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1. Background

Systemic sclerosis (SSc; scleroderma) is a heterogeneous, systemic, autoimmune
disease. The pathogenesis of SSc is characterized by 3 hallmarks: small vessel
vasculopathy, production of auto-antibodies and fibroblast dysfunction leading to
increased deposition of extracellular matrix (ECM)*. The clinical manifestations and
the prognosis of SSc vary with the majority of patients having skin thickening and
variable involvement of internal organs. Organ manifestations of SSc can be
particularly problematic when present in the lungs, kidneys or heart.

The majority of patients with SSc are believed to have subclinical cardiac
involvement 2 * *. Overt cardiac manifestations of SSc are associated with poor

56,78

prognosis ,and they can be difficult to manage °.

Pulmonary arterial hypertension (PAH) is also a frequent complication of SSc and is
one of the leading causes of morbidity and mortality in patients with this disease® **
12 sSc-related PAH is the result of an isolated pulmonary arteriopathy, but in these
patients, elevated pulmonary artery pressure (PAP) may occur also as a consequence
of interstitial lung disease (ILD) or left ventricular (LV) systolic and/or diastolic
dysfunction.

The thesis is focused on the early detection of cardiac and pulmonary manifestations

of SSc using different echocardiographic modalities.
1.1 Immunological and pathophysiological background of SSc

The precise etiology of SSc is an expanding area of research, since the accurate
nature of the mechanisms underlying this disease remains unclear **. The disease
may be initiated in the vascular bed of the organs, the evidence suggesting that some
pathomorphological changes may be apparent before the onset of the disease **. The
pathological events in SSc may include impaired communication between
endothelial cells, epithelial cells and fibroblasts; lymphocyte activation; autoantibody
production; inflammation; and connective tissue fibrosis . These events result in an
accumulation of constituents of the ECM, which replaces the normal tissue
architecture, and it can turn into the culmination of organ failure.

It has been widely recognized that the tissue fibrosis seen in scleroderma patients is

the end result of a complex biologic process involving immune activation and



vascular injury *. Clinical and biological evidence suggests that the primary target
for both initiating and propagating the disease is the epithelium of blood vessels.
Following tissue injury, the epithelium plays an essential role in repairing wounds
and re-surfacing tissue. In patients with SSc, there is evidence that this regeneration
may be dysregulated. Epithelium-derived factors influence the behavior of
fibroblasts ** ** (Table 1). Epithelial to mesenchymal transdifferentiation occurs in
lung fibrosis, and this process is known to be influenced or mediated by transforming
growth factor beta (TGF-p), and potentially endothelin-1 (ET-1) }" 8 %,

Mediator Role in fibrogenesis

TGF-B ECM production, fibroblast proliferation and
differentiation

CTGF Regulation of fibroblast proliferation and
migration and TGF-B- dependent ECM
synthesis

ET-1 Regulation of ECM synthesis and contraction

Fibroblast Regulation of fibroblast growth

growth factor

IL-1 Inflammatory mediator

IL-4 Regulation of collagen synthesis

IL-6 Regulation of a-SMA expression in
myofibroblasts

IL-12 Regulation of collagen synthesis

IL-13 Induction of TGF-f

IL-17 Fibroblast proliferation

MCP-1 Inflammatory mediator and regulation of
collagen synthesis

MCP-3 Regulation of collagen synthesis

PDGF Regulation of TGF receptor expression, and

fibroblast and progenitor cell recruitment

Table 1 Key cytokines in the induction of fibrosis of SSc (from Abraham DJ et al

Overview of pathogenesis of systemic sclerosis Rheumatology 2009 20)

Fibroblasts maintain the structural integrity of connective tissue, secreting fibrillar
procollagens, fibronectin and regulating the turnover and composition of the ECM
via highly specific proteases such as collagenase. In SSc patients, activated
fibroblasts are responsible for the development of fibrosis and accumulation of ECM
molecules. These fibroblasts are characterized by an overproduction of collagen and
the induction of collagen-modifying enzymes. Fibroblasts can be activated by
different mechanisms, including direct cell—cell contact, stimulation by soluble
mediators following induction of the appropriate receptor expression including TGF-
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B, connective tissue growth factor (CTGF), platelet-derived growth factor (PDGF) or
ET-1% 2?2 or by modulation of cell-matrix interactions (Figure 1).

Genetic predisposition
Matrix Epithelial
contact cells
Inflammatory
cells
Tension Endothelial
cells

Altered ECM deposition

¥

Fibrosis

Figure 1 The role of fibroblasts in the pathogenesis of SSc (D. J. Abraham et al Overview

of pathogenesis of systemic sclerosis Rheumatology 2009 %°)

The immune system also plays a role in the pathology of SSc. Activated
lymphocytes, auto-antibodies, chemokines, interleukins are detectable in both the
circulation and the affected organs of SSc patients. The majority of patients with
SSc reveal circulating levels of highly specific auto-antibodies: one auto-antibody
group is directed against nuclear antigens (topoisomerase, RNA polymerase), others
may have a supposed pathogenic role. This latter group includes anti-endothelial cell
antibodies, which are estimated to occur in 44-84% of SSc patients and may induce

apoptosis 2 % % %,

In patients with SSc, vascular remodeling is dysregulated.
Vasculopathy may result from a disrupted or inappropriate repair process following
endothelial cell insult or injury. These patients may exhibit up-regulation of
vasoconstrictive, thrombogenic, mitogenic and pro-inflammatory factors, and down-
regulation of vasodilatatory, anti-thrombogenic and anti-mitogenic factors. These
results in vasculopathy are characterized by vasoconstriction, adventitial and intimal
proliferation, inflammation and thrombosis. Vasculopathy involves all layers of the

vessel wall and is characterized by fibrotic intimal hyperplasia 2’. As a result, vessels
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lose their elasticity and become narrower. In time, the arterial intima may thicken
and occlusion of the small arteries can facilitate the formation of in situ thrombosis.
Fibrosis typically begins in the media of medium-sized arteries extending into the
intima and adventitia and disrupting elasticity. The typical plexiform lesions of
pulmonary arterial hypertension comprising endothelial cells and myofibroblasts can
occur at all stages of development and healing .
Vascular remodeling appears to be preceded by endothelial dysfunction. Consistent
evidence suggests that microvascular endothelial cell activation and damage is
ubiquitous and occurs early in SSc %°.
The possible triggers of endothelial cell activation are:

- cross-reactivity between cytomegalovirus epitopes

- presence of anti-endothelial cell antibodies

- oxidative stress and the presence of elevated levels of reactive oxygen species.
The primary cause of the initial activation results in endothelial cell damage.
Apoptosis is an early event, and if endothelial cells are not replaced by new cells,
capillary breakdown and the typical clinical manifestations of vasculopathy can
develop. A physiological reaction pattern to capillary breakdown and resulting tissue
hypoxia is angiogenesis, a finely balanced process involving both angiogenic and
angiostatic factors. In patients with SSc, angiogenesis becomes dysregulated 2°.
ET-1 is a potent and important mediator of vasculopathy. It is a highly potent
vasoconstrictor that is produced by endothelial cells and is a key mediator of
vasculopathy, which also promotes cell growth, arterial wall thickening and
endothelial cell dysfunction resulting in decreased levels of nitric oxide. Moreover, it
can stimulate the proliferation of pulmonary artery smooth muscle cells and

fibroblast collagen production 2 %

. Increased ET-1 production can trigger an
inflammatory cascade elevating the plasma levels of pro-inflammatory cytokines in
patients with pulmonary arterial hypertension . Thus, ET-1 promotes
vasoconstriction and contributes to cardiac and vascular hypertrophy, inflammation
and fibrosis 3. It is over-expressed in both early- and late-stage SSc . A role in the
pathogenesis of SSc is also suggested by the finding that circulating levels of ET-1

correlate with skin fibrosis and the duration of disease 2.
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1.2 Clinical manifestations and classification of SSc

The diagnosis of SSc was established according to the classification of American
Rheumatism Association **. However, due to the insufficient sensitivity of the 1980
criteria and advances in knowledge about SSc, the American College of

Rheumatology (ACR) and the European League Against Rheumatism (EULAR)

established a committee to provide new classification criteria for SSc **.

The keystones of recent criteria are:

- including broader spectrum of SSc, these are patients whose disease is in an

early stage as well as those in late stages

- including vascular, immunologic, and fibrotic manifestations

- adapted to daily clinical practice usage

The score system classification criteria based on symptoms and clinical findings are

shown in Table 2.

Item Sub-item(s) Weight/score

Skin thickening of the - 9
fingers on both hands
extending proximal to
the metacarpo-
phalangeal joints
(sufficient criterion)
Skin thickening of the Puffy fingers 2
fingers (only count the Sclerodactylity 4
higher score) of the fingers

(distal to the

metacarpo-

phalangeal

joints but

proximal to the

proximal

interphalangeal

joints)
Fingertip lesions (only Digital tip 2
count the higher score) ulcers 3

Fingertip

pitting scars
Telangiectasia - 2
Abnormal nailfold - 2
capillaries
Pulmonary arterial Pulmonary 2
hypertension and/or arterial 2
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interstitial lung disease hypertension
(maximum score is 2) Interstitial lung

disease
Raynaud’s phenomenon - 3
SSc-related Anticentromere 3
autoantibodies Anti-
(anticentromereanti- topoisomerase
topoisomerase | (anti- I
Scl-70), anti-RNA Anti-RNA
polymerase I11) polymerase Il

(maximum score is 3)

Table 2 Score system of the classification in SSc - from van den Hoogen F at al Arthritis
Rheum. 2013 *.

The total score is determined by adding the maximum weight (score) in each
category. Patients with a total score of >9 are classified as having definite SSc.

In our population, we also consider the major subsets of SSc:

- Limited cutaneous SSc: defined by skin thickening in areas solely distal to the
elbows and knees, with or without facial effects, such as telangiectases.

- Diffuse cutaneous SSc: patients have skin thickening over both proximal and
distal limbs, as well as the face and the trunk. Reduction in the oral aperture is

common.

1.3 Cardiac manifestations of the SSc

Cardiac manifestation of SSc is particularly problematic in the clinical practice. In
the majority of patients, cardiac manifestations are subclinical. Systolic and/or
diastolic dysfunction can develop very early in the course of the disease, even years
before becoming clinically evident. Cardiac involvement is common in SSc, with an
estimated clinical prevalence of 15-35% while at post-mortem examination the heart
was affected in up to 80% of the patients ® ®. The development of overt myocardial
manifestations is recognized as powerful adverse prognostic factors and may affect
patients with both limited cutaneous SSc and diffuse cutaneous SSc. When clinically
evident, these features are often associated with increased mortality * ° * ¢, All cardiac
structures: the endocardium, myocardium, pericardium, valves, coronary arteries,

electrical and autonomic nervous system, may be involved, potentially leading to


http://www.ncbi.nlm.nih.gov/pubmed?term=van%20den%20Hoogen%20F%5BAuthor%5D&cauthor=true&cauthor_uid=24122180
http://www.ncbi.nlm.nih.gov/pubmed/24122180
http://www.ncbi.nlm.nih.gov/pubmed/24122180
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heart failure. Primary myocardial involvement, without systemic or PAH and without
significant renal or pulmonary involvement, implicates different pathophysiological
mechanisms, including the characteristic vascular lesions and fibrosis deposition,
which may impair coronary microcirculation and myocardial function.

Myocardial fibrosis is a hallmark of cardiac manifestation of SSc. In SSc the
myocardium is often characterized by patchy fibrosis, secondary to both repeated
ischemia and/or immuno-inflammatory damage, inexorably leading to myocardial
dysfunction. In SSc, the cause of ischemia is usually not the consequence of the
epicardial coronary artery stenosis, but rather to microvascular dysfunction .
Characteristic vascular lesions in SSc result in the impairment of the microcirculation
% In addition to these fixed abnormalities, vasospasm of the small coronary arteries
or arterioles may play a significant role in the development of early myocardial

37 38 39, and iS

alterations . Furthermore, diastolic dysfunction is frequent in SSc
correlated with disease duration *°, whereas systolic dysfunction is present in only a
minority of patients **. Myocardial fibrosis in SSc can affect both ventricles, leading
to increased ventricular mass, decreased movement of the ventricular walls and

impaired relaxation of myocardial tissue during diastole " *.

