
FwRVLS (basal <-23% [24]
portion)
RVGLS <-19% [51]
ACT > 105 ms [19]
TRVmax/RVOT TVI <0.15 [19]
ePVR((TRVmax/RVO | <3WU [19]
TTVI)x10+0.16
EI? <1 [57]

'mPAP could be estimated by modified Bernoulli equation: 4 x (early pulmonary regurgitation velocity )2
+RAP; Mahan’s equation mPAP = 79-(0,45x PA act (ms); and when ACT <120ms: mPAP = 90-( 0,62x
acceleration time (ACT); 2EI >1 in diastole is associated with volume over-load; if > 1 in both diastole and
systole is associated with pressure overload. ACT, acceleration time; El, eccentrcity index; fwRVLS, free
wall right ventricular longitudinal strain.; mPAP, mean pulmonary artery pressure ;PVR, pulmonary
vascular resistance; P/A, Pulmonary artery /aorta ratio; RIMP right ventricular index of myocardial
performance; RVOT TVI, right ventricular outflow tract time velocity integral; RVEDD right ventricular

end diastolic diameter.
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Table 2: Grading of pulmonary hypertension (PH) according to noninvasive (sPAP) and invasive (mPAP)

measures.
sPAP[34] mPAP [35]
Mild 20-39mmHg >25mmHg
Moderate 40-59 mmHg >25mmHg
Severe >60mmHg >35 or >25 and CO <2.5 L/min

CO, cardiac output; mPAP, mean pulmonary artery pressure; sPAP, systolic pulmonary artery pressure.

This article is protected by copyright. All rights reserved



Figure legend

Graphical abstract. Multimodality evaluation of the right heart in lung diseases.

Figure 1. Right ventricular (RV) response to progressive chronic pressure overload. The evolving
phases of RV adaptation to pressure overload could be non-invasively assessed by different
echocardiographic parameters. In the early stage of homeometric RV adaptation, the use of
advanced techniques could be useful to detect the subtle impairment of RV function, such as
measuring free wall RV longitudinal strainby Speckle Tracking Echocardiography. Later during
the homeometric RV adaptation phase, overt RV systolic dysfunction could be recognized by
reduced RV fractional area change and s” wave by tissue doppler imaging. Finally, in the
heterometric phase, RV structural changes and desynchronization occur, and these could be
evaluated also by basic echocardiographic parameters, i.e. RV diameters, systolic pulmonary
artery pressure (SPAP) and tricuspid annular plane systolic excursion.

El eccentricity index; fwRVLS, free wall right ventricular longitudinal strain;, RVEDd, right ventricular

end diastolic diameter,; RV, right ventricle; RVFAC, right ventricular fractional area change; TAPSE,

Tricuspid annular plane systolic excursion.
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Figure 2. Non-invasive indices of pulmonary hypertension in lung diseases acquired by transthoracic
echocardiography. A) Right Ventricular end diastolic diameter (RVEDA) ; B) Pulmonary artery PA artery
dilation; C) Spectral continuous wave Doppler signal of tricuspid regurgitation corresponding to the right
ventricular (RV) — right atrial (RA) pressure gradient; D) D-shape of the left ventricle due to RV pressure
and/or volume overload. L4, left atrium, left ventricle; PA pulmonary artery; sPAP, systolic pulmonary
artery pressure; PH pulmonary hypertension;, RA, right atrium; RV, right ventricle; RVOT, right
ventricular outflow tract; TAPSE, Tricuspid annular plane systolic excursion; fwRVLS, free wall right

ventricular longitudinal strain.

Figure 3. Transthoracic echocardiography parameters of right ventricular (RV) function useful to
evaluate patients with pulmonary disease. A) S’ wave of TDI of the right ventricle; B) tricuspid annular
plane systolic excursion (TAPSE); C) Right ventricular fractional area change (RVFAC) measured as
(EDA —ESA)*100 \ EDA; D) free-wall right ventricular longitudinal strain (FWRVLS). EDA, end-diastolic
area; ESA end-systolic area; fwRVLS, free wall right ventricular longitudinal strain.
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