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RESUMO

Contexto: A esclerose sistémica (ES) é uma doenga autoimune do tecido
conjuntivo, caracterizada por lesdo vascular mediada pelo sistema imunitario e
fibrose progressiva que afeta multiplos 6érgéos, incluindo os pulmées e o coragao.
As complicagdes cardiopulmonares, particularmente a hipertensdo arterial
pulmonar (HAP) e o envolvimento cardiaco primario, constituem as principais
causas de morbilidade e mortalidade. A detegao precoce permanece desafiante
devido ao inicio subclinico e a sobreposi¢cdao de sintomatologia entre estas
entidades. Os testes funcionais de exercicio, incluindo a prova de marcha de 6
minutos (PM6M) e a prova de esfor¢o cardiopulmonar (PECP), emergiram como
ferramentas nao invasivas valiosas para avaliar o envolvimento cardiopulmonar,
estratificar o risco e orientar a tomada de decisdes diagndsticas na ES.
Métodos: Este trabalho integra uma revisdo abrangente dos aspetos
epidemiologicos, etiopatogénicos e clinicos do envolvimento cardiopulmonar na
ES, com foco na HAP associada a ES e na doenga cardiaca primaria, juntamente
com a analise de dados clinicos recentes. Foram considerados dois estudos
observacionais:

1. Um estudo transversal que avaliou o desempenho diagndstico da PECP
na exclusdo de HAP entre doentes com ES referenciados para
cateterismo cardiaco direito (CCD);

2. Um estudo prospetivo que analisou a prevaléncia e os correlatos clinicos
dos diferentes estadios de insuficiéncia cardiaca (IC) em doentes com ES
sem HAP, destacando o papel da PECP e da PM6M na avaliacao
funcional; e

3. Um estudo transversal que avaliou o desempenho do trabalho miocardio
em detetar disfungdo cardiaca subclinica, e a sua associacdo com
marcadores de capacidade funcional.

Resultados: A HAP foi diagnosticada em aproximadamente 26% dos doentes
com ES referenciados por suspeita da doencga. As variaveis da PECP,
nomeadamente o consumo maximo de oxigénio (VO, pico), a inclinagédo da

ventilagdo-minuto em relagdo a producdo de diéxido de carbono (relagéo
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VE/NCO,) e a pressao parcial de didéxido de carbono no final da expiragéo
(PetCO,), distinguiram doentes com e sem HAP com elevada precisdo
diagnéstica (area sob a curva (AUC) = 0,80). Os limiares de VO, pico < 16
mL/kg/min, relagdo VE/VCO, = 33 e PetCO, < 33 mmHg demonstraram 100%
de especificidade para a exclusdo de HAP, podendo reduzir a necessidade de
CCD invasivo em até 40% dos doentes. No segundo estudo, cerca de metade
da coorte de doentes com ES sem HAP apresentou estadios pré-clinicos de IC
(A/B), enquanto 38% exibiram IC sintomatica (estadio C). Os estadios mais
avancgados de IC correlacionaram-se com idade mais avangada, maior carga de
doenca sistémica e evidéncia ecocardiografica de disfuncao diastdlica (aumento
da relacéo E/e' e dilatacdo da auricula esquerda). Tanto a PM6M como os
parametros da PECP (reducdo do VO, pico, aumento da relagdo VE/VCO,)
mostraram associagdes significativas com a gravidade da IC e com a limitagcao
funcional, sublinhando a sua utilidade na detecao precoce e na estratificagdo do
risco. No terceiro estudo, o indice global de trabalho (GWI) apresentou uma
correlagdo positiva com o %VO, previsto (r=0,38; p=0,026), o limiar ventilatorio
(r=0,43; p=0,04) e o PETCO, no pico (r=0,45; p=0,006), bem como uma
correlagdo negativa com o VO2/VCO, no pico (r=-0,40; p=0,016). O trabalho
construtivo global (GCW) revelou uma correlagdo positiva com o limiar
ventilatério (r=0,42; p=0,044) e com o PETCO, no pico (r=0,46; p=0,006), e uma
correlagdo negativa com o VO/VCO, no pico (r=-0,44; p=0,007). A distancia
percorrida no teste dos seis minutos (6MWD) apresentou correlagao apenas com
a fracao de ejecao (FE) (r=-0,34; p=0,033).

Conclusées: A HAP e o envolvimento cardiaco primario constituem
manifestacdes cardiovasculares frequentemente sobrepostas da ES. Os testes
funcionais de exercicio fornecem informagdes cruciais sobre a resposta
cardiopulmonar integrada, permitindo o reconhecimento precoce de doenca
subclinica e uma caracterizacdo mais precisa da disfuncdo estabelecida. A
PECP demonstra utilidade na distingao entre HAP e outras causas de dispneia,
bem como na decisdo de se avancgar para testes invasivos, enquanto a PM6M
permanece uma medida pratica e reprodutivel da capacidade funcional e do

prognostico. A insuficiéncia cardiaca (IC) pré-clinica e sintomatica revelou-se
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muito prevalente em doentes com SSc. A classificagdo da IC mostrou estar
associada a gravidade da doenca, a idade e aos fatores de risco cardiovascular,
enquanto os testes de capacidade funcional (PM6M e PECP) apresentam-se
como ferramentas para a estratificagdo do risco de IC. O indice global de trabalho
(GWI) e o trabalho construtivo global (GCW) destacaram-se como marcadores
sensiveis de disfungcdo miocardica precoce em doentes com SSc com
envolvimento cardiaco e HAP. Os indices de trabalho miocardico apresentaram
correlacbes modestas com os parametros de desempenho ao exercicio,
refletindo a natureza multifatorial da limitagao funcional nesta populagao. Estes
achados salientam a necessidade critica de uma avaliagdo cardiovascular
abrangente e de estratégias de gestdo direcionadas para mitigar a progresséo

da IC em doentes com ES.

Palavras-chave: ESCLEROSE SISTEMICA; INSUFICIENCIA
CARDIACA; HIPERTENSAO ARTERIAL PULMONAR, TESTE DE ESFORCO
CARDIOPULMONAR, PROVA DE MARCHA DE 6 MINUTOS
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ABSTRACT

Background: Systemic sclerosis (SSc) is a autoimmune connective tissue
disease characterized by immune-mediated vascular injury and progressive
fibrosis affecting multiple organs, including the lungs and heart. Cardiopulmonary
complications, particularly pulmonary arterial hypertension (PAH) and primary
cardiac involvement, represent leading causes of morbidity and mortality. Early
detection remains challenging due to the subclinical onset and overlapping
symptomatology of these entities. Functional exercise testing, including the six-
minute walk distance (6MWD) and cardiopulmonary exercise testing (CPET), has
emerged as a valuable non-invasive tool for assessing cardiopulmonary
involvement, stratifying risk, and guiding diagnostic decision-making in SSc.
Methods: This work integrates a comprehensive review of the epidemiological,
etiopathogenic, and clinical aspects of cardiopulmonary involvement in SSc, with
a focus on SSc-associated PAH and primary cardiac disease, alongside analysis
of recent clinical data. Three observational studies were considered:

(1) a cross-sectional study evaluating the diagnostic performance of CPET in
excluding PAH among SSc patients referred for right heart catheterization (RHC);
(2) a prospective study assessing the prevalence and clinical correlates of heart
failure (HF) stages in SSc patients without PAH, emphasizing the role of CPET
and 6MWD in functional evaluation; and

(3) a cross-sectional study evaluating the ability of myocardial work to detect
subclinical cardiac dysfunction and its association with functional capacity
markers

Results: PAH was diagnosed in approximately 26% of SSc patients referred for
suspected disease. CPET variables, namely peak volume of oxygen (VO,),
minute ventilation to carbon dioxide production (VE/VCO,) slope, and partial
pressure of end-tidal carbon dioxide (PetCO,), differentiated PAH from non-PAH
patients with high diagnostic accuracy (area under the curve (AUC) = 0.80).
Thresholds of peak VO, < 16 mL/kg/min, VE/VCO, slope = 33, and PetCO, < 33
mmHg demonstrated 100% specificity for excluding PAH, potentially reducing the

need for invasive RHC in up to 40% of patients.
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In the second study, nearly half of the SSc cohort without PAH presented
preclinical HF stages (A/B), while 38% exhibited symptomatic HF (stage C).
Advanced HF stages correlated with older age, greater systemic disease burden,
and echocardiographic evidence of diastolic dysfunction (increased E/e’ ratio,
enlarged left atrium). Both 6MWD and CPET parameters (reduced peak VO,,
elevated VE/VCO, slope) showed strong associations with HF severity and
functional limitation, highlighting their utility in early detection and risk
stratification. In the third study, the global work index (GWI) shows a positive
correlation with %VO2 predicted (r=0.38, p=0.026), ventilatory threshold (r=0.43,
p=0.04), PETCO2 peak (r=0.45, p=0.006), and a negative correlation with
VO/VCO2 peak (r=-0.4, p=0.016). Global constructive work (GCW) presented a
positive correlation with VT (r=0.42, p=0.044), and PETCO2 peak (r=0.46,
p=0.006), and a negative correlation with VO/VCO2 peak (r=-0.44, p=0.007).
6MWD only correlates with EF (r=-0.34, p=0.033).

Conclusions: PAH and primary cardiac involvement are often overlapping
cardiovascular manifestations of SSc. Functional exercise testing provides critical
insight into the integrated cardiopulmonary response, enabling earlier recognition
of subclinical disease and more accurate staging of established dysfunction.
CPET demonstrates usefulness in distinguishing PAH and other causes of
dyspnea, as well as in deciding whether to proceed with invasive testing, while
6MWD remains a practical and reproducible measure of functional capacity and
prognosis. Preclinical and symptomatic HF has been shown to be very prevalent
in SSc patients. HF staging was linked to disease severity, age, and
cardiovascular risk factors, while functional capacity tests (6MWT and CPET)
serve as tools for HF risk stratification. GWI and GCW stood out as sensitive
markers of early myocardial dysfunction in SSc patients with cardiac disease and
PAH. Myocardial work indices correlate modestly with exercise performance
parameters, highlighting the multifactorial nature of functional limitation in this
population. These findings highlight the critical need for comprehensive
cardiovascular assessment and targeted management strategies to mitigate HF

progression in SSc patients.
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SYSTEMIC SCLEROSIS

Systemic sclerosis (SSc) is a chronic autoimmune disease that primarily
attacks the body's connective tissues, leading to widespread inflammation and
the overproduction of collagen. The distinctive triad of microvascular damage,
dysregulated immunity, and generalized fibrosis characterizes this disease in

multiple organs (Allanore et al., 2015; Asano, 2018).

Epidemiology

Epidemiologic studies of SSc are scarce and estimates of prevalence and
incidence vary widely due to the rarity of the disease, evolving classification
criteria, and different study designs. The overall incidence rate of systemic
sclerosis ranges globally from 8 to 56 new cases/million/year. The prevalence
rate falls between 38 and 443 cases/million (Allanore et al., 2015; Ingegnoli et al.,
2018) but presents substantial variation. Research has shown lower estimates of
prevalence (<150 cases/million) and incidence (<10 cases/million/year) in
northern Europe and Japan. In comparison, higher estimates of prevalence (276—
443 cases/million) and incidence (14—21 cases/million/year) have been reported
in southern Europe, North America, and Australia (Allanore et al., 2015; Barnes
& Mayes, 2012). However, the greatest prevalence (47 in 100 000), was found
among the indigenous peoples in Canada (Bernatsky et al., 2009; Calderon &
Pope, 2021). Prevalence also differed greatly between sexes. Data from a
systematic review and meta-analysis, using 23 studies, present a much greater
prevalence of systemic sclerosis among women (28 per 100 000; 95%CI
23.1,33.9; f2=99%) than among men (6 per 100 000; 95%CI 4.8, 7.5; f2=97%)
(Bairkdar et al., 2021), being also corroborated by Bergamsco et al., and others
(Allanore et al., 2015; Bergamasco et al., 2019; de Angelis et al., 2022; Ingegnoli
et al., 2018). Sources of variation likely reflect differences in population
characteristics, case ascertainment, and methodological approaches across

studies.
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Etiology and Pathogenesis

The exact cause of systemic sclerosis remains unclear however, a
permissive genetic background and epigenetic alterations by environmental
triggers are likely key factors in the onset of the disease (Jerjen et al., 2022).
These conditions trigger a chronic and self-amplifying process involving vascular
alterations, inflammation, autoimmunity, and fibrosis, which drive disease
progression and manifestations (Allanore et al., 2015).

Environmental agents or acquired genetic factors are probably the triggers
for SSc. Environmental and occupational exposures that are demonstrated to be
important for SSc, include silica (more frequent in certain occupations), solvents
(more widespread, like write spirit, trichloroethylene, aromatic solvents,
chlorinated solvents, and ketones), pesticides, epoxy resins, heavy metals, and
some virus (Angiolilli et al., 2018; Ingegnoli et al., 2018; Jerjen et al., 2022; Marie
et al., 2014; Marie et al., 2017).