1.4 Pulmonary manifestations of the SSc

Pulmonary involvement is a prominent feature of the SSc and occurs more frequently
in SSc than in any other connective tissue disease “2. The two most frequent types of
lung involvement are ILD and pulmonary arterial hypertension (PAH) *%. SSc-related
PAH is the result of an isolated pulmonary arteriopathy, but in these patients,
elevated PAP may occur also as a consequence of ILD or LV systolic and/or
diastolic dysfunction, a condition that should be more generically addressed as PH,
not as PAH. The diagnosis of PAH is established during right heart catheterization
(RHC), when mean pulmonary arterial pressure (mPAP) exceeds 25 mmHg with a
pulmonary capillary wedge pressure (PCWP) below 15 mmHg *. Additional
diagnostic criteria may include normal or reduced cardiac output (CO) or a
pulmonary vascular resistance (PVR) over 3 Wood units®.

PAH is a severe vascular complication of the SSc and it has a dramatic impact on the
clinical course and overall survival of the patients. It is the single most common

cause of death in patients affected by this syndrome. The prevalence of
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hemodynamically proven PAH in large cohorts of patients with SSc was about 5% to
10% *® *’. The three-year survival for SSc patients with PAH has been estimated to
be 56% compared with 94% in those without PAH “®. Observational studies have
demonstrated that mortality remained high in SSc patients with PAH even when new

therapeutic options (new drugs, new methods) were applied *° *° ! *2 (Figure 2).

I
[ |- IPAH-advanced therapy (Fisher et al )
2
© -
£ ! IPAH-prostancids (Kawut et al )
=] I
§ 4 7 : SSc-PAH-advanced therapy (Fisher et al)
1 1
2 L .. —..— SSc-PAH-prostancids (Kawut et al)
0 T 1 I ] T
0 1 2 3 4
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Figure 2 Kaplan—Meier analysis showing the survival in patients with SSc-related
pulmonary arterial hypertension (SSc-PAH) and idiopathic pulmonary arterial

hypertension treated with prostanoids or advanced therapy. Fisher MR at al Arthritis
Rheum 2006 *, Kawut SM at all, Chest 2003 *

Markers of worse prognosis include male gender, late age at diagnosis, pericardial
effusion, functional severity based on the New York Heart Association (NYHA)
functional class, right heart dysfunction, and hyponatremia *° °2. Poor outcome of
PAH in SSc may be partially explained by disease-related co-morbidities but also by
a delay in diagnosis. Signs and symptoms of SSc-PAH are generally aspecific, and
thus often underestimated. The establishment of the diagnosis is frequently delayed
to the advanced phases of the pathological process, characterized by structural and
not reversible damage of the pulmonary vasculature. RHC is the criterion standard
for PAP measurement. However, RHC is not applicable to large populations because
of its invasive nature and costs. This is another reason why PAH is usually
recognized at advanced stages, when the treatment does not significantly change the
clinical course of the disease ** **. Therefore, efforts to promote an early recognition

of PAH have been expended in the last few years *°. One recent study observed
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better prognosis in subjects identified in an active screening program compared with
those identified in the course of routine practice >* suggesting a potential benefit of
the intervention earlier in the course of disease (Figure 3).

c) 100%

81 0/0 ?BCVD

. Screened

Survival %
(&) ]
o
1

17% Routi_ne
practice

Follow-up yrs

Figure 3 Prognosis for PAH-SSc patients detected in routine practice or via a

screening program Humbert M at al. Eur Respir Rev. 2012 >

The subsequent important issue is the presence of an associated ILD in patients with
SSc. ILD is a common and serious form of pulmonary involvement is SSc and
characterized by various patterns of inflammation and fibrosis on high-resolution CT
scan and in lung biopsy specimen (Figure 4). ILD was an important prognostic factor
in patients with SSc and PAH *° *°*®_ SSc patients with ILD-associated PAH have a
worse prognosis. However, ILD either limited or extensive, even without PAH, also
has an impact on the overall prognosis, and ILD is also one of the leading causes of
death in SSc ! *'. Patients with limited SSc disease will typically develop isolated
PAH 10 to 15 years after the onset of their disease *°. In contrast, patients with
diffuse SSc are at greater risk for ILD, usually within the first 5 years after the
establishment of the diagnosis when the most rapid rate of decline in forced vital
capacity is observed, but PAH may develop at any stage in the course of their
disease. Although PAH is generally modest (mPAP 25-35 mmHg) in patients with
ILD, PAP elevations can be more substantial.


http://www.ncbi.nlm.nih.gov/pubmed?term=Humbert%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23204118
http://www.ncbi.nlm.nih.gov/pubmed/23204118

17

Figure 4 shows pulmonary fibrosis in high resolution computed tomography scan and

in a lung specimen.
Courtesy; Robert C Mellors, M.D. PhD. Immunopathology, 1995
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2. Primary goals of the thesis

Considering the fact that cardiac and pulmonary manifestations are very frequent in
SSc leading to rapid progression of the disease and to fatal outcome in a substantial
number of the patients, it is essential to recognize the early signs of these

manifestations. Therefore, our goals of the present research were:

1.  To assess whether two dimensional speckle tracking echocardiography (STE)

parameters may detect early alterations in left atrial (LA) function in SSc patients.

2. To evaluate the clinical and echocardiographic determinants of exercise-
induced increase in pulmonary artery systolic pressure (PASP) in a large population

of patients with SSc.

3. To evaluate whether the exercise-induced PASP increase may predict resting

PASP increase in a population of SSc patients.
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3. Methods

3.1. Patient selection

For the study of the early involvement of the LA function, from September 2009 to
January 2010, 42 consecutive patients affected by SSc (Group 1, age 50 + 14 years,
95% females), admitted to the Department of Rheumatology in Florence, and 42 age
and gender-matched control subjects (Group 2, age 49 + 13 years, and 95% females)
were enrolled. Patients in Group 1 underwent a thorough clinical assessment,
pulmonary function test *°, assessment of pulmonary fibrosis by standard chest X-
ray, lung ultrasound ®, when clinically indicated, by thoracic high-resolution
computed tomography scan . Inclusion criteria were: 1) age > 18 and < 85 years; 2)
a previous diagnosis of SSc according to the European Scleroderma Trial and
Research (EUSTAR) recommendations ®2. Exclusion criteria were: 1) inability to
provide informed consent; 2) known history of coronary artery disease,
electrocardiographic signs of myocardial ischemia, LV ejection fraction <55%,
regional wall motion abnormalities, LV hypertrophy, more than mild valvular heart
disease, pericardial effusion, and evidence or clear history of atrial fibrillation, or
inadequate LA tracking for strain analysis. Anticentromere antibodies (ACA by
indirect immunofluorescence on Hep-2 cells and by ELISA for CENP antigen) and
antitopoisomerase | antibodies (anti-Scl70 by immunoblot analysis) were
determined. All operators were unaware of the results of the other tests. The local
Ethical Committee of Pisa, Italy, protocol number 2849, approved the study, and all
patients gave informed consent. For the exercise echo study, from May 2007 to June
2009, 220 patients with SSc admitted to the Department of Rheumatology in
Florence (n = 53), Milan (n = 76), Pisa (n = 47), Potenza (n = 5), Szeged (n = 9), and
Udine (n = 30) underwent a thorough clinical and instrumental assessment, according
to the European Scleroderma Trial and Research (EUSTAR) recommendations ®.
Inclusion criteria were as follows: 1) age <18 and >85 years and 2) a previous
diagnosis of SSc according to the American Rheumatism Association classification
criteria. Exclusion criteria were as follows: 1) inability to provide informed consent
and 2) known history of coronary artery disease, more than mild valvular heart

disease, and evidence or clear history of atrial fibrillation. All operators were
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unaware of the results of the other tests. The Ethical Committee of Pisa approved the
protocol (no. 2849), and all patients gave informed consent. The selection process is

depicted in Figure 5.

220 85¢c
patients
55
patients [* various contraindications 22
™ patients
7 inadequate LA tracking quality
patients ¥ 3
48 198
patients patients
6 evidence of cardiac shnormalities TRI jet not detectable 13
patients | . *| patients
185
patients
rest PASP more than 40mniHg 21
patients
w b
42 42 164
controls patients patients
Left atrial strain rate imaging Excercise stress echocardiography

Follow up studies

Figure 5 Flowchart showing patient selection process.

37 SSc patients (age = 58+13 years, 82% females, 74% limited cutaneous form) with
normal resting PASP (<40 mmHg), who had developed exercise-induced PASP
increase at a previously graded bicycle semi-supine exercise Doppler
echocardiography (EDE). They underwent the same examination after at least six
months. Patients having had a resting PASP > 40 mmHg did not perform the

exercise. The average follow-up period was 21 = 12 months.
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3.2. The role of echocardiography in the assessment of cardiac and

pulmonary manifestations of systemic sclerosis

Echocardiography is crucial in the evaluation of patients affected by SSc because it
makes it possible to detect not only cardiac abnormalities responsible for the
symptoms but subclinical dysfunctions as well. Echocardiography is also frequently
used in vasculitis to assess valvular abnormalities, hypertension-related damage,
sequelae of vasculitis related ischemia, and of course, systolic and diastolic
functions. A main limitation of echocardiography is that ejection fraction is often the
only parameter provided to evaluate cardiac function, whereas more subtle
myocardial dysfunction cannot be assessed. Several studies have recently proposed
novel echocardiographic techniques such as Tissue Doppler Imaging (TDI) and STE
as effective tools for early detection of right and LV systolic and diastolic
dysfunction ®.

Echocardiography is routinely employed in SSc for the screening of PAH, although
right heart catheterization is necessary for proper diagnostic confirmation. Exercise
Doppler echocardiography could be useful for the screening and the understanding of
the pathophysiological mechanisms leading to PAH in patients with SSc. In the
present research, we employed new echocardiographic techniques and methods —

detailed below — for the evaluation of early cardiac manifestation of SSc.
3.2.1. New techniques to assess myocardial involvement

Strain describes myocardial deformation and appears in the fractional change in the
length of the myocardial segment. Strain is usually expressed as a percentage. Strain
rate imaging is a relatively new, largely angle-independent technique used for the
detailed evaluation of myocardial function. The speckles seen in grayscale B-mode
images are the result of constructive and destructive interference of ultrasound
backscattered from structures. With this technology, random noise is filtered out,
while keeping small temporally stable and unique myocardial features referred to as
speckles. Blocks or kernels of speckles can be tracked from frame to frame
(simultaneously in multiple regions within an image plane) using block matching,
and provide local displacement information from which parameters of myocardial

function such as velocity, strain, and strain rate can be assessed ®*. Assessment of 2D
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strain by STE can be applied to both ventricles and atria and it provides

sophisticated, detailed information about myocardial function in SSc.
3.2.2. Detailed methodological description of the LA study

All  patients underwent  comprehensive  two-dimensional  transthoracic
echocardiography examinations at rest, using conventional methods with a
commercially available ultrasound machine (Vivid 7, GE Medical Systems, Horten,
Norway) equipped with a 2.5-3.5 MHz phased array sector scan probe, second
harmonic technology, and coupled with tissue TDI. LV end-diastolic and end-
systolic diameters were measured from the internal dimensions obtained from
parasternal long axis view. LA diameters were measured from the apical four-
chamber view. LA areas and volumes were measured using the biplane method of
disks (modified Simpson’s rule), in the apical 4- and 2-chamber view at end-systole
(maximum LA size), and a mean value of area and volume was obtained . LA
volumes were subsequently indexed to body surface area (BSA). LV mass was
calculated by the Devereux formula and then indexed to body surface area ®°. Mitral
regurgitation was assessed semi-quantitatively (0 = absent or trivial, 1 = mild, 2 =
moderate, 3 = severe), including evaluation of vena contracta, regurgitant volume
and effective regurgitant orifice area, when indicated ®®. TDI was evaluated, as
previously described, in the pulsed-wave Doppler mode, to assess longitudinal
myocardial regional LV function. A volume was sampled centrally to the basal
segment of infero-septal and antero-lateral wall for the LV, and then the mean value
of the velocity profiles was recorded. Gain and filters were adjusted as needed, to
eliminate background noise and to obtain a clear tissue signal. TDI signals were
recorded at a sweep of 100 mm/s. Each parameter was measured as the average of at
least three consecutive beats. LV diastolic function was determined from the pattern
of mitral flow velocity by pulsed Doppler echocardiography, complemented by
mitral annular velocity by TDI and LA volumes ®’. PASP was estimated from peak
tricuspid regurgitation jet velocities, adding right atrial pressure estimated from
inferior vena cava diameter and respiratory changes ®. All measurements were
performed according to the recommendations of the European Association of

Echocardiography/ American Society of Echocardiography ® ® ©7 ©,
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Assessment of the left atrial function

Particular attention was paid to obtaining an adequate grayscale image, allowing
reliable delineation of myocardial tissue and extracardiac structures. During breath
hold, 3 consecutive heart cycles were recorded and averaged. The frame rate was set
between 60 and 80 frames per second. These settings are recommended to combine
temporal resolution with adequate spatial definition, and to enhance the feasibility of
the frame-to-frame tracking technique ®°.

