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1 Abbreviations

2D

2DE

3D

3DE
6MWT/D
A

a

ACR/EULAR

AEF

ASE/EACVI

AUC:
BSA:
CPET
CO:
COPD:
CT:
CTD

CTD-P(A)H

CTEPH
DcSSc:
DLCO:
E:

e’

EF:

El:

2-dimensional

2-dimensional echocardiography

3-dimensional

3-dimensional echocardiography

6-minute walk test/walking distance

late diastolic velocity of the mitral/tricuspid inflow
annular late diastolic myocardial longitudinal velocity

American College of Rheumatology/ European League Against
Rheumatism

active emptying fraction

American Society of Echocardiography/European Association of
Cardiovascular Imaging

area under the curve

body surface area

cardiopulmonary exercise test

cardiac output

chronic obstructive pulmonary disease
computed tomography

connective tissue diseases

pulmonary (arterial) hypertension associated with connective tissue

diseases

chronic thromboembolic pulmonary hypertension
diffuse cutaneous form of systemic sclerosis

diffusion capacity of carbon monoxide

early diastolic velocity of the mitral/tricuspid inflow
annular early diastolic myocardial longitudinal velocity
ejection fraction

expansion index



ESC
ERS
EIPH
FEV1
FVC
HFpEF:
HFrEF
ILD

ILD-P(A)H

IVC

LA:

LHD
LHD-P(A)H
LSD test
LV:

LVMi:
(m)PAP
MPI

MRI:
NT-proBNP:
NYHA:
P(A)H:
PASP
PAWP:
PEA

PEF:

PH

European Society of Cardiology

European Respiratory Society

exercise induced pulmonary hypertension
forced expiratory volume in the first second
forced vital capacity

heart failure with preserved ejection fraction
heart failure with reduced ejection fraction

interstitial lung disease

pulmonary (arterial) hypertension associated with interstitial lung

disease
inferior vena cava
left atrium, left atrial

left heart disease

pulmonary (arterial) hypertension associated with left heart disease

least significant difference test

left ventricle, left ventricular

left ventricular mass index

(mean) pulmonary artery pressure
myocardial performance index
magnetic resonance imaging
N-terminal pro-B-type natriuretic peptide
New York Heart Association
pulmonary (arterial) hypertension
pulmonary artery systolic pressure
pulmonary arterial wedge pressure
pulmonary endarterectomy
passive ejection fraction

pulmonary hypertension
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PVR
RHC
ROC curve:
RV
RVFAC
S:

SD:
SSc:
SSc-P(A)H
STE:
SV
TAPSE
TDI:
TEF:
TPG
TPR
TR
Vae:
VIF:
Vmax:
Vmin:
Vp:
Vpe:
Vte:
SLE
WHO

wu

pulmonary vascular resistance

right heart catheterization

receiver operating characteristic curve
right ventricle, right ventricular

right ventricular fractional area change
annular systolic myocardial longitudinal velocity
standard deviation

systemic sclerosis

pulmonary (arterial) hypertension associated with systemic sclerosis
speckle tracking echocardiography
stroke volume

tricuspid annular plane systolic excursion
tissue Doppler imaging

total emptying fraction

transpulmonary gradient

total pulmonary resistance

tricuspid regurgitation

active emptying volume

variance inflation factor

maximal atrial volume

minimal atrial volume

pre-contraction atrial volume

passive emptying volume

total emptying volume

systemic lupus erythematosus

World Health Organization

Wood unit



2 Introduction

Elevated pulmonary arterial pressure, a condition with complex aetiology, results in an
increased right ventricular (RV) afterload, which in turn triggers anatomical and biochemical
responses, both adaptive and maladaptive. These processes lead in the end to the clinical

syndrome of right heart failure, an important cause of morbidity and mortality [1].

Among conditions with right heart overload, chronic obstructive pulmonary disease (COPD) is
significant as a growing global epidemic, one of the leading causes of death, as well as
representing a large health care burden and being an important cause of disability [2, 3].
Dyspnoea and reduced functional capacity are common consequences with a multifactorial
aetiology including parameters of the resting pulmonary function such as forced expiratory
volume in the first second (FEV1), dynamic lung hyperinflation, pulmonary hypertension (PH),
alterations of the cardiac function as well as other factors such as depression and skeletal
muscle weakness [4-8]. Among the potential cardiac causes of exercise intolerance, RV systolic
failure with low cardiac output (CO) is rare in patients with COPD, but they often develop RV
diastolic dysfunction with stress induced or resting elevation of filling pressures [9]. Left
ventricular (LV) diastolic dysfunction is also reported to be common in the COPD population
[10, 11]. Nevertheless, data are scarce regarding the effect of the RV and LV diastolic

dysfunction on the functional capacity in COPD.

Systemic sclerosis (SSc), another condition associated with PH, is a connective tissue disease
(CTD) characterized by inflammation, microvascular damage, and generalized fibrosis of the
skin and various internal organs. It has been proved that cardiac and pulmonary
manifestations are present in a high proportion of patients and are recognized as powerful
adverse prognostic factors [12]. LV diastolic dysfunction is frequent in SSc [13, 14] and is often
accompanied by impaired left atrial (LA) function [15-17]. RV dysfunction was traditionally
attributed to the development of pulmonary arterial hypertension (PAH) or pulmonary fibrosis
[18]. Subclinical RV dysfunction, however, was also proved in SSc patients without the resting
elevation of the pulmonary pressure, by using tissue Doppler or speckle tracking
measurements [19-22]. Recent data suggest that right atrial (RA) size and mechanics correlate

well with the functional capacity of the patients in conditions with known right heart
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involvement, such as in idiopathic PAH [23]. In SSc, however, little is known about the RA

mechanics and about its correlation with the functional capacity and survival of the patients.

Functional impairment of RV and RA is difficult to measure, but the novel echocardiographic
methods such as tissue Doppler imaging (TDI) and the even more recently developed speckle
tracking echocardiography (STE) are appropriately sensitive to recognise even the subclinical

dysfunction of the right heart.



3 Objectives

The aim of the present work was the echocardiographic assessment of the right heart —
focusing on the parameters of RA size and mechanics — in conditions with transient RV
pressure overload, such as COPD and SSc. TDI and 2-dimensional (2D) STE-derived strain
techniques were used to investigate the correlation between echocardiographic parameters
and the functional capacity of the patients. Prognostic value of the RA size and mechanics was

also investigated in SSc patients without manifest PAH.



4 Background

4.1 Pulmonary hypertension

Increased pressure in the pulmonary circulation from any cause will lead to an overload of the
right heart and eventually to right heart failure. PH is therefore a significant cause of morbidity
and mortality [24]. PH is defined by an elevated mean pulmonary artery pressure (mPAP)
measured invasively with right heart catheterization (RHC). Historically, the cut off value
defining PH was set at mPAP equal or higher than 25 mmHg, though it was changed in the
recently published ESC guideline [24, 25]. Among the various conditions causing PH, two
fundamentally different pathomechanisms can be differentiated: 1. Conditions with
precapillary PH are caused by diseases affecting primarily the lung parenchyma and/or the
pulmonary vasculature. These include PAH, PH caused by pulmonary diseases, chronic
thromboembolic pulmonary hypertension (CTEPH) and some cases of PH of unclear or
multifactorial origin. In these forms, diagnosis is based on a pulmonary arterial wedge
pressure (PAWP) less than or equal to 15 mmHg (besides the elevated mPAP) [24]. 2. On the
other hand, diseases of the left heart may cause an elevation of the LA filling pressure which
in turn results in the increase of PAP. This form is therefore called postcapillary or venous PH
and is characterized by PAWP exceeding 15 mmHg. It is to be noted that postcapillary PH is
divided into 2 subgroups of isolated postcapillary PH with normal pulmonary vascular
resistance (PVR) and combined pre-and postcapillary PH (with increased PVR) [24]. The World
Health Organization (WHO) classification of PH are described in Table 1.

The traditional definition of PH was challenged in recent years: It was recognized that the cut
off value of PH has been set arbitrarily at mPAP =25 mmHg. Based on the analysis of
accumulated hemodynamic data of healthy subjects by Kovacs et al. [26], normal mPAP was
found to be 14 + 3 mmHg; thus, the upper normal limit should be 20 mmHg (mean + 2 SD).
This was supported by the growing evidence that the so-called borderline range of PAP
between 21-24 mmHg also has clinical and prognostic significance, especially in patients with

an increased risk for developing PH [27-30].
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Table 1. Clinical classification of pulmonary hypertension(Humbert, Kovacs et al. 2022).

1. Pulmonary arterial hypertension (PAH)
1.1. Idiopathic
1.1.1.Non-responders at vasoreactivity testing
1.1.2.Acute responders at vasoreactivity testing
1.2. Heritable
1.3. Associated with drugs and toxins
1.4. Associated with:
1.4.1.Connective tissue disease
1.4.2.HIV infection
1.4.3.Portal hypertension
1.4.4.Congenital heart disease
1.4.5.Schistosomiasis
1.5. PAH with features of venous/capillary (PVOD/PCH) involvement
1.6. Persistent pulmonary hypertension of the newborn

2. PH associated with left heart disease
2.1. Heart failure:
2.1.1.with preserved ejection fraction
2.1.2.with reduced ejection fraction
2.2. Valvular disease
2.3. Congenital/acquired cardiovascular conditions leading to post-capillary PH

3. PH associated with lung diseases and/or hypoxia
3.1. Obstructive lung disease or emphysema
3.2. Interstitial lung disease
3.3. Lung disease with mixed restrictive/obstructive pattern
3.4. Hypoventilation syndromes
3.5. Hypoxia without lung disease (e.g. high altitude)
3.6. Developmental lung disorders

4. PH associated with pulmonary artery obstructions
4.1. Chronic thromboembolic PH
4.2. Other pulmonary artery obstructions

5. PH with unclear and/or multifactorial mechanisms
5.1. Haematological disorders
5.2. Systemic disorders
5.3. Metabolic disorders
5.4. Chronic renal failure with or without haemodialysis
5.5. Pulmonary tumour thrombotic microangiopathy
5.6. Fibrosing mediastinitis

PCH: pulmonary capillary haemangiomatosis; PVOD: pulmonary veno-occlusive disease

In SSc it was shown that patients with mPAP in the borderline range have similar symptoms

related to decreased exercise capability, a higher risk of developing PAH as well as an
11



increased risk of mortality [27]. Valerio described that 86 of 228 (37.7%) in a cohort of SSc
patients had mPAP values in the borderline range. This group had an increased risk for
progressing to manifest PH (HR 3.7) compared to the normal subgroup [29]. Kovacs et al.
investigated a small cohort of SSc patients without significant pulmonary fibrosis, left heart
dysfunction, or manifest PAH. In this group, resting mPAP above the median (17 mmHg) was
predictive of reduced exercise capability (decreased 6-minute walking distance (6MWD) and
peak VO2) [27]. Stamm et al. compared SSc patients with normal, borderline, and elevated
mPAP and showed that the 1-, 3-, and 5-year survival differed significantly among the three
subgroups. Lung transplant-free survival was similar in the borderline and manifest PH groups
but significantly worse than in the group with normal mPAP [30]. Similarly, in patients with
chronic thromboembolic disease without PH (mPAP <25 mmHg), significant exercise limitation
may be found, and desobliteration with pulmonary endarterectomy (PEA) resulted in

haemodynamic and clinical improvements [31, 32].

Recently, the focus of research shifted to patients with Group 2 and Group 3 PH (with chronic
left heart disease and chronic lung disease) who make up the large majority of PH patients,
and who also were shown to have a 2-3 fold increased mortality risk with the development of
PH [9, 33]. In a group of patients with idiopathic pulmonary fibrosis, even the borderline mPAP
forecasted a poorer outcome: patients with mPAP>17 mmHg experienced significantly higher
5-year mortality [34]. In a large cohort of unselected patients undergoing RHC, both upper-
normal (mean+1SD to mean + 2SD: 17.4-20.6 mmHg) and borderline (20.6—24.9 mmHg)
mPAP’s were significantly associated with poor survival. In multivariate model, considering
age and comorbidities, however, only borderline mPAP remained the independent predictor
of all-cause mortality [35]. In a cohort of veterans including more than 21 000 patients
undergoing RHC for any indication, those with borderline mPAP had an increase of mortality
(HR 1.2) [36]. A retrospective study of a mixed cohort of patients undergoing RHC revealed
similar results: borderline mPAP (18—-24 mmHg) was associated with mortality with a HR of 1.3

[37].

Thus, in 2018, the 6th World Symposium on Pulmonary Hypertension published the expert
consensus opinion that the definition of PH should be based on mPAP > 20 mmHg and PVR > 2

12



Wood units (WU) [38]. Thus, the recently published European Society of Cardiology Guidelines
for the diagnosis and treatment of pulmonary hypertension amended the earlier definitions

[24].

4.2 Pulmonary hypertension in COPD

4.2.1 Prevalence

In Thabut’s cohort of patients evaluated for lung transplantation or lung volume reduction
surgery, about half of COPD cases had a PH (mPAP > 25 mmHg), of whom 36.7% was mild
(mPAP 26 to 35 mmHg), 9.8% moderate (mPAP 36 to 45 mmHg), and 3.7% was severe
(mPAP > 45 mmHg) [39]. In Andersen’s retrospective analysis (n=409), 51% of the patients
evaluated for lung transplantation had normal pulmonary pressures, 13% had postcapillary
PH (mPAP =25 mmHg, PAWP > 15 mmHg) whereas 36% had precapillary PH. Severe PH
(mPAP > 35 mmHg), was shown in 16 patients (3.9%) [40] In a group of 362 patients evaluated
for lung transplantation, 23% or 68% of the patients had PH, when using mPAP > 25 mmHg or
>20 mmHg as cut-off, respectively [41]. Cuttica et al. showed that PH was present in 30% of
4930 patients included in the Organ Procurement Tissue Network database registry study,
with severe PH in 4% [10]. These data suggest, that in up to 90% of COPD patients, mPAP
exceeds 20 mmHg at rest [42]. In most of the cases, however, PH is relatively mild, between

20-35 mmHg. Only 1-5% of patients have a mPAP > 35-40 mmHg [43, 44].

4.2.2 Pathophysiology

By definition, PH in COPD belongs to Group 3 (PH due to chronic lung diseases and/or hypoxia).
The pathophysiology of COPD (small airways’ disease and parenchymal destruction, chronic
inflammation) results in hyperinflation, airway obstruction, airway collapse and in the
advanced phase, elevated intrathoracic pressure [3]. These factors may results in hypoxia and
hypoxic vasoconstriction which are considered as main factors resulting in increased PVR in

COPD [2, 3].
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However, it is well known that PH in COPD is complex and multifactorial in origin [3]:
concomitant left heart failure occurs in up to 30% of patients [3], and LV diastolic dysfunction
is even more common [11, 45] which can lead to Group 2 PH. CTEPH, Group 4 PH may also
occur, as COPD is associated with an increased risk of pulmonary embolism [46-48]. In
addition, in some patients the pulmonary vascular changes are predominant, forming a PH
subgroup who share some important clinical characteristics (severe PH, progressive right
heart failure) with patients with PAH (Group 1). It is called as “pulmonary vascular phenotype”

group by Kovacs et al. [49].

4.2.3 Clinical significance
4.2.3.1 Prognosis

In COPD, similarly to other groups of PH, even moderate elevation in pulmonary pressures is
associated with worse survival [9]. In 1981, Weitzenblum et al. found that among 175 COPD
patients, the presence of mPAP >20 mmHg was associated with shorter survival [50].
Nevertheless, both this group and another study found that the rate of PH progression in

COPD is relatively slow (an increase of 0.4 to 0.7 mmHg per year) [50, 51].

In patients receiving long term oxygen therapy, mPAP was the best prognostic factor of
mortality, better than FEV1, hypoxia or hypercapnia: in this cohort, patients with mPAP > 25
mmHg had a 5-year survival of 36.3% compared to 62.2% in those with mPAP < 25 mmHg [52].
In a study reporting a 7-year follow-up of COPD patients, survival had a negative correlation
with PVR [53]. Besides, in a large cohort of end-stage COPD patients evaluated for lung

transplantation, patients with PH had a significantly worse survival than those without PH [40].

4.2.3.2 Worse clinical status

PH is also a marker of worse clinical status and the more frequent acute exacerbations in
COPD. In the study of Kessler et al., mPAP > 18 mmHg carried a higher risk of severe
exacerbations requiring hospital admission [54]. Dilated pulmonary artery trunk on computed
tomography (CT) scan is an imaging parameter predictive of PH [55]. In the study by Wells et

al., this finding predicted hospitalization for COPD acute exacerbations [56]. In the study of
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Sims et al., elevated mPAP was proved to be an independent predictor of decreased exercise

capability in COPD patients [41].

4.3  Pulmonary hypertension in connective tissue diseases

4.3.1 Prevalence

The association of Group 1 PH (PAH) with connective tissue diseases (CTD) is well known. In
fact, PAH associated with CTD (CTD-PAH) is the second most prevalent form after idiopathic
PAH in Western countries [25, 57]. SSc, mixed connective tissue disease and systemic lupus
erythematosus (SLE) are the CTD’s most frequently complicated with PAH. Among these, SSc
is most prevalent in the Western countries [57] while in Asian countries, SLE-PAH is more
common [58, 59]. The largest body of data exists about SSc-PAH, and the diagnosis was
invasively confirmed in most of these studies. The prevalence of PAH in SSc is shown to be 7.8-
12% [60-62]. Hachulla et al. found a 0.61 cases/100 patient years incidence of newly diagnosed
PAH [63]. P(A)H prevalence in SLE is shown to be 3.3-5% [64, 65]. It is of note, that in most
studies about PH in further types of CTD’s other than SSc, the diagnosis was established non-
invasively, by echocardiography, and pre-or postcapillary forms of PH were not distinguished

[64-66].

4.3.2 Pathophysiology: various forms of PH in SSc

Although SSc-PAH is the most extensively researched form of PH in SSc, it is known that SSc
may be associated with all the other PH groups [67]. Pulmonary fibrosis (interstitial lung
disease, ILD) and left heart failure with preserved ejection fraction (HFpEF) occur frequently
in SSc, but it is important to mention the rare forms of PH like pulmonary veno-occlusive
disease (PVOD) or CTEPH [67]. LV diastolic dysfunction is one of the most common cardiac
manifestations in SSc [13, 68], its prevalence reaches from 23% [69] to 43-67% in some cohorts
[17, 70]. HFpEF, the manifest clinical syndrome caused by diastolic dysfunction was present in
about 27% of SSc patients in a recent survey [71]. ILD is another frequent manifestation of SSc,

occurring in about 25-50% of SSc patients [72].

In spite of the high prevalence of these complications in SSc, many of the studies report Group

1 PAH as the most common cause of SSc-PH: 50-70% of the invasively confirmed PH cases are
15



shown to be PAH while a smaller segment of patients is classified as Group 2 PH (9-21%) and
Group 3 PH (19-36%) [61, 73, 74]. In other studies that excluded patients with clinically
relevant ILD or differentiated only between pre-and postcapillary PH, postcapillary PH
constituted 20-40% of the total PH count [75, 76]. It is to be noted that most of the registries
and patient cohorts studied for PH were aimed at diagnosing PAH, and patients likely to have
another cause for PH (ILD or HFpEF) were often excluded from studies and were less likely to
undergo RHC. This heterogeneous patient selection and referral bias potentially obscures the

true prevalence of Group 2 and Group 3 PH in SSc patients [61].

The significant overlap among the mechanisms leading to PH in SSc is further demonstrated
by the results of Bourji et al., who found that among the left heart disease (LHD) associated
PH patients, the majority (63%) was in the combined pre-and postcapillary PH haemodynamic
category. Also, Fox et al. found that in their SSc-PH cohort about one third of the patients
initially classified as precapillary PH should be reclassified to LHD-PH after fluid challenge as it

resulted in a pathological elevation of the LV filling pressure [76].

PVOD is a rare form of PH in which echocardiographic findings and the haemodynamic
parameters suggest PAH. The histopathological changes such as obliterating fibrosis, however,
occur predominantly in the small pulmonary venules. Diagnosis is based on morphological
parameters on CT scan. The clinical deterioration (manifestation of pulmonary oedema) after
initiation of PAH-specific therapy is also characteristic. This condition is more prevalent in SSc
than in the general population and it is supposed that some SSc-PAH patients have a

prominent venous component of their disease [67].

4.3.3 Clinical significance of PH in SSc
4.3.3.1 Mortality

Cardiac involvement in general, the presence of lung disease, and the presence of PH are
known to increase mortality in SSc [12, 70, 77]. Cardiac involvement is associated with a HR of
2.1-3.2 [12, 70] while the presence of PH carries a HR of 3.1-3.5 in metaanalyses evaluating 8-
12 thousands of SSc patients [12, 78]. SSc-PAH has worse prognosis than idiopathic PAH [79,
80] while ILD-PH in SSc is shown to have even poorer survival rates: 3-year survival rate was
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35% in a metaanalysis, compared to 56% in SSc-PAH [72]. Lefevre et al. observed similar results
(1- and 3-year survival rates of 81% and 56%, respectively in SSc-PAH versus 1- and 3-year
survival rates of 77% and 35%, respectively in ILD-PH) [81]. In the study of Bourji et al., LHD-
PH in SSc patients had twofold worse mortality than SSc-PAH patients when adjusted for

haemodynamic parameters [75].

4.3.3.2  Screening

The above prevalence and survival data underline the importance of early detection of PH in
SSc. Screening methods have been proposed based on several studies [62, 74, 82-84]. The
current guideline updated the recommendations on screening SSc patients. The risk of PH
should be annually evaluated in all SSc patients based on clinical symptoms (breathlessness);
echocardiogram or pulmonary function test including forced vital capacity (FVC) and diffusion
capacity of carbon monoxide (DLCO); and brain natriuretic peptide or N-terminal pro-B-type
natriuretic peptide (BNP/NT-proBNP) [24]. In patients with the characteristics of the DETECT
study cohort (patients with SSc spectrum disorders associated with DLCO < 60% of predicted
and disease duration >3 year), the DETECT diagnostic algorithm is recommended which
includes a two-step approach using NT-proBNP, additional biomarkers, ECG and clinical

parameters such as teleangiectasias and FVC%/DLCO% before echocardiography [74].

4.4  Exercise pulmonary hypertension

There is a subgroup of patients who have normal pulmonary pressures at rest, but they
present with effort dyspnea and increased PAP during exercise. If the resting PAP was not
elevated, early guidelines recommended to perform exercise RHC [85]. Mean PAP>30 mmHg

on exercise was included in the definition of PH, often termed as exercise induced PH (EIPH).

However, the 4™ World Symposium on Pulmonary Hypertension held in 2008 in Dana Point,
California, concluded that there are several uncertainties in the methodology of the exercise
RHC and the definition of EIPH [86]. Namely, the type, level, and posture of the exercise test
were not standardized. Furthermore, it was recognized that the normal response to exercise

varies with age in the pulmonary circulation, showing an increase in peak pulmonary pressures
17



even in the healthy elderly population. There is a significant overlap between the physiological
and pathological levels of exercise-induced increase in mPAP. In a study, almost 50% of
healthy subjects aged >50 years had an exercise induced mPAP>30 mmHg (the supposed
upper normal limit) [26]. In this study it was also recognized that higher CO resulted in higher
mPAP values on exercise. Thus, the concept of EIPH was omitted from the subsequent

guidelines [25, 87].