It is uncommon for individuals with a family history of SSc to be affected
by the disease. This evidence was stressed in a study of twins: Feghali-Bostwick
and colleagues demonstrated a low concordance rate for SSc in monozygotic
twins, suggesting that genetic factors alone are insufficient to explain disease
development. They also showed that the concordance rate for monozygotic and
dizygotic twins was similar, suggesting a substantial contribution of non-genetic
influences, such as environmental exposures or epigenetic mechanisms to to
SSc pathogenesis (Feghali-Bostwick et al., 2003). Nevertheless, accumulating
evidence supports a genetic predisposition to SSc, with multiple susceptibility
genes identified (Angiolilli et al., 2018). In genetically susceptible individuals,
environmental triggers may initiate disease processes by affecting various cell
types through direct modulation of intracellular signaling pathways and epigenetic
mechanisms, such as DNA methylation, histone acetylation, and the regulation
of microRNAs and long non-coding RNAs. These processes collectively promote
aberrant immune activation and fibrosis (Allanore et al., 2015; Angiolilli et al.,
2018; Asano, 2018; Jerjen et al., 2022). Most SSc susceptibility genes are related
to immune regulation and include human leukocyte antigen (HLA) haplotypes and

non-HLA immune-related genes, with different alleles associated with the major
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autoantibody types (e.g. anti-centromere antibodies, topoisomerase-I, and RNA
polymerase Ill) (Angiolilli et al., 2018; Asano, 2018; Jerjen et al., 2022). Still in
the category of immune regulation, genes like STAT4, IL21, CD247, or CD226
are involved in T cell differentiation, proliferation, and/or activation. In the
inflammation category, IRF5 and IRF8 are regulators for interferon | and Il, and
II-6, CTGF, and other cytokines or chemokines that may be linked with fibrosis in
SSc (Allanore et al., 2015; Angiolilli et al., 2018; Jin et al., 2014; Sobolewski et
al., 2019). Immune regulation and inflammatory genes appeared to be two major
categories of SSc. Still, genes involved in transcription regulation (e.g., MECP2,
SOX%), kinase activities (e.g., GRB10, CSK), DNA cleavage or repair (e.g.,
XRCC4, DNASEIL1), and genes that control cell fate and morphogenesis (e.g.,
NOTCH4, RHOB), are also important in SSc (Jin et al., 2014).

The triggers mentioned above can cause vascular abnormalities through
various mechanisms. Platelet activation and increased expression of adhesion
molecules can obstruct the blood vessels, leading to ischemia and the production
of reactive oxygen species. In response to injury, endothelial cells may undergo
apoptosis, endothelial-mesenchymal transition, or become activated to release
substances that promote inflammation and fibrosis. Additionally, there is an
imbalance between vascular tone mediators promoting vasoconstriction (e.qg.,
endothelin), vasodilation (e.g., nitric oxide), and inflammation (e.g., superoxide
anions) (Jerjen et al., 2022). These mechanisms produce two outcomes: (i)
vascular injury followed by impaired neovascularization and vascular remodeling,
leading to loss of small vessels, stenosis of arterioles and small arteries, and
dilation of capillaries; and (ii) vascular activation leading to infiltration of
inflammatory cells, impaired coagulation/fibrinolysis system, and endothelial to
mesenchymal transition (EndoMT), changes that, adding to tissues hypoxia,
promote tissue fibrosis - the hallmark of systemic sclerosis (Asano, 2018).

Nonetheless, the pathogenetic mechanisms underlying the marked female
predominance, its heterogeneity and variable outcomes, the nature of
environmental triggers and their interplay with the genetic susceptibility, and the
extent to which these factors shape disease risk and phenotype remain poorly
understood (Allanore et al., 2015).
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Clinical Manifestations

Patients with SSc may experience a wide range of signs and symptoms
related to the skin, blood vessels, internal organs, and overall health, as the
disease is clinically heterogeneous (Jerjen et al., 2022). Figure 1 summarizes
the main manifestations.

Systemic sclerosis is also known as scleroderma. In Greek, the
combination form “sclero” means hard, and the word “dermis” means skin,
reflecting the primary characteristic of this connective tissue disorder: thickening
and tightening of the skin (Odonwodo et al., 2023). Sclerodactyly is the tightening
and thickening of skin over the fingers or toes, specifically over the joints closest
to the nails but not including the joint that connects the finger bones (Jerjen et al.,
2022). Hand involvement can be the first clinical clue of SSc, with patients
complaining of edematous or puffy hands, with difficulty making a fist or wearing
rings (Pearson et al., 2018). Although reversible, this normally progresses from
an initial edematous phase to a fibrotic or indurated phase, and finally to an
atrophic phase that may last a lifetime (Jerjen et al., 2022; Pearson et al., 2018).
Sclerosis of the fingers can cause flexion contractures, fixing them in a partially
bent position, reducing or eliminating the skin folds around the joints
(acroosteolysis), and can also result in claw-shaped deformities of the hands and
finger disfigurement (Pearson et al., 2018; Sobolewski et al., 2019). Fibrosis of
the skin of the face can give typical sharp facial features called “mask-like-face”,
like a decreased facial expression (amimia), a pointed, beaked nose, an impaired
eye-opening, a radial perioral furrowing, microcheilia (abnormally small size of
the lips), microstomia (oral aperture less than 4.5 cm), features that can affect up
to 80% of patients, with a significant psychosocial impact (Jerjen et al., 2022;
Pearson et al., 2018; Sobolewski et al., 2019). Sclerosis can also affect the
eccrine glands, causing xerostomia (dry mouth), present in 60-70% of patients,
and reduced tear secretion with resulting sicca syndrome (Jerjen et al., 2022;
Pearson et al., 2018). Sclerosis of the lingual frenulum is a rare condition that can
affect speech and swallowing abilities (Crincoli et al., 2016; Jerjen et al., 2022).
Calcinosis results from insoluble calcified material (hydroxyapatite crystal)

deposition within the extracellular matrix of the dermis and subcutaneous tissue,
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most found over fingertips, elbows, knees, and shoulders, but may also occur on
the trunk or in a more generalized pattern (Jerjen et al., 2022; Pearson et al.,
2018). Cutaneous hyperpigmentation is also a condition that could be present in
more than 50% of SSc patients, most commonly on the supraclavicular and
suprascapular region, but could also affect the scalp, neck, forehead, dorsal
hands, and extensor forearms (Pearson et al., 2018). More than 40% of SSc
patients also experience pruritus, due to inflammatory irritation of nerves and/or
fibrotic nerve-ending entrapment, being particularly debilitating (Jerjen et al.,
2022; Pearson et al., 2018). Nail changes can also be present, like onycholysis
(when the nail separates from its nail bed), scleronychia (nail thickening), ventral
pterygium, brachyonychia (racquet nails), or parrot beak nails (Odonwodo et al.,
2023; Pearson et al., 2018).

Additional skin-related manifestations, in the field of vasculopathy, may
also be present. These include nailfold capillary changes (enlarged capillaries,
capillary loss and microhemorrhages), affecting more than 70% of SSc patients;
telangiectasis (superficial dilated cutaneous blood vessels), are typically found
on the face, palms and chest in more than 50% of patients (Jerjen et al., 2022);
Raynaud’s phenomenon (RP), characterized by triphasic color change due to
vasospasm, with initial blanching due to vasoconstriction, followed by blue/purple
cyanosis (due to deoxygenation of sequestered blood), and resolution with red
hyperemia, being present in >95% of patients, typically induced by cold
temperatures or strong emotions/stress, localized symmetrically over the fingers
(less commonly in the toes, lips, ears and nipples), and often coupled with pain,
numbness, tingling and impaired function (Jerjen et al., 2022; Pearson et al.,
2018); and digital ulcers and pitting scars, present in 32% to 58% of SSc patients,
that may occur due to mechanical or ischemic phenomena, including RP, and
may lead do infection, gangrene, and require aggressive medical or surgical
treatment, including amputation (Hughes & Herrick, 2019; Ingegnoli et al., 2018;
Jerjen et al., 2022; Pearson et al., 2018).

Systemic impairments may also be present, like musculoskeletal
manifestations, gastrointestinal manifestations, renal involvement, nervous

system manifestations, pulmonary impairment, and/or cardiac manifestations.

33



Musculoskeletal involvement can be an important and overlooked complication
due to the focus on internal organ complications. Systemic sclerosis may affect
muscles (weakness, contractures, myalgia, myositis), joints (arthritis, arthralgia),
and tendons (tenosynovitis, friction rubs) (Denton & Khanna, 2017; Hughes &
Herrick, 2019; Odonwodo et al., 2023; Sobolewski et al., 2019). Gastrointestinal
involvement in systemic sclerosis affects the entire digestive tract and is present
in 90% of patients. Gastroesophageal reflux disease (GERD) is present in 75%
to 90% of SSc patients; in the stomach, gastroparesis is a functional disorder
observed in 50% of the cases, and more rarely, gastric antral vascular ectasia
(“watermelon stomach”); in the small intestinal bacterial overgrowth (SIBO),
malabsorption (steatorrhea) and concomitant nutritional deficiencies can be
present; chronic intestinal pseudo-obstruction (CIBO) can occur on large
intestine; and anorectal involvement can lead to fecal incontinence, constipation
and rectal prolapse (Hughes & Herrick, 2019; Odonwodo et al., 2023; Sobolewski
et al., 2019). Approximately 5% of patients with systemic sclerosis may develop
scleroderma renal crisis (SRC), which is defined by the development of
thrombotic microangiopathy, with a sudden onset of high blood pressure, and
progressive acute kidney injury (Denton & Khanna, 2017; Ingegnoli et al., 2018).
The same vascular lesions as in Raynaud's phenomenon may develop in the
brain and peripheral small vessels that supply peripheral nerves, resulting in
symptoms of nervous system involvement, including dizziness, headache, visual
disturbances, convulsions, and aphasia. Transient ischemic attack (TIA) and/or
other ischemic syndromes, like strokes, peripheral polyneuropathy, trigeminal
neuroinflammation, and cranial nerve inflammation, although more rarely, also
may be observed (Amaral et al., 2013; Sobolewski et al., 2019).

Pulmonary impairment in systemic sclerosis includes interstitial lung
disease (ILD) and PAH, and these are the main causes of morbidity and mortality
of SSc (Odonwodo et al., 2023; Sobolewski et al., 2019). ILD is characterized by
inflammation and fibrosis of pulmonary parenchyma and appears in the early
years of the disease with general stabilization during the first 4-6 years (Denton
& Khanna, 2017; Ingegnoli et al., 2018). It is widespread, since up to 90% of SSc

patients present evidence of interstitial changes on high-resolution computed
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tomography (HRCT) and, at later stages, the most common symptoms are
fatigue, breathlessness, dry cough, and dyspnea (Odonwodo et al., 2023;
Sobolewski et al., 2019). Damage to the pulmonary vasculature and the
development of pulmonary fibrosis contribute to the constriction of blood
circulation, culminating in pulmonary arterial hypertension, affecting about 13-
15% of SSc patients (Denton & Khanna, 2017; Odonwodo et al., 2023;
Sobolewski et al., 2019). The elevated pressure in pulmonary arteries leads to
right ventricular insufficiency and ultimately to right heart failure (HF) (Sobolewski
et al.,, 2019). Patients may remain asymptomatic for an extended period.
However, the onset of symptoms such as hemoptysis, syncope, and dysphonia
signifies a more serious stage of the condition (Odonwodo et al., 2023). Once
considered a fatal complication, the prognosis of SSc-PAH patients has
significantly improved due to advancements in early detection (like the
implementation of the DETECT screening algorithm) and new treatments
(Coghlan et al., 2014; Denton & Khanna, 2017; Ingegnoli et al., 2018; Sobolewski
et al., 2019).

Cardiac involvement is prevalent, affecting up to 80% of SSc patients. Still,
diagnosis and treatment pose challenges, as clinical symptoms (e.g. shortness
of breath, fatigue, palpitations, and chest pain) can vary significantly among
individuals and are not specific. Moreover, these symptoms often manifest in
advanced stages of HF and convey a poor prognosis (Ferri et al., 2005; Moysidou
et al., 2023). Heart involvement in systemic sclerosis can occur as a secondary
consequence of other organ diseases, such as renal or pulmonary conditions.
Alternatively, it may manifest primarily, indicating myocardial fibrosis, autonomic
neuropathy, or involvement of the small coronary vessels or pericardial layers
(Almeida et al., 2011; Ferri et al., 2003; Lambova, 2014). Depending on the
specific structure affected, a spectrum of disorders may manifest, including
rhythm irregularities, pericardial effusion, ischemia, hypertrophy, and fibrosis.
These are conditions that can occur with and without HF, and are often
associated with diastolic dysfunction (Allanore & Meune, 2010; Butt et al., 2019).
Cardiac involvement in systemic sclerosis will be further detailed in subsequent

sections.
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Figure 1 Summary of the main manifestations of systemic sclerosis

Classification of Systemic Sclerosis

In 2013, the American College of Rheumatology (ACR) and the European
League Against Rheumatism (EULAR) collaboratively formulated the prevailing
classification criteria for SSc (Table 1). The classification criteria were created for
research purposes (to ensure homogeneity among patients with the same clinical
entity), and not as diagnostic criteria, although they are a useful aid to clinicians
(Hughes & Herrick, 2019; van den Hoogen et al., 2013). These criteria include
several assumptions, with different weights/scores, and patients who achieve a
total weight/score of =9 are classified as having definite SSc. Of these
assumptions, one is alone sufficient for classification as SSc: the presence of skin
thickening of the fingers of both hands extending proximal to the
metacarpophalangeal joint. The other assumptions had a weight/score between
2 and 4, and include the presence of some cutaneous (e.g., puffy fingers) and
vasculopathy (e.g., RP, digital ulcers) manifestations, the presence of PAH
and/or ILD, and SSc-related autoantibodies (e.g. anticentromere) (van den
Hoogen et al., 2013).
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Table 1 The ACR/EULAR criteria for the classification, applicable to

considered for inclusion in an SSc study.

any patient

. Weight or
Item Sub-item
score #

Skin thickening of the fingers of both hands
extending proximal to the metacarpophalangeal na 9
joints (sufficient criterion)

Puffy fingers 2
Skin thickening of the fingers Sclerodactyly of the fingers (distal to
(the higher of the two is counted) the metacarpophalangeal joints but 4

proximal to the interphalangeal joints)
Fingertip lesions Digital tip ulcers 2
(the higher of the two is counted) Fingertip pitting scars 3
Telangiectasia na 2
Abnormal nailfold capillaries na 2
Lung involvement PAH and/or interstitial lung disease 2
Raynaud phenomenon na 3

Anticentromere
SSc-related autoantibodies Anti—topoisomerase | 3

Anti—-RNA polymerase lI

PAH — pulmonary arterial hypertension; na — not applicable
t The total score is determined by adding the maximum weight (score) in each category. Patients with a total score of 29 are classified
as having definite SSc. Adapted from (van den Hoogen et al., 2013)

Taking into account the extent of skin involvement, patients are classified
according to the 2001 LeRoy criteria (LeRoy & Medsger, 2001). The limited
cutaneous systemic sclerosis (IcSSc) is defined by clinical manifestations of skin
fibrosis distal to the elbows, knees, and clavicles, which may include prominent
telangiectasia, sclerodactyly, and calcinosis; the primary targets of
autoantibodies are the centromere proteins, but Anti-Th/To, Anti-Ui-RNP and
Anti-huBF are also common; the IcSSc normally have a slow progression with
late development of PAH and frequent severe gut disease; and Raynaud
phenomenon may precede other manifestation in this form. CREST (which
stands for calcinosis, RP, esophageal involvement, sclerodactyly, and
telangiectasia) is considered a synonym for IcSSc (Allanore et al., 2015; Denton
& Khanna, 2017; LeRoy & Medsger, 2001; Sobolewski et al., 2019). The clinical
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subset of diffuse cutaneous systemic sclerosis (dcSSc) is characterized by skin
fibrosis up to elbows and knees, including the trunk, wherein tendon friction rubs
may also be present. Normally the skin fibrosis rapidly progresses in this subset,
with early manifestation of cardiac, pulmonary, and renal complications. The
primary autoantibodies in dcSSc are RNA polymerase I, topoisomerase | (Scl-
70), and anti-U3RNP (fibrillarin) (Allanore et al., 2015; Sobolewski et al., 2019).