Recordings were processed by using an acoustic-tracking software (EchoPac PC
version 108.1.4, GE Healthcare, Horten, Norway), allowing off-line semi-automated
analysis of STE strain. In the end-diastolic/systolic frame, the atrial endocardial
border was traced by a point-and-click method. After automatic creation of a region
of interest, the LA wall was divided into six subregions, and segmental tracking
quality was analyzed. We analyzed LA from apical two- and four-chamber views, so
we used a 12-segment model. The dashed curve represents the average strain (Figure
5). The tracking settings allow distinguishing three LA strain values. If the reference
point is set at the onset of the QRS, we can measure positive peak atrial longitudinal
strain (¢ pos peak), which corresponds to LA reservoir function (Figure 5). If the
reference point is set at the onset of the P wave, we can measure both negative atrial
longitudinal strain (¢ neg peak), which mirrors LA pump function and second
positive peak atrial strain (sec € pos peak), which corresponds to LA conduit function
(Figure 6). Inter- and intra-observer variability of strain parameters has been

previously assessed .
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Figure 5 2D speckle tracking derived LA peak, positive longitudinal strain (& pos peak)
measurement form apical 4 chamber view ( the reference point is the beginning of
the QRS complex).

18.06 =497 msec

Figure 6 Measurement of second positive peak longitudinal LA strain ( SEC € pos peak)
and negative peak longitudinal strain (€ neg peak) from apical four chamber view ( the

reference point is the onset of the p wave).
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3.2.3. Methods of the exercise echo study

All patients underwent a comprehensive transthoracic echocardiogram using
conventional methods with commercially available ultrasound devices (Sonos 7500
and 1E33 [Philips Medical Systems, Andover, MA], Sequoia C256 Acuson [Siemens,
Mountain View, CA], Famiglia Mylab25 [Esaote, Genoa, Italy], Vivid System 7
[GE/Vingmed, Milwaukee, WI]) equipped with 2.5- to 3.5-MHz phased array
transducers, second harmonic technology, and coupled with TDI. Pulmonary artery
systolic pressure was derived from the maximal velocity of tricuspid Doppler tracing
(TRV) according to the Bernoulli equation and adding the value of right atrial
pressure, estimated on the basis of collapsibility index of the inferior vena cava .
Stroke volume, CO and cardiac index (CI) assessments were performed by the LV
outflow track Doppler method. PVR was estimated by the following formula:
TRV/RVOT (right ventricular outflow tract) time velocity integral x 10 + 0.16 ",
PCWP was noninvasively derived by the following formula: PCWP = (1.24 x [E/e'])
+ 1.9, where E/e’ represents peak early diastolic velocity to early diastolic velocity at
basal mitral annulus ratio '?, and mPAP was calculated as 0.6 x PASP + 2 "%, We
measured the ratio PASP/CI to normalize pulmonary pressure increases for increases
inCo ™™,

All measurements were performed according to the recommendations of the
European Association of Echocardiography (EAE)/American Society of
Echocardiography ®.

Exercise stress echo was conducted using a graded semisupine bicycle ergometer
with 25-W incremental loading every 2 minutes "°. A 12-lead electrocardiogram and
a blood pressure measurement were performed at baseline and every minute
thereafter. Transthoracic 2-dimensional echocardiographic monitoring was
performed throughout and up to 5 minutes after the end of stress. Tricuspid Doppler
tracing and RVOT time-velocity integral were estimated at peak exercise, while the
patient was still pedaling. Immediately after that, while the patient was stopping
pedaling, LV outflow track time-velocity integral and measurements of left and RV
function were performed because PASP and CO return rapidly back to normal after
exercise, although it is less relevant for CO ”’. A cutoff value of PASP >50 mmHg at
peak exercise was considered a significant exercise-induced increase in PASP. A
cutoff value of peak PVR >3.0 Wood Units (WU) was considered a significant PVR
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increase ®®. The stress test was symptom limited. Criteria for test positivity and
terminating the test followed EAE recommendations "°.

Quality control

Almost all echocardiographic examinations (90%) were performed by the same
operator (G.A.). The remaining examinations were performed by operators with long
experience in echocardiography, who passed the quality control in stress
echocardiography, as previously described “®. This resulted in homogeneous data and

image acquisition.
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4. Statistical analysis

Data are presented as mean =+ standard deviation (SD) unless otherwise stated.
Comparisons between SSc patients and controls in the LA study were performed by
using Student’s t-tests or by non-parametric Mann-Whitney U-test, as appropriate.
Comparisons between categorical variables were made with y* test. All tests were
two-sided, and p-values < .05 were considered statistically significant. Correlations
were tested by Pearson or Spearman’s correlation tests, as appropriate. Univariate
comparisons between patients with and without exercise induced increase in PASP
were made with x2, 2-sample t test or similarly Mann-Whitney U test, as appropriate.
The association of selected variables with the development of exercise-induced
increase in PASP and PVR was assessed by logistic regression analysis using
univariate and stepwise multivariate procedures. The following variables were
included into the analysis: age, gender, body mass index, diffuse form, Scl-70
antibody positivity, Raynaud’s phenomenon, Rodnan skin score, ILD, pulmonary
function test data, resting echocardiographic parameters (ejection fraction, wall
motion score index, indexed LV and LA volumes, Tricuspid Annular Plane Systolic
Excursion (TAPSE), TDI systolic LV and RV waves, E/e’, RV tricuspid annulus
early to late diastolic velocity ratio [E'/A’], PASP, acceleration time, CI, PCWP),
stress echocardiographic parameters (peak wall motion score index, peak Cl, peak
MAPSE, peak TAPSE, peak TDI systolic LV and RV wave), peak workload, and
peak oxygen saturation. Variables were selected according to their clinical relevance
and potential impact on PASP and/or PVR, as shown by earlier studies. Categorical
variables are presented as counts and percentages. All analyses were performed by
using SPSS 20.0.0.0 (IBM Inc, Chicago, IL, USA) and GraphPad Prism version 6
(GraphPad Software Inc., San Diego, CA, USA).


https://www.google.hu/url?sa=t&rct=j&q=&esrc=s&source=web&cd=8&ved=0CEgQFjAH&url=http%3A%2F%2Frwjms1.umdnj.edu%2Fshindler%2Ftapse.html&ei=9gPpVIKbDYLhywPHwYGYCw&usg=AFQjCNHoKn1No0mSZjuD5BYQUNkYTvyonQ&bvm=bv.86475890,d.bGQ
https://www.google.hu/url?sa=t&rct=j&q=&esrc=s&source=web&cd=8&ved=0CEgQFjAH&url=http%3A%2F%2Frwjms1.umdnj.edu%2Fshindler%2Ftapse.html&ei=9gPpVIKbDYLhywPHwYGYCw&usg=AFQjCNHoKn1No0mSZjuD5BYQUNkYTvyonQ&bvm=bv.86475890,d.bGQ
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5. Results

5.1. Results of the LA study

The clinical and echocardiographic characteristics of Groups 1 and 2 are summarized
in Tables 3 and 4. From the initial population of 55 patients, 7 were excluded for
inadequate LA tracking quality, and 6 were excluded for the evidence of cardiac
abnormalities (2 patients for EF<55%, 3 patients for pericardial effusion, 1 patient
for LV hypertrophy) (Figure 5).

The two groups did not differ in systolic function of the LV (Group 1 EF = 63.1+4%,
vs. Group 2 = 66.1+4%, p=ns). SSc patients did not show significantly different LA
indexed volumes (Group 1 = 24.9 + 5.3 ml/m?vs. Group 2 = 24.7 +4.4 ml/m?, p = .8)
(Figure 7), but showed significantly different LV diastolic and LA longitudinal strain
parameters. E/e’ ratio was higher in SSc patients (Group 1 = 7.6+2.4 vs. Group 2 =
6.5+1.7, p<.05, Figure 8) and € pos peak and sec € pos peak Were significantly decreased
(Group 1 =31.3+4.2% vs. Group 2 =35.0+7.6%, p<.01l and Group 1 =18.4 + 4
% vs. Group 2 = 21.4 + 7.6%, p < .05) (Figure 9). € neg peak did not show significant
differences (Group 1 = 12.9 + 2% vs. Group 2 = 13.6 + 3%, p=ns). Interestingly, we
found significant correlation between € pos peak and age, but only in the control group
(R = -59, p < .001) and not in SSc patients (R = -.09, p = .57). Among
echocardiographic parameters, no correlations were found between LA € pos peak and
LV EF, nor E/e’, or LA indexed volume or PASP. No significant difference in LA ¢
pos peak Values were found between patients with and without Scl-70 antibodies (31.1 +
4.2 vs. 30.6 £ 4.1, p =.75). No echocardiographic, STE or clinical parameter was
different between patients in NYHA class | and NYHA classes Il-Ill, including
diffusing capacity of carbon monoxide (DLCO).
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Table 3 Clinical characteristics

9

froup Group 2
Clinical variables (Controls) P
(SSc) 42 pts
42 pts
Age (years) ig * 49 +13 ns
Female gender 40 0 ns
(n.%) (95%) 40 (95%)
Systemic  arterial 10 0 ns
hypertension (n,%) (24%) 16 (38%)
. 0
0 0 ns
Diabetes (n,%) (0%) 1 (2%)
History of Smoking 3 0 ns
(%) (7%) o (14%)
_— 35
0,
Limited form n (%) (83%)
. 7
0,
Diffuse form n (%) (17%)
Scl-70  antibodies 13
n(%) (31%)
80.6 +
0,
DLCO (%) 3.9
122 +
NTpro-BNP (pg/ml) 135
SSc: systemic sclerosis
DLCO: diffusing capacity of carbon monoxide.
NTpro-BNP: N-terminal B-type natriuretic peptide
Table 4 Echocardiographic data
Group 1 Group 2
Echo variables (SSc) (Controls) p
42 pts 42 pts
EF (%) 63.1+4 66.1+4 ns
LA indexed 24.94£5.3 24.7+4 .4 ns
volumes(ml/m?)
E/A 1.1+0.4 1.3+0.4 ns
E/e’ 7.6£2.4 6.5+1.7 p<0.05
PASP(mmHQ) 24.1+8 21+7 ns
S€C € pos peak 18.4+4 21.4+7.6 p<0.05
(%)
€ neg peak (%) 129i2 136:‘:3 ns
A pos peak (%) 31.3:|:4.2 35:|:7.6 p<0.01
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€ pos peak: POsitive peak left atrial longitudinal strain; sec € pos pea: S€CONd positive peak left atrial
longitudinal strain; & neq peak — N€QAtive peak left atrial longitudinal strain; A: mitral inflow late pulsatile
Doppler wave; E: mitral inflow early pulsatile Doppler wave; e': early diastolic mitral annular
velocity; EF: ejection fraction; LA: left atrium; PASP: pulmonary artery systolic pressure; SSc:
systemic sclerosis.
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Figure 7 Differences in the indexed left atrial volume between SSc and control

patients.
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Figure 8 Differences in E/e’ between SSc and control patients.
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Figure 9 Differences in peak positive LA longitudinal strain (& pos peak) betWeen SSc

and control patients.

5.2. Results of the exercise echo study

From 220 patients, 22 were excluded: 13 for inadequate echocardiographic image
quality, 5 for inability to perform physical activity, 3 for previously unknown cardiac
conditions, and 1 for resting dyspnea (NYHA class Il1). In thirteen patients, tricuspid
regurgitation signal was present, and measurement of TRV was not measurable both
at rest and/or at peak stress (feasibility 93%), and 21 patients were excluded because
resting PASP was high, above 40 mmHg (Figure 5). Specification of the remaining
164 patients is shown in Table 6.

Male, n (%) 14 (8.5)
Age (y) 58+ 13
NYHA class I, n (%) 57 (35)
Years since diagnosis 11+£9
Diabetes mellitus, n (%) 6 (4)
Hypertension, n (%) 39 (24)
Diffuse form, n (%) 41 (25)
Scl-70 antibodies, n (%)) 41 (25
NT-proBNP (ng/L) 144 + 160
FEV1/VC (%) 94+ 13
DLCO (%) 70+ 19

Table 6 Clinical characteristics of patients
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During stress test no major, serious complications occurred. No patients had
iIschemic positive test considering ECG and echo criteria.