Detailed analysis of the physiological response to exercise [88, 89] shows that increase of
mPAP on exercise has a linear relationship with the increasing CO, and the slope (mPAP/CO
ratio, i. e. total pulmonary resistance, TPR) distinguishes physiological increase from
pathological. The excessive increase in mPAP in relation to CO during exercise may be caused
by two distinct pathophysiological processes: 1. In left heart failure, exercise causes a steep
elevation of LV filling pressure which will be transmitted backwards through the pulmonary
circulation to cause PH. 2. In pulmonary vascular pathology, PVR elevation is responsible for
MPAP increase, without PAWP elevation. Subclinical levels of pulmonary vasoconstriction and
remodelling [88, 90] cause a transient elevation of PAP during exercise as pulmonary

circulation no longer has the capacity to adapt to the increasing CO.

A recent review by Zeder et al. proposed cut-off values of prognostic relevance based on
available evidence: mPAP/CO slope >3 WU and PAWP/CO slope > 2 WU was associated with
worse prognosis in two cohorts of patients with effort dyspnea [91, 92]. Considering these
data, the recently published ESC guideline reintroduced the definition of exercise PH defined

as mPAP/CO slope between rest and peak exercise > 3 WU [24].

Although mPAP/CO slope >3 WU is shown to define a pathological response, it does not
distinguish between precapillary and postcapillary causes [90]. These two can be distinguished
with more detailed analysis using mPAP, PAWP, transpulmonary gradient (TPG) and CO in the

following mathematical equations:

18



TPR=mPAP/CO

TPG=mPAP-PAWP

mPAP=TPG+PAWP

PVR=(mPAP-PAWP)/CO=TPG/CO

mPAP/CO=TPG/CO+PAWP/CO

which reflects the pathophysiological concept that mPAP/CO can be elevated if either TPG/CO
increases due to the pathology of the pulmonary vasculature, or PAWP/CO increases due to

let heart disease [93].

4.4.1 Exercise PHin COPD

Just as mildly elevated PAP is a common finding in COPD, normal resting PAP with a
pathological response to exercise also occurs in a large proportion of these patients. Supposed
mechanisms include pulmonary vascular disease as well as LV dysfunction or exercise-induced

air trapping [49].

In the study of Cherneva et al., 67% of the patients had elevated mPAP on exercise, tested by
stress echocardiography [94]. With invasive assessment, Christensen et al. found exercise PH
(defined as mPAP > 30 mmHg) in 65% of their COPD patients during exercise equivalent to the
activities of daily living, [95]. Skjgrten et al. investigated 93 stable COPD patients, of whom
24% had PH at rest, 45% had exercise PH and 21% had normal hemodynamic results [96].
Portillo et al. observed a 71% prevalence of exercise PH in a group of 85 COPD patients; the
ratio of exercise PH patients was 70%, 67% and 100% in GOLD 2, GOLD 3 and GOLD 4 stages,
respectively [97]. In the cohort of Kessler et al., 131 stable COPD patients without hypoxemia
or resting PH (using 20 mmHg as cut-off), 42% had normal hemodynamic response to exercise,
and 58% had exercise PH [51]. Hilde et al. examined 98 stable COPD patients, among whom
27% had resting PH and 73% no PH. In this cohort, both the PH and the non-PH groups showed
similar increase in PAP and PVR on exercise. Based on a threshold of mPAP/CO slope <3WU,

only less than half of the non-PH group (30 patients) had normal hemodynamic response to
19



exercise and the remaining 42 patients (41%) could be considered as exercise PH. mPAP/CO
slope was a predictor of exercise tolerance [98]. In the follow-up study of Kessler et al., COPD

patients with exercise PH had a significantly higher risk of developing resting PH [51].

4.4.2 Exercise PHin CTD

Evidence is accumulating about the prevalence and significance of exercise PH in CTD, with

particular focus on SSc patients who formed the majority of the investigated patient cohorts.

In the studies that evaluated SSc or CTD patient cohorts invasively, exercise PH was found in
a significant number of the patients. Hager et al. examined 173 patients on exercise RHC who
had previously undergone resting and stress echocardiography suggesting elevated PAP. In
this cohort, 53 patients (35%) had increased mPAP and mPAP/CO slope on exercise. Based on
detailed analysis including changes in TPG, PAWP, ATPG/APAWP and PVR, this group was
further divided into precapillary (n=6) and postcapillary (n=47) origin [99]. In Saggar et al.’s
cohort of 80 SSc patients, 52% had exercise PH. The authors divided these into 3 groups:
exercise LHD-PH (n=12), exercise PAH (n=21) and a group they called “exercise out of
proportion PH”, as both PAWP and TPG were elevated (combined pre-and postcapillary origin
using the current nomenclature, n=9) [100]. Stamm et al. had a SSc patient group of similar
size with clinical suspicion of PH, and they found 45% exercise PH with RHC, 12% in the
postcapillary and 33% in the precapillary group [30]. Miyanaga et al. investigated a smaller
group of CTD patients (n=34) including non-SSc type CTD’s. Their proportion of exercise PH
patients was slightly less: 21% [101]. These studies used various cut-off values and definitions:
exercise mPAP > 30 mmHg, exercise TPR >3 WU, or exercise TPG > 15 mmHg [30, 99-101].
mPAP/CO slope cut-off was usually 3 WU but occasionally 2 WU [99]. Cut-off for PAWP on
exercise was 18 [100], or 20 mmHg [30]. Besides the different inclusion criteria also may

explain the differences in their results.

Clinical significance of exercise PH in SSc, similarly to that in COPD, includes worse exercise
tolerance, a risk for developing resting PH and higher risk for mortality or adverse outcome:
Kovacs et al. subgrouped their SSc patients using the median mPAP on moderate exercise (23

mmHg at 25 W, 28 mmHg at 50 W) as cut-off, lower than the usual threshold for exercise PH.
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Patients with mPAP above the median (measured at either level of exercise) had worse
exercise tolerance on 6MWT [27]. In the study of Miyanaga et al., mentioned above, the
exercise PH group had higher resting mPAP, right atrial pressure (RAP) and PVR, but lower
6MWD and peak VO/kg than the subgroup with normal exercise response [101]. In another
prospective study of 85 SSc patients showing clinical risk factors for PH, exercise PH detected

by stress echocardiography predicted a high risk for developing resting PH [102].

Stamm et al. found that survival was significantly worse in the exercise PH group compared to
SSc patients without PH, but similar to those with PH at rest. Exercise mPAP was a predictor
of lung transplant-free survival [30]. In the study of Zeder et al., investigating 80 SSc patients
without resting PH, both PVR and TPR on exercise as well as mPAP/CO slope and TPG/CO slope

showed association with mortality while resting hemodynamic parameters did not [103].

4.5 Echocardiographic techniques for the assessment of transient and permanent
pressure overload in the right heart

4.5.1 Stress echocardiography

Exercise RHC is the gold standard for evaluating hemodynamic response to exercise and to
identify those patients with exercise PH [24]. However, the invasive nature of this examination
as well as the well-known technical difficulties make it advisable to search for non-invasive
diagnostic modalities which can detect cardiopulmonary involvement at an early stage in

patients at high risk for PH. Echocardiography is potentially useful in this aspect.

Clinical data about assessing exercise hemodynamics with stress echocardiography in COPD
are scarce. Two studies tested small groups of COPD patients with Doppler echocardiography
during cardiopulmonary exercise test (CPET), using sitting [104] or supine [105] cycle
ergometer. They concluded that COPD patients had significantly reduced exercise tolerance
and higher PASP values on exercise compared to controls [105] but oxygen inhalation reduced
the exercise related elevation of PASP [104]. Both studies required intravenous administration
of agitated saline contrast to achieve adequate Doppler signals of the tricuspid regurgitation

(TR). The difficulty of obtaining adequate echocardiographic images in COPD patients, in
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particular during exercise, is generally acknowledged [104-106]. Cherneva et al. examined a
larger group of non-severe COPD patients with CPET using supine cycle ergometer.
Echocardiography was performed at rest and immediately (within 1-2 minutes) after peak
exercise. Their goal was to investigate the prevalence of LV and RV diastolic dysfunction on
exercise [107, 108]. The results showed a marked prevalence of LV diastolic dysfunction (64%)

and RV diastolic dysfunction (78%) on exercise.

In SSc there were attempts to evaluate exercise hemodynamics noninvasively, with stress
echocardiography. Results of these studies show a marked prevalence of exercise PH in SSc
patients, between 36% and 55% [102, 109-114]. The criteria for diagnosing exercise PH were
various: immediate post-stress pulmonary arterial systolic pressure (PASP) > 35+5 mmHg
[109]; APASP =20 mmHg [110]; PASP > 50 mmHg at peak exercise [111-113]. Moreover, a
recent metaanalysis reported significant variability in the methodology of these studies as well
(cycloergometer or treadmill, supine, semi-supine or upright position, exercise PASP
measured during or immediately after exercise) [115]. Some, but not all stress-
echocardiographic studies assessed CO, PVR and markers of LV diastolic dysfunction or
elevated LV filling pressure to differentiate between pre-and postcapillary origin of exercise
PH. These non-invasive hemodynamic measurements, however, are technically challenging
and not always standardized [115]. There are also some studies that use 6MWT as exercise to
assess increase in PASP [114, 116] Thus, reliable and reproducible assessment of exercise PH
in SSc and analysis of the underlying pathophysiology with stress echocardiography may need

further research and standardization [115].

4.5.2 Resting echocardiography in P(A)H and exercise PH
4.5.2.1 Traditional methods for the detection of PH

Resting transthoracic echocardiography is the most important screening modality for PH [24,
84]. The primary echocardiographic parameter is estimated RV systolic pressure, calculated
from the peak TR velocity utilizing the modified Bernoulli equation. Although a sensitivity of
87% and a specificity of 79% was shown for echo-measured PASP in predicting invasively

measured PH [117], the potential pitfalls of this non-invasive estimation are well known [118].
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Recent studies show considerable discordance between noninvasively estimated PASP and
invasive results obtained by RHC [119, 120]. Therefore, additional echocardiographic
parameters are required to assess the probability of PH. Elevated pressures in the right heart
typically result in dilatation of the RV, RA or pulmonary artery. Besides, flattening of the
interventricular septum, shortened RV outflow tract acceleration time, notching on the RV
outflow tract Doppler curve, high early pulmonary regurgitation velocity and dilated inferior
vena cava (IVC) with decreased inspiratory collapse may also occur [24]. However, in mild PH
and especially in exercise PH, these overt signs of RV pressure overload are usually not

detectable.

4.5.2.2 Assessment of RV systolic function

Transthoracic echocardiography can also be used to detect RV systolic dysfunction developing
in consequence of RV pressure overload. The traditional parameters of RV systolic dysfunction
include tricuspid annular plane systolic excursion (TAPSE) — an index of the longitudinal systolic
function, and RV fractional area change (RVFAC) — a parameter of global RV function. Besides,
myocardial performance index (MPI) or Tei index reflects both RV systolic and diastolic

function [121].

Besides the traditional echocardiographic modalities, TDI also supplies information regarding
RV function. Tricuspid annular systolic velocity (tricuspid S) has been added to the

recommended parameters when investigating RV longitudinal systolic function [121].

There is a robust amount of accumulated data on RV function based on these parameters
which have been validated against radionuclide ventriculography or magnetic resonance
imaging (MRI), the current gold standard for determining RV function [121-124]. However,
there are limitations to the use of each. Thus, the combined assessment of these parameters

is recommended in the current guideline [121].

Echocardiographic parameters of RV systolic dysfunction predict adverse clinical events and
mortality in a variety of conditions: in PAH [125-129], SSc [20, 130], HFpEF [131], Group 3 PH
[132], COPD [133] Eisenmenger’s syndrome [134], and HFrEF [130, 135].
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The echocardiographic parameters of RV systolic function can also indicate a favourable
response to therapy: in a group of untreated PAH patients tricuspid S was reduced compared

to controls, but improved after receiving pulmonary vasodilator therapy [136].

In the context of PH, as the above studies show, RV systolic function has great diagnostic and
prognostic significance. However, these studies included patients with manifest PH, often in
advanced stage of the disease. Several studies show limited sensitivity of these traditional
echocardiographic parameters especially when the studied PH patients are in early stage of
the disease. In some studies, involving patients with pulmonary disease or with SSc,
echocardiographic parameters of RV function did not show significant difference compared to
controls. In the study of D’Andrea et al. comparing two subgroups of patients with idiopathic
pulmonary fibrosis (with or without PH) to healthy controls, TAPSE and tricuspid S were within
normal range across all subgroups, without significant differences. The only significant
difference was found in the pulmonary fibrosis-PH subgroup: RV hypertrophy and dilatation
[137]. In the study of Yiu et al., SSc patients with or without pulmonary fibrosis and/or PH

exhibited preserved TAPSE, similarly to the healthy control group [18].

On the other hand, in some patient cohorts, traditional RV functional parameters showed
significant difference but were still within the normal range across all subgroups. This was
shown in the study of Hilde et al., comparing COPD patients with or without PH and controls.
Although TAPSE, RVFAC and tricuspid S showed a small but significant difference, they were
within the normal range even in patients with COPD-PH. RV MPI, however, was impaired in
COPD patients both with and without PH suggesting the possibility of transient, exercise-
related elevation of pulmonary pressures not manifesting on resting echocardiography [138].
Similarly, in comparing SSc patients to healthy controls, Durmus et al. found that RVFAC
showed no significant difference, while TAPSE and tricuspid S was significantly decreased, but
still within the normal range in the SSc cohort [20]. Cuttica et al. examined non-severe COPD
patients (mild, moderate, and moderately severe subgroups were defined according to the
American Thoracic Society guidelines). They found normal TAPSE and tricuspid S values across
the whole cohort, without significant difference according to COPD severity [10]. Fukuda et al.
investigated predictors of adverse outcome (death or hospitalization for right heart failure) in
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PAH and CTEPH patients, and found that traditional RV functional parameters could not

distinguish between the subgroups with and without adverse events [139].

As the above results show, traditional echocardiographic parameters of RV systolic function
are often not sensitive enough to identify patients with exercise related transient elevation of

pulmonary pressure in high-risk conditions, such as COPD or SSc.

4.5.2.3 Evaluation of RV diastolic dysfunction with tissue Doppler echocardiography

Similarly to that of LV diastolic function, the recommended method to evaluate RV diastolic
function is a combined approach using tricuspid E/A, tricuspid e’, and tricuspid E/e’ [121, 140,
141]. In research, however, other parameters, including isovolumetric relaxation time,

deceleration time and tricuspid e’/a’ have also been used [134, 142-144].

The presence of RV diastolic dysfunction was confirmed in conditions associated with right
heart involvement: in a group of SSc patients, RV diastolic dysfunction (diagnosed by tricuspid
E/A and tricuspid E/e’) was found in 25% of the cohort by Meune et al. [145]. Durmus et al.
found impaired tricuspid e’ in SSc patients compared to controls [20]. Impaired tricuspid e’
compared to controls was also confirmed in COPD patients by Agoston-Coldea et al., along
with increased tricuspid E/e’ indicating an increase of RV filling pressure [146]. Seyfeli et al.
investigated a group of rheumatoid arthritis patients and found significantly impaired RV
diastolic function compared to controls. TDI parameter tricuspid e’/a’ was more sensitive in
recognising RV diastolic dysfunction than tricuspid E/A. Besides, the subgroup with elevated
PASP had significantly worse RV diastolic function detected by TDI in this study [147].
Ozdemirel et al. found that in COPD patients, RV diastolic function parameters correlated with

FEV1 and with various CPET parameters [148].

Huez et al. found reduced tricuspid E/A in SSc patients compared to controls, as well as
impaired tricuspid e’ with TDI [149]. The patients also showed decreased exercise capacity and
decreased maximum workload on stress echocardiography. Noninvasively obtained
estimation of pulmonary pressure-flow curve suggested that RV diastolic dysfunction was an

early sign of latent pulmonary vascular pathological changes resulting in exercise PH in this
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cohort [149]. Faludi et al. aimed to confirm this observation with the help of
echocardiographic and invasive measurements in patients with various CTD’s. [19]. Their
findings showed that CTD patients with resting PH had both RV systolic and diastolic
dysfunction based on TDI parameters, while the subgroup with exercise PH had only RV
diastolic dysfunction, suggesting that RV diastolic dysfunction may be an early consequence
of transient, exercise related PH [19]. In another cohort of SSc patients without resting PH,
Gargani et al. found that tricuspid e’/a’ was independent predictor of elevated PASP on
exercise [112]. There are some data about prognostic significance of RV diastolic dysfunction:
in a prospective study of CTD patients, tricuspid e’ was among the predictors of the

development of PH [116].

4.5.2.4 Speckle tracking derived strain: Right ventricular function

Speckle tracking echocardiography (STE) is a recently developed technique to assess
myocardial mechanics. It is a sensitive technique allowing the exploration of subclinical,
previously undetected myocardial dysfunction [150]. The usefulness of RV strain parameters
(either RV free wall or RV global strain) is demonstrated in several conditions related to PH:
RV strain was shown to be decreased compared to controls while conventional
echocardiographic parameters of RV function were within normal range in SSc [18, 21]. Similar
phenomenon was reported in patients with PAH and CTEPH [151, 152]. In the study of Morris
et al., RV global and free wall systolic strain were able to detect subtle RV longitudinal systolic
abnormalities in a significant proportion of patients with HFrEF and to a lesser extent in HFpEF
despite the preserved TAPSE, tricuspid S and RVFAC values [153]. D’Andrea et al.
demonstrated significantly impaired RV strain values in pulmonary fibrosis patients both with
and without PH compared to controls [137]. Similarly, in the study of Hilde et al., COPD
patients both with and without PH showed decreased RV strain values compared to controls

[138].

RV strain was also shown to correlate with disease severity in these studies: In the above COPD
cohort, RV strain correlated with invasively measured pulmonary pressures [138]. Regarding
SSc patients, in the investigation of Yiu et al., all SSc patients (with or without pulmonary

fibrosis and with or without PH) showed significantly impaired RV free wall strain compared
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to controls, but the subgroup with both pulmonary fibrosis and PH had the most severely
impaired RV free wall strain [18]. In HFpEF and HFrEF patients, Morris et al. showed
significantly worse RV strain parameters parallel with the worsening of NYHA functional class.
RV strain showed significant correlation with exercise tolerance demonstrated by 6MWD in
patients with idiopathic pulmonary fibrosis [137]. Fukuda et al. proved similar correlation in
PAH. In their study, RV free wall strain also correlated with invasively measured mPAP [152].
Similarly, in the study of Rice et al., in a group of COPD patients undergoing RHC, RV strain
correlated with PVR. Moreover, PASP and RV strain could be estimated in 31% and 57% of the

COPD patients, respectively [154].

RV strain also demonstrates excellent prognostic ability: it was found to predict adverse
outcome in PAH [139, 155], and in HF [156, 157]. Fine et al. showed independent and
incremental prognostic value of RV-free in a group of patients evaluated for PH [158].
Hardegree et al. reported that serial RV strain measurements were useful in monitoring
therapeutic response and predicting outcome in PAH [159]. Similarly, in a group of COPD
patients undergoing pulmonary rehabilitation, RV strain improved after completion of the

program and showed significant correlation with the change in exercise capacity [160].

4.5.3 Right atrial size and mechanics
4.5.3.1 Pathophysiology

Understanding LA function and its role in the pathophysiology of left heart failure [161, 162]

directed the focus on the evaluation of RA function [163].

RA function consists of three phases throughout the cardiac cycle: during ventricular systole,
with closed tricuspid valves, RA receives the blood from the body (reservoir phase); after the
opening of the tricuspid valve, in the early phase of ventricular relaxation it passively conveys
the blood to the RV (conduit phase) and during late diastole the active contraction of the RA

assists ventricular filling as a booster pump (contractile phase) [163-165].

Each of these phases is influenced both by intrinsic atrial properties and by interactions

between the atrium and the ventricle [166]: the reservoir phase is influenced by the apical
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displacement of the tricuspid annulus; the conduit phase by the ventricular relaxation; the

contractile phase by ventricular compliance [163, 165].

The physiological role of the RA is to support RV filling by receiving and transmitting blood
from systemic venous return towards the RV without filling pressure elevation and
consequent systemic congestion. RV pressure or volume overload causes dynamic adaptive
changes in function and size of the RA to preserve CO and prevent systemic congestion [163].
Gaynor et al. showed in an invasive experimental animal model that transient or permanent
elevation of PAP results in early impairment of RV diastolic function. To compensate for this,
RA contractility increases to maintain adequate RV filling and CO [167]. However, as the RA
operates according to the Frank-Starling mechanism [165], RA functional reserve to increase
preload is eventually exhausted by the progression of the RV diastolic dysfunction as it has

been described regarding the LA [17].

4.5.3.2  Evaluation of RA size

Dilatation of the RA is a relatively late but easily measured sign of RA remodelling [162, 163].
RA size is routinely assessed by 2D echocardiography, measuring major and minor diameters
or maximal RA area [121]. RA volume may be calculated by 2D echocardiography using the
only 2D plane available [168]. 2D echo based volumetry of the RA was validated with cardiac
CT or MRI, showing acceptable correlations between the different methods, although 2D
echocardiography seems to underestimate RA volume [169, 170]. The introduction of 3D
echocardiography (3DE) allows direct echocardiographic volumetric measurement. 3DE-
derived RA volumes correlate more closely with cardiac CT and MRI findings and appear to be
somewhat larger than 2D-echocardiography-derived RA volume data, but still significantly

smaller compared to CT or MRI [170-174].

Maximal RA area or the RA to LA area ratio is a predictor of adverse outcome or mortality in
several conditions: in HFrEF [175], Eisenmenger’s syndrome [134], acute pulmonary embolism
[176] as well as in PAH [139]. RA area predicts functional capacity in HCM [177], indicates
response to therapy in CTEPH [178] and after ASD closure [179]. Maximal RA volume indexed

for body surface area (BSA) correlates with the functional capacity of patients and is an
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independent predictor of mortality and adverse events in HFrEF [180-184] and in PAH [185,
186]

4.5.3.3  Evaluation of RA phasic function

Alterations of the atrial function occur earlier than the enlargement of the atrial volume: it is
an early sign of atrial remodelling that is more difficult to demonstrate [162, 163, 165, 166,
187]. The traditional way of investigating atrial function is to measure atrial volumes in certain
points of the cardiac cycle: namely, maximal atrial volume (Vmax), minimal atrial volume
(Vmin) at the time of the closure of the tricuspid valve, and pre-atrial contraction volume
defined by the start of the P-wave on ECG [163, 165, 188, 189]. Parameters reflecting the
phasic function of the atrium may be calculated using these static volume values [163, 172,
190]. The total, passive and active emptying volumes and fractions reflect the reservoir,
conduit, and contractile function of the RA, respectively. Expansion index (El), the ratio of
atrial expansion to the minimal atrial volume is an alternative parameter to describe reservoir
function. Table 2 shows the phasic atrial volumes and the formulae to calculate them. This
2DE based approach is time consuming and requires geometrical assumptions which may
result in inaccuracy. Thus, often cardiac CT or MRI and more recently, 3DE is used for the

evaluation of RA phasic function [170, 191, 192].