Nevertheless, a subtype of systemic sclerosis where patients do not
present any skin manifestations, although rare (<5% of all SSc patients), is also
possible. This subset is called SSc sine-scleroderma, and patients often present
clinical features like RP, digital ulcers, nailfold capillary abnormalities, PAH, and
SSc-specific autoantibodies (nuclear and centromere proteins), but no skin
thickening (Allanore et al., 2015; Denton & Khanna, 2017).

Also, it is not uncommon for systemic sclerosis to coexist with other
rheumatological conditions (up to 20% of the patients) (Denton & Khanna, 2017).
Patients with SSc overlap syndromes present symptoms of systemic sclerosis
combined with clinical signs of other connective tissue diseases (especially
Sjogren’s syndrome, systemic lupus erythematosus, rheumatoid arthritis,
polymyositis, and dermatomyositis) (Stochmal et al., 2020). The Anti-PM/Scl,
anti-U1-RNP, anti-Ro, and anti-La are the most common antibodies in overlap
syndrome, and the disease course is characterized by prominent musculoskeletal
involvement, with lung fibrosis and renal crisis being more uncommon (Allanore
et al., 2015; Sobolewski et al., 2019).

Diagnosis and Assessment

Currently, there is no definitive test to diagnose systemic sclerosis. The
diagnosis depends on the expertise of a clinician, where clinical assessment and
the application of a set of classification criteria are typically necessary (Ingegnoli
et al., 2018). With the aim of gathering reliable and up-to-date evidence, Asano
et. al, published guidelines for systemic sclerosis, including diagnostic criteria and
severity classification (Asano et al., 2018). The diagnosis determination is based

on the criteria present in Figure 2.
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MAJOR CRITERION

+Skin thickening of the fingers of both hands extending proximal to the
metacarpophalangeal joints

1. Skin thickening of the fingers: distal to the metacarpophalangeal joints
but proximal to the proximal interphalangeal joints

2. Abnormal nailfold capillaries
3. Pitting scars or digital ulcers
4. Bibasilar pulmonary fibrosis

5. Positive for any the following: topoisomerase | (Scl-70) antibodies,
anticentromere antibodies (ACA) or anti-RNA polymerase Il antibodies

Figure 2 - Criteria for the diagnosis of systemic sclerosis, according to Assano et. al.
Patients who meet the major criterion or (1) and at least another minor criterion (2 to 5) are diagnosed with
systemic sclerosis.

These diagnostic criteria, although different, have some resemblance to
the ACR/EULAR classification criteria, and both are a useful aid to clinicians since
a wide range of conditions (e.g. Werner’s syndrome, scleroedema, nephrogenic
systemic sclerosis, and others) can mimic systemic sclerosis (Hughes & Herrick,
2019; Odonwodo et al., 2023). In order to confirm the diagnosis, clinicians must
perform a thorough clinical assessment, which includes conducting some
complementary exams such as screening for antinuclear antibodies, nailfold
capillaroscopy, transthoracic echocardiography, hand X-ray, DLCO and
spirometry, high-resolution computed tomography of the chest, and esophageal
manometry. Complementary examinations are also beneficial in detecting any
potential systemic complications and should be conducted annually to monitor
the patient's health status (Odonwodo et al., 2023).

Treatment and Management

Currently, there is no known cure or treatment available to completely
relieve or eliminate SSc. The goal of management of SSc is to alleviate the

symptoms and decelerate the progression of the disease (Odonwodo et al.,
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2023). Controlling SSc is complex due to the need to inhibit the autoimmune

process, manage inflammation, and address organ-specific issues. Considering

these aspects, in 2024, the British Society for Rheumatology published guidelines

for the management of systemic sclerosis (Denton et al., 2024). The summary of

these recommendations, along with the strength of the recommendation/level of

evidence, is presented in Table 2.

Table 2 Current recommendations for systemic sclerosis treatment

Complication

Medication/treatment

Strength of
recommendations/

level of evidence

Calcium channel blockers and other 1B
Raynaud’s vasodilators
phenomenon PDES5i (effective as 2™ line agent for refractory 1B
(RP) SSc-RP)
Prostanoids 1C
Sildenafil (or tadalafil) as 1st line agent in DU
Digital ulcers healing and secondary prevention and 1C
(DU) bosentan as second line treatment
IV prostanoids 1C
Pulmonary Treatment initiated by a designated Pulmonary 1B
arterial Hypertension Centers
hypertension Anticoagulation is not recommended 1B
MMF is 1%t line treatment for skin fibrosis in 1C
dcSSc
Skin Antihistamines are often used for itch 2C
Skin camouflage, pulsed dye laser or intense
pulsed light therapy (for telangiectasia) 2C
ACE inhibitors 1A
Renal crisis Glucocorticoid treatment avoided in adult SSc 1A
(increased SRC risk)
Renal transplantation 1B
PPI and/or H2 receptor antagonists for reflux 1C
Gastrointestinal Parenteral nutrition for severe malnutrition 1B
involvement Intermittent or rotational antibiotics SIBO 1B
Anti-diarrheal agents or laxatives 2B
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MMF is recommended as 1sr line treatment 1B
with rituximab or cyclophosphamide i.v. as

alternative

Interstitial Lung _ o o
Consider adding rituximab or tocilizumab to

Disease (ILD) o 2C
MMF for progressive disease

Nintedanib recommended for progressive 1B
pulmonary fibrosis

May benefit from immunomodulatory
Musculoskeletal ] o 1C
treatments given for other complications

Immunosuppression with MMF when c
investigation suggests myocardial inflammation
Glucocorticoids and other bDMARDs may be

added if appropriate and/or cyclophosphamide

Cardiac
2C

ACE - angiotensin-converting enzyme; bDMARDs - biological disease-modifying anti-rheumatic drug; dcSSc — diffuse
cutaneous systemic sclerosis; DU — digital ulcers; MMF - mycophenolate mofetil; PDE-5 - phosphodiesterase type 5;
PPI — proton pump inhibitor; RP — Raynaud’s phenomenon; SRC — scleroderma renal crisis; SIBO — small intestinal

bacterial overgrowth. Adapted from Denton et al., 2024.

Prognosis and quality of life

It is well recognized that SSc is one of the autoimmune systemic diseases
with a poorer prognosis in terms of mortality (Ingegnoli et al., 2018; Rubio-Rivas
et al., 2014), a fact that is confirmed by a meta-analysis by Rubio-Rivas and
colleagues that reported a standardized mortality rate (SMR) between 1.05 and
5.4 in the 17 studies included, with an estimated overall SMR of 2.72 (95%ClI
1.93,3.83) (Rubio-Rivas et al., 2014). A few years later, a systematic review
reported a SMR in Europe, between 1.3 and 2, and a SMR of 4.7 (95%CI 3.6-
5.7) among incident cases in a large cohort study in Canada (Bergamasco et al.,
2019). In the same year, a study was published that reported an ever-higher
SMR, of 5.73 (95%CI 4.68-6.94), by Pokeerbux et al., in a multicenter, French
cohort (Pokeerbux et al., 2019). The primary factors correlated with a higher risk
of death include advanced age at diagnosis, male gender, diffuse skin
involvement, and visceral complications (e.g. pulmonary, cardiac and renal)
(Odonwodo et al., 2023; Pokeerbux et al., 2019).

Systemic sclerosis can exert a substantial, and often overlooked, impact
on the quality of life. The health-related quality of life (HR-QoL) in these patients
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is frequently compromised, affecting mainly the physical domain with issues like
pain, fatigue, limitations in mobility and hand function, and sleep disturbance.
Additionally, mental domains are also impacted, including depression, sexual
dysfunction, and body image distress from disfiguring changes in appearance
(e.g., facial telangiectasias, pigment changes, hand contractures) (Almeida et al.,
2015; Hudson et al., 2009; Kwakkenbos et al., 2013). Patients with SSc often
have a reduced quality of life, but they frequently do not receive adequate
treatment in this area, despite the availability of safe and manageable medicines
(Mura et al., 2012).
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PAH ASSOCIATED WITH SYSTEMIC SCLEROSIS

Pulmonary arterial hypertension is a severe, life-threatening complication
and one of the leading causes of morbidity and mortality in patients with SSc
(Erdogan et al., 2024). Pulmonary arterial hypertension, as well as interstitial lung
disease and kidney pathology, may contribute to the development of secondary

cardiac involvement in SSc (Lambova, 2014; Varga et al., 2017).

Epidemiology

A clear understanding of the prevalence and epidemiological patterns of
PAH in SSc is essential to enhance early detection. However, the prevalence of
SSc-PAH varies greatly in the literature, since the criteria used to define PAH (pre
or post the 2022 ESC/ERS guidelines for the diagnosis and treatment of
pulmonary hypertension), the studied population, and the method of choice for
diagnosis, are not the same among all studies (Saygin & Domsic, 2019). The
estimated prevalence of PAH in SSc ranges between 8 and 15%, contrasting with
the general population, where the prevalence of PAH is 15-52 cases per million,
or 0.00005%, enhancing the high predominance of this condition (Peacock et al.,
2007; Saygin & Domsic, 2019). The prevalence of PAH is higher in individuals
with limited cutaneous systemic sclerosis (Denton & Khanna, 2017; Odonwodo
et al., 2023).

Pulmonary arterial hypertension is a significant contributor to mortality and
morbidity in connective tissue diseases (CTDs), especially systemic sclerosis
(Sari et al., 2025). Data from the EULAR Scleroderma Trials and Research
(EUSTAR) database, including 5860 patients with SSc, suggests that the
presence of PAH diagnosed by echocardiography was associated with increased
mortality (HR 2.42, p < 0.001), and was also an independent risk factor (Anthony
J Tyndall et al., 2010).

Some risk factors have been recognized as being associated with a higher
risk of PAH development, namely, male gender and older age at SSc diagnosis.
Presence of gastroesophageal reflux disease, -calcinosis, more severe
Raynaud’s phenomenon, decreased nailfold capillary density, and increased
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number of telangiectasias are also associated (Morrisroe et al., 2016; Saygin &
Domsic, 2019). Also, four main SSc-related antibodies have been linked to an
elevated risk of PAH, particularly anti-centromere, anti-Th/To, anti-U1
ribonucleoprotein (RNP), and anti-U3 RNP (Hamaguchi, 2010; Saygin & Domsic,
2019). Alongside recognized clinical and serological risk factors, two validated
predictors of SSc-associated PAH have been adopted into clinical practice to
guide systematic screening. The analysis of N-terminal pro-B-type natriuretic
peptide (NT-proBNP), being strongly correlated with hemodynamic parameters,
and also; a decline in diffusing capacity of carbon monoxide (DLCO), and a forced
vital capacity (FVC)/DLCO ratio > 1.6, since it has been demonstrated that both
have a high positive predictive value of PAH (Allanore et al., 2008; Hamaguchi,
2010; Sari et al., 2025; Saygin & Domsic, 2019).

Etiology and Pathogenesis

Pulmonary arterial hypertension is a progressive disease characterized by
pathologic pulmonary vascular remodeling leading to right ventricular failure and
death (Hassoun, 2015; Tuhy & Hassoun, 2023). PAH is a hallmark manifestation
of endothelial dysfunction and pulmonary vascular injury in systemic sclerosis.
Early vascular alterations (e.g., endothelial apoptosis, activation, inflammatory
cell recruitment, intimal proliferation, and adventitial fibrosis) initiate a cascade
that promotes vasoconstriction, inflammation, and thrombosis (Humbert et al.,
2019). The resultant imbalance between vasodilatory mediators (e.g., nitric oxide,
prostacyclin) and vasoconstrictive agents (e.g.,endothelin-1, thromboxane A,)
fosters a procoagulant and proliferative vascular environment, ultimately leading
to progressive vessel narrowing and obliteration (Chaisson & Hassoun, 2013;
Overbeek et al., 2009). Concomitant activation of fibroblasts and excessive
extracellular matrix deposition contribute to vascular stiffening and increased
pulmonary vascular resistance. These structural and functional changes
culminate in sustained elevation of mean pulmonary arterial pressure (mPAP).
Sustained elevation of pulmonary pressures imposes a chronic hemodynamic
burden on the right ventricle, driving maladaptive remodeling, dilatation, and

eventual right ventricular failure (Allanore et al., 2015; Lechartier & Humbert,
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2021; Sobolewski et al., 2019). This sequence of events represents the core
pathogenic mechanism underlying cardiac involvement secondary to PAH in
SSc.