Exercise echo results

Among the 164 patients who underwent EDE study, 69 (42%) patients showed a
PASP at peak exercise >50 mmHg. Mean peak TRV was 332 cm/s (range 185-533
cm/s).

Changes in PASP characteristics from rest to peak exercise for individual patients are

shown in Figure 10.
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Figure 10 Changes in PASP measurements from rest to peak exercise for each
individual patient.

Table 7 represents the different characteristics between patients with peak PASP <
50 and >50 mmHg. Univariate analysis showed that age, presence of ILD, values of
resting PASP, and both right and left diastolic dysfunctions were predictors of PASP
elevation over >50 mmHg (Table 8). According to observation, peak PASP was
higher in patients older than 50 years (52 + 14 mmHg vs. 43 = 8 mmHg, p< .001),
with LV E/e’ >8 (59 £ 17 mmHg vs. 48 £ 13 mmHg, p< .01), with RV E"/A’ <0.8
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(52 = 11 mmHg vs 44 + 9 mmHg, p< .001), and with ILD (54 = 14 mmHg vs. 48 +
12 mmHg, p<.05).

Peak Peak p
PASP<50 PASP>50 value
mmHg mmHg
(n=95) (n =69)
Ejection  fraction 65+ 6 66+ 6 NS
(%)
Wall motion score 1+1 1+1 NS
index
LV end-diastolic 51+11 52+11 NS
volume/BSA
(mL/m2)
LV  end-systolic 16 +7 16 +6 NS
volume/BSA
(mL/m2)
Left atrium 24 + 8 27+ 12 NS
volume/BSA
(mL/m2)
E/e’ 6.6 +£2.0 7.5+2.6 <.05
TAPSE (mm) 22 +4 21+3 NS
RV TDI peak 14+4 14+3 NS
systolic velocity
Acceleration time 124 £ 29 106 + 34 <.01
(ms)
RV E'/A’ 0.96 + 0.35 0.72 £ 0.16 <.001
CI (L min—1 m—2) 2.5+0.6 2.7+0.8 NS
PCWP (mm Hg) 10+2 11+3 <.05
PVR (WU) 1.7+ 0.4 1.7+0.3 NS

Table 7 Differences in resting echocardiographic data between patients with peak
PASP <50 mmHg and those with peak PASP >50 mmHg.
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Peak Peak p
PASP<50 PASP>50 value
mmHg mmHg
(n=095) (n=169)
TAPSE (mm) 26+ 4 26+ 4 NS
RV TDI peak 21+£6 22+7 NS
systolic velocity
Acceleration time 98 + 22 85 +27 <.05
(ms)
PCWP (mmHg) 10 +£2 11+3 <.05
PVR (WU) 2.0 +0.7 2.3+ 0.6 <.05
Systolic arterial 157 + 24 168 + 20 <.01
pressure (mmHg)
Heart rate 138 £21 129 = 16 <.01
Oxygen  saturation 97 +4 97 +3 NS
(%)
Test  performance 79 £ 26 72+ 24 NS
(W)
Test duration (min) 58+2.0 54+1.8 NS
mPAP/CO (mm Hg 3.1+27 6.5+5.5 <.001
L—1 min—1)

Table 8 Differences in stress echocardiographic data between patients with peak

PASP <50 mmHg and those with peak PASP >50 mmHg.

Univariate analysis
HR (95% CI)

Multivariate analysis
HR (95% CI)

p value p value
Age (y) 1.06 (1.03-1.09) <.001 1.03(0.94-1.12) NS
Raynaud’s  0.56(0.23-1.7) NS
phenomenon
Diffuse 1.24 (0.61-2.5) NS
form
ILD 2.3(1.01-5.3) <05 0.7(0.9-5.4) NS
DLCO (%)  0.99 (0.97-1.01) NS
Resting 1.2 (1.1-1.3) 1.2 (1.1-1.3) <.05
PASP (mm <.001
Hg)
E/e’ 1.19 (1.01-1.4) <05 0.9(0.5-1.8) NS
RV E'/A’ 0.03 (0.003-0.36) <.01 0.25(0.002-0.4) <.01
Peak CI (L  1.1(0.86-1.5) NS

min—1 m—2)

Table 9 Univariate and multivariate analysis to predict peak PASP >50 mmHg.
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In a subgroup of 89 patients, noninvasive hemodynamic parameters were also
measured (PVR, CO). Feasibility of the acquisition was 95% at rest and 73% at peak
stress. Peak PVR >3 WU was present in 11% of patients with peak PASP >50
mmHg, which represents about 5% of the total population. Univariate analysis
showed that none of the parameters predictors of peak PASP >50 mmHg were
predictors of PVR >3 WU (Table 9). Pressure/flow relationship in this subgroup is
shown in Figure 11. The mPAP/CO ratio was 4.9 = 4.7 mmHg L—1 min—1. The
mPAP/CO ratio did not correlate with age, LV diastolic dysfunction, or ILD but
correlated with RV diastolic dysfunction (expressed by TDI E'/A’, R = —0.33, p<
.05).

mPAP (mmHg)
[}
oh

CO (I/min)
Figure 11 Pressure/Flow relationship at rest and at peak stress. Patients with peak
PVR >3 WU are highlighted by dotted lines.

5.3. Results of the follow up study

Mean follow-up time between the two EDE was 21 + 12 months, during which two
deaths occurred. Seven patients (19%) developed resting PASP increase (mean time
follow-up 22 + 15 months), which may suggest that the previous abnormal response
to exercise in these patients predicted subclinical PAH. Twenty-four patients (65%)
showed the same behavior as at a previous examination, 2 patients (7%) had died,
and 4 patients (11%) did not confirm the exercise-induced PASP increase, with 3
patients having started calcium-antagonist therapy. The figurative results are shown
in Table 12.
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Figure 12 PASP characteristics of 37 patients during follow up stress
echocardiography study.
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6. Discussion

6.1. Discussion of the LA study

Our results suggest that SSc patients with normal LV systolic function and without
any significant cardiac abnormalities have reduced LA STE values compared to the
control group. STE may be a non-invasive, feasible method to assess early LA
dysfunction in SSc patients. Such cardiac mechanic alterations can be detected in the

absence of changes in LA size.
Pathophysiological mechanisms of LA dysfunction in SSc

LA is a reservoir, a conduit and a pump, which plays an important role in modulating
LV filling ™ ®. According to the Frank-Starling law, LA pump function increases in
the presence of mild LV diastolic dysfunction and then significantly decreases when
LV diastolic dysfunction progresses to moderate or severe degrees ®° " #. Global LA
function parameters such as LA dimensions, area and volume are good prognostic

markers for predicting LV diastolic dysfunction 8 &,

However, an impairment of
these parameters may appear late in the course of the disease. STE provides early,
detailed information about LA mechanics. Several studies have demonstrated the
usefulness of STE in assessing LA function 34 # % #" |naba Y et al. have shown that
LA strain rate correlate with age, LA size and diastolic dysfunction in patients with
atrial fibrillation ®. LA strain rate was also an accurate predictor of recovery of LA
contractility after cardioversion ®, and LA ¢ pos peak was a significant predictor of
postoperative atrial fibrillation in patients undergoing aortic valve replacement ®".

In SSc, the myocardium is often characterized by patchy fibrosis, secondary to both
repeated ischemia and/or immuno-inflammatory damage, inexorably leading to
diastolic dysfunction. Episodes of ischemia in SSc are usually not due to epicardial
coronary artery stenosis, but rather to microvascular dysfunction® since
characteristic SSc vascular lesions result in major impairment of the microcirculation
° In addition to these fixed abnormalities, vasospasm of the small coronary arteries
or arterioles may play a significant role in the early myocardial alterations in SSc .

37 38 39

Diastolic dysfunction is frequent in SSc and is correlated with the duration of

the disease®’, whereas systolic dysfunction is present in only a minority of SSc
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patients **. Myocardial fibrosis in SSc has been reported in 50-80% of necropsy
series 88 89 9091929394 ‘ha\vever, establishing the diagnosis of myocardial fibrosis can
be challenging by non-invasive imaging. Up-to-now MRI has been considered to be
the non-invasive gold standard imaging technique to assess myocardial fibrosis.
Previous studies have observed high percentages of myocardial fibrosis at MRI
through detection of late gadolinium enhancement, although with different
prevalence 8 8 90 91929394 (95_101). In a recent study, Ntusi et al. * have found
that although biventricular size and global function are preserved, there is
impairment in the peak systolic circumferential and peak diastolic strain rate of the
LV, which inversely correlates with diffuse myocardial fibrosis indices at MRI.
Clinical implications

Characterization of the LA has important prognostic implications * °. LA
enlargement is known to be associated with increased mortality in the general
population ®. Impaired LA function might also be an important predictor for the
development of non-valvular atrial fibrillation or other supraventricular arrhythmias
% which are not infrequent in SSc patients. In our population, no patients had atrial
fibrillation or other significant supraventricular arrhytmia. It would be interesting to
see whether LA dysfunction can predict the development of supraventricular
arrhythmia in this population. In our study, the LA reservoir (¢ pos peak) and conduit
(sec € pos peak) function are impaired compared to controls. We may suspect that
myocardial involvement and changes in the ECM may lead to early dysfunction of
LA, even before the LA starts to dilate, since there was no difference between LA
volume in the two groups. Early alternations of LA function can also reflect LV
involvement in SSc. Myocardial fibrosis and consequent LV diastolic dysfunction
leads to the decrease of LA reservoir and conduit function and to the increase of LA
pump function (Frank-Starling law). The clinical meaning of an early assessment of
LA mechanism in SSc by STE is still undetermined, and follow-up studies with a
larger number of patients are needed to evaluate whether this finding has any
prognostic implication. However, the use of a non-invasive, non-ionizing, and
relatively simple method that lets us track LA function characteristics over time is
intriguing. Speckle tracking allows a very sensitive estimation and monitoring of LA
mechanism that may help us understand the progressive steps in the ongoing
pathophysiological process leading to overt myocardial dysfunction. STE

measurement has been demonstrated to correlate also with the extent of LA fibrosis
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and remodeling *. This new echocardiographic analysis of LA function might also
be employed as a biomarker in therapeutic trials to assess efficacy in serial
evaluations and follow-up of new therapeutic options.

Comparison with previous studies

To the best of our knowledge, this is the first study evaluating LA function in SSc by
STE strain analysis. Several reports have previously described subclinical LV and
RV abnormalities in SSc patients, using TDI parameters and strain rate imaging®
100 101 102 103 104 105 “\pele et al. have shown that TDI-derived myocardial systolic
deformation indices, based on strain and strain rate analysis and E/e’ ratio, are
valuable approaches to detecting cardiac involvement in asymptomatic SSc patients
% D’Andrea et al. have further confirmed that STE imaging can detect both RV and
LV early myocardial involvement in SSc, as well as coronary flow reserve and
brachial artery flow-mediated dilatation, as signs of early vascular impairment'®. In
another study, Shattke et al. have employed isovolumetric acceleration, a novel tissue
Doppler parameter, to detect early RV systolic impairment in SSc patients without
PAH . Kepez et al. have found that SSc patients without PAH and overt clinical
cardiac involvement have reduced myocardial strain and strain rate, despite normal
2D, conventional Doppler and TDI parameters '® . Interestingly, Yiu et al. have
revealed that subtle LV dysfunction, still assessed by STE strain analysis, is related
to lower functional capacity and rhythm disturbances in patients with SSc 1%
Recently, Spethmann et al. have highlighted that LV systolic impairment, as assessed
by strain imaging, is primarily due to alterations in the basal LV segments in SSc
patients with preserved LVEF . All previous studies on speckle tracking in SSc
patients have never addressed LA function or dimensions, because they focus on LV
or RV function. It is true that assessment of both left and right ventricular
dysfunction is the main target of cardiac assessment and represents the final result of
all potential pathophysiological impairments. However, many of these alterations can
be intercepted earlier by means of changes of the LA region mechanical
characteristics and function. A few previous studies have evaluated LA
characteristics in SSc patients: Dimitroulas et al. have shown that LA volume may be
a useful non-invasive marker for the prediction of elevated PAP in these patients %,
Impairment of electromechanical LA functions, including a prolonged intra-

interatrial electromechanical delay and higher P-wave dispersion have also been
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found in SSc patients, compared to a control group, confirming the increased risk of

these patients for developing supraventricular arrhythmias *°°.

Study limitations

Some limitations of the present study should be highlighted. The study population
was limited in size, since SSc is a relatively rare disease. Additionally, we excluded
patients with signs of overt cardiac involvement, which could have affected strain
and strain rate measurements.