Table 2. Phasic atrial volumes (based on Willens et al. [190] and Peluso et al. [172]

Total emptying volume (Vte) Vte = Vmax — Vmin
Reservoir function Total emptying fraction (TEF) TEF= Vte /Vmax x 100 (%)
Expansion index (EI) El= Vte/ Vmin x 100 (%)

Passive emptying volume (Vpe)  Vpe =Vmax—Vp
Conduit function

Passive emptying fraction (PEF)  PEF=Vpe /Vmax x100 (%)

Active emptying volume (Vae) Vae =Vp - Vmin

Active emptying fraction (AEF) AEF = Vae /Vp x 100 (%)

Contractile function

Examination of phasic RA volumes has been used in various conditions: In PAH patients, TEF
and AEF was shown to have a strong negative correlation with mortality [193, 194]. Willens et

al. showed increased atrial volumes, decreased PAF and increased AEF in PAH. In other PAH
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studies, impaired TEF and conversely, increased AEF was found in patients with less advanced
disease, while in the subgroup of patients with the worst functional status and impaired RV
function both TEF and AEF were impaired [195, 196]. In a population of heart failure patients
TEF was significantly impaired and associated with the risk for death and hospitalization [183].
In patients with inferior myocardial infarction, the subgroup with concomitant RV myocardial

infarction had increased RV volumes and decreased PEF [197].

4.5.3.4  Evaluation of RA mechanics with STE

Speckle tracking-derived strain analysis results in a strain curve that shows specific strain
values in each phase of the RA function: a reservoir, conduit and contractile strain value can
be determined. RA strain has been shown to be feasible and reliable in several studies [172,
198], and there is an increasing body of evidence of its potential usefulness in different clinical
situations. Several cohorts of PAH patients showed correlations between RA strain and
invasive hemodynamics: negative associations with RA pressure and PVR as well as positive
correlations with SV and CO were found [23, 199-202]. RA reservoir correlated with the
functional capacity [23, 203], and was proved to be a predictor of adverse outcome and

mortality in various PAH cohorts [199, 200, 203, 204].

RA reservoir strain was also impaired in heart failure patients, significantly correlated with PAP
[198, 204], or showed good discriminatory power to indicate patients with high pulmonary
pressures [198]. In the study of Jain et al., comparing HFpEF and HFrEF patients with controls,
RA function was progressively impaired from controls through HFpEF to HFrEF. Reservoir and

conduit strain were independent predictors of mortality in heart failure patients [205].

4.5.3.5 Right atrial stiffness

Atrial stiffness represents the change in pressure required to increase the volume of the
atrium in a given measure [206]. Atrial stiffness as a noninvasively assessed parameter is
defined as the ratio of E/e’ and reservoir strain. Kurt et al. reported LA stiffness as a useful
index to differentiate between HFpEF and asymptomatic diastolic dysfunction [206]. Our
group has reported, that LA stiffness was superior to maximal LA volume index and reservoir

strain in predicting elevated NT-proBNP levels in SSc patients [207]. LA stiffness was also
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investigated as a potential marker for early organ damage in patients with hypertension [208].
Regarding the RA, Teixeira et al. showed a correlation between RA stiffness and the degree of

tricuspid regurgitation in HFrEF patients [209].

5 Methods

5.1 Correlation between echocardiographic parameters of LV and RV diastolic
function and the functional capacity of the patients in COPD

5.1.1 Study population

Eighty outpatients with stable COPD of varying severity were consecutively screened for this
study. Diagnosis and pulmonological management of the COPD were based on the GOLD
strategy document [210]. In patients with borderline FEV1/FVC (below 0.70 but above the
lower limit of normal) the diagnosis of COPD was based on the clinical symptoms (dyspnoea,
chronic cough and/or sputum production) and a history of exposure to risk factors for the
disease. All patients underwent spirometry within one month before the inclusion. They had
to be free of exacerbations for the two months before inclusion. Patients with moderate-to-
severe LV systolic dysfunction (ejection fraction (EF) <45%), atrial fibrillation, neuromuscular
disorders affecting exercise capacity, significant left sided valvular abnormalities or prosthetic
valves were excluded. Detailed medical history was obtained. Significant ischemic heart
disease was defined as coronary artery stenosis >50% proved by invasive measurements or as
history of previous myocardial infarction. Heart failure was diagnosed when the patient was

regularly treated with loop diuretics and/or at any symptoms of heart failure.

Data of 34 healthy volunteers without any cardiac disease were used as control. The study
complied with the Declaration of Helsinki. The institutional ethics committee approved the

study. All subjects had given written informed consent prior to inclusion.

5.1.2 Echocardiography

Echocardiography was performed using Philips CX50 ultrasound system (Philips Healthcare,
Best, The Netherlands). Studies were performed by a single cardiologist blinded to all other

data.
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LV EF was measured by Simpson’s method. End-diastolic thickness of the septum and the
posterior wall as well as the end-diastolic diameter of the LV were measured from parasternal
long axis view, by M-mode. LV mass was calculated according to the Devereux formula and
indexed for BSA. Maximal LA and RA areas were measured in apical 4-chamber view at the
time of mitral/tricuspid valve opening. Atrial appendages and pulmonary veins were excluded
from the measurements. Atrial areas were corrected for BSA (LA and RA area index) [121,
211]. Basal, mid-cavity, and longitudinal dimensions of the RV were obtained at end-diastole
in RV—focused apical 4-chamber view and corrected for BSA. As parameters of the RV systolic
function, TAPSE and RVFAC were measured. Spectral Doppler based MPI (Tei index) was also
obtained. Maximal and minimal diameters of the IVC were measured in subxiphoid view and
collapsibility index (the percent decrease in the diameter during inspiration) was calculated.
RV wall thickness was obtained from subxiphoid window by 2D echocardiography at end-

diastole [121].

Transmitral and transtricuspid flow velocities were assessed from the apical 4-chamber view.
Peak of the early (E) and late (A) diastolic velocities were measured. PASP was estimated as a
sum of the pressure difference across the tricuspid valve calculated using the modified
Bernoulli equation and an estimate of mean RA pressure (5 to 15 mmHg) using the diameter
and collapsibility index of the IVC. Myocardial systolic (S), early- (¢’) and late- (a’) diastolic
velocities were measured from apical 4-chamber view at the lateral and septal border of the
mitral as well as at the lateral border of the tricuspid annulus using pulsed TDI. Mitral and
tricuspid E/A, E/e’ and e’/a’ ratios were calculated. Doppler measurements were obtained
from = 3 consecutive beats during end-expiratory apnoea [121, 211, 212]. LV diastolic function
was evaluated in accordance with the current guideline. Diastolic dysfunction was identified
if mitral lateral e’< 10 cm/s and septal e’< 8 cm/s while elevated LV filling pressure was defined

as mean E/e’> 9 [212]. Elevated RV filling pressure was diagnosed if tricuspid E/e’> 6 [121].

5.1.3 Six-minute walk test

Functional capacity of the patients was estimated using 6MWT, on the day of the
echocardiography. Borg dyspnoea index (0-10) was used for subjective assessment of

shortness of breath during the exercise [213].
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5.1.4 Statistical analysis

Categorical data were expressed as frequencies and percentages; continuous data were
expressed as mean * SD. Intraclass correlation coefficient was calculated to assess
intraobserver reliability. Comparisons of data between two groups were performed using
independent-sample t-tests for continuous variables and chi? tests for categorical variables.
Comparisons of data between more groups were performed using ANOVA with LSD post hoc

test. A p-value of < 0.05 was considered significant.

Univariate predictors of 6MWD were assessed using linear regression analysis. Multiple
stepwise linear regression analysis was performed by entering those variables that were
considered significant (p<0.05) on univariate analysis. In this method the variable with the
smallest probability of its F-statistic (p<0.05) is entered into the model first. This process
continues to add variables to the model until there are no variables left that have F statistics
that meet the criteria. As this process progresses, the F statistics for variables already in the
model may change. If the significance level of these F statistics exceeds the criterion (if
p =2 0.1), then these variables are removed from the model. Variance inflation factor (VIF)

values above 2.5 were considered to have potential multicollinearity.

IBM SPSS 22 statistical software was used.

5.2 Significance of RA size and mechanics in SSc: correlation with functional capacity
and prognostic value

5.2.1 Study population

Seventy consecutive patients diagnosed with SSc in the tertiary centre of the Department of
Rheumatology and Immunology, Medical School, University of Pécs were enrolled into our
prospective study. All cases complied with the updated ACR/EULAR classification criteria
[214].

Patients were systematically screened for PAH. RHC was initiated in the presence of
abnormalities suggestive of PAH (velocity of tricuspid regurgitation higher than 2.8 m/s or
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consistent with 2.5-2.8 m/s in the presence of unexplained dyspnoea, signs of RV
hypertrophy/dilatation, or a systolic D-sign; disproportional decrease of DLCO compared with
the forced vital capacity (FVC/DLCO >1.6), and/or DLCO < 60% of predicted) [215]. The
diagnosis of PAH was based on results obtained by RHC (mPAP =25 mmHg and
PAWP < 15 mmHg and PVR > 3 Wood units) [25]. Patients with atrial fibrillation, significant left
sided valvular disease as well as with significant peripheral artery disease, cognitive issues,
neuromuscular or musculoskeletal problems were excluded from the study. Detailed medical

history was obtained.

An age and gender matched group of 25 healthy volunteers without any signs or symptoms of

cardiac disease was used as control.

The study complied with the Declaration of Helsinki. The institutional ethics committee

approved the study. All subjects had given written informed consent before inclusion.

5.2.2 Follow-up

Patients underwent echocardiography during a 9-month period in the year 2015 and were
followed for 5 years after the initial investigation with yearly scheduled visits. Patients refusing
or not able to attend the visit were consented for telephone visit for the assessment of the
vital status. To avoid misclassification of the cause of death, all-cause mortality was selected
as endpoint. Follow-up time was defined as the time between the date of echocardiography

and the date of death or the last clinical visit.

5.2.3 Echocardiography

Echocardiography was performed using Philips Epig 7G ultrasound system (Philips Healthcare,
Best, The Netherlands) by a single investigator. LV EF was measured by biplane Simpson’s
method. Basal, mid-cavity, and longitudinal dimensions of the RV were obtained at end-
diastole in RV—focused apical 4-chamber view and corrected for BSA. TAPSE and RVFAC were
measured, as parameters of the RV systolic function. Maximal and minimal diameters of the
IVC were measured in subxiphoid view. Collapsibility index was calculated. RV wall thickness

was obtained from subxiphoid view by 2D echocardiography at end-diastole, in a zoomed
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subcostal view, by 0.5 mm increments. Severity of tricuspid regurgitation was assessed
according to the current recommendations and classified as mild, moderate, or severe. PASP
was estimated as a sum of the pressure difference across the tricuspid valve (calculated using
the modified Bernoulli equation) and an estimate of mean RA pressure (5 to 15 mmHg) using
the diameter and collapsibility index of the IVC [121]. In addition to the spectral Doppler
parameters of the transmitral and transtricuspid flow (E, A) (Figure 1d), myocardial systolic
(S), early (e’) and late (a’) diastolic velocities were measured in apical 4-chamber view at the
septal and lateral border of the mitral annulus as well as on the lateral border of the tricuspid
annulus (Figure 1e) using pulsed TDI. Mitral and tricuspid E/A and E/e’ ratios were calculated.
Doppler measurements were obtained from >3 consecutive beats during end-expiratory
apnoea. LV diastolic function was evaluated in accordance with the current recommendation
[140]. Impaired RV longitudinal systolic function was defined as tricuspid S <10 cm/s (19).

Elevated RV filling pressure was diagnosed if tricuspid E/e’ > 6 [121]

5.2.4 Right atrial strain and volume measurements

For atrial speckle tracking analysis, RA-focused apical 4-chamber view movies were obtained.
Care was taken to obtain true apical images using standard anatomic landmarks to avoid
foreshortening (a situation where the ultra-sound plane is not appropriate, and RA is not
opened up to its fullest size). Image contrast, depth and sector size were adjusted to achieve
adequate frame rate (80 and 90 frames/s) and optimize RA border visualization. Three
consecutive heart cycles were recorded digitally and processed by a single investigator blinded
to standard echocardiographic and clinical data of the patients, using a dedicated software
(QLab 10.5, Philips Healthcare, Andover, MA, USA), allowing off-line semi-automated analysis
of speckle tracking-based strain (Figure 1a). The beginning of the QRS was predefined by the
software as reference point. The first positive peak of the curve was measured at the end of
the reservoir phase, just before tricuspid valve opening (reservoir strain). This was followed
by a plateau and a second late peak at the onset of the P wave on the electrocardiogram (RA
contractile strain). RA conduit strain was defined as the difference between reservoir and
contractile strain [216]. (Figure 1c). RA stiffness was calculated as ratio of tricuspid E/e’ to RA

reservoir strain [206, 209, 217].
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Using the atrial borders created for speckle tracking analysis, RA volume curves were
generated by the same software (Figure 1b), based on Simpson’s single plane method of disks.
Maximal RA volume was measured at the end of T wave on electrocardiogram, just before the

opening of the tricuspid valve, and indexed for BSA (RA Vmax index).

LVAPE 11 % Adult Echo TIS1.3
15:58.42 - e i ® 1 d
o =

HR = 54 bpm
R Time SO=95ms
Beat1/3

stiffness: &,

Figure 1. RV—-focused apical 4-chamber view depicting the region of interest (1a) and the RA strain
curve created by the speckle-tracking software (1c). Using the atrial borders created for speckle-
tracking analysis, RA volume curves were generated by the same software (1b). Spectral Doppler curve
of the transtricuspid flow (1d). Pulsed tissue Doppler curve measured on the lateral border of the
tricuspid annulus (1e).

er: RA reservoir strain; ecp: RA conduit strain; ecr: RA contractile strain
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5.2.5 Six-minute walk test

See 5.1.3.

5.2.6 Statistical analysis

Categorical data were expressed as frequencies and percentages; continuous data were
expressed as mean + SD. Comparisons of data between two groups were performed using
independent-sample t tests or Mann-Whitney test for continuous variables and chi? tests for

categorical variables.

Univariate predictors of 6MWD were assessed using linear regression analysis. A p value
of <0.05 was considered significant. Multiple stepwise linear regression analysis was
performed by entering those variables that were considered significant on univariate analysis.
VIF values above 2.5 were considered to have potential multicollinearity. Receiver operating
characteristic (ROC) curve analysis was used to derive the optimal cut-off values for predicting

6MWD < 300m.

For survival analysis, univariable and multiple Cox proportional-hazards models were applied.
HR-s were calculated with 95% confidence intervals (Cl). Models were set up based on
variables with p < 0.1 in univariable analysis. Sequential chi? analysis was used to evaluate the
incremental prognostic benefit of adding RA volume, strain or stiffness to tricuspid S. C-
statistics were applied to compare multivariable Cox models, with values greater than 0.7
representing acceptable models. In order to input them into Cox models, RA stiffness and NT-

proBNP data were standardized by calculating a z-score for each value.

ROC curves were used to examine the diagnostic performance of RA stiffness in predicting all-
cause mortality. Area under the curve (AUC) value was calculated. Optimal cut-off value was
chosen to maximize sensitivity and specificity. Based on this cut-off value, Kaplan-Meier
survival curve was created and differences between groups were tested by Mantel-Cox log

rank test.

Prognostic power of concordant versus discordant values for tricuspid S and RA stiffness were

also evaluated: three groups were created defined by dividing each variable at the cut-off
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value (high tricuspid S AND low RA stiffness; low tricuspid S OR high RA stiffness; low tricuspid
S AND high RA stiffness). Kaplan-Meier survival curve was created and differences between

groups were tested by Mantel-Cox log rank test.

To determine intraobserver variability, assessment of RA strain and volume parameters was
repeated 2 and 4 weeks after the index measurements in 30 randomly selected patients by
the same investigator. To calculate interobserver variability, assessment of RA strain and
volume parameters was repeated by another experienced cardiologist in 20 randomly
selected patients. Intraobserver and interobserver variability was assessed by the intraclass

correlation coefficient.

Data were analysed using IBM SPSS 22 and 27 statistical software.
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6 Results

6.1 Correlation between echocardiographic parameters of LV and RV diastolic
function and the functional capacity of the patients in COPD

Of a total of 80 patients with COPD, 65 were eligible for the study. Fifteen patients were
excluded due to atrial fibrillation (4 patients), poor acoustic window (2 patients), severe sinus
tachycardia (1 patient), moderate-to-severe left-sided valve disease (1 aortic stenosis, 1 mitral
regurgitation), severely reduced LV systolic function (1 patient with dilated cardiomyopathy,
1 patient with previous myocardial infarction), and severe pericardial constriction (1 patient).
Three patients (all in GOLD stage IV) did not attempt to perform 6MWT because of their weak

physical condition.

Systemic hypertension, heart failure and diabetes were common in our COPD population. In
1 case percutaneous coronary intervention was performed while 4 patients underwent
coronary artery bypass surgery. In 3 cases prior myocardial infarction was reported, but
coronary intervention was not feasible. Clinical and echocardiographic data of the 65 patients

are reported in Table 3.

Thirty-five patients were in GOLD stage Il, 27 patients in GOLD stage lll, and 3 patients in GOLD
stage IV. Borg dyspnoea index was significantly higher in GOLD Il patients compared with
GOLD II. On the other hand, no significant difference was found between the 6MWD covered
by the patients in GOLD stage Il and Il (Figure 2).

Spectral Doppler and TDI measurements were feasible in all patients. Intraclass correlation
coefficients were 0.988 and 0.981 for mitral and tricuspid E, respectively. Intraclass correlation
coefficients for e/, a’ and S were 0.984, 0.984 and 0.917 on mitral lateral annulus; 0.983, 0.978

and 0.977 on mitral septal annulus and 0.970, 0.982 and 0.986 on tricuspid annulus.
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Figure 2. 6MWT and Borg dyspnoea index results in different GOLD stages (Mean + SD; ANOVA with
LSD post hoc test)

6.1.1 Comparison of COPD population with healthy controls

Our patients and healthy controls were matched in age and gender distribution (Table 3). BSA
was significantly larger in patients with COPD, but the difference was clinically not remarkable.
LV EF was preserved (EF 2 55%) in 59 (91%), while mildly reduced (45—-54%) in 6 (9%) patients.
LVM index was significantly higher in patients with COPD. Both lateral and septal myocardial
early diastolic velocities (e’) were significantly lower, while mean E/e’ was significantly higher
in the COPD population. LV diastolic dysfunction was found in 48 (74%), while LV filling
pressure was elevated in 28 (43%) patients. (Grade | and grade Il diastolic dysfunction in 20

(31%) and in 28 (43%) patients, respectively.)

Assessment of the tricuspid regurgitation’s velocity was feasible in 41 (63%) patients. RV
systolic pressure was significantly higher in patients with COPD. Resting PH (PASP > 35 mmHg)
was found in 9 (14%) patients. RV wall thickness, RA area and RV basal diameter were
significantly increased in patients with COPD. IVC was dilated, while collapsibility index was
significantly lower in the COPD group. TAPSE and tricuspid S were significantly lower in our
patients as compared with controls. RV systolic dysfunction was rare in the COPD population:
RVFAC < 35%, TAPSE < 16 mm and tricuspid S < 10 cm/s were found in 1 (1.5%), 3 (5%) and 7

(11%) patients, respectively. RV MPI was prolonged (> 0.4) in 31 (47%) patients. Tricuspid e’

40



and tricuspid e'/a’ were significantly decreased in the COPD population. RV filling pressure was

elevated in 29 (45%) patients.

Table 3. Baseline characteristics of the COPD population and comparison with healthy subjects.

COPD patients

Healthy volunteers

(n=65) (n=34) P
Clinical data
Age (years) 60.849.0 58.0+8.3 0.092
Male sex n (%) 39 (60%) 18 (53%) 0.500
BSA (m?) 1.940.3 1.8+0.2 0.023
FEV1 % predicted 54.6+14.8
FEV1/FVC (%) 57.2+10.5
Pack-years of smoking 33.5426.2
Co-morbidities
Coronary artery disease n (%) 9 (12%)
Systemic arterial hypertension n (%) 51 (78%)
Diabetes mellitus n (%) 18 (28%)
Heart failure n (%) 51 (78%)
Medication
Angiotensin convertase enzyme inhibitors n (%) 32 (49%)
Beta-blockers n (%) 29 (45%)
Spironolactone n (%) 3 (5%)
Other diuretics n (%) 27 (42%)
Echocardiography
LV ejection fraction (%) 60.2+4.8 61.9+3.3 0.044
LVM index (g/m?) 106.5+25.3 95.0+£14.0 0.003
LA area index (cm?/m?) 8.9+1.5 8.5+1.0 0.065
Mitral E/A 0.910.2 1.3+0.3 0.000
Lateral S (cm/s) 9.5+1.9 10.8+2.0 0.000
Lateral e’ (cm/s) 8.7+1.9 11.1+3.1 0.000
Lateral a’ (cm/s) 11.2+2.1 11.0+£2.3 0.744
Septal S (cm/s) 8.2+1.4 9.2+1.4 0.001
Septal €’ (cm/s) 7.0+1.4 9.0+2.1 0.000

41




COPD patients

Healthy volunteers

(n=65) (n=34) P
Septal a’ (cm/s) 9.6%1.6 9.6%1.8 0.982
Mean LV E/e’ 8.8+2.1 6.4+1.4 0.000
RV basal diameter index (mm/m?) 16.2+2.0 14.3+2.1 0.000
RV mid-cavity diameter index (mm/m?) 11.5+1.5 11.2+1.6 0.301
RV longitudinal diameter index (mm/m?) 28.5+3.1 27.4+4.3 0.121
RVFAC (%) 49.1+7.4 51.2+5.9 0.092
TAPSE (mm) 20.842.5 25.143.5 0.000
MPI 0.43+0.19 0.31+0.04 0.000
RA area index (cm?/m?) 8.3+1.5 7.2+1.3 0.000
RV wall thickness (mm) 6.0+1.3 3.6+1.0 0.000
PASP (mmHg) 27.946.5 22.7+3.0 0.000
IVC (mm) 13.3+3.1 9.5%2.2 0.000
Collapsibility index (%) 59.1+14.4 64.419.0 0.018
Tricuspid E/A 1.1+0.2 1.4+0.2 0.000
Tricuspid S (cm/s) 12.6+2.0 13.9+2.1 0.001
Tricuspid e’ (cm/s) 7.9+1.3 11.442.3 0.000
Tricuspid a’ (cm/s) 13.442.2 13.0+4.3 0.618
Tricuspid e’/a’ 0.6%0.1 0.910.3 0.000
Tricuspid E/e’ 6.0+1.8 3.811.3 0.000

Statistically significant p-values are formatted in bold (p<0.05)
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6.1.2 Determinants of functional capacity in patients with COPD

Among all clinical parameters, 6BMWD showed significant negative correlation with age and

significant positive correlation with BSA. FEV1% and FEV1/FVC did not show significant

correlation with 6MWD, but they were significant predictors of Borg dyspnea index (FEV1%:

r=-0.474; p=0.000 and FEV1/FVC: r=-0.374; p=0.002). Among all echocardiographic

parameters, significant negative correlation was found between LA area index and 6MWD.