Clinical manifestations

Patients with SSc-PAH are predominantly female, reflecting the general
trend in SSc. Men tend to be diagnosed at an older age, often presenting with
more severe disease and experiencing poorer outcomes (Tuhy & Hassoun,
2023). SSc patients with PAH present nonspecific symptoms, such as dyspnea
on exertion and fatigue, which are often attributed to SSc global functional
impairment. In fact, in the early stages of the disease, SSc-PAH patients typically
show no symptoms or only symptoms associated with other organ involvement
(Lechartier & Humbert, 2021). Syncope, dysphonia, and hemoptysis are signs of
seriousness (Odonwodo et al., 2023). Most patients with PAH are diagnosed late
with advanced symptoms (Erdogan et al., 2024).

Right heart catheterization is the gold standard for the diagnosis of PAH.
According to the most recent published consensus on the condition, RHC should
evaluate pulmonary vascular resistance by measuring cardiac output (Humbert
etal., 2022). This is reflected in the definition of PAH. The criteria for the diagnosis
of PAH are presented in Table 3. Pulmonary hypertension is classified by the
World Health Organization (WHO) in a five-group structure. PAH is group 1, as
we defined in Table 3. Patients with SSc may also develop pulmonary
hypertension due to left-sided heart disease (Group 2), chronic lung disease
(Group 3), or other less common causes, which may coexist in the same
individual (Hudson et al., 2025; Humbert et al., 2022).

Table 3 Criteria for the diagnosis of pulmonary arterial hypertension

Pulmonary arterial hypertension documented on right heart catheterization, requiring the

concomitant presence of all of the following criteria:

1. Mean pulmonary artery pressure (mPAP) > 20 mmHg;
2. Pulmonary arterial wedge pressure (PAWP) < 15 mmHg; and

3. Pulmonary vascular resistance (PVR) > 2 Wood units.

Adapted from Hudson et al.
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Management and therapeutic options

Approved medications for treating PAH have been shown to improve
functional class, exercise capacity, hemodynamic parameters, right heart
function, and levels of BNP / NT-proBNP, among other outcomes (Chin et al.,
2024). Recent advancements in target therapy development and risk assessment
have led to a major improvement in the management of CTD-PAH. At the
moment, there are four key pathways for management of PAH: endothelin 1
(macitentan, ambrisentan, bosentan), prostacyclin (treprostinil, epoprostenaol,
iloprost, selexipag), nitric oxide (sildenafil, tadalafil, riociguat) and more recently,
activin/TGF-B (sotatercept) (Alturaif & Alduraibi, 2025; Chin et al., 2024). At the
7" World Symposium on Pulmonary Hypertension, the current treatment
algorithm for CTD-PAH was suggested. This treatment algorithm begins with risk
assessment, using functional class, 6MWD and natriuretic peptides,
hemodynamics, RV imaging and others. If the patient is not at high risk, a
combination of endothelin-1 receptor antagonist (ERA) and phosphodiesterase-
5 inhibitor (PDE-5i) is recommended. Additionally, a prostacyclin pathway agent
(PPA) may be considered if severe hemodynamics and/or poor RV function were
present. If the patient was considered at a risk, initial triple therapy (ERA + PDE-
5i + PPA) must be initiated, and transplant referral should be considered in
selected patients. The risk stratification should be performed within 3-4 months
and periodically thereafter. If the patient continues at low risk, initial therapy
should be maintained. If the patient is at an intermediate-low risk, it is
recommended adding an activin-signaling inhibitor and oral or inhaled PPA.
Switching PDE-5i to a soluble guanylyl cyclase stimulator (sGCS) can be
considered. With patients at intermediate-high risk, intravenous/subcutaneous
PPA or activin-signaling inhibitor should be added. Transplant referral should also
be considered for intermediate-high risk patients. In patients who have become
high risk, intravenous/subcutaneous PPA must be added (15t choice if not on), or
activin-signaling inhibitor. Patients at persistent intermediate-high or high risk,
should have a 4-drugs maximal prescription: PPA, ERA, PDE-5i or sGCS, and
activin-signaling inhibitor; with lung transplantation being the final step, in patients

with severe functional impairment and inadequate clinical response (Chin et al.,
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2024; Lechartier & Humbert, 2021). Treatment algorithm for SSc-PAH is
represented in Figure 3. Despite therapeutic advances and the growing diversity
of treatment options, the prognosis of SSc—associated PAH remains poor and
continues to represent a major determinant of mortality in this population
(Legendre & Mouthon, 2014).

i)

SSc-PAH initial risk assessment

v '
NOT HIGH RISK HIGH RISK
Combination ERA + PDE-5i Combination i.v./s.c. PPA +
(PPA may be considered) ERA + PDE-5i
[ l T
Risk raassessmenIt at 3-4 months
v | ! v
LOW RISK INTERMEDIATE-LOW RISK INTERMEDIATE-HIGH RISK HIGH RISK
Continue initial therapy Add activin-signaling inhibitor, Add i.v./s.c. PPA or activin- Add iv/s.c. PPA
oral or inhaled PPA signaling (1st choice if not on)
Can consider switch PDE-5i to inhibitor or activin-signaling inhibitor
sGCS 1
PERSISTENT INTERMEDIATE-HIGH OR
HIGH RISK

Maximal Rx: 4-drug i.v./s.c. PPA, ERA, PDE-5i

or sGCS, activin-signaling inhibitor

Lung transplant evaluation

Figure 3 Treatment algorithm for SSc-PAH. PAH: pulmonary arterial hypertension; ERA:
endothelin-1 receptor antagonist; PDE-5i: phosphodiesterase-5 inhibitor; i.v.:
intravenous; s.c.: subcutaneous; PPA: prostacyclin pathway agent; sGCS: soluble
guanylyl cyclase stimulator; Rx: prescription. Adapted from Chin et al. (Chin et al., 2024)

PRIMARY CARDIAC INVOLVEMENT

Cardiac involvement in SSc is a serious and potentially life-threatening
aspect of the disease. A systematic review and meta-analysis involving 14,813
participants showed that SSc was significantly associated with a higher risk of
cardiovascular disease (HR 2.36, 95% CIl 1.97-2.81) (Cen et al., 2020). Cardiac
involvement in SSc could be primary, as a direct consequence of SSc, or
secondary, as a consequence of other complications. Primary cardiac

involvement can manifest as myocardial abnormalities, microvascular disease,
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conduction abnormalities, pericardial disease, and, less commonly, valvular
disease (Lambova, 2014; Varga et al., 2017).

Epidemiology

Understanding the prevalence and epidemiological trends of heart
complications associated with SSc is crucial for effectively managing and
allocating resources within healthcare systems. Determining the prevalence of
cardiac involvement in SSc is challenging because it can manifest in a variety of
different ways. (Lambova, 2014; Mohameden et al., 2024; Parks et al., 2014).

Primary cardiac disease is reported in both diffuse and limited SSc;
however, the literature suggests that it might be more severe and prevalent in the
diffuse subtype than in the limited form of systemic sclerosis (Allanore & Meune,
2010; Fernandez-Codina et al., 2017; Mohameden et al., 2024). The prevalence
of the diverse types of cardiac involvement in SSc in the literature is scarce. In
1999, a study published that 14% of a cohort of 77 SSc patients had a significant
pericardial effusion, but the data were not corroborated by Meune et al. years
later (Handa et al., 1999; Meune et al., 2008). Hachulla et al. reported a
prevalence of 75% (39/52 patients) for at least one cardiac abnormality on MRI
(e.g., thinning of LV myocardium, pericardial effusion, LV kinetic abnormalities)
(Hachulla et al., 2009). Regarding ventricular dysfunction, most studies have
reported a low prevalence of reduced left ventricle ejection fraction (LVEF),
varying between a prevalence of 1.4% (in a French multicenter study, with 570
patients evaluated) to 12% (Norwegian cohort of 277 patients) (Butt et al., 2019;
De Groote et al., 2008; Tennge et al., 2019). Comparatively, diastolic dysfunction
has a higher prevalence, ranging from 17.7% to 30%, corroborating the frequent
presence of diastolic dysfunction in patients with SSc (De Groote et al., 2008;
Fontes Oliveira et al., 2022; Meune et al., 2008). Thus, the prevalence of cardiac
involvement in SSc can reach 70% to 100%, with most cases being subclinical
(Mohameden et al., 2024; Varga et al.,, 2017). The estimated clinically overt
cardiac involvement rate is around 30% (Mohameden et al., 2024).

The cumulative risk of death for cardiac involvement in SSc, has been
reported to be around 3.15, analogous to PAH, ILD, or renal involvement, and it

48



can account for 20 to 30% of all premature deaths (Fernandez-Codina et al.,
2017; Komdcsi et al., 2012). Cardiac involvement increases mortality, and it is
also known that it occurs at a higher rate, especially during the first year after SSc

onset (Fernandez-Codina et al., 2017).

Etiology and Pathogenesis

The underlying cause of this condition is multifaceted. Multiple risk factors
for primary cardiac involvement in SSc have been identified, including specific
autoantibodies such as anti-U3-RNP and anti-Scl-70, skeletal muscle
involvement, rapid skin thickness progression, older age, obesity, pre-existing
coronary artery disease, and also dyslipidemia and hypertension (Butt et al.,
2019; Hinze et al., 2022; Mohameden et al., 2024; Osgueritchian et al., 2025).
Cardiac involvement in SSc, specifically diastolic dysfunction, was also
independently associated with reduced diffusion capacity for carbon monoxide
(DLCO = 60% of predicted), longer disease duration, and a history of scleroderma
renal crisis (Hinze et al., 2022; Jones et al., 2025).

The main cause of cardiac fibrosis and ventricular dysfunction is believed to be
an abnormality of the coronary microcirculation, characterized by vasospasm and
recurrent ischemia-reperfusion injury, primarily driven by cardiac Raynaud’s
phenomenon, which is associated with microvasculopathy, inflammation, and
tissue damage (Dorniak et al., 2025; Varga et al., 2017). Vascular dysfunction is
thought to arise from initial damage to endothelial cells, which may be secondary
to a disruption in immune tolerance following exposure to an environmental
trigger (Jones et al., 2025). This cascade ultimately leads to the production of
autoantibodies targeting vascular antigens and the release of proinflammatory
cytokines and chemokines, which facilitate the recruitment of immune cells,
including neutrophils, macrophages, dendritic cells, and T lymphocytes. The
resulting endothelial damage further amplifies cardiac injury through mechanisms
such as the dysregulated secretion of nitric oxide (NO) and endothelin-1 (ET-1),
promoting a vasoconstrictive environment, enhanced immune cell infiltration into
myocardial tissue, and the release of profibrotic mediators that drive cardiac
fibrosis. Collectively, these interconnected processes contribute to
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cardiovascular remodeling and the development of heart failure in systemic

sclerosis (Jones et al., 2025).

Clinical manifestations

Patients with SSc exhibit complex cardiac manifestations due to the often
nonspecific and subclinical nature of their symptoms, which may include chest
pain, dyspnea, palpitations, exercise intolerance, shortness of breath,
lightheadedness, dizziness, or even syncope (He et al., 2023; Osgueritchian et
al., 2025; Varga et al., 2017).

Signs of primary cardiac manifestations in SSc are also very varied,
including pericardial diseases (e.g., pericardial effusion, cardiac tamponade,
pericardial fibrosis, constrictive pericarditis), and myocardial fibrosis, that may
lead to fibrosis of the conduction system (leading to bradyarrhythmias, bundle
branch and atrioventricular blocks), tachyarrhythmias, valvular dysfunction,
asymptomatic diastolic or systolic dysfunction, and symptomatic heart failure
(Fernandez-Codina et al., 2017; He et al., 2023; Osgueritchian et al., 2025; Varga
et al., 2017).

Heart failure is, indeed, the major complication of cardiac involvement in SSc. It
can occur secondary to PAH or renal impairment, or as a consequence of primary
myocardial involvement (Jones et al.,, 2025). Diastolic dysfunction is a very
common functional finding in these patients and often precedes the clinical
diagnosis of HF with preserved ejection fraction (HFpEF) (Tennge et al., 2018).
HF with reduced ejection fraction (HFrEF) is rarer in SSc. Later stages of the
disease are characterized by apoptosis and fibroblast proliferation, which result
in HFrEF and LV remodeling (Jones et al., 2025; Zagouras et al., 2021). Criteria

for cardiac involvement in systemic sclerosis are shown in Table 4.

Table 4 Criteria for cardiac involvement in systemic sclerosis

Any of the following 10 findings in any of the 4 categories:

1. Clinical evidence of left-sided heart failure, confirmed by a physian,
OR

2. Myocardial dysfunction, any one of;
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a) LV systolic dysfunction with LVEF < 50% or preserved LVEF and decreased
LV longitudinal strain on echocardiogram;
b) Diastolic dysfunction with elevated LV filling pressures on echocardiogram or
cardiac MRI;
c) Mpyocardial fibrosis or inflammation (widespread, patchy) on cardiac MRI or
myocardial biopsy
OR
3. Cardiac conduction system dysfunction, any one of:
a) Second- or third-degree heart block on electrocardiogram or ambulatory
monitoring;
b) Frequent premature ventricular contractions on ambulatory monitoring; or
c) Supraventricular or ventricular tachycardia on electrocardiogram or
ambulatory monitoring
OR
4. Pericardial disease, any one of:
a) Pericarditis: pericardial pain by patient history and pericardial rub on physical
examination confirmed by a physician;
b) Pericardial effusion: greater than trace amount on echocardiogram or cardiac
MRI; or

c) Pericardial fibrosis on echocardiogram or MRI.

Adapted from Hudson et al. (Hudson et al., 2025)

Management and therapeutic options

Diastolic or systolic heart failure, arrhythmia, and conduction abnormalities
are examples of clinically obvious cardiac involvement, which carries a high death
rate, and the treatment of these patients should be carried out with the
appropriate participation of a cardiologist. As first line, it is important to optimize
the care and control of additional related co-morbidities like systemic
hypertension, high cholesterol, diabetes, and renal disease. All patients should
be encouraged to change their lifestyles, including their nutrition and smoking
habits (Bissell et al., 2017).