Therefore, our results cannot be extended to patients with heart failure or other
concomitant cardiac disease. Finally, the study population was relatively old. It is
well known that the occurrence of diastolic dysfunction increases with age. However,
age was not different in the two groups, and interestingly, we found significant
correlation between € pos peak and age only in the control group and not in SSc
patients. A main limitation was the lack of normal cut-off values for strain imaging.
However, two studies report LA strain values in a healthy population, which can be
considered as reference values "0 1%7 1,

Although very promising, a current significant limitation of strain imaging is inter-
vendor variability; thus, up-to-date, strain analysis is still confined to the research
field and has not yet been implemented in routine clinical practice

6.2. Discussion of the EDE study

Exercise-induced increase in PASP is frequent in patients with SSc and seems to be
related to many factors affecting diastolic LV and RV function, whereas exercise
induced increase in PVR is less frequent and not related to these parameters. Non-
invasive hemodynamic evaluation by EDE has an established role in valvular heart
disease, diastolic heart failure. Exercise induced PAH is still a poorly understood
entity in patients at risk for developing PAH. It is controversial whether it could be
considered an early preclinical functional phase, inexorably leading to resting PAH
>3 The recent American and European Guidelines reflect this conflict: the definition
of exercise-induced PAH, always present in the past guidelines, has been abandoned
because it is “not supported by enough published data”. However, exercise
echocardiography is “supported by an objective interest and should be used in a
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research setting”. Actually, in the past few years, many reports on the use of exercise
test both with RHC and EDE in different diseases'®, *° (78-81,102,103) 1, 112 113
145 athletes™, or healthy volunteers have been published **°. There are concordant
data from different study groups about a significant percentage of patients with SSc
with an abnormal increase of PASP at peak exercise ! ™2 1 However, there is
consensus that the prevalence of apparently inappropriate pulmonary pressure
response to exercise is too high, occurring in about 50% patients, whereas the
incidence of PAH in this population is only about 5% to 10%. Our multicenter study
with quite large population confirms these previous reports. Because peak PASP is

75 118

also determined by the physiological increase in pulmonary output , hormalizing

PASP for CI may reduce the incidence of false-positive results. Abnormal increase in

PASP can be secondary to pulmonary abnormalities™*

, therefore, careful history
taking and other investigations should be obtained to identify the presence of ILD.
Pulmonary artery systolic pressure is also influenced by the diastolic feature of LV -
high LV filling pressures, which may be consequent to LV; thus, all parameters

affecting LV diastolic function, such as age % ' 12

or systemic arterial
hypertension, may potentially influence peak PASP. The increase in PCWP with
exercise is remarkable in healthy older subjects and may be responsible for PAP
values >40 mmHg*?. Similarly in our population, both resting and peak PASPs were
significantly higher in patients older than 50 years. Cardiac involvement, LV
myocardial fibrosis, which is not infrequent in SSc plays a role and determines
diastolic dysfunction. All these significant influences may explain why peak PASP
does not necessarily represent the best parameter to identify the subgroup of patients
likely to develop resting PAH. When we consider a parameter less affected by other
conditions such as PVR, the number of patients with an abnormal increase in PVR at
peak stress is significantly lower, accounting for about 5% of the initial study group,
a percentage consistent with the reported prevalence of hemodynamically proven
PAH in large cohorts of patients with SSc “. Pulmonary involvement may also lead
to an increase in PVR. In our population, the presence of ILD did not predict high
peak PVR, probably because the degree of pulmonary involvement was never severe,
and because this information is somehow part of RV diastolic function evaluation.
However, in patients with significant ILD, PASP and PVR should not be considered
as reliable indices of early PAH because the increase in both parameters may be

caused by different pathophysiological basis. Our data are similar to a recently
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published article of D'Alto M at al ™. In this work, the authors underline that caution
IS necessary in interpreting the results of EDE in patients with SSc because an
abnormal pulmonary vascular reserve might be related to the presence of mild to
moderate ILD or to subtle signs of LV diastolic dysfunction. Moreover, they
underline that the RV E’/A’ ratio was lower in patients with SSc than in control
subjects. Our data show that resting RV E’/A’ ratio is a determinant of exercise-
induced increase in PASP, although it could be debated whether this early alteration
in the diastolic function is more likely to be the cause or the consequence of exercise-
induced increase in PASP. Clinical implications of the present work are of
importance because it exhorts to a more conscious use of EDE in patients at high risk
for developing PAH. It is now quite clear that peak PASP is not enough to
characterize these patients and that a more thorough hemodynamic evaluation,
together with an accurate history taking and clinical assessment, is mandatory. RHC
remains the reference standard for clinicians to set up the diagnosis and establish the
indication to start appropriate, PAH specific therapies, but the procedure is
unfortunately not without morbidity and cannot be routinely proposed. Our study
outlines that heterogeneous hemodynamic mechanisms may underlie the same
phenotypic markers of exercise-induced PASP increase. Diastolic dysfunction caused
by primary myocardial involvement or other determinants and primary inappropriate
increase in pulmonary resistance have different underlying causes, heterogeneous
hemodynamic mechanisms and conceivably different therapeutic and prognostic
correlates. The different mechanisms may coexist and overlap in the individual
patient and also have a variable role in different stages of the disease. Some
limitations of the present study should be highlighted. The cutoff value of 50 mmHg
to identify an abnormal exercise-induced PASP is arbitrary because no established
cutoff exists. We chose this value to be as specific as possible to identify patients
with an abnormal vascular response. It seems based on previous studies that there
might be a bimodal distribution of exercise-induced PASP, with a second peak at
about 50 mmHg that is more likely to identify patients reacting to exercise in a

different and possibly pathological way ™ **

(76,110). Non-invasive measurement
of PVR is an indirect evaluation, and although a good correlation has been shown
with invasive values *2* *** Doppler-derived PVR is not universally acknowledged as
a reliable non-invasive surrogate for PVR. Moreover, previous studies have already

used non-invasive PVR evaluation at peak exercise, **° ?° but the formula has been
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validated only at rest ™. Inferior vena cava diameter and collapsibility index to
estimate right atrial pressure were not reassessed at peak exercise, possibly leading to
PASP underestimation.

6.3. Discussion of the follow-up study

Although exercise testing (including EDE) has not been included to the recent
guidelines about PAH, our preliminary results suggest that exercise stress
echocardiography may play a role in the diagnostic evaluation of PAH in patients
with SSc. In the pulmonary vasculature, more than 70% of the vascular bed is lost
before the pressure reaches the pathological level at rest'?. The exact mechanisms of
increased PAP during exercise are unknown. However, they are likely to be due, at
least in part, to the early stages of endothelial dysfunction and vascular remodeling in
the pulmonary circulation that may have little initial effect at rest but become more
evident during exercise. From a pathophysiological point of view, pulmonary artery
systolic pressure under physical exercise depends mainly on the inability of the SSc
pulmonary vascular bed to dilate and consequently would reflect the peculiar stiff
vascular system characteristic of SSc'*’. From a clinical point of view, our data
suggest that this inability, when exceeding a defined value, is predictive for the
development of symptomatic PH during the follow-up. With EDE the identification
of patients susceptible to future PAH has already been studied. However, the data are
conflicting. Data from the UK national registry of CTD-PAH showed that ~20% of
SSc patients with exercise during right heart catheterization (mean PAP >30 mmHg)
progressed to PAH requiring advanced therapy within 3 years*®. Moreover, Steen et
al.*** have demonstrated that EDE unmasked PAH in a substantial number of
scleroderma population at increased risk for PAH (DLCO<60% predictive, forced
vital capacity (FVC)/DLCO>1.6 and estimated systolic PAP 30-50 mmHg). In this
study, 44% of the patients had an increase of >20 mmHg in right ventricular systolic
pressure on echocardiography during exercise. These patients then underwent RHC
and 62% were found to have elevated pressures. Dehnert C et al. have studied
individuals susceptible to high altitude pulmonary edema in normal sea level using
hypoxia and EDE in combination. Their study demonstrates that EDE in normoxia is
sufficient to detect individuals susceptible to high altitude pulmonary edema®?.

Additionally, Gruenig et al.**® have shown that exercise elevation of pulmonary
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pressures is more common among first degree relatives of individuals with familial

PAH, and in some probands progression to overt PAH has been observed.

In contrast, a study by Codullo et al.'® using EDE and follow-up in a low-risk
scleroderma population (asymptomatic without overt PAH; tricuspid regurgitation
velocity <3 m/s-') have found that only one in 19 patients developed PAH requiring
advanced therapy when using an increase in systolic PAP of >18 mmHg after
exercise as the criteria . However, this study has analyzed a different patient
population (low risk, versus intermediate and high risk in our study), and the

conclusion has been drawn after the analysis of a very small patient population.
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7. New observations

1. 2D speckle-tracking echocardiography is a sensitive tool to assess impairment of
LA mechanics, which is detectable in the absence of changes in LA size and volume,

and may represent an early sign of cardiac involvement in patients with SSc.

2. Exercise-induced increase in PASP occurs in almost half of the patients with SSc
with normal resting PASP. Peak exercise PASP is affected by age, ILD, and right
and LV diastolic dysfunction, and only in 5% of the patients, it is associated with an
increase in PVR during exercise, suggesting heterogeneity of the mechanisms

underlying exercise-induced PAH in SSc.

3. EDE is a feasible test to track serial changes over time in PASP in patients at high
risk of developing PAH. Exercise-induced PASP increase is frequently associated

with poor outcome or development of overt resting PASP increase.



46

8. References

1.  Wollheim FA. Classification of systemic sclerosis. Visions and reality.
Rheumatology. 2005;44:1212-6.

2.  Follansbee WP, Curtiss El, Medsger TA, Jr., Steen VD, Uretsky BF, Owens
GR and Rodnan GP. Physiologic abnormalities of cardiac function in progressive
systemic sclerosis with diffuse scleroderma. The New England Journal of Medicine.
1984;310:142-8.

3. Kahan A, Devaux JY, Amor B, Menkes CJ, Weber S, Nitenberg A, Venot A,
Guerin F, Degeorges M and Roucayrol JC. Nifedipine and thallium-201 myocardial
perfusion in progressive systemic sclerosis. The New England Journal of Medicine.
1986;314:1397-402.

4.  Candell-Riera J, Armadans-Gil L, Simeon CP, Castell-Conesa J, Fonollosa-Pla
V, Garcia-del-Castillo H, Vaque-Rafart J, Vilardell M and Soler-Soler J.
Comprehensive noninvasive assessment of cardiac involvement in limited systemic
sclerosis. Arthritis Rheum. 1996;39:1138-45.

5. Steen VD and Medsger TA, Jr. Severe organ involvement in systemic sclerosis
with diffuse scleroderma. Arthritis Rheum. 2000;43:2437-44.

6. Ferri C, Valentini G, Cozzi F, Sebastiani M, Michelassi C, La Montagna G,
Bullo A, Cazzato M, Tirri E, Storino F, Giuggioli D, Cuomo G, Rosada M,
Bombardieri S, Todesco S, Tirri G and Systemic Sclerosis Study Group of the Italian
Society of R. Systemic sclerosis: demographic, clinical, and serologic features and
survival in 1,012 Italian patients. Medicine. 2002;81:139-53.

7. Hegedus | and Czirjak L. Left ventricular wall motion abnormalities in 80
patients with systemic sclerosis. Clin Rheumatol. 1995;14:161-4.

8.  Scussel-Lonzetti L, Joyal F, Raynauld JP, Roussin A, Rich E, Goulet JR,
Raymond Y and Senecal JL. Predicting mortality in systemic sclerosis: analysis of a
cohort of 309 French Canadian patients with emphasis on features at diagnosis as
predictive factors for survival. Medicine. 2002;81:154-67.

9. Kahan A and Allanore Y. Primary myocardial involvement in systemic

sclerosis. Rheumatology. 2006;45 Suppl 4:iv14-7.



47

10. Le Pavec J, Humbert M, Mouthon L and Hassoun PM. Systemic sclerosis-
associated pulmonary arterial hypertension. Am J Respir Crit Care Med.
2010;181:1285-93.

11. Steen VD and Medsger TA. Changes in causes of death in systemic sclerosis,
1972-2002. Ann Rheum Dis. 2007;66:940-4.

12.  McLaughlin V, Humbert M, Coghlan G, Nash P and Steen V. Pulmonary
arterial hypertension: the most devastating vascular complication of systemic
sclerosis. Rheumatology. 2009;48 Suppl 3:iii25-31.

13. Abraham D and Distler O. How does endothelial cell injury start? The role of
endothelin in systemic sclerosis. Arthritis Res Ther. 2007;9 Suppl 2:S2.