Other parameters of LV systolic and diastolic function did not show correlation with the

functional capacity. Several parameters representing RV size, RV diastolic function and filling

pressure were proven to be significant predictors of 6MWD. No correlation was found

between 6MWT results and the echocardiographic parameters of RV systolic function.

Univariate and multivariate predictors of the 6MWD are reported in Table 4.

Table 4. Predictors of the 6MWD (m) in patients with COPD: univariate and multivariate regression
analyses (Unstandardized (B) and standardized (8) regression coefficients).

Univariate analysis

Multivariate analysis

B r p B B p
Age (years) -2.297 -0.273 0.029
BSA (m?) 91.399 0.314 0.011 96.914 0.359 0.000
LA area index (cm?/m?) -15,515 | -0.319 0.011
RV basal diameter index (mm/m?) -10.627 | -0.290 0.021
RV longitudinal diameter index (mm/m?) -6.357 -0.271 0.031
RA area index (cm?/m?) -22.522 | -0.445 0.000 | -15.606 | -0.304 0.001
Collapsibility index (%) 2.677 | 0505 | 0.000 | 1.384 | 0.270 | 0.005
Tricuspid a’ (cm/s) -17.858 | -0.525 0.000
Tricuspid e’/a’ 355.493 | 0.611 0.000 | 213.688 | 0.377 0.000

Statistically significant p-values are formatted in bold (p<0.05)

In stepwise multiple linear regression analysis tricuspid e’/a’, BSA, RA area index and

collapsibility index were independent predictors of 6MWD (multiple r =0.764; p = 0.000;

F =19.269) (Figure 3). VIF values for all variables were below 2.5.
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Figure 3. Main predictors of the 6MWD in patients with COPD

6.2 Significance of RA size and mechanics in SSc: correlation with functional capacity
and prognostic value

Seventy SSc patients were enrolled into the study. At baseline, mean age of the study cohort
was 57112 years. 32 (46%) patients had limited cutaneous, while 38 (54%) patients had diffuse
cutaneous form of the disease. Table 5 summarizes the clinical characteristics of the

population.

Intraclass correlation coefficients for intraobserver variability were 0.91, 0.96, 0.91 and 0.93
for reservoir, contractile and conduit strain and for RA Vmax, respectively. Regarding
interobserver variability, intraclass correlation coefficients for reservoir, contractile and

conduit strain and for RA Vmax were 0.89, 0.88, 0.87 and 0.91, respectively.
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Table 5. Clinical characteristics of the SSc population

Variable All patients (n=70)
Age (years) 57+12
BSA (m?) 1.75+0.19
Female gender n (%) 63 (90)
Disease duration (years) 7.245.8
Limited cutaneous form n (%) 32 (46)
Modified Rodnan skin score 11.31£8.0
Anti-Centromere Antibody n (%) 18 (26)
Anti-Topoisomerase | Antibody n (%) 20 (29)
Coronary artery disease n (%) 2(3)
Systemic arterial hypertension n (%) 36 (51)
Angiotensin convertase enzyme inhibitors n (%) 33 (47)
Calcium channel blockers n (%) 36 (51)
Loop diuretics n (%) 31 (44)
Mineralocorticoid receptor antagonists n (%) 18 (26)

New York Heart ! 20(28)

Association Il 32 (46)

functional class n (%)

1l 18 (26)
6MWD (m) 391495
Modified Borg dyspnoea index 1.7+1.6
Erythrocyte sedimentation rate (mm/h) 21.9416.0
C-reactive protein (mg/l) 3.615.5
Creatinine (umol/l) 70.6+23.7
N-terminal pro-B-type natriuretic peptide (pg/ml) 192.0+163.0
Troponin-T (ng/l) 12.0+11.2
Forced vital capacity (%) 100.5+15.0
Diffusing capacity of carbon monoxide (%) 64.5£15.1
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6.2.1 Echocardiographic parameters of SSc patients and healthy controls

LV EF was preserved (2 55%) in 68 (97%) and mildly reduced (45-54%) in 2 (3%) patients. LV
diastolic function was preserved in 20 (28.6%) patients whereas elevated LV filling pressure
was found in 15 (21.4%) patients. Detailed echocardiographic data characterizing LV and LA
size and function and their comparison with an age and gender matched healthy population

has already been reported [17].

Significant differences were found between the SSc group and control group in the parameters
reflecting RV systolic function. Real RV systolic dysfunction, however, was rare in the SSc
population: RVFAC < 35%, TAPSE < 16 mm and tricuspid S < 10 cm/s were found in 3 (4.6%), 1
(1.4%), and 8 (11.4%) patients, respectively. Tricuspid E/e’ suggested elevated RV filling
pressure in 22 (31.4%) SSc patients. RA reservoir and conduit strain values were significantly
lower in the SSc population, while RA stiffness was significantly increased in SSc patients
compared with the control group. Detailed echocardiographic data characterizing RV and RA

size and function and their comparison with healthy controls are reported in Table 6.

Table 6. Echocardiographic data of the SSc population and comparison with healthy subjects

Systemic Healthy
Variable
sclerosis (n=70) = subjects (n=25)

Age (years) 57+12 54+7 0.239
BSA (m?) 1.75£0.19 1.83+0.18 0.071
Female gender n (%) 63 (90%) 19 (76%) 0.082
LV ejection fraction (%) 60.814.5 63.312.5 0.011

Normal 20 (28.6) 25 (100)
LV diastolic function n (%) Impaired relaxation 35 (50) <0.001

Pseudonormal 15 (21.4)

Mild 63 (90) 25 (100)
Grade of tricuspid

Moderate 5(7) 0.259
regurgitation n (%)

Severe 2 (3)
PASP (mmHg) 26.215.7 25.8+2.9 0.724
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Variable

RV basal diameter index (mm/m?)

RV mid-cavity diameter index (mm/m?)
RV longitudinal diameter index (mm/m?)
IVC (mm)

Collapsibility index (%)

RV wall thickness (mm)

RVFAC (%)

TAPSE (mm)

Tricuspid E (cm/s)

Tricuspid A (cm/s)

Tricuspid e’ (cm/s)

Tricuspid a’ (cm/s)

Tricuspid S (cm/s)

Tricuspid E/e' ratio

RA Vmax index (ml/m?)

RA reservoir strain (%)

RA contractile strain (%)

RA conduit strain (%)

RA stiffness

Systemic

sclerosis (n=70)

18.4+2.4

13.5+2.1

31.7+3.6

14.04£3.8

55.5%11.5

5.0£1.0

47.5%7.2

21.1+2.6

47.5+9.2

390.548.8

9.5%2.3

13.2+2.6

12.4+2.3

5.3+¥1.5

19.4+5.5

49.3+10.7

22.9+5.8

26.8+8.1

0.11+0.04

Statistically significant p-values are formatted in bold (p<0.05)

Healthy

subjects (n=25)

17.5¢1.6

13.0+1.5

32.3+2.8

14.8+4.7

55.0+13.4

4.8+0.8

54.1+6.6

23.611.6

54.3+8.9

39.045.6

11.7+2.8

13.6+3.3

13.6+2.3

4.9+1.4

19.5+5.9

59.619.9

25.3+5.7

34.3+7.3

0.08+0.02

0.924

0.175

0.392

0.469

0.874

0.329

0.000

0.000

0.002

0.771

0.002

0.533

0.027

0.278

0.943

0.000

0.082

0.000

0.001



6.2.2 Echocardiographic predictors of functional capacity of SSc patients

6MWD covered by the SSc patients was 391 + 95 m. Univariate and multivariate predictors of

the 6MWD are reported in Table 7.

Table 7. Predictors of the 6MWD in SSc patients: univariate and multivariate regression analyses

Variables

Age (years)

RV wall thickness (mm)
TAPSE (mm)

Tricuspid e' (cm/s)
Tricuspid E/e' ratio

RA reservoir strain (%)
RA conduit strain (%)

RA stiffness

Associations with 6-minute walking distance (m)

Univariate analysis

r

-0.452

-0.369

0.367

0.407

-0.320

0.273

0.327

-0.401

p

0.000

0.002

0.002

0.001

0.008

0.024

0.006

0.001

Statistically significant p-values are formatted in bold (p<0.05)

Multivariate analysis

B p
-0.289 0.030
-0.418 0.002

In stepwise multiple linear regression analysis RV wall thickness and RA stiffness became

independent predictors of 6MWD (multiple r =0.506; p = 0.001; F = 7.754). VIF values for all

variables were below 2.5. Main predictors of the 6MWD in SSc patients are reported in

Figure 4.
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Figure 4. Main predictors of the 6MWD in patients with SSc are RA stiffness (A) and RV wall thickness
(B).

6MWD < 300 m was covered by 11 patients. Using ROC analysis, RA stiffness > 0.107 and RV
wall thickness >5.2 mm were the best predictors of the 6MWD <300 m. ROC curves

demonstrating the predictive power of these parameters are presented in Figure 5.
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Figure 5. ROC curves demonstrating the sensitivity and specificity of RA stiffness (A) and RV wall
thickness (B) in predicting poor functional capacity (6MWD < 300 m)
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6.2.3 Associations of outcome

During the follow-up period of 1721 + 344 days (4.7 £ 0.9 years), 6 patients (8.6%) died. No

patient was lost to follow-up.

Among all clinical and laboratory parameters, known coronary artery disease and NT-proBNP
levels showed significant correlation with outcome whereas correlations with 6MWD and
DLCO showed borderline significance. LV EF did not, but the grade of LV diastolic dysfunction

showed significant association with all-cause mortality in univariate Cox regression analyses.

In addition to the PASP, parameters of the RV longitudinal systolic function (TAPSE and
tricuspid S) and RV filling pressure (tricuspid E/e’) became significant predictors of mortality.
RA Vmax index showed significant association with outcome, whereas RA reservoir and
conduit strain did not. Regarding contractile strain, the association showed borderline
significance. RA stiffness, in contrast, became significant predictor of mortality in univariate

analysis. Results of the univariate Cox regression analyses are reported in Table 8.
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Table 8. Univariate Cox regression analysis of associations with all-cause mortality in patients with

SSc
Variable (95|:’I/?CI) p
Clinical characteristics
Age (years) 1.029 (0.951-1.113) 0.472
BSA (m?) 0.278 (0.003-28.131) 0.587
Female gender (y/n) 0.502 (0.059-4.298) 0.529
Disease duration (years) 1.049 (0.935-1.177) 0.415
Limited cutaneous form (y/n) 0.350 (0.063-1.940) 0.229
Modified Rodnan skin score 1.047 (0.957-1.146) 0.314
Anti-Centromere Antibody positivity (y/n) 1.490 (0.273-8.140) 0.645
Anti-Topoisomerase | Antibody positivity (y/n) 2.136(0.427-10.676) 0.355
Coronary artery disease (y/n) 10.170 (1.171-88.354) 0.035
Systemic arterial hypertension (y/n) 1.082 (0.215-5.442 0.923
Angiotensin convertase enzyme inhibitor use (y/n) 0.844 (0.169-4.216) 0.837
Calcium channel blocker use (y/n) 5.244 (0.612-44.952) 0.131
Loop diuretics use (y/n) 1.469 (0.269-8.024) 0.657
Mineralocorticoid receptor antagonist use (y/n) 2.939 (0.593-14.569) 0.187
New York Heart Association functional class 2.380(0.714-7.938) 0.158
6MWD (m) 0.993 (0.985-1.001) 0.079
Modified Borg dyspnoea index 1.171 (0.763-1.798) 0.469
Erythrocyte sedimentation rate (mm/h) 0.996 (0.945-1.050) 0.885
C-reactive protein (mg/l) 0.979 (0.824-1.163) 0.809
Creatinine (umol/1) 0.999 (0.963-1.037) 0.969
NT-proBNP (pg/ml) 2.447 (1.299-4.609) 0.006
Troponin-T (ng/l) 1.070 (1.024-1.118) 0.003
Forced vital capacity (%) 0.972 (0.911-1.036) 0.382
Diffusing capacity of carbon monoxide (%) 0.956 (0.912-1.002) 0.061
Echocardiographic characteristics
LV ejection fraction (%) 1.007 (0.840-1.206) 0.942
Grade of LV diastolic dysfunction 6.751 (1.428-31.909) 0.016
Grade of tricuspid regurgitation 3.113 (1.330-7.283) 0.009
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Variable (9;;?0) p
PASP (mmHg) 1.130 (1.003-1.272) 0.044
RV basal diameter index (mm/m?) 1.167 (0.862-1.579) 0.318
RV mid-cavity diameter index (mm/m?) 1.154 (0.792-1.682) 0.455
RV longitudinal diameter index (mm/m?) 1.111 (0.897-1.376) 0.334
IVC (mm) 1.026 (0.812-1.295) 0.832
Collapsibility index (%) 1.053 (0.961-1.153) 0.272
RV wall thickness (mm) 0.953 (0.436-2.080) 0.903
RVFAC (%) 0.976 (0.867-1.099) 0.689
TAPSE (mm) 0.638 (0.445-0.914) 0.014
Tricuspid E (cm/s) 1.039 (0.969-1.114) 0.282
Tricuspid A (cm/s) 1.049 (0.976-1.127) 0.192
Tricuspid e’ (cm/s) 0.735 (0.492-1.100) 0.134
Tricuspid a’ (cm/s) 0.676 (0.439-1.043 0.077
Tricuspid S (cm/s) 0.548 (0.355-0.848) 0.007
Tricuspid E/e' 2.002 (1.220-3.285) 0.006
RA size and function

RA Vmax index (ml/m?) 1.202 (1.061-1.362) 0.004
RA reservoir strain (%) 0.952 (0.874-1.036) 0.253
RA contractile strain (%) 0.839 (0.690-1.020) 0.079
RA conduit strain (%) 0.978 (0.877-1.091) 0.690
RA stiffness 3.185 (1.544-6.570) 0.002

Statistically significant p-values (p < 0.05) are formatted in bold. 0.05<p<0.1 values are formatted in
italics.

When added to tricuspid S in sequential Cox model, RA stiffness significantly improved the
diagnostic performance of the model (Achi?=3.950; p =0.047) and remained independent
predictor of the outcome (HR 2.460 (1.005-6.021); p=0.049). In contrast, RA Vmax index and
RA contractile strain did not show incremental prognostic value over tricuspid S in the chi?

model (Table 9).
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Table 9. Models of sequential Cox regression analysis for predicting outcome in SSc. C-statistics
represents the overall performance of the predictive model. Achi? reflects the incremental prognostic
value of the RA variables over tricuspid S, when added to the model.

Model 1 Model 2 Model 3
C-statistics 0.721 0.737 0.820 0.849
Achi? 2.376; p=0.123 | 2.536; p=0.111 | 3.950; p=0.047
Variablesin model I N O

0.548 (0.355- 0.687 (0.421- 0.599 (0.399- 0.768 (0.464-

Tricuspid S (cm/s) 0.848); p=0.007 | 1.122); p=0.134 | 0.901); p=0.014 | 1.271); p=0.304

1.114 (0.967-

RA Vmax index (ml/m?) 1.283); p=0.135

0.867 (0.716-

RA contractile strain (%) 1.049); p=0.141

2.460 (1.005-
6.021); p=0.049

RA stiffness

Statistically significant p-values (p < 0.05) are formatted in bold.

6.2.4 Discriminative ability of RA stiffness

To demonstrate the performance of RA stiffness in predicting all-cause mortality, ROC curve
was created, with an AUC of 0.859. The optimal cut-off point for predicting all-cause mortality
was 0.156. Patients with RA stiffness equal or above this cut-off value had significantly higher
risk for death (log-rank p <0.001). ROC curve and Kaplan—Meier cumulative survival curve

demonstrating the predictive power of the RA stiffness are presented in Figure 6.
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Figure 6. ROC curve and Kaplan—Meier survival curve demonstrating the performance of RA stiffness in

0,2

04

0,6

1 - Specificity

08

predicting all-cause mortality (y*: chi?)

Clinical and echocardiographic characteristics of the study cohort stratified by the cut-off RA
stiffness value are shown in Table 10 and Table 11. Patients with elevated RA stiffness were
significantly older and their walking distance was significantly shorter compared with the
other subgroup. Significantly higher NT-proBNP levels whereas significantly lower DLCO values

were found in these patients. Anti-topoisomerase | antibody positivity was also more common

in this subgroup.
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Follow-up time (days)
No. of a 58 58 58 48 18
patients at
risk 12 11 9 7 3
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Table 10. Clinical characteristics of the study population stratified by the RA stiffness cut-off

RA stiffness | RA stiffness

Variable <0.156 20.156 P

(n=58) (n=12)
Age (years) 56+12 64+ 7 0.030
BSA (m?) 1.7610.20 1.74+0.14 0.781
Female gender n (%) 52 (90) 11 (92) 0.833
Disease duration (years) 6.85.0 8.8+8.7 0.456
Limited cutaneous form n (%) 27 (46.5) 5(42) 0.757
Modified Rodnan skin score 10.8+7.5 14.3£10.1 0.187
Follow-up time (days) 17681234 1491+623 0.155
Death n (%) 1(2) 5(42) <0.001
Anti-Centromere Antibody n (%) 14 (24) 4 (33) 0.577
Anti-Topoisomerase | Antibody n (%) 14 (24) 6 (50) 0.042
Coronary artery disease n (%) 1(2) 1(8.5) 0.211
Systemic arterial hypertension n (%) 30(52) 6 (50) 0.913
ﬁ)/zm)giotensin convertase enzyme inhibitors n 29 (50) 4(33) 0378
Calcium channel blockers n (%) 28 (48) 8 (67) 0.246
Loop diuretics n (%) 24 (41) 7 (58) 0.282
Mineralocorticoid receptor antagonists n (%) 14 (24) 4(33) 0.507
New York Heart ! 19(33) 1(85)
Association functional Il 28 (48) 4 (33) 0.014
class n (%) Il 11 (19) 7 (58.5)
6MWD (m) 40595 323461 0.006
Modified Borg dyspnoea index 1.6+1.6 2.1+1.8 0.286
Erythrocyte sedimentation rate (mm/h) 20.9+15.8 26.6+17.3 0.269
C-reactive protein (mg/l) 3.315.4 4.9+5.9 0.357
Creatinine (umol/l) 70.8+24.7 70.0+ 18.4 0.919
NT-proBNP (pg/ml) 164.4+136.4 | 325.6+217.6 0.007
Troponin-T (ng/l) 9.3%7.9 19.5+15.6 0.090
Forced vital capacity (%) 101.4+15.4 96.1+12.4 0.265
Diffusing capacity of carbon monoxide (%) 67.2+13.9 51.4+14.8 0.001

Statistically significant p-values (p<0.05) are formatted in bold.
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LV EF values were similar in the two subgroups. Patients with higher RA stiffness exhibited
worse LV diastolic function, though this difference has borderline significance. Global RV
systolic function (RVFAC) was preserved in both subgroups. Parameters reflecting the RV
longitudinal systolic function (TAPSE, tricuspid S), however, were significantly lower in patients
with RA stiffness above the cut-off. Significantly lower tricuspid e’ and higher tricuspid E/e’

values were also found in these patients. PASP was significantly higher in this subgroup, but

still within the normal range.

Table 11. Echocardiographic characteristics of the study population stratified by the RA stiffness
cut-off

Variable RA stiffness <0.156 RA stiffness 0
(n=58) >0.156 (n=12)
LV ejection fraction (%) 60.7£4.7 60.81£3.8 0.949
Normal 20 (34.5) 0
E\/(;i)“to"c function Impaired relaxation 27 (46.5) 8 (66.6) 0.052
Pseudonormal 11 (19) 4 (33.3)
Mild 53 (91) 10 (84)
fergj;i‘;;:i:ﬁ“;p(z) Moderate 4(7) 1(8) 0.445
Severe 1(2) 1(8)
PASP (mmHg) 25.1+5.0 30.2+6.8 0.008
RV basal diameter index (mm/m?) 18.31£2.6 19.1+1.5 0.287
RV mid-cavity diameter index (mm/m?) 13.4+2.2 13.9+1.4 0.512
RV longitudinal diameter index (mm/m?) 31.843.7 31.243.2 0.606
IVC (mm) 14.3+3.5 12.3+4.7 0.119
Collapsibility index (%) 55.6+11.8 55.9+9.6 0.910
RV wall thickness (mm) 5.0+1.0 5.0+1.1 0.894
RVFAC (%) 47.9+6.0 46.0+11.4 0.426
TAPSE (mm) 21.6+2.3 18.8+3.0 0.001
Tricuspid E (cm/s) 46.7+9.7 51.445.2 0.101
Tricuspid A (cm/s) 38.0+8.0 46.619.2 0.002
Tricuspid e’ (cm/s) 10.1+2.4 6.9+1.2 <0.001
Tricuspid a’ (cm/s) 13.5+2.5 12.0+2.4 0.074
Tricuspid S (cm/s) 12.8+2.1 10.4+2.2 0.001
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Variable RA stiffness <0.156 RA stiffness 0
(n=58) 20.156 (n=12)

Tricuspid E/e' 4.8+1.1 7.6%1.2 <0.001
RA size and function

RA Vmax index (mL/m?) 18.8+4.8 22.6+7.8 0.171
RA reservoir strain (%) 50.5+£10.2 43.6111.4 0.041
RA contractile strain (%) 23.0+5.1 22.5+8.4 0.770
RA conduit strain (%) 27.617.5 22.9410.0 0.066
RA stiffness 0.098+0.024 0.180+0.021 <0.001

Statistically significant p-values (p<0.05) are formatted in bold.

6.2.5 Incremental prognostic value of RA stiffness

When evaluated by comparing groups above and below the cut-off value (10 cm/s for tricuspid

S and 0.156 for RA stiffness) for each parameter, patients with high tricuspid S AND low RA

stiffness (n=55) showed the lowest mortality rate (1 event (1.8%)). Compared with this

reference group, patients with low tricuspid S OR high RA stiffness (n=10) had significantly

higher mortality rate (2 events (20%); log-rank p=0.008) whereas the highest mortality rate

was observed in patients with low tricuspid S AND elevated RA stiffness (n=5, 3 events (60%),

log-rank p<0.001) (Figure 7).
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Figure 7. Kaplan—Meier survival curve demonstrating the incremental prognostic value of RA stiffness
when added to tricuspid S (TriS) in predicting all-cause mortality. The cohort was stratified by tricuspid

S and RA stiffness profile of the patients. (y*: chi?)
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7 Discussion

7.1 Correlation between echocardiographic parameters of LV and RV diastolic
function and the functional capacity of the patients in COPD

Dyspnoea and reduced functional capacity are common consequences of COPD. The aetiology
of reduced exercise tolerance is multifactorial thus parameters of the resting pulmonary
function like FEV1 are poor predictors of the functional capacity [4, 5], as it was proved also
in our study (see Figure 2). Dynamic lung hyperinflation is an important contributory factor
that can be targeted for treatment [5, 6]. Depression, skeletal muscle weakness or PH as well
as alterations of the cardiac function may also serve as limiting factor to reduced functional
capacity [7, 8]. Our hypothesis was that LV and RV diastolic dysfunction is a contributing factor

to exercise intolerance in this disease.

LV EF was preserved or mildly reduced in our COPD population. Mitral annular S values,
however, were significantly decreased as compared to healthy subjects. This subclinical
impairment of the LV systolic function commonly occurs in patients with impaired LV diastolic

function as the evidence of the interdependence between contraction and relaxation [218].