The British Society for Rheumatology and British Health Professionals in
Rheumatology, although recognizing that the publish evidence is scarce,
recommended immunosuppression with or without pacemaker; implantable

cardioverter-defibrillator; and angiotensin-converting enzyme inhibitors and [3-
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blockers, in case of systolic heart failure. In presence of HFpEF, the
recommendation involves diuretics (including spironolactone and furosemide);
and calcium channel blokers (Denton et al., 2016). Transplantation in end-stage
systolic dysfunction is currently used in the general population and could be
considered for patients with SSc (Bissell et al., 2017). Lastly, the majority of
specialists would advise vigorous cytotoxic therapy until troponin negative is
attained in patients who present with acutely worsening heart failure and
persistent troponin leakage, which is suggestive of active myocarditis (Kahan et
al., 2009).

When arrhythmias are present, the same principles applied to the general
population should be used in SSc patients. Pharmacotherapy should be started,
paying particular attention to the possible side effects of some anti-arrhythmic
medications (such as the vaso-spastic effects of f-blockers and the possible lung
fibrotic impact of amiodarone). Implantable cardioverter-defibrillator should be
vonsidered for life-threatening arrhythmias (Bissell et al., 2017).

For SSc patients with proven coronary artery disease, prognostically
favorable medication (aspirin, statin, angiotensin-converting enzyme inhibitor,
and a cardioselective beta-blocker) and intervention as indicated should be the
standard of care. Programs for cardiac rehabilitation should also be taken into
account (Bissell et al., 2017).

When  Myocardial fibrosis and inflammation are present,
immunosuppressive therapy (e.g., cyclophosphamide, mycophenolate mofetil)

may be considered, although evidence is still evolving (Ferlito et al., 2022).

Diagnostic approaches

The diagnosis of cardiac involvement in SSc remains a significant clinical
challenge; however, all appropriate diagnostic methods must be used, as early
myocardial involvement, if not detected, can lead to irreversible fibrosis and

should be seen as an early sign of poor prognosis.
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e Biomarkers

Understanding whether biomarkers can help stratify patients at risk of
cardiac complications is a question that continues to drive research. The cardiac
biomarkers most studied in SSc are the natriuretic peptides, BNP and NT-
proBNP; however, although these biomarkers can diagnose overall cardiac
involvement, they cannot be used for screening for primary or secondary cardiac
involvement in SSc (Allanore et al., 2009; Desai et al., 2011). Levels higher than
the study thresholds (NT-proBNP = 125 pg/ml and BNP = 60 pg/ml) could be a
sign of cardiac involvement in SSc; however, it cannot be forgotten that several
conditions, cardiac and non-cardiac, can influence these natriuretic peptide
values, and therefore their interpretation must be done with caution within the
clinical context (Desai et al., 2011; Osgueritchian et al., 2025). The role of high-
sensitive cardiac troponin T (hs-cTnT) is also controversial, but may have special
importance when accompanied by left ventricular (LV) systolic dysfunction on
echocardiography, elevated serum levels of NT-proBNP, the presence of right
bundle branch block (RBBB) on electrocardiogram (ECG), and also when the
clinical subset of dcSSc is present (Bosello et al., 2019; Jones et al., 2025;
Osgueritchian et al., 2025). While these biomarkers are ineffective for screening
preclinical or asymptomatic cardiac involvement, they seem to serve as indicators
of severity and prognosis, as NT-proBNP and hs-cTnT correlate with mortality
risk. (Bosello et al., 2019; Jha et al., 2022; Osgueritchian et al., 2025).

Some emerging biomarkers, like angiopoietin 2 (ANFPT2), osteopontin
(OPN), tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), galectin-
13, and growth differentiation factor-15 (markers of inflammation, fibrosis,
cardiovascular stress, and are associated with heart failure, all features well
describe in SSc) are promising yet not suitable for practical application, since
additional research are required to assess the specificity and sensitivity of these
biomarkers in predicting outcomes in SSc (Jones et al., 2025; Lui et al., 2025;
Osgueritchian et al., 2025).
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e Imaging modalities

Autonomic dysfunction, conduction disorders, and arrhythmias are
common in SSc, resulting in an estimated annual sudden cardiac death rate of
1.0-3.3%, which is a tenfold higher risk than in the general population
(Osgueritchian et al., 2025). In fact, in a systematic review and meta-analysis,
Fairley et al., noted that on ambulatory electrocardiogram, arrhythmias such as
non-sustained ventricular tachycardia (NSVT) and frequent premature ventricular
complexes (PVCs) are common, even among individuals without known or
suspected SSc-cardiac involvement. (Fairley et al., 2023). The Systemic
Sclerosis Progression Investigation group of the Italian Society for Rheumatology
(SPRING-SIR) identified, using echocardiography and ECG, a prevalence of
cardiac involvement in 25% of a large cohort (149 of 600 SSc patients), with LV
diastolic dysfunction, conduction blocks, and arrhythmia being the most common
alterations reported (Tonutti et al., 2025). Echocardiography stands out as an
essential, affordable, and radiation-free tool with high specificity and predictive
value, playing a pivotal role in screening and early detection of diverse
pathologies, even in asymptomatic SSc patients, as well as in forecasting
unfavorable outcomes (Jones et al., 2025; Osgueritchian et al., 2025; Weber et
al., 2023). Two-dimensional (2D) echocardiography offers crucial information on
cardiac function and size, valvular and pericardial disease, it can also provide
important information that helps determine the type of pulmonary hypertension
when present. In fact, regarding pulmonary hypertension, it is known that some
parameters assessed by echocardiography (tricuspid annular plane systolic
excursion, tissue Doppler S’ velocity, and fractional area change) have predictive
value for mortality in SSc-PAH (Farrell et al., 2021; Weber et al., 2023). Three-
dimensional (3D) echocardiography, especially for volumetric evaluation of right
ventricular ejection fraction, is being increasingly employed in clinical practice to
assess therapy response due to its strong association with cardiac magnetic
resonance (CMR) techniques in pulmonary hypertension (PH) (Weber et al.,
2023). Speckle tracking echocardiography (STE) provides a sensitive approach
to assess cardiac involvement and may reveal early cardiac changes in SSc

patients. A systematic review and meta-analysis showed that SSc patients (vs.
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healthy controls) have a lower strain for the majority of STE parameters, revealing
the presence of subclinical cardiovascular abnormalities in SSc patients (Qiao et
al., 2023). Myocardial work (MW) is a recently validated non-invasive method that
accounts for myocardial deformation and afterload (via blood pressure) to
evaluate LV performance (Manganaro et al., 2020; Marzlin et al., 2023; Russell
et al., 2012). In SSc, myocardial work is in its early stages. Magda et al., and
Zhang et al., describe the values of MW in SSc cohorts (versus matched
controls), and compared to the most traditional/accepted parameters to assess
LV function (e.g. LVEF and GLS). Even when standard echocardiography
measurements were normal, they both conclude that MW deteriorated in SSc
patients, indicating subclinical myocardial dysfunction and implying that MW
might be used as a screening parameter to identify patients at increased risk of
cardiac disease (Magda S et al., 2024; Zhang et al., 2025).

This data underscores the necessity of an annual ECG and
echocardiography to enable early detection and timely intervention for potential
cardiac complications in SSc patients. Nonetheless, while echocardiography
offers substantial advantages in terms of accessibility, safety, and diagnostic
value, its ability to characterize microvascular dysfunction or detect myocardial
fibrosis remains limited, highlighting the need for complementary imaging
modalities such as cardiac magnetic resonance.

For assessing cardiac involvement in SSc, cardiac magnetic resonance
remains the ideal non-invasive imaging technique, as it can provide data not only
about cardiac function and structure, but also allows the assessment of
myocardial perfusion and deep tissue characterization (Jones et al., 2025). In
fact, according to the consensus of World Scleroderma Foundation/Heart Failure
Association, it is acknowledged that CMR can reveal abnormalities even in
entirely asymptomatic patients, and functions as a surrogate modality for the gold
standard, endomyocardial biopsy (Bruni et al., 2023). Native T1 mapping and
extracellular volume quantification (ECV) are more sensitive than conventional
CMR techniques, allowing the detection of low-grade and diffuse myocardial
inflammation, while using late gadolinium enhanced (LGE) images detect

replacement myocardial fibrotic tissue (Mavrogeni & Pepe, 2024; Weber et al.,
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2023). Knight, D.S et al., show us, in a cohort of 260 symptomatic patients, that
native myocardial T1, was an independent predictor of mortality, even after
adjustment for age and the presence of PH (Knight et al., 2023). A study on a
cohort of 20 SSc European patients, with any nonspecific symptoms and/or signs
suggestive of possible heart involvement, demonstrated significantly lower LVEF,
higher LV end-systolic volume index, higher ECV, and longer T1 and T2
relaxation times as compared to healthy controls (Dorniak et al., 2025). It was
also reported that CMR detected cardiac tissue damage in 15% of patients with
normal ECG and echocardiographic findings, and provided additional tissue
characterization in  20% of patients with borderline, nonspecific
echocardiographic abnormalities (Dorniak et al., 2025). This data corroborates
the fact that CMR reveals even subtle morpho-functional alterations, playing an
important role in early diagnosis of myocardial involvement in SSc.

Despite its demonstrated advantages, the utilization of CMR remains
limited by high cost and restricted availability, particularly outside academic
centers. In addition, the technical complexity of both image acquisition and
interpretation poses further challenges, rendering it less broadly applicable than

echocardiography (Jones et al., 2025).

ROLE OF EXERCISE TESTS IN DIAGNOSIS AND STAGING

e 6-Minute Walk Distance (6MWD)

The official statement of the American Thoracic Society (ATS) about the
6MWD, back in 2002, says that this test is practical and simple (only requires a
30-meter hallway, no exercise equipment, nor advanced training for healthcare
providers), and evaluates the global and integrated responses of all the systems
involved during exercise, assessing the submaximal level of functional capacity
("ATS statement: guidelines for the six-minute walk test," 2002). The same
document also tells us that the strongest indication to perform this test is
measuring the response to medical interventions in patients with moderate to
severe heart or lung disease, but it has also been used as a single measurement

of functional status on heart failure patients, as well as a predictor of morbidity
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and mortality in heart failure and pulmonary hypertension patients, diseases that
as we already describe, that are highly prevalent in systemic sclerosis and
predictors of poor outcomes ("ATS statement: guidelines for the six-minute walk
test," 2002; Ingegnoli et al., 2018; Komdcsi et al., 2012). Since then, several
studies have been published addressing the use of the 6MWD test in SSc. In
2018, using a small cohort of 56 patients, Pugnet et al. showed, within a follow-
up of 2 years, a correlation between a distance covered of less than 80% of the
predicted, with the presence of pulmonary and cardiac disease, which is a sign
that BMWD effectively correlates with SSc severity, confirming the utility of 6MWD
to assess the overall prognosis of SSc patients (Pugnet et al., 2018). One year
later, with a much larger cohort of 625 patients, Pokeerbux et al. found a negative
correlation between 6MWD and survival in SSc patients, recognizing the 6MWD
as an additional prognostic factor (Pokeerbux et al., 2019). Regarding the use of
the 6MWD for screening cardiopulmonary involvement in SSc, a systematic
literature review of three studies concludes that SSc patients with PAH walk a
shorter distance in the test than patients without PAH, with one of the three
studies also showing that exercise-induced desaturation (oxygen (02) <92%) was
an independent predictor of PAH development (Hsu et al., 2014; Madigan et al.,
2024; Phung et al., 2009); another recent study by Ahmed S. et al., shows that
cardiopulmonary involvement (myocardial involvement, PAH, ILD or a
combination) was significantly and independently associated with 6MWD and
with the occurrence of desaturation during exercise (Ahmed et al., 2025).
Therefore, the 6MWD emerges as a valuable diagnostic tool, as it not only
enables the early detection of cardiopulmonary involvement in SSc patients but

also provides significant prognostic information regarding disease progression.

e Cardiopulmonary exercise test (CPET)

Cardiopulmonary exercise testing is a comprehensive, standardized method
and relatively non-invasive objective test, that evaluates the integrative response
of the cardiovascular, respiratory, metabolic, and muscular systems during
physical exertion (Pritchard et al., 2021). It is based on the principle that the

system (e.g. cardiovascular, pulmonary, or muscle-energetic) failure typically
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happens while the system is under stress. Thus, in a controlled way, the
supporting system are “forced” normally over their tolerable range, which allows
uncovering abnormalities that may remain undetected at rest (Palange et al.,
2007). Nowadays, CPET is used to assess a wide spectrum of diseases,
including heart failure, pulmonary hypertension, interstitial lung disease, and
chronic obstructive pulmonary disease.

As we have already discussed, cardiac involvement, PAH, ILD, or a
combination of these characteristics are frequently linked to SSc. Exercise
intolerance is a frequent side effect, and depending on the underlying cause, SSc
patients exhibit various gas exchange patterns (Boutou et al., 2016; Giubertoni
et al., 2025). CPET allows a differential diagnosis of cardiovascular causes of
functional impairment in these patients. Several studies have published data that
may help distinguish between the various causes of exercise intolerance. In 1996,
Schwaiblmair et al., using a cohort of 78 SSc patients (43% with symptoms of
exertional dyspnea), concluded that CPET findings differ between diffuse and
limited skin involvement, and that SSc patients with lung disease, the ratio of
physiologic dead space over tidal volume (Vd/Vt) and the difference between the
partial pressure of oxygen in the alveoli (PAO,) and the partial pressure of oxygen
in the arterial blood (PaO,) [P(A-a)Oz2], increased during exercise (Schwaiblmair
et al., 1996). Later, in 2010, Cuomo et al., in a cohort study with 46 SSc patients
(plus controls), discovered that these patients' cardiovascular and respiratory
parameters are noticeably impaired during exercise, with a lower VO2, a decrease
O2 pulse, a reduced ventilatory volume, and a significant lower anaerobic
threshold (AT) compared to the predicted VO2 peak. They also reported
significant correlations between exercise intolerance and the severity of heart
involvement, the LV diastolic dysfunction, and the severity of lung involvement
(Cuomo et al., 2010). In the same year, Walkey et al., using a small cohort of 19
SSc patients, and adding right-heart catheterization to CPET, attempted to
differentiate the various sources of exercise intolerance, presenting 5 different
types, with their main characteristics gathered in Table 5 (Walkey et al., 2010).
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Table 5 The 5 types of exercise intolerance in SSc patients, proposed by Walkey et al.

vaPsucl:rlTlggzgy LV dysfunction \ﬁ:#:itg:]y Ca:ﬁﬁ; e:;cnular Deconditioning
el VOz2peakat | el VO2peakat | e VO:peak e | VO: peak, e | VO: peak,
AT AT ¢ | BR without signs of | without signs of
e T VE/VCO:2 e T VE/VCO:2 pulmonary pulmonary
vascular, LV, or | vascular, LV, or
e PCWP < 18 e PCWP = 18 ventilatory ventilatory
mmHg mmHg impairment at impairment at
e DPG <5 CPET or RHC CPET or RHC
mmHg
e EF = 50% o Abnormalities
in a resting echo

VO; - volume of oxygen; AT - anaerobic threshold; VE/VCO, - minute ventilation/carbon dioxide production; PCWP -

pulmonary capillary wedge pressure; DPG — diastolic pulmonary gradient; EF — ejection fraction; BR - breathing

reserve; LV — left ventricle; CPET — cardiopulmonary exercise test; RHC — right heart catheterization.