14. Varga J and Abraham D. Systemic sclerosis: a prototypic multisystem fibrotic
disorder. J Clin Invest. 2007;117:557-67.

15.  Shi-Wen X, Denton CP, Dashwood MR, Holmes AM, Bou-Gharios G, Pearson
JD, Black CM and Abraham DJ. Fibroblast matrix gene expression and connective
tissue remodeling: role of endothelin-1. J Invest Dermatol. 2001;116:417-25.

16. Denton CP. Therapeutic targets in systemic sclerosis. Arthritis Res Ther.
2007;9 Suppl 2:S6.

17.  Willis BC, duBois RM and Borok Z. Epithelial origin of myofibroblasts during
fibrosis in the lung. Proceedings of the American Thoracic Society. 2006;3:377-82.
18. Kim KK, Kugler MC, Wolters PJ, Robillard L, Galvez MG, Brumwell AN,
Sheppard D and Chapman HA. Alveolar epithelial cell mesenchymal transition
develops in vivo during pulmonary fibrosis and is regulated by the extracellular
matrix. Proceedings of the National Academy of Sciences of the United States of
America. 2006;103:13180-5.

19. Jain R, Shaul PW, Borok Z and Willis BC. Endothelin-1 induces alveolar
epithelial-mesenchymal transition through endothelin type A receptor-mediated
production of TGF-betal. Am J Respir Cell Mol Biol. 2007;37:38-47.

20. Abraham DJ, Krieg T, Distler J and Distler O. Overview of pathogenesis of
systemic sclerosis. Rheumatology. 2009;48 Suppl 3:iii3-7.

21. Baroni SS, Santillo M, Bevilacqua F, Luchetti M, Spadoni T, Mancini M,
Fraticelli P, Sambo P, Funaro A, Kazlauskas A, Avvedimento EV and Gabrielli A.
Stimulatory autoantibodies to the PDGF receptor in systemic sclerosis. The New
England Journal of Medicine. 2006;354:2667-76.



48

22. Chen Y, Shi-wen X, Eastwood M, Black CM, Denton CP, Leask A and
Abraham DJ. Contribution of activin receptor-like kinase 5 (transforming growth
factor beta receptor type 1) signaling to the fibrotic phenotype of scleroderma
fibroblasts. Arthritis Rheum. 2006;54:1309-16.

23. Rosenbaum J, Pottinger BE, Woo P, Black CM, Loizou S, Byron MA and
Pearson JD. Measurement and characterisation of circulating anti-endothelial cell
IgG in connective tissue diseases. Clin Exp Immunol. 1988;72:450-6.

24. Hill MB, Phipps JL, Cartwright RJ, Milford Ward A, Greaves M and Hughes
P. Antibodies to membranes of endothelial cells and fibroblasts in scleroderma. Clin
Exp Immunol. 1996;106:491-7.

25. Salojin KV, Le Tonqueze M, Saraux A, Nassonov EL, Dueymes M, Piette JC
and Youinou PY. Antiendothelial cell antibodies: useful markers of systemic
sclerosis. Am J Med. 1997;102:178-85.

26. Ahmed SS, Tan FK, Arnett FC, Jin L and Geng YJ. Induction of apoptosis and
fibrillin 1 expression in human dermal endothelial cells by scleroderma sera
containing anti-endothelial cell antibodies. Arthritis Rheum. 2006;54:2250-62.

27. Humbert M, Morrell NW, Archer SL, Stenmark KR, MacLean MR, Lang IM,
Christman BW, Weir EK, Eickelberg O, Voelkel NF and Rabinovitch M. Cellular
and molecular pathobiology of pulmonary arterial hypertension. Journal of the
American College of Cardiology. 2004;43:13S-24S.

28. Hassoun PM, Thappa V, Landman MJ and Fanburg BL. Endothelin 1:
mitogenic activity on pulmonary artery smooth muscle cells and release from
hypoxic endothelial cells. Proceedings of the Society for Experimental Biology and
Medicine Society for Experimental Biology and Medicine. 1992;199:165-70.

29. Stelzner TJ, O'Brien RF, Yanagisawa M, Sakurai T, Sato K, Webb S, Zamora
M, McMurtry IF and Fisher JH. Increased lung endothelin-1 production in rats with
idiopathic pulmonary hypertension. Am J Physiol. 1992;262:1.614-20.

30. Dorfmuller P, Perros F, Balabanian K and Humbert M. Inflammation in
pulmonary arterial hypertension. Eur Respir J. 2003;22:358-63.

31. Beghetti M, Black SM and Fineman JR. Endothelin-1 in congenital heart
disease. Pediatr Res. 2005;57:16R-20R.

32.  Vancheeswaran R, Magoulas T, Efrat G, Wheeler-Jones C, Olsen I, Penny R
and Black CM. Circulating endothelin-1 levels in systemic sclerosis subsets--a

marker of fibrosis or vascular dysfunction? J Rheumatol. 1994;21:1838-44.



49

33. Preliminary criteria for the classification of systemic sclerosis (scleroderma).
Subcommittee for scleroderma criteria of the American Rheumatism Association
Diagnostic and Therapeutic Criteria Committee. Arthritis Rheum. 1980;23:581-90.
34. van den Hoogen F, Khanna D, Fransen J, Johnson SR, Baron M, Tyndall A,
Matucci-Cerinic M, Naden RP, Medsger TA, Jr., Carreira PE, Riemekasten G,
Clements PJ, Denton CP, Distler O, Allanore Y, Furst DE, Gabrielli A, Mayes MD,
van Laar JM, Seibold JR, Czirjak L, Steen VD, Inanc M, Kowal-Bielecka O, Muller-
Ladner U, Valentini G, Veale DJ, Vonk MC, Walker UA, Chung L, Collier DH,
Csuka ME, Fessler BJ, Guiducci S, Herrick A, Hsu VM, Jimenez S, Kahaleh B,
Merkel PA, Sierakowski S, Silver RM, Simms RW, Varga J and Pope JE. 2013
classification criteria for systemic sclerosis: an American College of
Rheumatology/European League against Rheumatism collaborative initiative.
Arthritis Rheum. 2013;65:2737-47.

35. Kahan A, Nitenberg A, Foult JM, Amor B, Menkes CJ, Devaux JY, Blanchet
F, Perennec J, Lutfalla G and Roucayrol JC. Decreased coronary reserve in primary
scleroderma myocardial disease. Arthritis Rheum. 1985;28:637-46.

36. Gustafsson R, Mannting F, Kazzam E, Waldenstrom A and Hallgren R. Cold-
induced reversible myocardial ischaemia in systemic sclerosis. Lancet. 1989;2:475-9.
37. Valentini G, Vitale DF, Giunta A, Maione S, Gerundo G, Arnese M, Tirri E,
Pelaggi N, Giacummo A, Tirri G and Condorelli M. Diastolic abnormalities in
systemic sclerosis: evidence for associated defective cardiac functional reserve. Ann
Rheum Dis. 1996;55:455-60.

38. Meune C, Avouac J, Wahbi K, Cabanes L, Wipff J, Mouthon L, Guillevin L,
Kahan A and Allanore Y. Cardiac involvement in systemic sclerosis assessed by
tissue-doppler echocardiography during routine care: A controlled study of 100
consecutive patients. Arthritis Rheum. 2008;58:1803-9.

39. Mele D, Censi S, La Corte R, Merli E, Lo Monaco A, Locaputo A, Ceconi C,
Trotta F and Ferrari R. Abnormalities of left ventricular function in asymptomatic
patients with systemic sclerosis using Doppler measures of myocardial strain. Journal
of the American Society of Echocardiography. 2008;21:1257-64.

40. Armstrong GP, Whalley GA, Doughty RN, Gamble GD, Flett SM, Tan PL and
Sharpe DN. Left ventricular function in scleroderma. Br J Rheumatol. 1996;35:983-
8.



50

41. Ferri C, Giuggioli D, Sebastiani M, Colaci M and Emdin M. Heart involvement
and systemic sclerosis. Lupus. 2005;14:702-7.

42. Rubin LJ and American College of Chest P. Diagnosis and management of
pulmonary arterial hypertension: ACCP evidence-based clinical practice guidelines.
Chest. 2004;126:7S-10S.

43. Benan M, Hande | and Gul O. The natural course of progressive systemic
sclerosis patients with interstitial lung involvement. Clin Rheumatol. 2007;26:349-
54.

44, Galie N, Hoeper MM, Humbert M, Torbicki A, Vachiery JL, Barbera JA,
Beghetti M, Corris P, Gaine S, Gibbs JS, Gomez-Sanchez MA, Jondeau G, Klepetko
W, Opitz C, Peacock A, Rubin L, Zellweger M, Simonneau G and Guidelines
ESCCI{P. Guidelines for the diagnosis and treatment of pulmonary hypertension: the
Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the
European Society of Cardiology (ESC) and the European Respiratory Society (ERS),
endorsed by the International Society of Heart and Lung Transplantation (ISHLT).
Eur Heart J. 2009;30:2493-537.

45.  McLaughlin VV, Archer SL, Badesch DB, Barst RJ, Farber HW, Lindner JR,
Mathier MA, McGoon MD, Park MH, Rosenson RS, Rubin LJ, Tapson VF, Varga J,
Harrington RA, Anderson JL, Bates ER, Bridges CR, Eisenberg MJ, Ferrari VA,
Grines CL, Hlatky MA, Jacobs AK, Kaul S, Lichtenberg RC, Lindner JR, Moliterno
DJ, Mukherjee D, Pohost GM, Rosenson RS, Schofield RS, Shubrooks SJ, Stein JH,
Tracy CM, Weitz HH, Wesley DJ and Accf/Aha. ACCF/AHA 2009 expert
consensus document on pulmonary hypertension: a report of the American College
of Cardiology Foundation Task Force on Expert Consensus Documents and the
American Heart Association: developed in collaboration with the American College
of Chest Physicians, American Thoracic Society, Inc., and the Pulmonary
Hypertension Association. Circulation. 2009;119:2250-94.

46. Avouac J, Airo P, Meune C, Beretta L, Dieude P, Caramaschi P, Tiev K,
Cappelli S, Diot E, Vacca A, Cracowski JL, Sibilia J, Kahan A, Matucci-Cerinic M
and Allanore Y. Prevalence of pulmonary hypertension in systemic sclerosis in
European Caucasians and metaanalysis of 5 studies. J Rheumatol. 2010;37:2290-8.
47. Tyndall AJ, Bannert B, Vonk M, Airo P, Cozzi F, Carreira PE, Bancel DF,
Allanore Y, Muller-Ladner U, Distler O, lannone F, Pellerito R, Pileckyte M, Miniati

I, Ananieva L, Gurman AB, Damjanov N, Mueller A, Valentini G, Riemekasten G,



51

Tikly M, Hummers L, Henriques MJ, Caramaschi P, Scheja A, Rozman B, Ton E,
Kumanovics G, Coleiro B, Feierl E, Szucs G, Von Muhlen CA, Riccieri V, Novak S,
Chizzolini C, Kotulska A, Denton C, Coelho PC, Kotter I, Simsek I, de la Pena
Lefebvre PG, Hachulla E, Seibold JR, Rednic S, Stork J, Morovic-Vergles J and
Walker UA. Causes and risk factors for death in systemic sclerosis: a study from the
EULAR Scleroderma Trials and Research (EUSTAR) database. Ann Rheum Dis.
2010;69:1809-15.

48. Hachulla E, Carpentier P, Gressin V, Diot E, Allanore Y, Sibilia J, Launay D,
Mouthon L, Jego P, Cabane J, de Groote P, Chabrol A, Lazareth I, Guillevin L,
Clerson P, Humbert M and Itiner AIRSSI. Risk factors for death and the 3-year
survival of patients with systemic sclerosis: the French ItinerAIR-Sclerodermie
study. Rheumatology. 2009;48:304-8.

49. Condliffe R, Kiely DG, Peacock AJ, Corris PA, Gibbs JS, Vrapi F, Das C,
Elliot CA, Johnson M, DeSoyza J, Torpy C, Goldsmith K, Hodgkins D, Hughes RJ,
Pepke-Zaba J and Coghlan JG. Connective tissue disease-associated pulmonary
arterial hypertension in the modern treatment era. Am J Respir Crit Care Med.
2009;179:151-7.

50. Launay D, Sitbon O, Hachulla E, Mouthon L, Gressin V, Rottat L, Clerson P,
Cordier JF, Simonneau G and Humbert M. Survival in systemic sclerosis-associated
pulmonary arterial hypertension in the modern management era. Ann Rheum Dis.
2013;72:1940-6.