Many mechanisms may explain the presence of LV diastolic dysfunction in patients with COPD.
Significant reduction of the LV diastolic diameter and consequential impairment of LV filling
was reported in pulmonary hyperinflation [219]. Abnormal patterns of LV diastolic filling have
been also described in patients with COPD and elevated pulmonary pressure, due to
ventricular interdependence [45]. In addition, hypoxemia and systemic inflammation may
directly impair LV myocardial function [220]. Cardiovascular comorbidities, such as systemic
hypertension or ischaemic heart disease, are common in COPD [221, 222], which may be also

responsible for the LV diastolic dysfunction.

COPD on CT scan was associated with reduced pulmonary vein cross-sectional area. Smith et
al. therefore suggested that impaired LV filling in COPD may be predominantly due to the
reduced LV preload from upstream pulmonary causes rather than intrinsic diastolic
dysfunction [223]. In fact, the mitral inflow pattern (E/A) is dependent on loading conditions.

Mitral annular TDI parameters, however, are able to reveal the intrinsic relaxation
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abnormalities of the LV myocardium [224]. This technique is useful for the assessment of the
LV diastolic function in COPD patients as well [10, 11, 225]. The results of these recent studies
are not completely comparable, as different approaches were used to estimate the frequency
of the LV diastolic dysfunction. Nevertheless, these works have concordantly proved that LV
diastolic dysfunction is common in COPD. In accordance with these previous findings, mild or
moderate form of LV diastolic dysfunction was found in 74% of our COPD patients. In addition
to the manifest diastolic and subclinical systolic RV dysfunction, LV diastolic dysfunction may

be also responsible for the large number of heart failure cases in our population.

Lopez-Sanchez et al. [11] reported significant correlation between E/A ratio and the functional
capacity of the patients while in the work of Cuttica et al. [10] mitral E/e’ and the degree of
diastolic dysfunction were predictors of the 6MWD in univariate analysis. In our population,
LA area index was the only parameter in the left heart, which showed significant correlation
with 6BMWD. Whereas mitral E/e’ reflects the momentary value of the LV filling pressure, LA
area is considered as a reliable indicator of the cumulative effects of the elevated LV filling
pressure over time [162] and may predict abnormal elevation of LV filling pressure during
exercise in patients with normal resting LV filling pressure [226]. These facts may serve as
explanation for the superiority of LA size over E/e’ in the prediction of the functional capacity

of the patients.

RVFAC was preserved in our COPD population, whereas TAPSE and tricuspid S, the parameters
reflecting RV longitudinal systolic function, were significantly decreased as compared to
healthy subjects, suggesting subclinical impairment of RV systolic function. These results are
in line with the data of Hilde at al. who reported the decrease of the RV longitudinal strain in

a COPD population without PH [138].

Prolonged RV MPI as well as significantly decreased tricuspid e’ and tricuspid e’/a’ were found
as the signs of RV diastolic dysfunction. Enlarged RA area suggested chronic or intermittent
elevation of the RV filling pressure [227]. Besides, the more dilated IVC and lower collapsibility

index were the signs of the elevated RA pressure in our patients.

60



Cuttica et al. have already demonstrated that structural changes in the right heart are
associated with reduced functional capacity in patients with COPD. In their study, RA size and
RV wall thickness were independent predictors of 6MWD. Tricuspid annular TDI parameters,
however, were not investigated in their work [10]. In our study a more comprehensive analysis
of this topic was performed applying 2D, spectral Doppler and TDI techniques both in the left
and right heart. Tricuspid e’/a’, RA area index and collapsibility index were proved to be
independent predictors of 6MWD in our study, providing further evidence, that RV diastolic
function and filling pressure have major impact on the functional capacity in patients with

COPD.

HFpEF may be accompanied by RV dysfunction. In this setting, impaired RV function is related
to both primary myocardial involvement and elevated RV afterload [228]. LV diastolic
dysfunction and elevated LV filling pressure were common in our COPD population. This fact
suggests that RV dysfunction of our patients is not necessarily related to COPD, but may be
the consequence of the LV disease. On the other hand, all independent echocardiographic
predictors of the 6MWD represented the right heart. It does not support the primary role of

the left heart disease in the reduced functional capacity of our COPD patients.

PH is a well-known comorbidity in advanced COPD. In patients with severe COPD, waiting for
lung volume reduction surgery or lung transplantation, PH and consequential RV dysfunction
was present in the half of the patients [39]. In unselected COPD patients with moderate to
severe disease, incidence of the resting PH is much lower. Subclinical systolic and manifest
diastolic dysfunction of the RV, however, is already present in patients without resting PH
[138, 229], as it was proved also in our study. The possible explanation for this phenomenon
is the subclinically elevated PVR which may be unmasked by exercise, when the pulmonary
circulation no longer has the capacity to adapt, and the pulmonary pressure increases parallel
with the increasing CO [230]. Similarly, Kovacs et al. reported that borderline resting PAP is
associated with decreased exercise capacity in patients with SSc. In their work, 6MWD showed

significant negative correlation with PVR measured at peak exercise [27].
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Figure 8 demonstrates the hypothesized changes in the typical parameters of the RV systolic
and diastolic function parallel with the progression of the pulmonary vascular disease in
patients with COPD. As the consequence of the transient pressure overload, RV diastolic
dysfunction and enlarged RA is present already in patients without resting PH whereas the
manifest RV systolic dysfunction develops later during the course of the disease, in patients

with permanent RV pressure overload.

Healthy COPD withoutPH COPD with PH

Figure 8. Schematic diagram demonstrating the hypothesized changes in the typical echocardiographic

and hemodynamic parameters parallel with the course of the disease in patients with COPD.
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7.1.1 Limitations of the study

Various limitations of our study are to be acknowledged. Data about the extent of the dynamic
lung hyperinflation may provide further insight into the pulmonary function of the patients.

This, however, was not investigated in our patients.

The number of patients with resting PH was low in our COPD population and the elevation of
the pulmonary pressure was mild in most of these cases. In addition, few patients with GOLD
stage IV disease participated in the study. A higher proportion of patients with considerable

PH and/or more advanced lung disease may also alter our results.

Our patients did not undergo RHC, therefore PASP was estimated noninvasively. Thus, no data
are available about the PVR of the patients. Due to the lack of invasive measurements, LV and
RV filling pressures were also estimated by Doppler methods. Unfortunately, these
parameters are less reliable in the evaluation of filling dynamics than the invasive

measurements.

7.2 Significance of RA size and mechanics in SSc: correlation with functional capacity
and prognostic value

LV diastolic dysfunction is frequent in SSc [13, 68] and is often accompanied by impaired LA
function [16, 17, 231]. RV dysfunction was traditionally attributed to the development of PAH
or pulmonary fibrosis [18]. Subclinical RV dysfunction, however, was also proved in SSc
patients without the resting elevation of the pulmonary pressure, by using tissue Doppler or
speckle tracking measurements [19-22]. By the help of this technique, impaired RA function
has been recently reported in SSc [20]. Recent data suggest that RA size and mechanics
correlate well with the functional capacity of the patients in conditions with known right heart
involvement, such as in idiopathic PAH or COPD [23, 232]. Thus, we aimed to investigate the
abnormalities of the RA function as compared with healthy subjects and to assess the
potential correlations between RA mechanics and the functional capacity in SSc patients, by

using 2D speckle tracking technique.
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LV diastolic dysfunction is associated with increased risk of mortality [13, 69, 233]. Prognostic
value of the increased LA volume was also reported [13]. Speckle tracking-derived LV global
longitudinal [234] and circumferential strain [235] — both representing subclinically impaired
LV systolic function — showed significant associations with the outcome in this condition.
Besides, both tricuspid S [235] and TAPSE [234] showed significant, independent association
with the adverse outcome. Prognostic value of the impaired RA function was not known in
this disease. Recent studies suggested, however, that RA size and mechanics are associated
with unfavourable prognosis in patients with idiopathic or CTD associated PAH [203, 236]. In
addition, Jain et al. proved, that RA reservoir and conduit strain are independent predictors of
mortality in left heart failure with both preserved and reduced EF [205]. Thus, we
hypothesized that RA size and mechanics may have prognostic role even in SSc patients

without manifest PAH.

In SSc there are few data about RA size and function. Lindqvist et al. found enlarged RA area
in SSc patients with normal RV end-diastolic diameters and without manifest PH [22]. Similarly,
D’Andrea et al. reported significant enlargement of the RA area compared with healthy
subjects [237], while Durmus et al. found RA area index values similar to those in the healthy
persons [20]. In the latter two studies RA function was also investigated, by the help of 2D
speckle tracking technique. Significantly decreased segmental strain values were reported by
D’Andrea et al. in SSc patients, especially in those with pulmonary fibrosis [237]. Durmus et al.
found decreased RA reservoir and conduit strain values compared to a healthy control
population. Contractile strain was not investigated in their study [20]. Our findings are in line
with the results of Durmus et al.: although RA volume values were similar in our SSc patients
and in the healthy group, we found significantly decreased reservoir and conduit strain values
in the SSc group. Contractile strain values did not differ between SSc group and healthy

persons in our study.

We applied another parameter of the atrial performance, RA stiffness, which has never been
investigated in SSc before. The role of this parameter was first reported in the left heart: it
was proven to be an accurate index to distinguish HFpEF patients from those with

asymptomatic diastolic dysfunction [206]. Less is known, however, about the use of the atrial
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stiffness in the right heart. Teixeira et al. demonstrated increased RA stiffness in patients with
left heart failure [209]. In our study, RA stiffness turned out to be significantly elevated in the

SSc population, compared with healthy subjects.

In treatment-naive patients with idiopathic PAH Saha et al. demonstrated significant
correlation between RA reservoir strain and 6MWD [23]. Similarly, as it was reported in the
first part of this thesis, RA area index was proved to be an independent predictor of the 6MWD
in patients with COPD [232]. Our results are in line with these previous findings, suggesting
that speckle tracking-derived RA stiffness has a strong influence on the functional capacity of

the SSc patients.

Karna et al. demonstrated the increased RV thickness as the single most important predictor
of the prolonged RV MPI among SSc patients [238]. Lindqvist et al. reported altered RV
diastolic function in SSc patients, with an increase in RV wall thickness as early markers of RV
dysfunction, probably in response to intermittent P(A)H [22]. Although we could not prove
significantly increased RV wall thickness in our population compared with healthy subjects, RV
wall thickness became independent predictor of the functional capacity in SSc patients. Our
data suggest, however, that for utilizing its predictive capabilities, RV wall thickness should be
measured by 0.1 mm increments. Unfortunately, the accuracy of the echocardiographic

measurements is limited at this level, making this parameter clinically less useful.

In univariate Cox regression analysis RA Vmax index and RA stiffness showed significant
association with 5-year all-cause mortality, whereas, regarding RA contractile strain, this
association had borderline significance. When added to tricuspid S in sequential Cox model,
RA stiffness significantly improved the diagnostic performance of the model and remained
independent predictor of the outcome. Our data support the strong prognostic value of RA

stiffness in SSc patients without manifest PAH.

In SSc, RV myocardial dysfunction may be considered as the sign of the primary myocardial
involvement of the disease [145]. On the other hand, in SSc patients with ILD or subclinical
pulmonary vascular disease, the subclinical elevation of the PVR may be unmasked by
exercise, when pulmonary circulation no longer has the capacity to adapt, and the pulmonary
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pressure increases parallel with the increasing cardiac output [239]. This exercise induced,
intermittent pressure overload may also lead to ultrastructural changes in the right heart [22,
145]. In addition, independently from the aetiology, LV diastolic dysfunction is often
associated with impaired mechanics of the right heart. This phenomenon is thought to be
explained by the exercise-induced elevation of LV filling pressure and the consequential

elevation of PAP [240]. (Figure 9)
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Figure 9. Mechanisms involved in the development of RA dysfunction and enlargement in SSc patients

without manifest PAH

D’Andrea et al. reported significant correlation between RA lateral segmental strain and PASP
during effort, suggesting, that in SSc patients with exercise PH the intermittent pressure
overload may lead to ultrastructural changes in the RA wall [237]. Besides, it has been
demonstrated that LA reservoir strain correlated significantly with the extent of LA wall
fibrosis as assessed by cardiac MRl and with LA interstitial fibrosis in patients with mitral valve
disease in pathological specimens [241, 242]. Although similar histopathologic evidence is not
available in the right heart, impaired RA function and elevated RA stiffness may represent the
consequence the intermittent pressure overload due to stress induced elevation of PAP in SSc.
This functional alteration reduces the capacity of the atrium to help maintain CO during

exercise.

RA stiffness is a complex parameter reflecting atrial mechanics and RV filling pressure

simultaneously. This may explain its superiority over the RA volume and strain parameters.
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When stratified by RA stiffness cut-off, our data may support all the potential mechanisms
demonstrated in Figure 9: High risk patient with RA stiffness above the cut-off exhibited
significantly higher PASP (but still within the normal range) and significantly lower DLCO
values. Besides, there was a clear tendency suggesting worse LV diastolic function in the high-
risk subgroup, though the difference was not statistically significant. Diagnostic and prognostic
utility of the well-known cardiac biomarkers, NT-proBNP and troponin-T, has already been
proved in SSc [243-245]. Patient with RA stiffness above the cut-off showed significantly higher
NT-proBNP values. Troponin-T level was also higher in this subgroup, albeit the differences
were not statistically significant. Anti-Topoisomerase | antibody positivity was also
significantly more common in the high-risk subgroup. The potential clinical significance of this
antibody level has been reported in evaluating disease severity and prognosis in SSc [246,

247].

7.2.1 Limitations of the study

Our data should be interpreted in the context of their limitations. First, the statistical power
of our analysis is limited by the relatively low number of participants and events. Our results
require further validation in a larger SSc population. For obtaining RA strain values, we used a
software that was developed for LV strain analysis because a dedicated software for atrial
strain estimation was not available. RV strain may better reflect the subclinical impairment of
the RV systolic function than our traditional and TDI parameters. Nevertheless, in the lack of
appropriate analytical software, RV strain analysis was not performed in our study. Our
patients did not undergo RHC, therefore PASP was estimated noninvasively, and no data were
available about the PVR of the patients. Due to the lack of invasive measurements, RV filling
pressures were also estimated by Doppler methods. It is important to note that the non-
invasive approach used for the estimation of the RA stiffness has not been invasively validated

in the right heart yet.
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8 Conclusion

In our work we proved that RV diastolic function and filling pressure have strong influence on
the functional capacity in patients with COPD. Similarly, our results suggest that speckle
tracking-derived RA stiffness is increased in SSc compared with healthy subjects and shows
strong correlation with the functional capacity of the patients. Besides, RA stiffness is
significantly associated with all-cause mortality in SSc patients without PAH independent of

and incremental to the RV longitudinal systolic function.

A possible explanation to these results is the pathological increase of PAP on exercise, leading
to transient pressure overload of the right heart, which in turn results in decreased functional
capacity as well as a latent functional impairment of RV and RA, which may be identified with

the modern, sensitive echocardiographic techniques applied in our studies.

Our results suggest that these relatively simple, resting echocardiographic parameters may be
useful in screening high risk populations and identifying patients with potential exercise PH

and worse prognosis.
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9 Novel findings

Echocardiographic parameters of the RV diastolic function and filling pressure show
strong correlation with the functional capacity of COPD patients.

Right atrial reservoir and conduit strain are impaired, whereas RA stiffness is increased
in SSc compared with healthy subjects.

Right atrial stiffness is one of the main determinants of the functional capacity in SSc
patients.

Right atrial stiffness is associated with all-cause mortality in SSc patients without PAH

independent of and incremental to the RV longitudinal systolic function.
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ABSTRACT

Right ventricular (RV) systolic failure is rare in patients with COPD, but they often develop RV diastolic dys-
function. Left ventricular (LV) diastolic dysfunction is also common in this population. Nevertheless, data
are scarce regarding the effect of diastolic dysfunction on the functional capacity in patients with COPD. We
investigated the correlation between echocardiographic parameters of RV and LV diastolic function and the
exercise capacity in COPD, by using conventional echocardiographic methods and tissue Doppler imaging.
65 patients with COPD (61 + 9 years) in stages GOLD II-IV were investigated. Functional capacity was mea-
sured with 6-minute walk test (6MWT). Right (RA) and left atrial (LA) area index were measured; collapsibility
index inferior vena cava was calculated. Parameters of the mitral and tricuspid inflow (E, A) as well as annular
systolic (S), early- (¢) and late- (a') diastolic myocardial longitudinal velocities were measured. E/A, E/e’and
e'/a' ratios were calculated. BMWT distance was 330 = 76 m. LV diastolic dysfunction was found in 48 (74%)
patients. LV and RV filling pressures were elevated in 28 (43%) and in 29 (45%) patients, respectively. In the
left heart, LA area index showed significant correlation with the functional capacity (r = -0.319; p = 0.011).
In stepwise multiple linear regression analysis tricuspid e’/a’ (r = 0.611; p = 0.000), collapsibility index (r =
0.505; p = 0.000), RA area index (r = -0.445; p = 0.000) and body surface area (r = 0.314; p = 0.011) were inde-
pendent predictors of 6MWT distance. Right ventricular diastolic function and filling pressure have strong

KEYWORDS

6-minute walk test;
echocardiography; functional
capacity; right atrial area;
tissue Doppler imaging

influence on the functional capacity in patients with COPD.

Introduction

Chronic obstructive pulmonary disease (COPD) is a growing
global epidemic, which is forecasted to be the third leading
cause of death by 2020 (1,2). Beside its impact on mortality,
COPD represents large health care burden and it is impor-
tant cause of disability (3). Dyspnoea and reduced functional
capacity are common consequences of COPD. The aetiology of
reduced exercise tolerance is multifactorial thus parameters of
the resting pulmonary function such as forced expiratory vol-
ume (FEV) are poor predictors of the functional capacity (4,5).
Dynamic lung hyperinflation is an important contributory fac-
tor that can be targeted for treatment (5,6). Depression, skele-
tal muscle weakness or pulmonary hypertension as well as alter-
ations of the cardiac function may also serve as limiting factor
to reduced functional capacity (7,8).

Right ventricular systolic failure with low cardiac output is
rare in patients with COPD, but they often develop right ven-
tricular diastolic dysfunction with stress induced or resting ele-
vation of filling pressures (9,10). Left ventricular diastolic dys-
function is also reported to be common in the COPD population
(11-14). Nevertheless, data are scarce regarding the effect of the
right and left ventricular diastolic dysfunction on the functional
capacity in COPD.

Thus we aimed to investigate the relation between the
echocardiographic parameters of the right and left ventric-
ular diastolic function and the exercise capacity in patients

with COPD. In addition to the conventional echocardiographic
methods tissue Doppler imaging technique (TDI) was used
offering a more sensitive assessment both of systolic and dias-
tolic function.

Methods

Study population

Eighty outpatients with stable COPD of varying severity were
consecutively screened for this study. Diagnosis and pulmono-
logical management of the COPD were based on GOLD strategy
document (15). In patients with borderline FEV,/FVC (below
0.70 but above the lower limit of normal) the diagnosis of COPD
was based on the clinical symptoms (dyspnea, chronic cough
and/or sputum production) and a history of exposure to risk fac-
tors for the disease. All patients underwent spirometry within
one month before the inclusion. They had to be free of exac-
erbations for the two months before inclusion. Patients with
moderate-to-severe left ventricular (LV) systolic dysfunction
(ejection fraction <45%), atrial fibrillation, neuromuscular dis-
orders affecting exercise capacity, significant left sided valvu-
lar abnormalities or prosthetic valves were excluded. Detailed
medical history was obtained. Significant ischemic heart dis-
ease was defined as coronary artery stenosis >50% proved by
invasive measurements or as history of previous myocardial
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infarction. Heart failure was diagnosed when the patient was
regularly treated with loop diuretics and/or at any symptoms of
heart failure.

Data of 34 healthy volunteers without any cardiac disease
were used as control. The study complied with the Declaration of
Helsinki. The institutional ethics committee approved the study.
All subjects had given written informed consent prior to inclu-
sion.

Echocardiography

Echocardiography was performed using Philips CX50 ultra-
sound system (Philips Healthcare, Best, The Netherlands). Stud-
ies were performed by a single cardiologist blinded to all other
data. 2D and M-mode echocardiographic data collected for
analysis included: LV ejection fraction; LV mass corrected for
body surface area (LVM index); maximal left and right atrial
areas, corrected for body surface area (LA and RA area index);
basal, mid-cavity, and longitudinal dimensions of the right ven-
tricle (RV); tricuspid annular plane systolic excursion (TAPSE);
RV fractional area change (RVFAC); maximal and minimal
diameters of the inferior vena cava (IVC); collapsibility index
(the percent decrease in the diameter during inspiration); RV
wall thickness (16, 17).

The following Doppler data were collected: spectral Doppler
based myocardial performance (Tei) index, mitral and tricus-
pid E/A, calculated RV systolic pressure, myocardial systolic (S),
early- (¢') and late- (") diastolic velocities at the lateral and sep-
tal mitral annulus and at the lateral tricuspid annulus, mitral
and tricuspid E/e’ and €'/a’ ratios. Doppler measurements were
obtained during end-expiratory apnoea (16). LV diastolic dys-
function was identified if mitral lateral e'< 10 cm/s and septal
¢’< 8 cm/s. Elevated LV filling pressure was defined as mean
E/e’>= 9 (18). Elevated RV filling pressure was diagnosed if tri-
cuspid E/e’> 6 (16).

Six-minute walk test

Functional capacity of the patients was measured with 6 minute
walk test (6MWT), at the day of the echocardiography. Borg dys-
pnoea index (0-10) was used for subjective assessment of short-
ness of breath during the exercise (19).

Statistical analysis

Categorical data were expressed as frequencies and percentages;
continuous data were expressed as the mean £ SD. Intraclass
correlation coefficient was calculated to assess intraobserver
reliability. Comparisons of data between two groups were per-
formed using independent-sample t-tests for continuous vari-
ables and chi square tests for categorical variables. Comparisons
of data between more groups were performed using ANOVA
with LSD post hoc test. Univariate predictors of 6MWTT distance
were assessed using linear regression analysis. A p-value of <
0.05 was considered significant.

Multiple stepwise linear regression analysis was performed
by entering those variables that were considered significant (p
< 0.05) on univariate analysis. In this method the variable with
the smallest probability of its F-statistic (p < 0.05) is entered into

the model first. This process continues to add variables to the
model until there are no variables left that have F statistics that
meet the criteria. As this process progresses, the F statistics for
variables already in the model may change. If the significance
level of these F statistics exceeds the criterion (if p > 0.1), then
these variables are removed from the model. Variance Inflation
Factor (VIF) values above 2.5 were considered to have potential
multicollinearity. IBM SPSS 22 statistical software was used.

Results

Of a total of 80 patients with COPD, 65 were eligible for the
study. Fifteen patients were excluded due to atrial fibrillation
(4 patients), poor acoustic window (2), severe sinus tachycardia
(1), moderate-to-severe left-sided valve disease (1 aortic steno-
sis, 1 mitral regurgitation), severely reduced LV systolic function
(1 patient with dilated cardiomyopathy, 1 patient with previous
myocardial infarction), and severe pericardial constriction (1).
Three patients (all in GOLD stage IV) did not attempt to per-
form 6MWT because of their weak physical condition.