More recently, Boutou et al., assessed the potential causes of exercise

intolerance in a population of 78 SSc patients with perceived exertional dyspnea

or reduced physical performance, proposing 4 groups: normal exercise capacity

or subnormal exercise capacity,

respiratory limitations, patients with LV

dysfunction, and those with pulmonary vasculopathy (Boutou et al., 2016). Their

main characteristics are presented in Table 6.

Table 6 Categorization of the different causes of exercise intolerance, proposed by

Boutou et al.

Pulmonary
vasculopathy

LV dysfunction

Respiratory
limitation

Normal or

subnormal exercise

capacity

e peak VO2 < 80%

e peak VO2 < 80%

predicted predicted

o AT < 75% predicted | e AT < 75% predicted

e VE/VCO2atAT <34 | ¢ normal or high

e decreasing VE/VCO:2 at AT

APetCO2 e increasing or
or neutral APetCO2

o BR < 11 liters

predicted or

e peak VO2 = 80%

peak

VO2 < 80% predicted
e AT = 75% predicted
e BR = 11 liters

e VE/VCO2 at AT <
34
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e peak VO2 = 80%
predicted
e AT 275%

e no resting and no
exercise-induced

hypoxemia

e rest Sa02 = 95%
e rest SaO:2 - peak
Sa02 < 4%

e VE/VCO2 at AT 2
34

edecreasing
APetCO2

VO,, oxygen consumption; AT, anaerobic threshold; BR, breathing reserve; VE, minute ventilation; VCO,, volume of

exhaled carbon dioxide; PetCO,, end-tidal partial pressure of carbon dioxide; APetCO,, change of PetCO, from rest
to AT; Sa02, arterial oxygen saturation; CPET, cardiopulmonary exercise testing; SSc, systemic sclerosis.
Adapted from Giubertoni et al. (Giubertoni et al., 2025).

Both studies aim to differentiate the underlying mechanisms of exercise
intolerance, but they approach the classification with slightly different emphases.
Walkey et al., besides CPET, incorporate invasive hemodynamic data and non-
invasive findings from echocardiography; while Boutou et al., focused the
analysis only on CPET-derived parameters. The two authors overlap in
highlighting reduced VO, peak, low AT, and elevated VE/VCO, as markers of
pulmonary vasculopathy or left ventricular dysfunction, with Boutou et al.,
suggesting that the differentiation between this two causes of exercise
intolerance, should be done by observing a decrease in PETCO:2 from rest to AT
(Boutou et al., 2016; Giubertoni et al., 2025; Walkey et al., 2010). Regarding
ventilatory limitation, both approaches emphasize the reduced breathing reserve,
and, while Walkey et at., make a differentiation between cardiovascular
dysfunction and deconditioning, Boutou et al., preferred to include these patients
on the normal or subnormal exercise capacity group (Boutou et al., 2016; Walkey
et al., 2010). Thus, while Walkey et al. takes a more mechanistic and integrative
approach by combining CPET, echocardiographic, and hemodynamic data,
Boutou et al. focuses on standardized CPET thresholds, making it potentially
more practical for uniform application in clinical and research settings.

CPET also assumes greater importance when screening for PAH, which
accounts for around 30% of deaths in SSc patients (Anthony J Tyndall et al.,
2010). The gold standard for diagnosing and classifying pulmonary hypertension
is right heart catheterization. In cases of suspected pulmonary hypertension,
even in asymptomatic patients, echocardiography is the primary non-invasive
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diagnostic investigation, serving as the initial line of assessment, but its
diagnostic accuracy alone is suboptimal (Humbert et al., 2022). With the goal of
an earlier and more accurate screening of PAH in these patients, the DETECT
algorithm emerged, adding other tests, such as respiratory function tests, ECG,
serum biomarkers, and the current/past present of telangiectasias. (Coghlan et
al., 2014; Humbert et al., 2022) The DETECT algorithm is highly sensitive in
screening for PAH but lacks specificity (only 35%), often leading to unnecessary
invasive procedures, such as RHC (Hao et al., 2015; Young et al., 2021). CPET
could have a particular diagnostic utility when PAH is suspected since these
patients display an abnormal cardiorespiratory response to exercise due to a
reduced ventilatory efficiency and an increased right ventricle afterload
(Dumitrescu et al.,, 2017; Weatherald et al., 2019). There are few, and
heterogeneous, studies looking at the CPET diagnostic performance in SSc
patients. Dumitrescu et al. concluded that particularly a VE/VCO: ratio of 45.4 is
strongly predictive of PAH, whereas a peak oxygen uptake (VO2) >18.7
mL/min/kg was found to be the most accurate parameter for excluding PAH in
100% of the patients (Dumitrescu et al., 2017). Santaniello and colleagues
combined CPET with the DETECT algorithm and demonstrated that the addition
of the VE/VCOz2 slope measurement into the DETECT algorithm could reduce
unnecessary RHC without compromising its sensitivity (Santaniello et al., 2020).
A study from 2022 looked at PAH screening in a small sample of 52 SSc patients
using CPET. The study suggested PAH in 16 patients, in which resting RHC
confirmed PAH in 5 patients, while exercise RHC confirmed it in an additional 7
patients (Sanchez-Aguilera Sanchez-Paulete et al., 2022). With that, the authors
show that when CPET was used with both rest and exercise RHC, the diagnostic
sensitivity was 100%, contrasting with a sensitivity of 70% by the DETECT
algorithm in the same patients (Sanchez-Aguilera Sanchez-Paulete et al., 2022).
In conclusion, CPET represents a comprehensive tool in PAH, as it supports early

diagnosis by identifying abnormal pulmonary vascular responses to exercise.

Multiple studies have shown that CPET also holds prognostic significance

for patients with SSc. Ewert and colleagues, following a cohort of 210 SSc
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patients (52 with PH, of whom 38 had PAH) for 10 years, concluded that peakVO:2
(< 15.6 mL/Kg/min), VE/VCOz2 slope (>35), and 6-MWD (<413 meters), and the
presence of PAH, were all negative prognostic predictors and can predict survival
(Ewert et al., 2019). In 2021, with a smaller cohort of 29 SSc patients, and a
shorter follow-up of 3.7 years, Hemelein et al., reported some correlations
suggesting that CPET parameters might discriminate between SSc patients with
or without adverse outcomes, namely baseline VO2 and VE/VVCO:z2 correlated with
a reduction in forced vital capacity; AT was linked to the development of digital
ulcers, while VE/VCO2 was linked to increases in pulmonary arterial pressure
(Hemelein et al., 2021). More recently, a study including 62 SSc patients without
baseline PH, with a follow-up of 10 years, found that a lower baseline VO2 peak
was associated with a higher risk of death (0.861, 95% CI: 0.739-1.003, p =
0.054), and was also capable of predicting pulmonary function test (PFT)
deterioration, highlighting the value of CPET to predicted prognosis and mortality
risk in this population, even in the absence of PH (Bournia et al., 2022; Giubertoni
et al., 2025).

Overall, CPET seems to offer a thorough assessment and is a potential
tool for pathophysiology evaluation, SSc patient follow-up, risk stratification,
complication screening, and even the provision of useful endpoints for

therapeutic trials.

e Stress echocardiography

Stress echocardiography has emerged as a valuable tool in the
assessment of SSc, providing insights into early cardiovascular involvement that
may not be detected by conventional methods. Nagel and colleagues found that,
to detect PAH in SSc patients, stress echocardiogram improved the sensitivity
from 72.7% on resting echocardiogram to 95.2% on exercise, with a specificity of
84.9%, using a PASP of 40 mmHg at rest and 45 mmHg during low exercise
(Nagel et al., 2015). Rallidis et al., using a cohort of 49 patients with SSc who
underwent treadmill exercise echocardiography, reported that a post-exercise
tricuspid regurgitation (TR) velocity >3.4 m/s had a sensitivity of 90.5%, a

specificity of 80% and an accuracy of 84% in detecting PAH, being also positively
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correlated with sPAP and mean PAP obtained by RHC (Rallidis et al., 2021).
Knowing that the right ventricular capacity to adapt to increased afterload is the
main determinant of outcome in pulmonary hypertension, Mukherjee et al.,
prospectively enrolled 56 SSc patients, submitting them to a supine bicycle
echocardiography, coupled with RV longitudinal systolic strain. They found that
the speckle tracking abnormalities in RV contractile response to exercise were
not detectable by conventional measures, and demonstrated the effect of resting
loading conditions on RV contractile response to exercise, in which the RV
chamber differentially dilates with no further augmentation in contractility
in those with elevated RVSP at rest, suggesting subclinical impairments on RV
reserve in SSc that may be missed by resting echocardiography (Mukherjee et
al., 2021).

Patients with systemic sclerosis often experience left ventricular diastolic
dysfunction and HFpEF, which is linked to high mortality (Arase et al., 2021).
Stress echocardiography can detect the early stages of these conditions in SSc
patients with normal resting hemodynamics, potentially influencing their
prognosis. In a cohort of 140 SSc patients who underwent 6MWD stress
echocardiography, Arase and colleagues reached that conclusion, with their data
revealing impaired LV cardiac reserve in patients with normal hemodynamics,
and also an independent association between LV cardiac reserve and clinical
worsening in SSc, providing incremental prognostic utility (Arase et al., 2021). In
conclusion, stress echocardiography is a sensitive non-invasive method for
detecting subclinical myocardial dysfunction and pulmonary vascular involvement
in systemic sclerosis, potentially enhancing risk stratification and timely

intervention in this population.

¢ Invasive hemodynamic exercise test

Right heart catheterization is the gold standard method to assess
pulmonary hemodynamics at rest and during exercise (Kovacs et al., 2017). A
recent study analyzed the results of rest and exercise RHC in 19 patients with
SSc, concluding that 95% of patients presented an mPAP > 30 mmHg during

exercise, with 68% showing an abnormal pulmonary pressure-flow relationship
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> 3 mmHg/l/min, finding also that 7 out of 9 patients without PH at rest, had
exercise-induced PH (Andersen et al., 2024). Mohri and colleagues, in a cohort
of 45 SSc patients with normal hemodynamics at rest, also found occult LV
diastolic dysfunction during exercise RHC, defined by a PAWP 2 25 mmHg, in
29% of patients (Mohri et al., 2022). These findings highlight the importance of
exercise RHC in unveiling subclinical cardiopulmonary involvement in systemic
sclerosis.

With the aim of investigating the prognostic value of exercise
hemodynamics measured during RHC in SSc patients, we highlight two studies.
The first study by Stamm et al., reported in a cohort of 72 SSc patients, found
that 28 (39%) presented with exercise-induced pulmonary hypertension, defined
by mPAP = 30 mmHg and mPAP/cardiac output (CO) > 3 mmHg/I/min at maximal
exercise. They also reported that the mean survival without transplantation in this
subgroup was 5.2 years, compared to 9.5 years in the subgroup without
pulmonary hypertension. The second study, by Zeder and colleagues, followed a
cohort of 80 SSc patients with resting mPAP < 25 mmHg for 10.4 years
(interquartile range (IQR) 8.5-11.8). They found that pulmonary vascular
resistance (PVR) (p=0.006; HR: 2.20 [95%CI 1.26-3.87]), total pulmonary
resistance (TPR) at peak exercise (p=0.026; HR: 1.56 [95%CI 1.06-2.29]),
mPAP/CO slope (p=0.047; HR: 1.14 [95%CI 1.002—-1.286]), and TPG/CO slope
(p=0.034; HR: 1.34 [95%CI 1.02-1.76]) were significantly associated with
mortality. They also reported an area under the receiver-operating-characteristics
curve for exercise PVR to predict 10-year mortality of 0.917 [95%CI 0.797-1.000]
(Zeder et al., 2021). All of these results highlight how exercise hemodynamic
parameters measured by RHC offer strong prognostic data, making it possible to
identify SSc patients who are more likely to experience negative outcomes even

when their resting values are acceptable.
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Although the growing recognition of the diagnostic and prognostic value of
CPET in SSc, the existing evidence remains fragmentary and focused on narrow
clinical scenarios. Most published studies have evaluated CPET primarily as a
tool to characterize exercise intolerance or to monitor patients with established
PAH, rather than as a strategic component of the diagnostic workup in SSc. In
particular, data on the ability of CPET to accurately rule out PAH in SSc patients
with suspected disease are scarce, with only a few studies systematically
addressing its negative predictive value and its potential to reduce the need for
right heart catheterization. Dumitrescu et al., with the aim of assessing the
diagnostic accuracy of key parameters derived from CPET for detecting and
ruling out SSc-associated PAH, submitted to CPET and RHC, 173 SSc patients
without know PAH. Their results show that a peak VO2 >18.7 mL/kg/min was
reached by 38 patients (22%) and excluded PAH in their cohort (negative
predictive value 1.0), reporting also that a nadir VE/VCO: ratio > 45.5, presented
a positive predictive value of 1.0 (Dumitrescu et al., 2017). Santaniello et al.,
aiming to evaluate whether CPET could enhance the performance of the
DETECT algorithm in screening for PAH, demonstrated that incorporating the
VE/VCO; slope into the algorithm reduced the number of unnecessary RHC while
preserving its sensitivity (Santaniello et al., 2020). However, these findings have
not yet been independently confirmed or extended to other SSc cohorts.
Consequently, the role of CPET as a reliable non-invasive tool to refine the
diagnostic workup of SSc patients referred for suspected PAH remains

insufficiently defined. Addressing this gap motivated the first aim of this thesis:

STUDY | — Diagnostic utility of cardiopulmonary exercise testing for
pulmonary arterial hypertension in systemic sclerosis:

a) to investigate the diagnostic performance of cardiopulmonary

exercise testing in excluding PAH among SSc patients referred

to a pulmonary hypertension unit.