51. Fisher MR, Mathai SC, Champion HC, Girgis RE, Housten-Harris T,
Hummers L, Krishnan JA, Wigley F and Hassoun PM. Clinical differences between
idiopathic and scleroderma-related pulmonary hypertension. Arthritis Rheum.
2006;54:3043-50.

52. Kawut SM, Taichman DB, Archer-Chicko CL, Palevsky HI and Kimmel SE.
Hemodynamics and survival in patients with pulmonary arterial hypertension related
to systemic sclerosis. Chest. 2003;123:344-50.

53. Hachulla E, Gressin V, Guillevin L, Carpentier P, Diot E, Sibilia J, Kahan A,
Cabane J, Frances C, Launay D, Mouthon L, Allanore Y, Tiev KP, Clerson P, de
Groote P and Humbert M. Early detection of pulmonary arterial hypertension in
systemic sclerosis: a French nationwide prospective multicenter study. Arthritis
Rheum. 2005;52:3792-800.



52

54. Humbert M, Gerry Coghlan J and Khanna D. Early detection and management
of pulmonary arterial hypertension. European Respiratory Review. 2012;21:306-12.
55. Mathai SC, Hummers LK, Champion HC, Wigley FM, Zaiman A, Hassoun
PM and Girgis RE. Survival in pulmonary hypertension associated with the
scleroderma spectrum of diseases: impact of interstitial lung disease. Arthritis
Rheum. 2009;60:569-77.

56. Launay D, Humbert M, Berezne A, Cottin V, Allanore Y, Couderc LJ, Bletry
O, Yaici A, Hatron PY, Mouthon L, Le Pavec J, Clerson P and Hachulla E. Clinical
characteristics and survival in systemic sclerosis-related pulmonary hypertension
associated with interstitial lung disease. Chest. 2011;140:1016-24.

57. Goh NS, Desai SR, Veeraraghavan S, Hansell DM, Copley SJ, Maher TM,
Corte TJ, Sander CR, Ratoff J, Devaraj A, Bozovic G, Denton CP, Black CM, du
Bois RM and Wells AU. Interstitial lung disease in systemic sclerosis: a simple
staging system. Am J Respir Crit Care Med. 2008;177:1248-54.

58. Steen V and Medsger TA, Jr. Predictors of isolated pulmonary hypertension in
patients with systemic sclerosis and limited cutaneous involvement. Arthritis Rheum.
2003;48:516-22.

59. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, Crapo
R, Enright P, van der Grinten CP, Gustafsson P, Jensen R, Johnson DC, Maclintyre
N, McKay R, Navajas D, Pedersen OF, Pellegrino R, Viegi G, Wanger J and Force
AET. Standardisation of spirometry. Eur Respir J. 2005;26:319-38.

60. Gargani L, Doveri M, D'Errico L, Frassi F, Bazzichi ML, Delle Sedie A, Scali
MC, Monti S, Mondillo S, Bombardieri S, Caramella D and Picano E. Ultrasound
lung comets in systemic sclerosis: a chest sonography hallmark of pulmonary
interstitial fibrosis. Rheumatology. 2009;48:1382-7.

61. Desai SR, Veeraraghavan S, Hansell DM, Nikolakopolou A, Goh NS,
Nicholson AG, Colby TV, Denton CP, Black CM, du Bois RM and Wells AU. CT
features of lung disease in patients with systemic sclerosis: comparison with
idiopathic pulmonary fibrosis and nonspecific interstitial pneumonia. Radiology.
2004;232:560-7.

62. Valentini G, Bencivelli W, Bombardieri S, D'Angelo S, Della Rossa A, Silman
AJ, Black CM, Czirjak L, Nielsen H and Vlachoyiannopoulos PG. European

Scleroderma Study Group to define disease activity criteria for systemic sclerosis.



53

I1l. Assessment of the construct validity of the preliminary activity criteria. Ann
Rheum Dis. 2003;62:901-3.

63. Porta F, Gargani L, Kaloudi O, Schmidt WA, Picano E, Damjanov N and
Matucci-Cerinic M. The new frontiers of ultrasound in the complex world of
vasculitides and scleroderma. Rheumatology. 2012;51 Suppl 7:vii26-30.

64. Mor-Avi V, Lang RM, Badano LP, Belohlavek M, Cardim NM, Derumeaux G,
Galderisi M, Marwick T, Nagueh SF, Sengupta PP, Sicari R, Smiseth OA, Smulevitz
B, Takeuchi M, Thomas JD, Vannan M, Voigt JU and Zamorano JL. Current and
evolving echocardiographic techniques for the quantitative evaluation of cardiac
mechanics: ASE/EAE consensus statement on methodology and indications endorsed
by the Japanese Society of Echocardiography. European Journal of
Echocardiography. 2011;12:167-205.

65. Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka PA,
Picard MH, Roman MJ, Seward J, Shanewise J, Solomon S, Spencer KT, St John
Sutton M, Stewart W, American Society of Echocardiography's N, Standards C, Task
Force on Chamber Q, American College of Cardiology Echocardiography C,
American Heart A and European Association of Echocardiography ESoC.
Recommendations  for chamber quantification.  European Journal  of
Echocardiography. 2006;7:79-108.

66. Lancellotti P, Moura L, Pierard LA, Agricola E, Popescu BA, Tribouilloy C,
Hagendorff A, Monin JL, Badano L, Zamorano JL and European Association of E.
European Association of Echocardiography recommendations for the assessment of
valvular regurgitation. Part 2: mitral and tricuspid regurgitation (native valve
disease). European Journal of Echocardiography. 2010;11:307-32.

67. Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth OA,
Waggoner AD, Flachskampf FA, Pellikka PA and Evangelisa A. Recommendations
for the evaluation of left ventricular diastolic function by echocardiography.
European Journal of Echocardiography. 2009;10:165-93.

68. Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD, Chandrasekaran
K, Solomon SD, Louie EK and Schiller NB. Guidelines for the echocardiographic
assessment of the right heart in adults: a report from the American Society of
Echocardiography endorsed by the European Association of Echocardiography, a

registered branch of the European Society of Cardiology, and the Canadian Society



54

of Echocardiography. Journal of the American Society of Echocardiography.
2010;23:685-713; quiz 786-8.

69. Serri K, Reant P, Lafitte M, Berhouet M, Le Bouffos V, Roudaut R and Lafitte
S. Global and regional myocardial function quantification by two-dimensional strain:
application in hypertrophic cardiomyopathy. Journal of the American College of
Cardiology. 2006;47:1175-81.

70. Cameli M, Caputo M, Mondillo S, Ballo P, Palmerini E, Lisi M, Marino E and
Galderisi M. Feasibility and reference values of left atrial longitudinal strain imaging
by two-dimensional speckle tracking. Cardiovasc Ultrasound. 2009;7:6.

71. Abbas AE, Fortuin FD, Schiller NB, Appleton CP, Moreno CA and Lester SJ.
A simple method for noninvasive estimation of pulmonary vascular resistance.
Journal of the American College of Cardiology. 2003;41:1021-7.

72. Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA and Quinones MA.
Doppler tissue imaging: a noninvasive technique for evaluation of left ventricular
relaxation and estimation of filling pressures. Journal of the American College of
Cardiology. 1997;30:1527-33.

73. Chemla D, Castelain V, Humbert M, Hebert JL, Simonneau G, Lecarpentier Y
and Herve P. New formula for predicting mean pulmonary artery pressure using
systolic pulmonary artery pressure. Chest. 2004;126:1313-7.

74. D'Alto M, Ghio S, D'Andrea A, Pazzano AS, Argiento P, Camporotondo R,
Allocca F, Scelsi L, Cuomo G, Caporali R, Cavagna L, Valentini G and Calabro R.
Inappropriate exercise-induced increase in pulmonary artery pressure in patients with
systemic sclerosis. Heart. 2011;97:112-7.

75. D'Andrea A, Naeije R, D'Alto M, Argiento P, Golia E, Cocchia R, Riegler L,
Scarafile R, Limongelli G, Di Salvo G, Citro R, Caso P, Russo MG, Calabro R and
Bossone E. Range in pulmonary artery systolic pressure among highly trained
athletes. Chest. 2011;139:788-94.

76. Sicari R, Nihoyannopoulos P, Evangelista A, Kasprzak J, Lancellotti P,
Poldermans D, Voigt JU, Zamorano JL and European Association of E. Stress
echocardiography expert consensus statement: European Association of
Echocardiography (EAE) (a registered branch of the ESC). European Journal of
Echocardiography. 2008;9:415-37.

77. Naeije R. In defence of exercise stress tests for the diagnosis of pulmonary
hypertension. Heart. 2011;97:94-5.



55

78. Picano E, Lattanzi F, Orlandini A, Marini C and L'Abbate A. Stress
echocardiography and the human factor: the importance of being expert. Journal of
the American College of Cardiology. 1991;17:666-9.

79. Rossi A, Zardini P and Marino P. Modulation of left atrial function by
ventricular filling impairment. Heart Fail Rev. 2000;5:325-31.

80. Kono T, Sabbah HN, Rosman H, Alam M, Stein PD and Goldstein S. Left
atrial contribution to ventricular filling during the course of evolving heart failure.
Circulation. 1992;86:1317-22.

81. Prioli A, Marino P, Lanzoni L and Zardini P. Increasing degrees of left
ventricular filling impairment modulate left atrial function in humans. Am J Cardiol.
1998,;82:756-61.

82. Tsang TS, Barnes ME, Gersh BJ, Bailey KR and Seward JB. Left atrial volume
as a morphophysiologic expression of left ventricular diastolic dysfunction and
relation to cardiovascular risk burden. Am J Cardiol. 2002;90:1284-9.

83. Benjamin EJ, D'Agostino RB, Belanger AJ, Wolf PA and Levy D. Left atrial
size and the risk of stroke and death. The Framingham Heart Study. Circulation.
1995;92:835-41.

84. Cameli M, Lisi M, Righini FM and Mondillo S. Novel echocardiographic
techniques to assess left atrial size, anatomy and function. Cardiovasc Ultrasound.
2012;10:4.

85. Inaba Y, Yuda S, Kobayashi N, Hashimoto A, Uno K, Nakata T, Tsuchihashi
K, Miura T, Ura N and Shimamoto K. Strain rate imaging for noninvasive functional
quantification of the left atrium: comparative studies in controls and patients with
atrial fibrillation. Journal of the American Society of Echocardiography.
2005;18:729-36.

86. Thomas L, McKay T, Byth K and Marwick TH. Abnormalities of left atrial
function after cardioversion: an atrial strain rate study. Heart. 2007;93:89-95.

87. Cameli M, Lisi M, Reccia R, Bennati E, Malandrino A, Solari M, Bigio E,
Biagioli B, Righini FM, Maccherini M, Chiavarelli M, Henein M and Mondillo S.
Pre-operative left atrial strain predicts post-operative atrial fibrillation in patients
undergoing aortic valve replacement for aortic stenosis. Int J Cardiovasc Imaging.
2014;30:279-86.

88. Tzelepis GE, Kelekis NL, Plastiras SC, Mitseas P, Economopoulos N,
Kampolis C, Gialafos EJ, Moyssakis | and Moutsopoulos HM. Pattern and



56

distribution of myocardial fibrosis in systemic sclerosis: a delayed enhanced
magnetic resonance imaging study. Arthritis Rheum. 2007;56:3827-36.

89. Di Cesare E, Battisti S, Di Sibio A, Cipriani P, Giacomelli R, Liakouli V,
Ruscitti P and Masciocchi C. Early assessment of sub-clinical cardiac involvement in
systemic sclerosis (SSc) using delayed enhancement cardiac magnetic resonance
(CE-MRI). Eur J Radiol. 2013;82:268-73.

90. Hachulla AL, Launay D, Gaxotte V, de Groote P, Lamblin N, Devos P, Hatron
PY, Beregi JP and Hachulla E. Cardiac magnetic resonance imaging in systemic
sclerosis: a cross-sectional observational study of 52 patients. Ann Rheum Dis.
2009;68:1878-84.

91. Nassenstein K, Breuckmann F, Huger M, Ladd SC, Schlosser T, Kreuter A and
Barkhausen J. Detection of myocardial fibrosis in systemic sclerosis by contrast-
enhanced magnetic resonance imaging. RoFo : Fortschritte auf dem Gebiete der
Rontgenstrahlen und der Nuklearmedizin. 2008;180:1054-60.