Systemic hypertension, heart failure and diabetes were com-
mon in our COPD population. In 1 case percutaneous coro-
nary intervention was performed while 4 patients underwent
coronary artery bypass surgery. In 3 cases prior myocardial
infarction was reported, but coronary intervention was not fea-
sible. Clinical and echocardiographic data of the 65 patients are
reported in Table 1.

Thirty-five patients were in GOLD stage II, 27 patients in
GOLD stage III, and 3 patients in GOLD stage IV. Borg dyspnoea
index was significantly higher in GOLD III patients compared
with GOLD II. On the other hand, no significant difference was
found between the 6MWT distances covered by the patients in
GOLD stage II and III (Figure 1).

Spectral Doppler and TDI measurements were feasible in all
patients. Intraclass correlation coefficients were 0.988 and 0.981
for mitral and tricuspid E, respectively. Intraclass correlation
coeflicients for €/, a’ and S were 0.984, 0.984 and 0.917 on mitral
lateral annulus; 0.983, 0.978 and 0.977 on mitral septal annulus
as well as 0.970, 0.982 and 0.986 on tricuspid annulus.

Comparison of COPD population with healthy controls

Our patients and healthy controls were matched in age and gen-
der distribution (Table 1). Body surface area was significantly
larger in patients with COPD, but the difference was clinically
not remarkable. LV ejection fraction was preserved (= 55%) in
59 (91%), while mildly reduced (45-54%) in 6 (9%) patients.
LVM index was significantly higher in patients with COPD. Both
lateral and septal myocardial early diastolic velocities (e’) were
significantly lower, while mean E/e¢’ was significantly higher in
the COPD population. LV diastolic dysfunction was found in
48 (74%), while LV filling pressure was elevated in 28 (43%)
patients. (Grade I and grade II diastolic dysfunction in 20 (31%)
and in 28 (43%) patients, respectively.)

Assessment of the tricuspid regurgitation’s velocity was feasi-
ble in 41 (63%) patients. RV systolic pressure was significantly
higher in patients with COPD. Pulmonary hypertension (RV
systolic pressure > 35 mmHg) was found in 9 (14%) patients.



Table 1. Baseline characteristics of the COPD population and comparison with
healthy subjects.

COPD patients Healthy volunteers

(n=65) (n=34) P
Clinical data
Age (years) 60.8 +9.0 58.0 8.3 0.092
Male sex (%) 39 (60%) 18 (53%) 0.500
Body surface area (m?) 19403 18402 0.023
FEV,% predicted 54.6 +14.8
FEV1/FVC (%) 572+£10.5
Pack-years of smoking 3354262
Echocardiography
LV ejection fraction (%) 60.2 +-4.8 619433 0.044
LVM index (g/mz) 106.5 £ 25.3 95.0 +14.0 0.003
LA area index (cm?/m?) 89+15 85+10 0.065
Mitral E/A 09+0.2 134+03 0.000
Lateral S (cm/s) 954+19 10.8 2.0 0.000
Lateral €’ (cm/s) 87419 M1£31 0.000
Lateral a’ (cm/s) Nn2+21 N.0+23 0744
Septal S (cm/s) 82+t14 92414 0.001
Septal e’ (cm/s) 7.0t£14 9.0+ 21 0.000
Septal a’ (cm/s) 96+16 96+18 0.982
Mean LV E/e’ 8.8+21 64+14 0.000
RV basal diameter index (mm/m?) 162 £2.0 143421 0.000
RV mid-cavity diameter index Nn5+15 Nn2+16 0.301
(mm/m?)
RV longitudinal diameter index 285+31 274143 0.121
(mm/m?)
RVFAC (%) 491174 512459 0.092
TAPSE (mm) 20.8 £25 25.1+35 0.000
Myocardial performance index 0.434+0.19 0.31+0.04 0.000
RA area index (cm2/m?) 83415 72413 0.000
RV wall thickness (mm) 6.0+13 3.6+10 0.000
RV systolic pressure (mmHg) 279+6.5 227+£3.0 0.000
IVC (mm) 133431 95+22 0.000
Collapsibility index (%) 591+144 64.4+9.0 0.018
Tricuspid E/A 11£02 14+02 0.000
Tricuspid S (cm/s) 126+20 13.9+21 0.001
Tricuspid &’ (cm/s) 79+13 MN44+23 0.000
Tricuspid a’ (cm/s) 134+22 13.0+43 0.618
Tricuspid €'/a’ 0.6 0.1 09403 0.000
Tricuspid E/e’ 6.0+18 38+13 0.000
Co-morbidities
Ischemic heart disease (%) 9 (12%)
Systemic hypertension (%) 51(78%)
Diabetes (%) 18 (28%)
Heart failure (%) 51(78%)
Medication
ACE inhibitors (%) 32 (49%)
Beta-blockers (%) 29 (45%)
Spironolactone (%) 3 (5%)
Other diuretics (%) 27 (42%)

Statistically significant p-values are formatted in bold (p < 0.05).
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RV wall thickness, RA area and RV basal diameter were signifi-
cantly increased in patients with COPD. IVC was dilated, while
collapsibility index was significantly lower in the COPD group.
TAPSE and myocardial longitudinal systolic velocity (tricuspid
S) were significantly lower in our patients as compared with con-
trols. RV systolic dysfunction was rare in the COPD population:
RVFAC < 35%, TAPSE < 16 mm and tricuspid S < 10 cm/s
were found in 1 (1.5%), 3 (5%) and 7 (11%) patients, respec-
tively. Myocardial performance index was prolonged (> 0.4) in
31 (47%) patients. Tricuspid ¢’ and tricuspid e'/a” were signif-
icantly decreased in the COPD population. RV filling pressure
was elevated in 29 (45%) patients.

Determinants of functional capacity in patients with COPD

Among all clinical parameters, SMWT distance showed signif-
icant negative correlation with age and significant positive cor-
relation with body surface area. FEV;% and FEV,/FVC did not
show significant correlation with 6MWT distance, but were sig-
nificant predictors of Borg dyspnoea index (FEV%: r = -0.474;
p = 0.000 and FEV,/FVC: r = -0.374; p = 0.002). Among all
echocardiographic parameters, significant negative correlation
was found between LA area index and 6MWT distance. Other
parameters of LV systolic and diastolic function did not show
correlation with the functional capacity. A number of parame-
ters representing RV size, RV diastolic function and filling pres-
sure were proven to be significant predictors of 6 MW'T. No cor-
relation was found between 6MWT results and the echocardio-
graphic parameters of RV systolic function.

Univariate and multivariate predictors of the 6MW T distance
are reported in Table 2. In stepwise multiple linear regression
analysis tricuspid e'/a’, body surface area, RA area index and
collapsibility index were independent predictors of 6GMW T dis-
tance (multiple r = 0.764; p = 0.000; F = 19.269) (Figure 2). VIF
values for all variables were below 2.5.

Discussion

Multiple mechanisms lead to the restriction of functional capac-
ity in COPD. Our hypothesis was that left and right ventricular
diastolic dysfunction is a contributing factor to exercise intoler-
ance in this disease.
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Figure 1. 6MWT and Borg dyspnoea index results in different GOLD stages (Mean = SD; ANOVA with LSD post hoc test).
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Table 2. Predictors of the 6MWT distance (m) in patients with COPD: univariate and multivariate regression analyses (Unstandardized (B) and standardized (8) regression

coefficients).
Univariate analysis Multivariate analysis
B r p B B P
Age (years) — 2297 —0.273 0.029
Body surface area (m?) 91399 0314 0.011 96.914 0.359 0.000
LA area index (cm?/m?) —15.515 —0319 0.011
RV basal diameter index (mm/m?) —10.627 —0.290 0.021
RV longitudinal diameter index (mm/m?2) —6.357 —0.271 0.031
RA area index (cm2/m?) — 22522 — 0.445 0.000 —15.606 —0.304 0.001
Collapsibility index (%) 2.677 0.505 0.000 1.384 0.270 0.005
Tricuspid a’ (cm/s) —17.858 —0.525 0.000
Tricuspid e'/a’ 355.493 0.61 0.000 213.688 0.377 0.000

Statistically significant p-values are formatted in bold (p < 0.05).

LV systolic and diastolic function: correlation with 6MWT
distance

LV ejection fraction was preserved or mildly reduced in our
COPD population. Mitral annular S values, however, were
significantly decreased as compared to healthy subjects. This
subclinical impairment of the LV systolic function commonly
occurs in patients with impaired LV diastolic function as the
evidence of the interdependence between contraction and relax-
ation (20).

More mechanisms may explain the presence of LV diastolic
dysfunction in patients with COPD. Significant reduction of
the LV diastolic diameter and consequential impairment of LV
filling was reported in pulmonary hyperinflation (21). Abnor-
mal patterns of LV diastolic filling have been also described in
patients with COPD and elevated pulmonary pressure, due to
ventricular interdependence (22). In addition, hypoxemia and
systemic inflammation may directly impair LV myocardial func-
tion (23). Cardiovascular comorbidities, such as systemic hyper-
tension or ischaemic heart disease, are common in COPD (24,

25), which may be also responsible for the LV diastolic dysfunc-
tion.

COPD on CT scan was associated with reduced pulmonary
vein cross-sectional area. These findings suggest that impaired
LV filling in COPD may be predominantly due to reduced LV
preload from upstream pulmonary causes rather than intrin-
sic diastolic dysfunction (26). The mitral inflow pattern (E/A)
is in fact dependent on loading conditions. Mitral annular TDI
parameters, however, are able to verify the presence of relax-
ation abnormalities by reflecting the intrinsic features of the LV
myocardium (27). In patients with COPD this new technique
was used for the assessment of the diastolic function only in few
recent studies (12-14).

These results are not completely comparable, since different
approaches were used to estimate the frequency of the diastolic
dysfunction. Nevertheless, these works have concordantly
proved that LV diastolic dysfunction is common in COPD.
We applied the recent ASE/EACVI recommendation for the
evaluation of the left ventricular diastolic function (18). Mild
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Figure 2. Main predictors of the 6MWT distance in patients with COPD.



or moderate form of left ventricular diastolic dysfunction was
found in 74% of our COPD patients, what is in accordance
with the previous findings (12-14). In addition to the manifest
diastolic and subclinical systolic RV dysfunction, LV diastolic
dysfunction may be also responsible for the large number of
heart failure cases in our population.

Lopez-Sanchez et al. (13) reported significant correlation
between E/A ratio and the functional capacity of the patients
while in the work of Cuttica et al. (14) E/e’ and the degree of
diastolic dysfunction were predictors of the 6SMWT distance in
univariate analysis. In our population, LA area index was the
only parameter in the left heart, which showed significant corre-
lation with 6MWT distance. Although E/e’ reflects the momen-
tary value of the LV filling pressure, LA size is considered as a
reliable indicator of the cumulative effects of the elevated LV fill-
ing pressure over time (28) and also predicts abnormal elevation
of LV filling pressure during exercise in patients with normal
resting LV filling pressure (29). These facts may serve as expla-
nation for the superiority of LA size over E/e’ in the prediction
of the functional capacity of the patients.

RV systolic and diastolic function: correlations with 6MWT
distance

RVFAC was preserved in our COPD population, while TAPSE
and tricuspid S, the parameters of RV longitudinal systolic func-
tion, were significantly decreased as compared to healthy sub-
jects, suggesting subclinical impairment of RV systolic func-
tion. These results are in line with the data of Hilde at al., who
reported the decrease of the RV longitudinal strain in a COPD
population without pulmonary hypertension (30).

Prolonged myocardial performance index as well as signifi-
cantly decreased tricuspid €' and tricuspid e’/a’ were found as
the signs of RV diastolic dysfunction. Enlarged RA suggested
chronic or intermittent elevation of the RV filling pressure (31),
while the dilated IVC and lower collapsibility index were the
signs of the elevated RA pressure in our patients.

Cuttica et al. have already demonstrated that structural
changes in the right heart are associated with reduced functional
capacity in patients with COPD. In their study, RA size and RV
wall thickness were independent predictors of 6MWT distance.
Tricuspid annular TDI parameters, however, were not included
in their work (14). In our study an even more comprehensive
analysis of this topic was performed investigating all the avail-
able echocardiographic (2D, spectral Doppler and TDI) param-
eters of the left and right heart. With this approach we provided
further evidence suggesting that right ventricular diastolic func-
tion and filling pressure have a major impact on the functional
capacity in patients with COPD.

Aetiology of RV dysfunction in patients with COPD

Heart failure with preserved ejection fraction may be accom-
panied by RV dysfunction. In these cases impaired RV func-
tion is related to both primary myocardial impairment and ele-
vated RV afterload (32). LV diastolic dysfunction and elevated
LV filling pressure were common in our COPD population. This
fact suggests that RV dysfunction of our patients is not neces-
sarily related to COPD, but may be the consequence of the LV
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Figure 3. Schematic diagram demonstrating the hypothesized changes in the typi-
cal echocardiographic and hemodynamic parameters parallel with the course of the
disease in patients with COPD.

disease. On the other hand, all independent echocardiographic
predictors of the 6SMWT distance represented the right heart. It
does not support the primary role of the left heart disease in the
reduced functional capacity of the patients with COPD.

Pulmonary hypertension is a well-known comorbidity in
advanced COPD. In patients with severe COPD waiting for lung
volume reduction surgery or lung transplantation, pulmonary
hypertension and consequential RV dysfunction was present
in the half of the patients (33). In unselected COPD patients
with moderate-to-severe disease the incidence of the resting pul-
monary hypertension is much lower. Subclinical systolic and
manifest diastolic dysfunction of the RV, however, is already
present in patients without pulmonary hypertension (30,34).
The possible explanation for this phenomenon is the elevated
pulmonary vascular resistance, which may be unmasked by
exercise, when the pulmonary circulation no longer has the
capacity to adapt and the pulmonary pressure increases parallel
with the increasing cardiac output (35). Kovacs et al. reported
that borderline resting pulmonary arterial pressure is associated
with decreased exercise capacity in patients with systemic scle-
rosis. In their work, 6SMWT distance showed significant nega-
tive correlation with pulmonary vascular resistance measured
at peak exercise (36). Figure 3 demonstrates the hypothesized
changes in the typical parameters of the RV systolic and diastolic
function parallel with the progression of the pulmonary vascular
disease in patients with COPD.

Limitations of the study

Some limitations of our study are to be acknowledged. The
extent of the dynamic lung hyperinflation was not investigated
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in our patients. This may be the cause that not any measures
of respiratory function show significant correlation with the
6MWT distance in our study.

The number of patients with resting pulmonary hypertension
was low in our COPD population and the elevation of the pul-
monary pressure was mild in the majority of these cases. In addi-
tion, few patients with GOLD stage IV disease participated in
the study. A higher proportion of patients with considerable pul-
monary hypertension or more advanced lung disease may also
alter our results.

Our patients did not undergo right heart catheterization,
therefore the pulmonary arterial pressure was estimated non-
invasively, and no data were available about the pulmonary vas-
cular resistance of the patients. Due to the lack of invasive mea-
surements, left and right ventricular filling pressures were also
estimated by Doppler methods. Unfortunately, these parameters
are less reliable in the evaluation of filling dynamics than the
invasive measurements.

Conclusion

The mechanism of the exercise intolerance is complex in COPD,
thus it is difficult to identify the true contributors. Nevertheless,
our study suggests that RV diastolic function and filling pressure
have strong influence on the functional capacity in patients with
COPD.
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Relation of Right Atrial Mechanics to Functional
Capacity in Patients With Systemic Sclerosis

Agnes Noégradi, MD®, Adél Porpaczy, MD®, Lili Porcsa®, Tiinde Minier, MD, PhD",
Laszl6 Czirjak, MD, DSc®, Andras Komdcesi, MD, DSc?, and Réka Faludi, MD, PhD™*
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Cardiac involvement in systemic sclerosis (SSc) implies a worse prognosis. Little is known
about the right atrial (RA) mechanics in this disease, but recent data suggest that it corre-
lates well with the functional capacity of the patients in conditions with known right heart
involvement. Thus we aimed to investigate the abnormalities of the RA function as com-
pared with healthy subjects and to assess the potential correlations between RA mechanics
and the functional capacity in SSc patients using 2D speckle tracking technique. A total of
70 SSc patients (age: 57 + 12 years) were investigated. Functional capacity was measured
with 6-minute walk test (6MWT). Echocardiographic parameters of the right ventricular
(RYV) systolic function (TAPSE, RVFAC), parameters of the tricuspid inflow (E, A), and
tricuspid annular systolic (S), early- (¢’) and late- (a’) diastolic myocardial velocities were
measured. RV wall thickness was obtained. RA reservoir (¢g), conduit (¢cp), and contrac-
tile (¢ct) strain were measured. RA stiffness was calculated as ratio of E/e’ to sg. Echocar-
diographic data were compared with an age- and gender-matched group of 25 healthy
volunteers. RA &g (49.3 £ 10.7 vs 59.6 &+ 9.9%, p=0.000) and &cp (26.8 =+ 8.1 vs 34.3 +
7.3%, p=0.000) were significantly lower in SSc patients. No significant difference was
found in gct (22.9 £ 5.8 vs 25.3 + 5.7%, p = 0.082). RA stiffness was significantly increased
in SSc patients (0.11 £ 0.04 vs 0.08 + 0.02, p =0.001). 6MWT distance was 391 £+ 95 m. In
stepwise multiple linear regression analysis RV wall thickness (r = —0.289, p = 0.030) and
RA stiffness (r = —0.418, p = 0.002) became independent predictors of 6MWT distance. In
conclusion, RA eg and ecp are impaired, while RA stiffness is increased in SSc compared
with healthy subjects. Speckle tracking-derived RA stiffness is turned out to be one of the
main determinants of the functional capacity in SSc patients. © 2018 The Authors. Pub-
lished by Elsevier Inc. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/) (Am J Cardiol 2018;122:1249—1254)

Systemic sclerosis (SSc) is a systemic connective tissue
disease characterized by inflammation and fibrosis of vari-
ous organs. Cardiac involvement is common in SSc and
implies a worse prognosis.1 Left ventricular diastolic dys-
function is frequent”® and is often accompanied by
impaired left atrial function.” © Right ventricular (RV) dys-
function was traditionally attributed to the development of
pulmonary arterial hypertension (PAH) or pulmonary fibro-
sis.” Subclinical RV dysfunction, however, was also proved
in SSc patients without the resting elevation of the pulmo-
nary pressure, by using tissue Doppler or speckle tracking
measurements.” ' Speckle tracking-derived strain imagin%
also allows us to assess the phasic function of the atria.'
By the help of this new technique, impaired right atrial
(RA) function has been recently reported in SSc.” Atrial
stiffness—a tissue Doppler and speckle tracking-derived
parameter—represents the change in pressure required to
increase the volume of the atrium in a given measure.'”'*
Recent data suggest that RA size and mechanics correlate
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well with the functional capacity of the patients in condi-
tions with known right heart involvement, such as in idio-
pathic PAH or chronic obstructive pulmonary disease.'”'°
Thus we aimed to investigate the abnormalities of the RA
function as compared with healthy subjects and assess the
potential correlations between RA mechanics and the func-
tional capacity in SSc patients, by using 2D speckle track-
ing technique.

Methods

A total of 80 consecutive patients diagnosed with SSc
in the tertiary center of the Department of Rheumatol-
ogy and Immunology, University of Pécs were recruited
into our prospective study. All enrolled cases complied
with the updated ACR/EULAR classification criteria.'’
Patients with atrial fibrillation, significant left-sided val-
vular disease as well as with significant peripheral artery
disease, cognitive issues, neuromuscular, or musculo-
skeletal problems were excluded from the study. Right
heart catheterization was initiated in the presence of
echocardiographic abnormalities suggestive of PAH.'®
Patients with invasively verified PAH (mean pulmonary
artery pressure >25 mm Hg and pulmonary capillary
wedge pressure <15 mm Hg) were excluded from the
study. An age and gender matched group of 25 healthy
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volunteers without any signs or symptoms of cardiac
disease was used as control.

The study complied with the Declaration of Helsinki. The
institutional ethics committee approved the study. All subjects
had given written informed consent before inclusion.

Echocardiography was performed using Philips Epiq 7G
ultrasound system (Philips Healthtech, Best, The Netherlands)
by a single investigator. 2D and M-mode echocardiographic
data collected for analysis included: left ventricular ejection
fraction measured by Simpson’s method; basal, midcavity,
and longitudinal dimensions of the RV corrected for body sur-
face area; tricuspid annular plane systolic excursion (TAPSE);
RV fractional area change (RVFAC); maximal and minimal
diameters of the inferior vena cava (IVC); collapsibility index
of IVC (the percent decrease in the diameter during inspira-
tion). RV wall thickness was measured at end-diastole, in a
zoomed subcostal view, by 0.5 mm increments. The following
Doppler data were collected: tricuspid E/A, pulmonary artery
systolic pressure (assessed as a sum of the pressure difference
across the tricuspid valve and an estimate of mean RA pres-
sure (5 to 15 mmHg) using the diameter and collapsibility
index of the IVC); myocardial systolic (S), early- (e’), and
late- (a’) diastolic velocities measured at the lateral tricuspid
annulus; tricuspid E/e’ ratio. Doppler measurements were
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obtained from >3 consecutive beats during end-expiratory
apnea. Elevated RV filling pressure was diagnosed if tricuspid
Ee’ > 6."

For atrial speckle tracking analysis, RA—focused apical
4-chamber view movies were obtained. Care was taken to
obtain true apical images using standard anatomic land-
marks to avoid foreshortening (a situation where the ultra-
sound plane is not appropriate and RA is not opened up to
its fullest size). A total 3 consecutive heart cycles were
recorded digitally and processed by a single investigator
blinded to standard echocardiographic and clinical data of
the patients. The beginning of the QRS was predefined by
the software (QLab 10.5, Philips Healthtech, Andover,
Massachusetts) as reference point. The first positive peak of
the curve was measured at the end of the reservoir phase,
just before tricuspid valve opening (reservoir strain, &g).
This was followed by a plateau and a second late peak at
the onset of the P wave on the electrocardiogram (contrac-
tile strain, ect). The conduit strain (ecp) was defined as the
difference between the reservoir and the contractile strain
(Figure 1)."*? Maximal RA volume was assessed by the
same software and corrected for body surface area (RA
Vmax index). RA stiffness was calculated as ratio of tricus-
pid E/e’ to gg.'*'*?!

Figure 1. Speckle tracking analysis of RA strain: 4-chamber view depicting the region of interest created by the speckle tracking software (A). The global
strain curve (dashed line) is obtained after averaging the seven regional strain curves (B). (er: reservoir strain; ecr: contractile strain; écp: conduit strain.)
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Table 1
Baseline characteristics of the systemic sclerosis population
Clinical variable Value
Disease duration (years) 72+£58
Limited cutaneous form 32 (46%)
Coronary artery disease 2 (3%)
Hypertension 36 (51%)
Angiotensin convertase enzyme inhibitors 33 (47%)
Calcium channel blockers 36 (51%)
Loop diuretics 31 (44%)
Mineralocorticoid receptor antagonists 18 (26%)
New York Heart Association functional class

1 20 (28%)

I 32 (46%)

111 18 (26%)
6-minute walking distance (m) 391 £ 95
Modified Borg dyspnea index 1.7£1.6
Erythrocyte sedimentation rate (mm/h) 21.9 £ 16.0
C-reactive protein (mg/l) 3.6+5.5
Creatinine (umol/l) 70.6 £ 23.7
NT-proBNP (pg/ml) 192 4+ 163
Forced vital capacity (%) 100.5 + 15.0
Diffusing capacity of carbon monoxide (%) 645+ 15.1

Functional capacity of the patients was assessed by 6-
minute walk test (6MWT), on the day of the echocardio-
graphic measurements.””