Second, cardiac involvement is recognized as a major determinant of

morbidity and mortality in SSc, but most research has predominantly focused on
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PAH, leaving primary myocardial disease and secondary heart failure relatively
underexplored. The prevalence, distribution across HF stages, and clinical
correlates of HF in SSc patients without PAH are not well established, despite
evidence that both subclinical and symptomatic cardiac dysfunction are frequent
in this population. Furthermore, although functional tests such as the 6MWTD
and CPET are commonly used in the evaluation of PAH, their value for
characterizing HF stages and stratifying HF risk in SSc has not been
systematically evaluated. In particular, it remains unclear how exercise-based
parameters (notably the 6BMWT distance and CPET-derived indices of ventilatory
efficiency) relate to HF severity and to the broader systemic disease profile in

SSc patients without PAH. This gap underpins the second aim of the thesis:

STUDY Il - Cardiac Involvement and Heart Failure Staging in Patients

with Systemic Sclerosis

a) to assess the prevalence of HF stages in SSc patients without
PAH;

b) to study its clinical and functional correlates.

Third, despite significant advances in echocardiographic imaging, the early
detection of myocardial involvement in SSc remains a major challenge, as
conventional parameters such as LVEF often fail to identify subtle dysfunction.
Global longitudinal strain improves sensitivity but is still influenced by loading
conditions and image quality, limiting its reliability as a standalone marker of early
cardiac disease (Celutkiené et al., 2018; Klaeboe & Edvardsen, 2019; Sugimoto
et al., 2017). Myocardial work, which integrates strain and afterload to provide a
more comprehensive assessment of left ventricular performance, has emerged
as a promising parameter for uncovering subclinical myocardial dysfunction
(Manganaro et al., 2020; Roemer et al., 2021). However, research on MW in SSc
is still scarce, with only two studies—by Magda et al. and Zhang et al.—reporting
reduced MW indices in SSc patients compared to controls, even when
conventional echocardiographic parameters were normal. Importantly, these
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studies were limited to patients without clinical cardiac involvement and did not
explore potential associations between MW and functional capacity markers such
as those derived from cardiopulmonary exercise testing (CPET) or the six-minute
walk test (6MWT) (Magda S et al., 2024; Zhang et al., 2025). Clarifying the
incremental value of MW beyond LVEF and GLS, and its association with
functional status, could substantially improve the detection of early myocardial
dysfunction and inform more tailored management strategies. These

considerations led to the third aim of the thesis:

STUDY Il - Myocardial Work as a Tool for Detecting Subclinical Cardiac

Dysfunction and Its Association with Functional Capacity in Systemic Sclerosis

a) to describe the myocardial work in a prospectively assessed
cohort of SSc patients and evaluate its ability to detect
subclinical cardiac dysfunction in comparison with ejection
fraction and global longitudinal strain;

b) to test its association with functional capacity markers.

To address these interrelated gaps, three cross-sectional studies were
conducted in SSc patients referred to a pulmonary hypertension unit. Together,
these studies were designed to i) define the diagnostic utility of CPET for
excluding PAH and potentially reducing unnecessary invasive testing; ii)
delineate the burden and determinants of HF stages in SSc without PAH,
integrating clinical and functional assessments; and iii) evaluate the role of MW

as an early marker of myocardial dysfunction and its link to exercise tolerance.

In the following chapter, the collected data presented and discussed in

three original studies: Study |, Study Il and Study llI.
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ABSTRACT

Objectives: Systemic sclerosis (SSc) patients are at increased risk of developing
pulmonary arterial hypertension (PAH). Effective screening strategies are needed
to improve early PAH detection and management. This study aimed to investigate
the diagnostic performance of cardiopulmonary exercise testing (CPET) in
excluding PAH among SSc patients referred to a pulmonary hypertension unit.
Methods: This was an observational retrospective cross-sectional study.
Consecutive SSc patients referred for suspected PAH to a tertiary PH center
underwent right heart catheterization (RHC) and CPET for suspected PAH.
Demographic, clinical, and echocardiographic data were collected. Statistical
analysis included comparisons between groups and diagnostic accuracy
assessment using ROC analysis.

Results: Among 43 included patients, 26% were diagnosed with PAH. CPET
variables showed significant differences between PAH and non-PAH groups, with
an acceptable discriminative ability (equal or above 0.80). A peak VO2 of 16
mL/min/Kg, a VE/VCO:2 slope of 33, and peak PetCO2 of 33 mmHg were the
estimated thresholds for a specificity of 100%. Notably, these CPET parameters
could exclude PAH in up to 40% of patients who underwent RHC.

Conclusion: Our findings support the role of CPET in excluding PAH among SSc
patients. Systematic implementation of CPET in clinical practice could aid risk
stratification and decision-making, potentially reducing unnecessary invasive

procedures.

KEY WORDS: CPET,; diagnosis; PAH; Systemic Sclerosis
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INTRODUCTION

Systemic sclerosis (SSc) is a multisystem autoimmune disease
characterized by microvascular dysfunction, immune activation, and progressive
fibrosis. Among its cardiopulmonary complications, pulmonary arterial
hypertension (PAH) represents one of the most severe, affecting up to 20% of
patients (Humbert et al., 2022; Pope et al., 2023) and accounting for nearly
one-third of SSc-related mortality (Lechartier & Humbert, 2021; Anthony J Tyndall
et al., 2010; Weatherald et al., 2019). PAH screening allows an earlier diagnosis
at a stage of less advanced hemodynamic impairment and has been shown to
improved survival in this population (Brown et al., 2021; Vandecasteele et al.,
2017).

Current clinical guidelines recommend annual screening for PAH using a
combination of electrocardiogram, echocardiography, lung testing, and plasma
biomarkers (Humbert et al.,, 2022). However, the specificity and positive
predictive value of these screening strategies remain modest. Consequently, a
substantial proportion of screened patients undergo right heart catheterization
(RHC), which although it stands as the gold-standard tool for PAH diagnosis, is
invasive and resource-intensive (Humbert et al.,, 2022). Using the DETECT
algorithm, 60% of screened SSc patients will undergo RHC, but up to 40% are
found to have normal hemodynamic findings (Coghlan et al., 2014; Hao et al.,
2015; Young et al., 2021). This inefficiency highlights an ongoing need for more
accurate, non-invasive tools to refine SSc-PAH screening and reduce

unnecessary invasive testing.
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Cardiopulmonary exercise testing (CPET) is a safe, reproducible, and non-
invasive method that provides an integrated assessment of cardiovascular,
pulmonary, and muscular responses to exercise (Humbert et al., 2022; Sun et al.,
2001). In the context of suspected PAH, CPET is particular informative because
affected patients typically exhibit a characteristic abnormal exercise response,
including impaired ventilatory efficiency and an increased right ventricle afterload
(Dumitrescu et al., 2017; Weatherald et al., 2019). These pathophysiological
features make CPET an attractive tool for refining the diagnostic evaluation of
patients with suspected PAH.

Despite its established diagnostic and prognostic value in pulmonary
hypertension, the role of CPET in the screening and early diagnostic workup of
SSc-associated PAH remains incompletely defined. In one of the largest cohorts
studied to date, Dumitrescu et al. reported that a VE/VCO2 nadir of 45.4 was
strongly predictive of PAH, whereas a peak oxygen uptake (VO2) >18.7
mL/min/kg was associated with a high negative predictive value, suggesting a
potential role for CPET in ruling out disease (Dumitrescu et al., 2017). More
recently, Santaniello and colleagues showed that incorporating CPET
parameters, particularly the VE/VCO2 slope, into the DETECT algorithm could
enhance specificity and reduce unnecessary RHC referrals without
compromising sensitivity (Santaniello et al., 2020). However, these findings have
not been consistently replicated across independent cohorts, and data remain
limited regarding CPET performance in broader clinical contexts.

An additional challenge in SSc is the high prevalence of left heart disease,

which is increasingly recognized as a common and prognostically relevant
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complication (Humbert et al., 2022; Ninagawa et al., 2021). Left heart disease
may lead to post-capillary pulmonary hypertension and contribute to false-
positive PAH screening results. Whether CPET-derived parameters preferentially
reflect pre-capillary pulmonary vascular disease rather than elevated left-sided
filling pressures remains an important unresolved question with direct clinical
implications.

In the present study, we aimed to evaluate the diagnostic performance of
CPET in excluding PAH among patients with SSc referred to a PH unit for
suspected disease. Specifically, we sought to assess whether selected CPET
variables could reliably discriminate PAH from non-PAH hemodynamic profiles,
including cases of PH due to left heart disease, thereby supporting a more refined

and pragmatic diagnostic strategy applicable to real-world clinical practice.

METHODS

This retrospective observational cross-sectional study included 70
consecutive adults with SSc referred for suspected PAH to the pulmonary
hypertension unit of Centro Hospitalar Universitario de Santo Anténio (CHUdSA),
Porto, Portugal, between April 2021 and April 2023. All participants underwent
both right heart catheterization and CPET as part of the standardized diagnostic
work-up for suspected PAH.

Eligible subjects were older than 18 years and fulfilled the 2013
ACR/EULAR classification criteria for SSc (van den Hoogen et al., 2013). Taking
into account the extent of skin involvement, classification into limited cutaneous

and diffuse cutaneous systemic sclerosis was made according to the LeRoy
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criteria (LeRoy et al., 1988). Individuals without detectable skin involvement, but
with hallmark serological and clinical features were classified with SSc sine
scleroderma; and patients with other connective tissue disease, in addition to SSc
were classified as having overlap syndrome (Allanore et al., 2015). Patients with
an established diagnosis of PAH before referral, according to the 2022 ESC/ERS
Guidelines (Humbert et al., 2022), were excluded, as were patients in whom
either CPET or RHC was not completed or was of insufficient technical quality for
analysis.

Demographic and clinical data were extracted from electronic medical
records and included age, sex, body mass index (BMI), disease subtype and
duration, blood analysis, comorbidities, medication, pulmonary function tests,

echocardiographic and 6MWD data.

Ethical standards

The study was conducted in accordance with the 1964 Declaration of
Helsinki and its later amendments, and the principles of Good Clinical Practice.
Approval was obtained from the CHUdSA Ethics Committee (2020.031(023-
DEFI/025-CE), which waived the requirement for informed consent due to the

retrospective design and use of anonymized data.

Cardiopulmonary exercise testing

Symptom-limited CPET was performed on an electronically braked
treadmill (Medisoft, Medel 870C) using an individualized ramp protocol designed
after a brief interview about patient's usual level of physical activity (Glaab &

Taube, 2022; Pritchard et al., 2021). Breath-by-breath gas exchange data were
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collected and averaged over 30-second intervals and analyzed using Blue
Cherry® Software (Geratherm Respiratory GmbH, Bad Kissingen, Germany).
Patients were encouraged to exercise to maximal effort, aiming for a peak
respiratory exchange ratio (RER) greater than 1.10. The comprehensive protocol
for CPET adopted in our laboratory has been described in detail elsewhere
(Schmidt et al., 2023). Other CPET parameters were recorded in the database
but, a priori, peak VO2, VE/VCO:2 slope, and peal PetCO2 were prespecified as
the primary CPET variables of interest because of their mechanistic link to
pulmonary vascular disease and prior evidence of diagnostic utility in SSc-

associated PAH (Dumitrescu et al., 2017; Santaniello et al., 2020).

Hemodynamic assessment

Hemodynamic assessment was performed by right heart catheterization
using a Swan-Ganz catheter, according to institutional protocol. Measurements

were obtained at rest, in the supine position, without sedation and after at least
10 minutes of stabilization via an ultrasound -guided internal jugular or brachial
vein approach by experienced operators. Pulmonary artery, right atrial, and
pulmonary capillary wedge pressures were recorded and averaged over 3
respiratory cycles. Cardiac output (CO) was calculated from an average of at
least three measurements using the thermodilution method following current
recommendations (Simonneau et al., 2019).

Pulmonary hypertension (PH) was defined by a mean pulmonary arterial
pressure (mMPAP) >20 mmHg at rest, in line with the 2022 ESC/ERS Guidelines

for the diagnosis and treatment of pulmonary hypertension (Humbert et al., 2022).
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Pre-capillary PH was defined by mPAP > 20 mmHg, pulmonary arterial wedge
pressure (PAWP) < 15 mmHg, and pulmonary vascular resistance (PVR) >2
Wood Units (WU). Post-capillary PH was defined by PAWP >15 mmHg. The later
were further subclassified as combined post- and precapillary PH (Cpc-PH) when

PVR >2 WU, or isolated postcapillary PH (Ipc-PH) when PVR <2 WU.

Outcomes and blinding

The primary outcome was the presence of SSc-associated PAH as determined
by RHC. Secondary outcomes included the characterization of CPET-derived
patterns of exercise limitation according to PAH status and the description of
resting hemodynamic profiles. CPET data were analyzed by physicians with
expertise in exercise physiology who were unaware of the invasive hemodynamic
results at the time of CPET interpretation. RHC operators and readers were not
provided with CPET measurements during invasive assessment, thereby

minimizing classification bias.