92. D'Angelo WA, Fries JF, Masi AT and Shulman LE. Pathologic observations in
systemic sclerosis (scleroderma). A study of fifty-eight autopsy cases and fifty-eight
matched controls. Am J Med. 1969;46:428-40.

93. Mavrogeni S, Bratis K and Sfikakis PP. Pleuro-pericarditis, vasculitis,
subendocardial and nodular biventricular fibrosis. The multiple faces of systemic
sclerosis detected by cardiac magnetic resonance in the same patient. Int J Cardiol.
2013;163:626-7.

94. Mavrogeni S, Bratis K, van Wijk K, Stavropoulos E, Hautemann D, Reiber JH
and Kolovou G. Myocardial perfusion-fibrosis pattern in systemic sclerosis assessed
by cardiac magnetic resonance. Int J Cardiol. 2012;159:e56-8.

95. Ntusi NA, Piechnik SK, Francis JM, Ferreira VM, Rai AB, Matthews PM,
Robson MD, Moon J, Wordsworth PB, Neubauer S and Karamitsos TD. Subclinical
myocardial inflammation and diffuse fibrosis are common in systemic sclerosis--a
clinical study using myocardial T1-mapping and extracellular volume quantification.
Journal of Cardiovascular Magnetic Resonance. 2014;16:21.

96. Leung DY, Boyd A, Ng AA, Chi C and Thomas L. Echocardiographic
evaluation of left atrial size and function: current understanding, pathophysiologic
correlates, and prognostic implications. Am Heart J. 2008;156:1056-64.



57

97. Rosca M, Lancellotti P, Popescu BA and Pierard LA. Left atrial function:
pathophysiology, echocardiographic assessment, and clinical applications. Heart.
2011;97:1982-9.

98. Vaziri SM, Larson MG, Benjamin EJ and Levy D. Echocardiographic
predictors of nonrheumatic atrial fibrillation. The Framingham Heart Study.
Circulation. 1994;89:724-30.

99. Cameli M, Lisi M, Righini FM, Massoni A, Natali BM, Focardi M, Tacchini
D, Geyer A, Curci V, Di Tommaso C, Lisi G, Maccherini M, Chiavarelli M, Massetti
M, Tanganelli P and Mondillo S. Usefulness of atrial deformation analysis to predict
left atrial fibrosis and endocardial thickness in patients undergoing mitral valve
operations for severe mitral regurgitation secondary to mitral valve prolapse. Am J
Cardiol. 2013;111:595-601.

100. Kepez A, Akdogan A, Sade LE, Deniz A, Kalyoncu U, Karadag O, Hayran M,
Aytemir K, Ertenli I, Kiraz S, Calguneri M, Kabakci G and Tokgozoglu L. Detection
of subclinical cardiac involvement in systemic sclerosis by echocardiographic strain
imaging. Echocardiography. 2008;25:191-7.

101. Schattke S, Knebel F, Grohmann A, Dreger H, Kmezik F, Riemekasten G,
Baumann G and Borges AC. Early right ventricular systolic dysfunction in patients
with systemic sclerosis without pulmonary hypertension: a Doppler Tissue and
Speckle Tracking echocardiography study. Cardiovasc Ultrasound. 2010;8:3.

102. Matias C, Isla LP, Vasconcelos M, Almeria C, Rodrigo JL, Serra V and
Zamorano J. Speckle-tracking-derived strain and strain-rate analysis: a technique for
the evaluation of early alterations in right ventricle systolic function in patients with
systemic sclerosis and normal pulmonary artery pressure. J Cardiovasc Med
(Hagerstown). 2009;10:129-34.

103. D'Andrea A, Stisi S, Bellissimo S, Vigorito F, Scotto di Uccio F, Tozzi N,
Moscato F, Pezzullo E, Calabro R and Scherillo M. Early impairment of myocardial
function in systemic sclerosis: non-invasive assessment by Doppler myocardial and
strain rate imaging. European Journal of Echocardiography. 2005;6:407-18.

104. Yiu KH, Schouffoer AA, Marsan NA, Ninaber MK, Stolk J, Vlieland TV,
Scherptong RW, Delgado V, Holman ER, Tse HF, Huizinga TW, Bax JJ and
Schuerwegh AJ. Left ventricular dysfunction assessed by speckle-tracking strain
analysis in patients with systemic sclerosis: relationship to functional capacity and
ventricular arrhythmias. Arthritis Rheum. 2011;63:3969-78.



58

105. Spethmann S, Dreger H, Schattke S, Riemekasten G, Borges AC, Baumann G
and Knebel F. Two-dimensional speckle tracking of the left ventricle in patients with
systemic sclerosis for an early detection of myocardial involvement. Eur Heart J
Cardiovasc Imaging. 2012;13:863-70.

106. Dimitroulas T, Giannakoulas G, Papadopoulou K, Sfetsios T, Karvounis H,
Dimitroula H, Parcharidou D, Koliakos G, Garyfallos A, Styliadis | and Settas L.
Left atrial volume and N-terminal pro-B type natriuretic peptide are associated with
elevated pulmonary artery pressure in patients with systemic sclerosis. Clin
Rheumatol. 2010;29:957-64.

107. Vianna-Pinton R, Moreno CA, Baxter CM, Lee KS, Tsang TS and Appleton
CP. Two-dimensional speckle-tracking echocardiography of the left atrium:
feasibility and regional contraction and relaxation differences in normal subjects.
Journal of the American Society of Echocardiography. 2009;22:299-305.

108. Saraiva RM, Demirkol S, Buakhamsri A, Greenberg N, Popovic ZB, Thomas
JD and Klein AL. Left atrial strain measured by two-dimensional speckle tracking
represents a new tool to evaluate left atrial function. Journal of the American Society
of Echocardiography. 2010;23:172-80.

109. Collins N, Bastian B, Quiqueree L, Jones C, Morgan R and Reeves G.
Abnormal pulmonary vascular responses in patients registered with a systemic
autoimmunity database: Pulmonary Hypertension Assessment and Screening
Evaluation using stress echocardiography (PHASE-I). European Journal of
Echocardiography. 2006;7:439-46.

110. Alkotob ML, Soltani P, Sheatt MA, Katsetos MC, Rothfield N, Hager WD,
Foley RJ and Silverman DI. Reduced exercise capacity and stress-induced
pulmonary hypertension in patients with scleroderma. Chest. 2006;130:176-81.

111. Callejas-Rubio JL, Moreno-Escobar E, de la Fuente PM, Perez LL, Fernandez
RR, Sanchez-Cano D, Mora JP and Ortego-Centeno N. Prevalence of exercise
pulmonary arterial hypertension in scleroderma. J Rheumatol. 2008;35:1812-6.

112. Pignone A, Mori F, Pieri F, Oddo A, Galeota G, Fiori G, Del Rosso A, Perfetto
F, Becucci A, Livi R, Tempestini A, Benvenuti C, Gramigna L, Fedi R, Generini S,
Minelli M, Cinelli M, Guiducci S, Arcangeli C, Conforti ML, Bernardo P and
Cerinic MM. Exercise Doppler echocardiography identifies preclinic asymptomatic
pulmonary hypertension in systemic sclerosis. Annals of the New York Academy of
Sciences. 2007;1108:291-304.



59

113. Tolle JJ, Waxman AB, Van Horn TL, Pappagianopoulos PP and Systrom DM.
Exercise-induced pulmonary arterial hypertension. Circulation. 2008;118:2183-9.
114. Steen V, Chou M, Shanmugam V, Mathias M, Kuru T and Morrissey R.
Exercise-induced pulmonary arterial hypertension in patients with systemic sclerosis.
Chest. 2008;134:146-51.

115. Grunig E, Weissmann S, Ehlken N, Fijalkowska A, Fischer C, Fourme T, Galie
N, Ghofrani A, Harrison RE, Huez S, Humbert M, Janssen B, Kober J, Koehler R,
Machado RD, Mereles D, Naeije R, Olschewski H, Provencher S, Reichenberger F,
Retailleau K, Rocchi G, Simonneau G, Torbicki A, Trembath R and Seeger W.
Stress Doppler echocardiography in relatives of patients with idiopathic and familial
pulmonary arterial hypertension: results of a multicenter European analysis of
pulmonary artery pressure response to exercise and hypoxia. Circulation.
2009;119:1747-57.

116. Argiento P, Chesler N, Mule M, D'Alto M, Bossone E, Unger P and Naeije R.
Exercise stress echocardiography for the study of the pulmonary circulation. Eur
Respir J. 2010;35:1273-8.

117. Serra W, Chetta A, Santilli D, Mozzani F, Dall'Aglio PP, Olivieri D, Cattabiani
MA, Ardissino D and Gherli T. Echocardiography may help detect pulmonary
vasculopathy in the early stages of pulmonary artery hypertension associated with
systemic sclerosis. Cardiovasc Ultrasound. 2010;8:25.

118. Bossone E, Rubenfire M, Bach DS, Ricciardi M and Armstrong WF. Range of
tricuspid regurgitation velocity at rest and during exercise in normal adult men:
implications for the diagnosis of pulmonary hypertension. Journal of the American
College of Cardiology. 1999;33:1662-6.

119. Bidart CM, Abbas AE, Parish JM, Chaliki HP, Moreno CA and Lester SJ. The
noninvasive evaluation of exercise-induced changes in pulmonary artery pressure
and pulmonary vascular resistance. Journal of the American Society of
Echocardiography. 2007;20:270-5.

120. McQuillan BM, Picard MH, Leavitt M and Weyman AE. Clinical correlates
and reference intervals for pulmonary artery systolic pressure among
echocardiographically normal subjects. Circulation. 2001;104:2797-802.

121. Lam CS, Borlaug BA, Kane GC, Enders FT, Rodeheffer RJ and Redfield MM.
Age-associated increases in pulmonary artery systolic pressure in the general
population. Circulation. 2009;119:2663-70.



60

122. Granath ST. Relationsships between cardiac output, stroke volume and
intracardiac pressures at rest and and during exercise in supine position and some
anthropometric data in healthy old men. Acta Med Scand 1964;176:447-66.

123. Roule V, Labombarda F, Pellissier A, Sabatier R, Lognone T, Gomes S, Bergot
E, Milliez P, Grollier G and Saloux E. Echocardiographic assessment of pulmonary
vascular resistance in pulmonary arterial hypertension. Cardiovasc Ultrasound.
2010;8:21.

124. Dahiya A, Vollbon W, Jellis C, Prior D, Wahi S and Marwick T.
Echocardiographic assessment of raised pulmonary vascular resistance: application
to diagnosis and follow-up of pulmonary hypertension. Heart. 2010;96:2005-9.

125. Choi EY, Shim J, Kim SA, Shim CY, Yoon SJ, Kang SM, Choi D, Ha JW,
Rim SJ, Jang Y and Chung N. Value of echo-Doppler derived pulmonary vascular
resistance, net-atrioventricular compliance and tricuspid annular velocity in
determining exercise capacity in patients with mitral stenosis. Circ J. 2007;71:1721-
1.

126. Reid LM. Structure and function in pulmonary hypertension. New perceptions.
Chest. 1986;89:279-88.

127. Pattanaik D, Brown M and Postlethwaite AE. Vascular involvement in
systemic sclerosis (scleroderma). J Inflamm Res. 2011;4:105-25.

128. Dehnert C, Grunig E, Mereles D, von Lennep N and Bartsch P. Identification
of individuals susceptible to high-altitude pulmonary oedema at low altitude. Eur
Respir J. 2005;25:545-51.

129. Codullo V, Caporali R, Cuomo G, Ghio S, D'Alto M, Fusetti C, Borgogno E,
Montecucco C and Valentini G. Stress Doppler echocardiography in systemic
sclerosis: evidence for a role in the prediction of pulmonary hypertension. Arthritis
Rheum. 2013;65:2403-11.



61

9. Acknowledgements

- | would like to thank my supervisor, Professor Albert Varga, for the patient
guidance, encouragement and advice he has provided throughout my time as his PhD
fellow. Throughout my thesis-writing period, he provided encouragement, sound
advice, good teaching, good company, and lots of good ideas. | would have been lost

without him.

- | offer my sincerest gratitude to my two supervisors in Pisa, Professor Eugenio
Picano and Dr. Rosa Sicari, who have supported me throughout my thesis with their

patience and knowledge whilst allowing me the room to work in my own way.

- I would also like to thank Dr. Luna Gargani, who as a good friend was always

willing to help and give her best suggestions.

- My sincere thanks also go to Professor Tamds Forster for leading me working

on diverse exciting projects.

- Last, but not least, | would like to dedicate this thesis to my family, to my
lovely wife Gordana and to my sweet children Réza and Simon, for their

understanding, patience and love.