Categorical data were expressed as frequencies and per-
centages; continuous data were expressed as mean + SD.
Comparisons of data were performed using independent-
sample ¢ tests for continuous variables and chi-square tests

for categorical variables. Univariate predictors of 6MWT
distance were assessed using linear regression analysis. A p
value of <0.05 was considered significant. Multiple step-
wise linear regression analysis was performed by entering
those variables that were considered significant on univari-
ate analysis. Variance inflation factor values above 2.5
were considered to have potential multicollinearity.
Receiver operating characteristic (ROC) curve analysis was
used to derive the optimal cut-off values for predicting
6MWT distance <300 m. Intraobserver variability was
assessed by the intraclass correlation coefficient. IBM
SPSS 22 statistical software was used.

Results

Of a total of 80 patients, 70 were eligible for the study. A
total of 10 subjects were excluded due to inadequate acous-
tic window (5), or RA foreshortening (5). Detailed clinical
data of the SSc patients are reported in Tables 1 and 2. The
average frame rate was 89 frames/s. Intraclass correlation
coefficients were 0.91, 0.96 and 0.91 for &g, &cT, and écp,
respectively.

Significant differences were found between the SSc
group and control group in the parameters reflecting RV
systolic function. Real RV systolic dysfunction, however,
was rare in the SSc population: RVFAC < 35%, TAPSE <
16 mm and tricuspid S < 10 cm/s were found in 3 (4.6%), 1
(1.4%), and 8 (11.4%) patients, respectively. Tricuspid E/e’
suggested elevated RV filling pressure in 22 (31.4%) SSc
patients. RA er and ecp values were significantly lower in
the SSc population, while RA stiffness was significantly

Table 2

Clinical and echocardiographic data of the systemic sclerosis population and comparison with healthy subjects

Variable Systemic sclerosis (n =70) Healthy subjects (n =25) p
Age (years) 57£12 54+£7 0.239
Body surface area (m?) 1.7540.19 1.83+0.18 0.071
Women 63 (90%) 19 (76%) 0.082
Left ventricular ejection fraction (%) 60.8 £4.5 633+25 0.011
Pulmonary arterial systolic pressure (mmHg) 262+£5.7 258+£29 0.724
Right ventricular basal diameter index (mm/m?) 184+24 175+ 1.6 0.924
Right ventricular mid-cavity diameter index (mm/m?) 135+2.1 13.0£1.5 0.175
Right ventricular longitudinal diameter index (mm/m?) 31.7£3.6 323428 0.392
Inferior vena cava (mm) 14.0£3.8 148 £4.7 0.469
Collapsibility index (%) 555+ 115 55.0£ 134 0.874
Right ventricular wall thickness (mm) 50+1.0 48+0.8 0.329
Right ventricular fractional area change (%) 475+72 54.1+6.6 0.000
Tricuspid annular plane systolic excursion (mm) 21.1£26 236+1.6 0.000
Tricuspid E (cm/s) 475+9.2 543+89 0.002
Tricuspid A (cm/s) 39.5+8.8 39.0£5.6 0.771
Tricuspid e’ (cm/s) 95+23 11.7+£2.8 0.002
Tricuspid a’ (cm/s) 13.2+£2.6 13.6 3.3 0.533
Tricuspid S (cm/s) 124+23 13.6 £2.3 0.027
Tricuspid E/e’ ratio 5315 49+14 0.278
Maximal right atrial volume index (ml/m?) 194 +£55 19.5+£59 0.943
Right atrial reservoir strain (%) 49.3 +10.7 59.6 £9.9 0.000
Right atrial contractile strain (%) 229458 25.345.7 0.082
Right atrial conduit strain (%) 26.8 £ 8.1 343+73 0.000
Right atrial stiffness 0.11 £0.04 0.08 +0.02 0.001

Statistically significant p values are formatted in bold (p <0.05).
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Table 3
Predictors of the 6-minute walking distance in systemic sclerosis patients: univariate and multivariate regression analyses
Variables distance (m) Associations with 6-minute walking
Univariate analysis Multivariate analysis

r P B P
Age (years) —0.452 0.000
Right ventricular wall thickness (mm) —0.369 0.002 —0.289 0.030
Tricuspid annular plane systolic excursion (mm) 0.367 0.002
Tricuspid e’ (cm/s) 0.407 0.001
Tricuspid E/e’ ratio —-0.320 0.008
Right atrial reservoir strain (%) 0.273 0.024
Right atrial conduit strain (%) 0.327 0.006
Right atrial stiffness —0.401 0.001 —0.418 0.002

Statistically significant p values are formatted in bold (p < 0.05).

increased in SSc patients compared with the control group. In SSc there are few data about RA size and function.
Detailed echocardiographic data of the 70 patients com- Lindqvist et al found enlarged RA area in SSc patients with
pared with controls are reported in Table 2. normal RV end-diastolic diameters and without manifest

6MWT distance covered by the SSc patients was 391 + pulmonary hypertension.'' Similarly, D’Andrea et al
95 m. Univariate and multivariate predictors of the 6MWT reported significant enlargement of the RA area compared
distance are reported in Table 3. In stepwise multiple linear with healthy subjects,”” while Durmus et al found RA area
regression analysis RV wall thickness and RA stiffness index values similar to those in the healthy persons.” In the
became independent predictors of 6MWT distance (multi- latter 2 studies RA function was also investigated, by the
ple r=0.506; p=0.001; F=7.754). Variance inflation fac- help of 2D speckle tracking technique. Significantly
tor values for all variables were below 2.5. Main predictors decreased segmental strain values were reported by D’ An-
of the 6MWT distance in SSc patients are reported in drea et al in SSc patients, especially in those with pulmo-
Figure 2. nary fibrosis.”” Durmus et al found decreased ér and écp

6MWT distance <300 m was obtained in 11 patients. values compared with a healthy control population. ect was
Using ROC analysis, RA stiffness > 0.107 and RV wall not investigated in their study.” Our findings are in line
thickness > 5.2 mm were the best predictors of the 6MWT with the results of Durmus et al: although RA volume val-
distance <300 m. ROC curves demonstrating the predictive ues were similar in our SSc patients and in the healthy
power of these parameters are presented in Figure 3. group, we found significantly decreased ¢g and &cp values

in the SSc group. ect values did not differ between SSc
group and healthy persons in our study.

Discussion We‘ applied angther parameter of thq atrial' performance,

) ) ) RA stiffness, which has never been investigated in SSc

The main ﬁn.dmgg of our §tudy are .the follp\ylng: ey RA before. The role of this parameter was first reported in the

ér and ecp are 1rppa1red, while .RA stiffness 18 1ncrea§ed m left heart: it was proved to be an accurate index to distin-

SSc compared with healthy subjects. (2) RA stiffness is one guish diastolic heart failure patients from those with asymp-

of the main determinants of the functional capacity in SSc tomatic diastolic dysfunction.” Less is known, however,
patients.

A B
700 700
r=-0.401, p=0.001 \ 1r=-o.369, p=0.002

600P 600

6MWT (m)

o
10U T T ;| T T
, 3,0 4,0 5,0 6,0 7,0 8,0
RA stiffness RV wall thickness (mm)

Figure 2. Main predictors of the G MWT distance in patients with SSc are RA stiffness (A) and RV wall thickness (B). RA =right atrial; RV =right ventricu-
lar; 6GMWT = 6-minute walk test.
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Figure 3. ROC curves demonstrating the sensitivity and specificity of RA stiffness (A) and RV wall thickness (B) in predicting poor functional capacity
(6MWT distance <300 m). AUC = area under the curve; RA = right atrial; RV = right ventricular; 6MWT = 6-minute walk test.

about the use of the atrial stiffness in the right heart. Teix-
eira et al demonstrated increased RA stiffness in patients
with left heart failure.”’ In our study, RA stiffness turned
out to be significantly elevated in the SSc population, com-
pared with healthy subjects.

In treatment-naive patients with idiopathic PAH Saha
et al demonstrated significant correlation in RA &g and
6MWT distance.'” As it was reported earlier by our
group, RA area index was proved to be an independent
predictor of the 6MWT distance in patients with chronic
obstructive pulmonary disease.'® These data suggest that
RA size and mechanics may correlate with the func-
tional capacity of the patients in conditions with known
right heart involvement. The possible explanation for
this phenomenon is the subclinical elevation of the pul-
monary vascular resistance, which may be unmasked by
exercise, when the pulmonary circulation no longer has
the capacity to adapt and the pulmonary pressure
increases parallel with the increasing cardiac output.”*
D’Andrea et al reported significant correlation between
RA lateral segmental strain and pulmonary artery sys-
tolic pressure during effort, suggesting, that in SSc
patients with exercise induced pulmonary hypertension
the intermittent pressure overload may lead to ultrastruc-
tural changes in the RA wall.”” It has been demonstrated
that left atrial eg correlated significantly with the extent
of left atrial wall fibrosis as assessed by cardiac mag-
netic resonance imaging and with left atrial interstitial
fibrosis in patients with mitral valve disease in patho-
logic specimens.”””® Although similar histopathologic
evidences are not available in the right heart, impaired
RA function and elevated RA stiffness may represent
the consequence the intermittent pressure overload due
to stress induced elevation of the pulmonary artery pres-
sure in SSc. This functional alteration reduces the
capacity of the atrium to help maintain cardiac output
during exercise. RA stiffness is a complex parameter
reflecting atrial mechanics and RV filling pressure

simultaneously. This may explain that it showed stron-
ger correlation with the functional capacity of the
patients than RA strain parameters.

Karna et al demonstrated the increased RV thickness as
the single most important predictor of the ?rolonged myo-
cardial performance index in SSc patients.”’ Lindqvist et al
reported altered RV diastolic function in SSc patients, with
an increase in RV wall thickness as early markers of RV
dysfunction, probably in response to intermittent PAH."'
RV dysfunction may contribute to reduced exercise toler-
ance through reduction in RV stroke volume. The physio-
logic cost of decreased RV stroke volume may be
exacerbated by exercise, and may therefore explain the
association of RV dysfunction with decreased 6MWT dis-
tance.”® Although we could not prove significantly
increased RV wall thickness in our population compared
with healthy subjects, RV wall thickness became indepen-
dent predictor of the functional capacity in SSc patients.
Our data suggest, however, that for utilizing its predictive
capabilities, RV wall thickness should be measured by
0.1 mm increments. Unfortunately, the accuracy of the
echocardiographic measurements is limited at this level,
making this parameter clinically less useful.

Some limitations of our study are to be acknowledged.
For obtaining RA strain values, we used a software that was
developed for left ventricular strain analysis because a dedi-
cated software for atrial strain estimation is not available.
Our patients did not undergo right heart catheterization,
therefore pulmonary arterial pressure was estimated noninva-
sively, and no data were available about the pulmonary vas-
cular resistance of the patients. Due to the lack of invasive
measurements, RV filling pressures were also estimated by
Doppler methods. It is important to note that the noninvasive
approach used for the estimation of the RA stiffness has not
been invasively validated in the right heart yet.

RA é&r and ¢cp are impaired, while RA stiffness is
increased in SSc compared with healthy subjects. The
mechanism of the exercise intolerance is complex in SSc,
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thus it is difficult to identify the true contributors. Neverthe-
less, our study suggests that speckle tracking-derived RA
stiffness is a useful parameter of the RA function which has
a strong influence on the functional capacity in patients
with SSc. Further evaluation of RA stiffness is required to
verify whether this parameter is able to identify patients
with subclinical elevation of pulmonary vascular resistance
and to elucidate its prognostic value in SSc patients.
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Prognostic value of right atrial stiffness in systemic sclerosis

A. Nogradi', Z. Varga!,M. Hajdu!, L. Czirjak?, A. Komdcsi', R. Faludi'

'Heart Institute, Medical School, University of Pécs; *Department of Rheumatology
and Immunology, Medical School, University of Pécs, Hungary.

Abstract
Objective
We hypothesised that right atrial (RA) size and mechanics may have prognostic role in systemic sclerosis (SSc)
patients without manifest pulmonary arterial hypertension (PAH), thus we aimed to investigate the prognostic power
of RA volume, strain and stiffness parameters alone and when added to the echocardiographic marker of RV
longitudinal systolic function.

Methods
Seventy SSc patients (57+12 years) were enrolled into our follow-up study. They underwent standard echocardio-
graphic and tissue Doppler measurements at baseline. In addition to maximal RA volume index, RA reservoir, conduit
and contractile strain were measured with 2D speckle tracking technique. RA stiffness was calculated as ratio of TriE/e’
to reservoir strain. Survival was assessed after 5 years. All-cause mortality was chosen as outcome. Sequential y* analysis
was used to evaluate the incremental prognostic benefit of adding RA volume, strain or stiffness to tricuspid S (TriS).

Results
During the follow-up period of 4.7+0.9 years, 6 patients (8.6%) died. When added to TriS in sequential Cox model,
RA stiffness significantly improved the diagnostic performance of the model (Ay2= 3.950; p=0.047) and remained
independent predictor of the outcome (HR 2.460 (1.005-6.021); p=0.049). Vmax index and strain parameters did not
show incremental prognostic value over TriS. Using ROC analysis, RA stiffness 20.156 was the best predictor of
mortality (sensitivity=83.3%, specificity =89.1%, AUC=0.859).

Conclusion
RA stiffness is associated with all-cause mortality in SSc patients without PAH independent of and incremental to
the RV longitudinal systolic function. It may be proposed as non-invasive marker for identifying patients with high
mortality risk.

Key words
systemic sclerosis, prognosis, right atrial function, right atrial stiffness
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Introduction

Systemic sclerosis (SSc) is a connective
tissue disease, characterised by inflam-
mation, microvascular damage, and
generalised fibrosis of the skin and vari-
ous internal organs (1, 2). It has been
proved that cardiac manifestation is
present in a high proportion of patients
and is recognised as powerful adverse
prognostic factor (3, 4). Left ventricu-
lar diastolic dysfunction is associated
with increased risk of mortality in SSc
(5-7). Prognostic value of the subclini-
cally impaired left ventricular systolic
function has also been reported (8, 9).
Predictive power of the right ventricu-
lar (RV) longitudinal systolic function
is also evident in SSc (8, 9). Impaired
right atrial (RA) function has also been
reported in this disease, by the help of
speckle tracking technique (10-12). Its
prognostic value, however, remains to
be seen. On the other hand, recent stud-
ies suggest, that RA size and mechan-
ics are associated with unfavourable
prognosis, not only in patients with
idiopathic or connective tissue disease
associated pulmonary arterial hyper-
tension (PAH) (13, 14), but also in left
heart failure, independently of the left
ventricular ejection fraction (15). We
thus aimed to investigate the prognos-
tic power of the RA size and function
alone and in combination with the RV
longitudinal systolic function in SSc
patients without manifest PAH.

Methods

Study population

Seventy consecutive patients diagnosed
with SSc in the tertiary centre of the
Department of Rheumatology and Im-
munology, Medical School, University
of Pécs, Hungary, were enrolled into
our follow-up study. They underwent
echocardiography during a 9-month
period in the year 2015. All cases com-
plied with the updated ACR/EULAR
classification criteria (16).

Patients were systematically screened
for PAH. Right heart catheterisation
was initiated in the presence of abnor-
malities suggestive of PAH (velocity
of tricuspid regurgitation higher than
2.8 m/s or consistent with 2.5-2.8 m/s
in the presence of unexplained dysp-
noea, signs of right ventricular hyper-

trophy/dilatation, or a systolic D-sign;
disproportional decrease of CO diffu-
sion capacity (DLCO) compared with
the forced vital capacity (FVC/DLCO
>1.6), and/or DLCO<60% pred) (17).
The diagnosis of PAH was based on
results obtained by right heart catheteri-
sation (mean pulmonary artery pressure
>25 mmHg and pulmonary capillary
wedge pressure <15 mmHg and pulmo-
nary vascular resistance >3 Wood units)
(18). Patients with PAH, atrial fibrilla-
tion or significant left sided valvular
disease were excluded from the study.
Detailed medical history was obtained.
Patients were followed for 5 years af-
ter the initial investigation with yearly
scheduled visits. Patients refusing or
not able to attend at the visit were con-
sented for telephone visit for the as-
sessment of the vital status. To avoid
misclassification of the cause of death,
all-cause mortality was selected as end-
point. Follow-up time was defined as
the time between the date of echocardi-
ography and the date of death or the last
clinical visit.

The study complied with the Declara-
tion of Helsinki. The institutional ethics
committee approved of the study (ref.:
5338). All subjects had given written
informed consent prior to inclusion.

Echocardiography

Echocardiography was performed us-
ing Philips EPIQ 7G ultrasound sys-
tem (Philips Healthcare, Best, The
Netherlands) by a single investiga-
tor. Left ventricular ejection fraction
was measured by biplane Simpson’s
method. Basal, mid-cavity, and lon-
gitudinal dimensions of the RV were
obtained at end-diastole in RV—fo-
cused apical 4-chamber view and cor-
rected for body surface area (BSA).
Tricuspid annular plane systolic excur-
sion (TAPSE) and RV fractional area
change (RVFAC) were measured, as
parameters of the RV systolic function.
Maximal and minimal diameters of the
inferior vena cava were measured in
subxiphoid view. Collapsibility index
(the percent decrease in the diameter
of inferior vena cava with inspiration)
was calculated. RV wall thickness was
obtained from subxiphoid view by 2D
echocardiography at end-diastole. Se-
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Atrial
stiffness: &,

Fig. 1. RV-focused apical 4-chamber view depicting the region of interest (1a) and the RA strain curve
created by the speckle-tracking software (1c¢). Using the atrial borders created for speckle-tracking
analysis, RA volume curves were generated by the same software (1b). Spectral Doppler curve of the
transtricuspid flow (1d). Pulsed tissue Doppler curve measured on the lateral border of the tricuspid

annulus (1e).

€z RAreservoir strain; €.,: RA conduit strain; €.,: RA contractile strain; Vmax: maximal RA volume;
Vmin: minimal RA volume; Vp: volume at the beginning of P-wave; E: early-diastolic wave of the
tricuspid inflow; A: late-diastolic wave of the tricuspid inflow; systolic (S), early-(e’) and late-(a’)

diastolic myocardial velocities.

verity of tricuspid regurgitation was
assessed according to the current rec-
ommendations and classified as mild,
moderate, or severe. Systolic pulmo-
nary artery pressure was estimated as
a sum of the pressure difference across
the tricuspid valve (calculated using
the modified Bernoulli equation) and
an estimate of mean RA pressure (5
to 15 mmHg) using the diameter and
collapsibility index of the inferior vena
cava (19). In addition to the spectral
Doppler parameters of the transmitral
and transtricuspid flow (E, A) (Fig. 1d),
myocardial systolic (S), early (e’) and
late (a’) diastolic velocities were meas-
ured in apical 4-chamber view at the
septal and lateral border of the mitral
annulus as well as on the lateral border
of the tricuspid annulus (Fig. le) using
pulsed tissue Doppler imaging. Mitral
and tricuspid E/A and E/e’ ratios were
calculated. Doppler measurements
were obtained from =3 consecutive
beats during end-expiratory apnoea.

Clinical and Experimental Rheumatology 2022

Left ventricular diastolic function was
evaluated in accordance with the cur-
rent recommendation (20). Impaired
RV longitudinal systolic function was
defined as TriS<10 cm/s (19). Elevated
RV filling pressure was diagnosed if
TriE/e’> 6 (19).

Right atrial strain and

volume measurements

For atrial speckle tracking analysis, RV-
focused apical 4-chamber view movies
were obtained using 2D echocardiogra-
phy. Care was taken to obtain true api-
cal images to avoid foreshortening. Im-
age contrast, depth and sector size were
adjusted to achieve adequate frame rate
(80 and 90 frames/s) and optimise RA
border visualisation. Three consecu-
tive heart cycles were recorded digi-
tally. Recordings were processed by a
single investigator blinded to standard
echocardiographic and clinical data of
the patients, using a dedicated software
(QLab 10.5, Philips Healthcare, Ando-

ver, MA, USA), allowing off-line semi-
automated analysis of speckle tracking-
based strain (Fig. la). The beginning
of the QRS was predefined by the
software as reference point. The first
positive peak of the curve was meas-
ured at the end of the reservoir phase,
just before tricuspid valve opening (RA
reservoir strain). This was followed by
a plateau and a second late peak at the
peak of the P wave on the electrocardio-
gram (RA contractile strain). RA con-
duit strain was defined as the difference
between reservoir and contractile strain
(21) (Fig. 1c). RA stiffness was calcu-
lated as ratio of TriE/e’ to RA reservoir
strain (22-24).

Using the atrial borders created for
speckle tracking analysis, RA volume
curves were generated by the same soft-
ware (Fig. 1b). Volume calculation was
based on Simpson’s single plane meth-
od of disks. Maximal RA volume was
measured at the end of T wave on elec-
trocardiogram, just before the opening
of the tricuspid valve, and indexed for
BSA (RA Vmax index).

Statistical analysis

Categorical data were expressed as
frequencies and percentages; continu-
ous data were expressed as the mean
+ SD. Comparisons of data between
two groups were performed using inde-
pendent-sample t-tests or Mann-Whit-
ney test for continuous variables and >
tests for categorical variables.
Univariable and multiple Cox propor-
tional-hazards models were applied.
Hazard ratios (HR) were calculated
with 95% confidence intervals (CI).
Models were set up based on variables
with p<0.1 in univariable analysis. Se-
quential y* analysis was used to evalu-
ate the incremental prognostic benefit
of adding RA volume, strain or stiff-
ness to TriS. C-statistics were applied
to compare multivariable Cox models,
with values greater than 0.7 represent-
ing acceptable models. In order to input
them into Cox models, RA stiffness and
NT-proBNP data were standardised by
calculating a z-score for each value.
Receiver-operating characteristic (ROC)
curves were used to examine the diag-
nostic performance of RA stiffness in
predicting all-cause mortality. Area un-
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Table I. Clinical characteristics of the entire study population at baseline and data stratified

by RA stiffness values.
Variable All patients RA stiffness RA stiffness P
(n=70) <0.156 (n=58) =0.156 (n=12)
Age (years) 57 + 12 56 £12 64 +7 0.030
Body surface area (m?) 1.75 £ 0.19 1.76 £0.20 174 £ 0.14  0.781
Female gender n (%) 63 (90) 52 (90) 11 (92) 0.833
Disease duration (years) 72+58 6.8+50 8.8 £8.7 0.456
Limited cutaneous form n (%) 32 (46) 27 (46.5) 5 (42) 0.757
Modified Rodnan skin score 113 +£8.0 108+ 7.5 143 £ 10.1 0.187
Follow-up time (days) 1721 + 344 1768 + 234 1491 + 623 0.155
Death n (%) 6 (9) 1(2) 5 (42) <0.001
Anti-Centromere Antibody n (%) 18 (26) 14 (24) 4 (33) 0.577
Anti-Topoisomerase I Antibody n (%) 20 (29) 14 (24) 6 (50) 0.042
Coronary artery disease n (%) 2 (3) 1) 1(8.5) 0.211
Systemic arterial hypertension n (%) 36 (51) 30 (52) 6 (50) 0913
Angiotensin convertase enzyme 33 47) 29 (50) 4 (33) 0.378
inhibitors n (%)
Calcium channel blockers n (%) 36 (51) 28 (48) 8 (67) 0.246
Loop diuretics n (%) 31 (44) 24 (41) 7 (58) 0.282
Mineralocorticoid receptor antagonists n (%) 18 (26) 14 (24) 4 (33) 0.507
New York Heart Association 1 20 (28) 19 (33) 1 (8.5) 0.014
functional class n (%) 11 32 (46) 28 (48) 4 (33)
I 18 (26) 11 (19) 7 (58.5)
6-minute walking distance (m) 391+ 95 405 £ 95 323 + 61 0.006
Modified Borg dyspnoea index 1.7+1.6 1.6+1.6 2118 0.286
Erythrocyte sedimentation rate (mm/h) 219+ 160 209+15.8 266 + 173  0.269
C-reactive protein (mg/l) 3655 33+54 49+£59 0.357
Creatinine (xmol/l) 70.6 £ 23.7 70.8 £24.7 700 £ 184 0919
NT-proBNP (pg/ml) 1920+ 1630 1644 +1364 3256 +217.6 0.007
Troponin-T (ng/l) 120+ 11.2 93+79 195+ 156  0.090
Forced vital capacity (%) 1005+ 150 1014+154 96.1 £ 124  0.265
Diffusing capacity of carbon monoxide (%) 64.5+ 15.1 672+13.9 514 +148  0.001

Statistically significant p-values (p<0.05) are given in bold.

der the curve (AUC) value was calcu-
lated. Optimal cut-off value was chosen
to maximise sensitivity and specificity.
Based on this cut-off value, Kaplan-
Meier survival curve was created and
differences between groups were tested
by Mantel-Cox log rank test.
Prognostic power of concordant versus
discordant values for TriS and RA stiff-
ness were also evaluated: three groups
were created defined by dividing each
variable at the cut-off value (high TriS
AND low RA stiffness; low TriS OR
high RA stiffness; low TriS AND high
RA stiffness). Kaplan-Meier survival
curve was created and differences be-
tween groups were tested by Mantel-
Cox log rank test.

To determine intraobserver variability,
assessment of RA strain and volume
parameters was repeated 2 and 4 weeks
after the index measurements in 30 ran-
domly selected patients by the same
investigator. To calculate interobserver
variability, assessment of RA strain
and volume parameters was repeated

1980

by another experienced cardiologist in
20 randomly selected patients. Intraob-
server and interobserver variability was
assessed by the intraclass correlation
coefficient.

A p-value of <0.05 was considered sig-
nificant. The data were analysed using
IBM SPSS 27 statistical software.

Results

Clinical and echocardiographic
characteristics

Seventy SSc patients were enrolled
into the study. At baseline, mean age
of the study cohort was 5712 years.
32 (46%) patients had limited cutane-
ous while 38 (54%) patients had diffuse
cutaneous form of the disease. Table I
and Table II summarise the clinical and
echocardiographic characteristics of the
population. Comparison of the echocar-
diographic data with an age and gender
matched healthy population has already
been reported (12).

Left ventricular ejection fraction was
preserved (=55%) in 68 (97%) and

mildly reduced (45-54%) in 2 (3%)
patients. Left ventricular diastolic
function was preserved in 20 (28.6%)
patients whereas elevated left ventricu-
lar filling pressure was found in 15
(21.4%) patients. RV dimensions, RV
wall thickness and pulmonary artery
pressure values were within the normal
range. TriS <10 cm/s were found in 8
(11.4%) patients. TriE/e’ suggested ele-
vated RV filling pressure in 22 (31.4%)
patients.

Intra- and interobserver variability
Intraclass correlation coefficients for in-
traobserver variability were 0.91, 0.96,
091 and 0.93 for reservoir, contrac-
tile and conduit strain and for Vmax,
respectively. Regarding interobserver
variability, intraclass correlation coef-
ficients for reservoir, contractile and
conduit strain and for Vmax were 0.89,
0.88,0.87 and 0.91, respectively.

Associations of outcome

During the follow-up period of 4.7+0.9
years, 6 patients (8.6%) died. No pa-
tient was lost to follow-up.

Among all clinical and laboratory pa-
rameters, known coronary artery dis-
ease, NT-proBNP, and troponin-T lev-
els showed significant correlation with
the outcome whereas 6-minute walking
distance and diffusing capacity of car-
bon monoxide (DLCO) showed bor-
derline significance. Left ventricular
ejection fraction not, but the grade of
left ventricular diastolic dysfunction
showed significant association with
all-cause mortality in univariate Cox
regression analyses.

In addition to the systolic pulmonary
artery pressure, parameters of the RV
longitudinal systolic function (TAPSE
and TriS) and RV filling pressure
(TriE/e’) became significant predictors
of mortality. RA Vmax index showed
significant association with outcome,
whereas reservoir and conduit strain
parameters of the RA function did not.
Regarding contractile strain, the asso-
ciation showed borderline significance.
RA stiffness, in contrast, became signif-
icant predictor of mortality in univari-
ate analysis. Results of the univariate
Cox regression analyses are reported in
Table III.

Clinical and Experimental Rheumatology 2022
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Table II. Echocardiographic characteristics of the entire study population at baseline and
data stratified by RA stiffness values.

significantly higher in this subgroup,
but still within the normal range.

Variable All patients RA stiffness RA stiffness P .
(n=70) <0.156 (n=58) =0.156 (n=12) Incremental prognostic
value of RA stiffness
Left ventricular ejection fraction (%) 60.8+4.5 60.7+4.7 60.8+3.8 0.949 When evaluated by comparing groups
Left ventricular ~ Normal 20 (28.6) 20 (34.5) 0 above and below the cut-off value (10
diastolic function Impaired relaxation 35 (50) 27 (46.5) 8 (66.6) 0.052 cm/s for TriS and 0.156 for RA stiff-
n (%) Psendonormal 15 @214 11(19) 433.3) ness) for each parameter, patients with
Grade of tricuspid Mild 63 (90) 53 (91) 10 (84) 0.445 high TriS AND low RA stiffness (n=55)
regurgitation n (%) Moderate 5 4N 1(® showed the lowest mortality rate (1
Severe 20 1@ 1® event (1.8%)). Compared with this ref-

Pulmonary arterial systolic pressure 262+5.7 25150 302+6.8 0.008 erence group, patients with low TriS

(mm Hg) _ . OR high RA stiffness (n=10) had signif-
RV ba-sal d]a‘lmet(‘tr mdex-(mm/m ) ) 18424 183+£2.6 19.1+£1.5 0.287 icantly higher mortality rate (2 events
RV mid-cavity diameter index (mm/m?)  13.5+2.1 134+22 139+14 0512 .
RV longitudinal diameter index (mm/m?) 31.7 £3.6 318+37 312+32 0606 (20%); log-rank p=0.008) whereas the
Inferior vena cava (mm) 140+38 143+35 123+4.7 0.119 highest mortality rate was observed in
Collapsibility index (%) 555115 556+11.8 559+9.6 0910 patients with low TriS AND elevated
RV wall thickness (mm) 5010 5010 50x1.1 0.894 RA Stiffness n=5 3 events 607 10 _
RVFAC (%) 475+72 479+60 460114 0426 K p<O 001( F" 3 (60%), log
TAPSE (mm) 21126 216+223 188+30  0.001 rank p<0.001) (Fig. 3).
Tricuspid E (cm/s) 475+92 46.7+9.7 514+£52 0.101
Tricuspid A (cm/s) 395+8.8 38.0+8.0 46.6+9.2 0.002 Discussion
Tr}cusp%d e’ (cm/s) 95+23 10.1+£24 69+12 <0.001 SSc is a connective tissue disease char-
Tricuspid a’ (cm/s) 132+2.6 13.5+2.5 120+24 0.074 terised b 1 b liti d
Tricuspid S (cm/s) 12423 128+2.1 10422 0001  Aactersed by vascular abnormalties an
Tricuspid E/e’ 53+15 48+1.1 76+12  <0.001 diffuse fibrosis of the skin and various
RA size and function internal organs (1, 2). Cardiac involve-
RA Vmax index (mL/m?) 194+55 18.8+4.8 22.6+78 0.171 ment implies poor prognosis in SSc (3,
RA reservoir strain (%) 493 +10.7 50.5+10.2 436+114 0.041 4), thus its early recognition would be
RA contractile strain (%) 229+58 23.0+5.1 225+84 0770 » v > y recogr
RA conduit strain (%) 26.8 8.1 27.6+75 229£100 0066 crucial, with non-invasive tools allow-
RA stiffness 0.112+0.039  0.098+0.024 0.180+0.021 <0.001 ing pre-clinical identification of the

When added to TriS in sequential Cox
model, RA stiffness significantly im-
proved the diagnostic performance of
the model (Ay?*= 3.950; p=0.047) and
remained independent predictor of the
outcome (HR 2.460 (1.005-6.021);
p=0.049). In contrast, Vmax index and
RA contractile strain did not show in-
cremental prognostic value over TriS
in the x> model (Table IV).

Discriminative ability of RA stiffness
To demonstrate the performance of RA
stiffness in predicting all-cause mor-
tality, ROC curve was created, with
an AUC of 0.859. The optimal cut-off
point for predicting all-cause mortality
was 0.156. Patients with RA stiffness
equal or above this cut-off value had
significantly higher risk for death (log-
rank p<0.001). ROC curve and Kaplan-
Meier cumulative survival curve dem-
onstrating the predictive power of the
RA stiffness are presented in Figure 2.
Clinical and echocardiographic charac-
teristics of the study cohort stratified by
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the cut-off RA stiffness value are shown
in Table I and Table II. Patients with el-
evated RA stiffness were significantly
older and their walking distance was
significantly shorter compared with the
other subgroup. Significantly higher
NT-proBNP levels whereas signifi-
cantly lower DLCO values were found
in these patients. Anti-topoisomerase I
antibody positivity was also more com-
mon in this subgroup.

Left ventricular ejection fraction values
were similar in the two subgroups. Pa-
tients with high RA stiffness exhibited
worse left ventricular diastolic func-
tion, though this difference has border-
line significance. Global RV systolic
function (RVFAC) was preserved in
both subgroups. Parameters reflecting
the RV longitudinal systolic function
(TAPSE, TriS), however, were signifi-
cantly lower in patients with RA stiff-
ness above the cut-off. Significantly
lower Trie’ and higher TriE/e’ values
were also found in these patients. Sys-
tolic pulmonary artery pressure was

damages. Novel echocardiographic
techniques, such as tissue Doppler im-
aging or speckle tracking based strain
measurements may provide useful in-
formation about the early myocardial
involvement in this disease.
Myocardial fibrosis may lead to left
ventricular diastolic dysfunction, which
is highly prevalent in SSc and is asso-
ciated with increased risk of mortality
(5-7). Prognostic value of the increased
left atrial volume was also reported (6).
Myocardial fibrosis may also eventuate
in subclinically impaired left ventricu-
lar systolic function (9, 25, 26). Both
speckle tracking-derived left ventricu-
lar global longitudinal (9) and circum-
ferential strain (8) showed significant
associations with the outcome in this
condition. Nevertheless, in SSc myo-
cardial mechanics is impaired not only
in the left, but also in the right heart
(27). Both TriS (8) and TAPSE (9)
showed significant, independent asso-
ciation with the adverse outcome.
After decades of focusing on ventricu-
lar function, nowadays more attention
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Table III. Univariate Cox regression analysis of associations with all-cause mortality in

patients with SSc.

Variable

Clinical characteristics

Age (years)

Body surface area (m?)

Female gender

Disease duration (years)

Limited cutaneous form

Modified Rodnan skin score
Anti-Centromere Antibody positivity
Anti-Topoisomerase I Antibody positivity
Coronary artery disease

Systemic arterial hypertension

Angiotensin convertase enzyme inhibitor use
Calcium channel blocker use

Loop diuretics use

Mineralocorticoid receptor antagonist use
New York Heart Association functional class
6-minute walking distance (m)

Modified Borg dyspnoea index

Erythrocyte sedimentation rate (mm/h)
C-reactive protein (mg/l)

Creatinine (xmol/l)

NT-proBNP (pg/ml)

Troponin-T (ng/l)

Forced vital capacity (%)

Diffusing capacity of carbon monoxide (%)

Echocardiographic characteristics

Left ventricular ejection fraction (%)

Grade of left ventricular diastolic dysfunction
Grade of tricuspid regurgitation

Pulmonary arterial systolic pressure (mm Hg)
RV basal diameter index (mm/m?)

RV mid-cavity diameter index (mm/m?)

RV longitudinal diameter index (mm/m?)
Inferior vena cava (mm)

Collapsibility index (%)

RV wall thickness (mm)

RVFAC (%)

TAPSE (mm)

Tricuspid E (cm/s)

Tricuspid A (cm/s)

Tricuspid e’ (cm/s)

Tricuspid a’ (cm/s)

Tricuspid S (cm/s)

Tricuspid E/e’

RA size and function
RA Vmax index (mL/m?)
RA reservoir strain (%)
RA contractile strain (%)
RA conduit strain (%)
RA stiffness

HR P
(95% CI)
1.029 (0.951-1.113) 0472
0.278 (0.003-28.131) 0.587
0.502 (0.059-4.298) 0.529
1.049 (0.935-1.177) 0415
0.350 (0.063-1.940) 0.229
1.047 (0.957-1.146) 0.314
1.490 (0.273-8.140) 0.645
2.136 (0.427-10.676) 0.355
10.170 (1.171-88.354) 0.035
1.082 (0.215-5.442 0.923
0.844 (0.169-4.216) 0.837
5244 (0.612-44.952) 0.131
1.469 (0.269-8.024) 0.657
2.939 (0.593-14.569) 0.187
2.380 (0.714-7.938) 0.158
0.993 (0.985-1.001) 0.079
1.171 (0.763-1.798) 0.469
0.996 (0.945-1.050) 0.885
0.979 (0.824-1.163) 0.809
0.999 (0.963-1.037) 0.969
2.447 (1.299-4.609) 0.006
1.070 (1.024-1.118) 0.003
0.972 (0.911-1.036) 0.382
0.956 (0.912-1.002) 0.061
1.007 (0.840-1.206) 0.942
6.751 (1.428-31.909) 0.016
3.113 (1.330-7.283) 0.009
1.130 (1.003-1.272) 0.044
1.167 (0.862-1.579) 0.318
1.154 (0.792-1.682) 0455
1.111 (0.897-1.376) 0.334
1.026 (0.812-1.295) 0.832
1.053 (0.961-1.153) 0.272
0.953 (0.436-2.080) 0.903
0.976 (0.867-1.099) 0.689
0.638 (0.445-0.914) 0.014
1.039 (0.969-1.114) 0.282
1.049 0.976-1.127) 0.192
0.735 (0.492-1.100) 0.134
0.676 (0.439-1.043 0.077
0.548 (0.355-0.848) 0.007
2.002 (1.220-3.285) 0.006
1.202 (1.061-1.362) 0.004
0.952 (0.874-1.036) 0.253
0.839 (0.690-1.020) 0.079
0.978 (0.877-1.091) 0.690
3.185 (1.544-6.570) 0.002

Statistically significant p-values (p<0.05) are given in bold. 0.05<p<0.1 values are given in italics.

is given to the atrial size and mechan-
ics. Lindqvist et al. found enlarged RA
area in SSc patients without manifest
PAH (28). Similarly, D’Andrea et al.
reported significant enlargement of the
RA area compared with healthy sub-
jects (11), while Durmus er al. found
RA area index values similar to those
in healthy persons (10). Significantly
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decreased RA segmental strain values
were reported by D’Andrea et al. in
SSc patients, especially in those with
pulmonary fibrosis (11). Durmus et al.
found decreased reservoir and conduit
strain values compared to a healthy
control population (10). The previous
findings of our group were in line with
the results of Durmus et al.: RA vol-

ume values were similar in SSc patients
without manifest PAH and in the con-
trol group, but significantly decreased
reservoir and conduit strain values were
found in the SSc group. Contractile
strain values did not differ between SSc
group and healthy persons (12). Despite
these data, the prognostic value of RA
size and mechanics has never been in-
vestigated in SSc.

Recent studies suggested, however, that
RA size and mechanics are associated
with unfavourable prognosis in patients
with idiopathic or connective tissue
disease associated PAH (13, 14). In ad-
dition, Jain et al. proved, that RA res-
ervoir and conduit strain are independ-
ent predictors of mortality in left heart
failure with both preserved and reduced
ejection fraction (15).

Thus, we hypothesised that RA size and
mechanics may have prognostic role
even in SSc patients without manifest
PAH and aimed to investigate the prog-
nostic power of the RA volume, strain
and stiffness parameters alone and
when added to the echocardiographic
marker of the RV longitudinal systolic
function.

In univariate Cox regression analy-
sis RA Vmax index and RA stiffness
showed significant association with
5-year all-cause mortality, whereas RA
contractile strain showed borderline
significance with the outcome. When
added to TriS in sequential Cox model,
RA stiffness significantly improved the
diagnostic performance of the model
and remained independent predictor
of the outcome. Our data support the
strong prognostic value of RA stiffness
in SSc patients without manifest PAH.
RA stiffness is a complex parameter
reflecting atrial mechanics and RV fill-
ing pressure simultaneously. This may
explain its superiority over the RA vol-
ume and strain parameters.

Atrial stiffness is a novel echocardio-
graphic parameter of the atrial perfor-
mance. [t represents the change in pres-
sure required to increase the volume of
the atrium in a given measure (22, 23).
The diagnostic role of this parameter
was first described in the left heart: Kurt
et al. reported left atrial stiffness as an
accurate index to distinguish diastolic
heart failure patients from those with
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Table I'V. Models of sequential Cox regression analysis for predicting outcome in SSc.

Model 1 Model 2 Model 3
C-statistics 0.721 0.737 0.820 0.849
Ay? 2.376; p=0.123 2.536; p=0.111 3.950; p=0.047

Variables in model

HR (95%CI) p-value

HR (95%CI) p-value

HR (95%CI) p-value

HR (95%CI) p-value

Tricuspid S (cm/s)

0.548 (0.355-0.848); p=0.007 0.687 (0.421-1.122); p=0.134  0.599 (0.399-0.901); p=0.014 0.768 (0.464-1.271); p=0.304

RA Vmax index (ml/m?)

1.114 (0.967-1.283); p=0.135

RA contractile strain (%)

0.867 (0.716-1.049); p=0.141

RA stiffness

2.460 (1.005-6.021); p=0.049

C-statistics represents the overall performance of the predictive model. Ay? reflects the incremental prognostic value of the RA variables over TriS, when
added to the model. Statistically significant p-values (p<0.05) are given in bold.

asymptomatic diastolic dysfunction
(22). In the study of Porpéczy et al. left
atrial stiffness was superior to left atri-
al Vmax index and reservoir strain in
predicting elevated NT-proBNP levels
in SSc patients (29). In the right heart,
Teixeira et al. demonstrated increased
RA stiffness in patients with left heart
failure (24). Besides, in our previous
study, RA stiffness was proved to be
significantly elevated in SSc patients,
compared with healthy subjects, and
showed significant correlation with the
functional capacity of the patients (12).
In the study of Pilichowska-Paszkiet et
al. fibrosis of the left atrial wall was de-
tected by electroanatomical mapping.
Left atrial stiffness showed robust cor-
relation with the extent of this fibrosis
in patients with atrial fibrillation (30).
Similar histopathologic evidence is not
available in the right heart. Still, el-
evated RA stiffness may represent the
extent of the replacement fibrosis af-
fecting the RA wall, as it was reported
in the left heart (31).

In SSc, impairment of the RV function
and the subsequent RA dysfunction and
dilatation are traditionally attributed to
the development of PAH or PH due to
severe pulmonary fibrosis (32). Similar
findings, however, has been proved in
SSc patients even without the resting
elevation of the pulmonary pressure (8-
10, 12,27, 28). In SSc patients without
resting PAH, RV myocardial dysfunc-
tion may be considered as the sign of
the primary myocardial involvement
of the disease (27). On the other hand,
in SSc patients with interstitial lung
disease or subclinical pulmonary vas-
cular disease, the subclinical elevation
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Fig. 2. ROC curve and Kaplan-Meier survival curve demonstrating the performance of RA stiffness

in predicting all-cause mortality.

Fig. 3. Kaplan-Meier sur- 1.0
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the incremental prognostic
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0,0
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of the pulmonary vascular resistance
may be unmasked by exercise, when
pulmonary circulation no longer has
the capacity to adapt, and the pulmo-
nary pressure increases parallel with
the increasing cardiac output (33). This
exercise-induced, intermittent pressure
overload may also lead to ultrastructur-

al changes in the right heart (27, 28). In
addition, independently from the aetiol-
ogy, left ventricular diastolic dysfunc-
tion is often associated with impaired
mechanics of the right heart. This phe-
nomenon is thought to be explained by
the exercise-induced elevation of left
ventricular filling pressure and the con-
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Fig. 4. Mechanisms involved in the development of RA dysfunction and enlargement in SSc patients without manifest PAH.

sequential elevation of the pulmonary
artery pressure (34) (Fig. 4).

When stratified by RA stiffness cut-off,
our data may support all these hypoth-
eses: high risk patient with RA stiffness
above the cut-off exhibited significantly
higher pulmonary arterial systolic pres-
sure (but still within the normal range)
and significantly lower DLCO values.
Besides, there was a clear tendency
suggesting worse left ventricular dias-
tolic function in the high-risk subgroup,
though the difference was not statisti-
cally significant. Diagnostic and prog-
nostic utility of the well know cardiac
biomarkers, NT-proBNP and troponin-
T has already been proved in SSc (35-
37). Patient with RA stiffness above the
cut-off showed significantly higher NT-
proBNP values. Troponin-T level was
also higher in this subgroup, albeit the
differences were not statistically sig-
nificant. Anti-topoisomerase I antibody
positivity was also significantly more
common in the high-risk subgroup. The
potential clinical significance of this an-
tibody level has been reported in evalu-
ating disease severity and prognosis in
SSc (38, 39).

Limitations of the study

Our data should be interpreted in the
context of their limitations. First, the
statistical power of our analysis is limit-
ed by the relatively low number of par-
ticipants and events. Our results require
further validation in a larger SSc popu-
lation. For obtaining RA strain values,
we used a software that was developed
for left ventricular strain analysis be-
cause a dedicated software for atrial
strain estimation was not available. RV

1984

strain may better reflect the subclinical
impairment of the RV systolic function
than our traditional and tissue Doppler
parameters. Nevertheless, in the lack
of appropriate analytical software, RV
strain analysis was not performed in our
study.

Conclusion

RA stiffness is associated with all-
cause mortality in SSc patients without
PAH independent of and incremental to
the RV longitudinal systolic function.
It may be proposed as a non-invasive
marker for identifying SSc patients
with high mortality risk.
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