Statistical analysis

Continuous variables are expressed as mean (standard deviation) for
normally distributed data or median [interquartile range] for nonnormally
distributed data. Categorical variables are summarized as the counts and
proportion [n (%)]. Comparisons between groups were performed using two-
sided unpaired or paired t-tests or Wilcoxon rank sums test for normally and non-

normally distributed data, respectively.
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The three prespecified CPET variables (i.e. Peak VO2, VE/VCO: slope,
and peak PetCO2) were evaluated as predictors of the primary outcome. Logistic
regression analysis was conducted on the entire cohort to evaluate the
association between these CPET variables and the presence of PAH.
Associations between exercise capacity parameters (peak VO2 and PetCO2) and
hemodynamic variables (MPAP and PVR) were assessed using univariate linear
regression analysis. The coefficient of determination R? was used to evaluate the

proportion of variance explained by the model. Diagnostic accuracy of CPET
parameters for excluding PAH was further determined using receiver operating

characteristic (ROC) curves analysis. For each parameter, the area under the
ROC curve (AUC) with 95% confidence intervals was calculated, and thresholds
were identified both by maximizing the Youden index and by targeting very high
specificity (up to 100%) to explore their potential role as rule-out criteria.
Sensitivity, specificity, positive and negative predictive values, and likelihood
ratios were derived for selected cut-offs.

Missing data were handled by complete-case analysis; the proportion of
missingness for key variables was reported, and no imputation was performed. A
two-sided p-value < 0.05 was considered significant. Statistical analyses were

done with STATA 12.1 (StataCorp LLC, Texas, USA).

RESULTS

Out of the 70 consecutive patients referred for suspected PAH, a total of
43 SSc patients were included in the study cohort. Of the remaining 27 patients,

8 had already an established diagnosis of PAH, and the other 19 were excluded
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due to absence or insufficient technical quality of CPET or RHC for analysis. The
demographic, clinical, and echocardiographic data of the studied patients are
summarized in Table 1. Supplementary Table S1 provides more clinical
characteristics of the studied patients. Of the final cohort, 11 (26%) were
diagnosed with SSc-associated PAH (pre-capillary PH due to Group 1 PAH by
ESC/ERS criteria), whereas 32 (74%) had normal hemodynamics or
post-capillary PH phenotypes. The mean age was 64 years and mostly female
(98%). Patients with PAH and non-PAH patients were similar in age, sex, body

mass index and disease duration, and NYHA functional class (Table 1).

Table 1 Baseline clinical, pulmonary function, echocardiographic, hemodynamic, and
functional characteristics of systemic sclerosis patients with and without PAH

Total No PAH PAH p-value
(n=43) (n=32) (n=11)
Age, years 64 (12) 64 (12.9) 65 (9.5) 0.68
Female sex, n (%) 42 (97.7%) 32 (100%) 10 (90.9) 0.08
BMI, kg/m? 26.3(54) 264 (6)  25.8(3.2) 0.75
Disease duration, o7 5 64 4) 856 (67.1) 92.6 (59) 0.76
months
Pulmonary function
testing
DLCO (% predicted) 66.3 (19)  71.8(18.3) 50.9 (11.6) 0.03
FVC/DLCOratio 1.8 (0.6)  1.7(0.6)  2.2(0.4) 0.07
NT-proBNP, pg/mL (2515519:3) é;::g) (2;421:2) 029
Echocardiography
Tricuspid 5 5 (4 2y 2.4 (1) 2.8 (1.6) 0.34

regurgitation, cm/s
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Estimated PASP,

mmHg 45.9 (30.6) 44.7 (29.7) 48.8(34.2) 0.71
Estimated PASP <35 o 0 0
mmHag, % 17 (39.5%) 14 (43.8%) 3 (27.3%) 0.33
104.7
PAAT, ms (26.1) 110.3 (25) 88 (22.9) 0.02
Right atrial volume,
mL/m2 253(9.4) 244((094) 27.9(9.3) 0.31
TAPSE, mm 21 (3.8) 21.3(3.5) 20 (4.7) 0.33
FAC, % 43.5(6.3) 44.4(5.5) 40 (8) 0.08
Pericardial effusion,n 7 (17.5%) 5(17.2%) 2 (18.2%) 0.94
Hemodynamic
measurements
mPAP, mmHg 24.4(10.8) 20.4(6.3) 35.9(13.1) <0.01
PAWP, mmHg 10.5 (4.1) 10.8 (4.4) 9.6 (2.7) 0.38
RA, mmHg 5.3 (2.6) 49 (2.4) 6.3 (2.8) 0.91
Cl, L/min/m? 3.5 (0.9) 3.6 (1) 3.2(0.4) 0.22
PVR,WU 2.6 (1.9) 1.7 (0.7) 5.0 (2.1) <0.01
6MWD
. 373.6 393.9 316.2
Distance, m g4 1) (79.7) (110.9) 0.02
Predicted distance, % 78.9 (18.3) 83.7 (15.3) 65.5(21) <0.01

Data are presented as mean (standard deviation, sd) or n (%), as appropriate. A p value < 0.05
was considered significant. PAH, pulmonary arterial hypertension; SSc, systemic sclerosis; BMI,
body mass index; NT-proBNP, N-terminal pro B-natriuretic peptide; DLCO/VA, diffusing capacity
for carbon monoxide; FVC, forced vital capacity; PASP, pulmonary arterial systolic pressure;
PAAT, pulmonary artery acceleration time; TAPSE, Tricuspid Annular Plane Systolic Excursion;
FAC, fractional area change; mPAP, mean pulmonary arterial pressure; PAWP, pulmonary artery
wedge pressure; RA, right atrium; Cl, cardiac index; PVR, pulmonary vascular resistance; WU,
wood units; 6MWD, 6-min walking distance.

Pulmonary function testing revealed significantly lower DLCO

(50.9+11.6% vs 71.8+18.3% predicted, p=0.03) and a trend toward higher

FVC/DLCO ratio (2.2+0.4 vs 1.7+0.6, p=0.07) in the PAH group. NT-proBNP
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levels were numerically higher in PAH patients but not significantly different
(412.5£434.3 vs 277.3£331.2 pg/mL, p=0.29). Echocardiographic screening
parameters showed no significant differences in estimated PASP or tricuspid
regurgitation velocity, but PAAT was markedly reduced in PAH patients (88+£22.9
vs 110.3+x25 ms, p=0.02). Hemodynamic assessment confirmed elevated mPAP
(35.9+13.1 vs 20.4+6.3 mmHg, p<0.001) and PVR (5.0+2.1 vs 1.740.7 Wood
units, p<0.001) in the PAH group, with no differences in pulmonary artery wedge
pressure or cardiac index. Functional capacity assessed by 6MWD was

significantly reduced in PAH patients (316.2+110.9 vs 393.9+79.7 m, p=0.02).

Cardiopulmonary exercise testing

Patients achieved comparable maximal effort during CPET, as indicated
by similar peak respiratory exchange ratio values (Table 2). However, those with
PAH exhibited significantly reduced peak VO2 (15.3+3.6 vs 21.1+£5.2 mL/kg/min,
p<0.001), VE/VCO: slope (37.5+6.2 vs 29.844.1, p<0.001) and peak PetCO:2
(29.8+4.2 vs 36.5+5.1 mmHg, p<0.001) compared with the non-PAH group.
These differences reflect reduced exercise capacity and ventilatory inefficiency
consistent with pulmonary vascular disease. Indeed, CPET variables showed
significant associations with resting hemodynamic variables related to pulmonary
vascular disease, including mPAP and PVR. Additional CPET variables are

presented in Supplementary Table S2.
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Table 2 CPET characteristics between groups

Total No PAH PAH (n=11) p-value
(n=43) (n=32)
Peak RER  1.1(0.1) 1.1 (0.1) 1.1 (0.1) 0.46
Peak VOo,
mUminkg  153(43)  165(39) 11.7 (2.9) <0.01
Peak VO2, %
oredicted 73-1(194) 797 (164) 5356 (13.5) <0.01
VE/VCO:z slope 40 (9) 37.4 (7) 47.8 (10.3) <0.01
Peak PET CO2, - 95 76.1)  30.5(5.4) 23.4 (4.7) <0.01
mmHg

Data are presented as mean (standard deviation, sd). A p value < 0.05 was considered
significant. RER, respiratory exchange ratio; VO2, Oz consumption; VCOz2, carbon dioxide
production; PET COz2, end-tidal carbon dioxide partial pressure;

Negative correlations were observed between peak VO2 and mPAP (coef. -1.12,
p-value 0.003, R? 0.19), and PVR (coef. -0.22, p-value 0.001, R? 0.26); PetCO2
at peak exercise and mPAP (coef. -0.70, p-value 0.009, R? 0.16), and PVR (coef.

-0.17, p-value <0.001, R? 0.32).

Diagnostic performance of CPET variables

The ROC curve analysis demonstrated good discriminative ability for peak VOz,
VE/VCO: slope, and peak PetCO2 to exclude PAH, with AUCs =0.80 for all three
parameters (Figure 1). In our studied population, a peak VO2 > 16 mL/min/Kg or
a VE/NVCO:2 slope < 34 or a peak PetCO2 > 33 mmHg appropriately excluded a
PAH diagnosis with a specificity of 100% and correctly identified SSc patient
without PAH, respectively (Table 3). Computing a score where any of these
variables crossed the above-described thresholds would be weighted as 1, a

score > 0 excludes with 100% of specificity the presence of PAH; this means that

108



regardless of the parameter, if any of them is met, it excluded with 100% of
specificity the presence of PAH in our cohort. The diagnostic performance of
CPET variables to detect the absence of PAH among studied SSc patients is

presented in Table 3.

a) VO, peak b) VE/VCO, slope c) PetCO,
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Figure 1 Receiver operating characteristic (ROC) analyses of PAH detected by exercise
gas exchange parameters (a) VO2 peak, b) VE/VCO2 slope, and c¢) PetCO2 peak). AUC
— area under the curve. Cl, confidence interval.

Table 3 Diagnostic performance of CPET variables to exclude PAH among
studied SSc patients.

No PAH
Sensitivity Specificity = Threshold correctly AUC (95%ClI)
identified
Peak VO. o o o )
(mL/min/Kg) 53% 100% >16.1 65% 0.85 (0.73-0.97)
VENCO, 63% 100% < 33.1 47% 0.80 (0.64-0.96)
slope
Peak PetCO; 410, 100% >34 49% 0.83 (0.70-0.97)

(mmHg)

VOz2, O2 consumption; VCOz, carbon dioxide production; PetCO2, end-tidal carbon dioxide partial
pressure.

DISCUSSION

In this study, we evaluated the diagnostic performance of CPET for
excluding PAH in patients with SSc referred to a PH unit for suspected disease.
Our study findings support the diagnostic utility of selected parameters of

exercise gas exchange (peak VO2, VE/VCO:z2 slope, and peak COz2) to exclude
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the presence of PAH in SSc patients. These parameters are closely linked with
the pathophysiological mechanisms that limit exercise in PAH and showed to
have an excellent overall discriminative ability to identify those SSc patients
without PAH. Using thresholds that minimize false negatives, they were able to
correctly identify 47-65% of those patients without PAH. In addition, these 3
parameters seem to be interchangeable as the presence of any of them can
exclude PAH. Finally, the diagnostic utility of CPET was preserved in a cohort
enriched with patients presenting PH due to left heart disease. Collectively, these
findings support a potential role for CPET as a complementary, non-invasive tool
to refine the diagnostic workup of SSc patients with suspected PAH.

The diagnostic accuracy of the studied CPET parameters was remarkable
(AUC above 0.80) and consistent with previous studies (Dumitrescu et al., 2017;
Santaniello et al., 2020). These can be explained by the dramatic
pathophysiological implications of PAH to acute cardiorespiratory responses to
exercise. The reduced pulmonary vascular reserve limits its normal recruitment
and distension when the cardiac output increases and that has an immediate and
striking impact on gas exchange (Arena et al., 2010; Guazzi et al., 2022; Sun et
al., 2001) due to ventilation/perfusion abnormalities and increased right ventricle
afterload. The differences in the determined thresholds and diagnostic
performance metrics among studies are mild (Dumitrescu et al., 2017; Santaniello
et al., 2020) and likely reflect differences in the characteristics of the study
populations, including the prevalence and severity of PAH and the proportion of

cases secondary to left heart disease. Together, these data suggest that while
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absolute cut-off values may vary, the directionality and physiological meaning of
CPET abnormalities in PAH are consistent and reproducible.

The percentage of SSc patients without PAH who were identified by CPET
ranged from 47 to 65%, depending on the studied CPET variable. This is very
relevant to the clinical problem being addressed. The gold-standard method of
diagnosing PAH in SSc is unquestionably the RHC and its early diagnosis has
prognostic relevance to these patients. However, the screening strategies result
in a high number of false-positive testing and unnecessary RHC that, despite its
safety, causes a lot of anxiety to patients who usually undergo to frequent exams
to manage the multiorgan involvement (Coghlan et al., 2014; Hao et al., 2015;
Young et al., 2021). Our study along with others (Santaniello et al., 2020) suggest
that CPET could contribute to a more refined diagnostic strategy by identifying a
subset of patients in whom PAH can be confidently excluded, potentially reducing
the burden of invasive procedures.

Left heart disease is increasingly recognized as a common and clinically
relevant complication of SSc and represents an important confounder in PAH
screening strategies. Post-capillary PH may produce symptoms and non-invasive
findings that overlap with pre-capillary disease, thereby increasing the risk of
false-positive PAH screening results (Humbert et al., 2022; Ninagawa et al.,
2021). In our cohort, PH due to left heart disease accounted for 16% of patients
in the non-PAH group, reflecting real-world referral patterns to specialized PH
centers. Interestingly, CPET-derived parameters did not correlate with pulmonary
arterial wedge pressure, the hemodynamic marker of left heart disease,

supporting their preferential association with pre-capillary pulmonary vascular
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abnormalities. This observation is physiologically plausible, as ventilatory
inefficiency and impaired PETCO, kinetics primarily reflect increased dead space
ventilation and abnormal pulmonary perfusion rather than elevated left-sided
filing pressures. Although left heart disease may contribute to exercise
intolerance through distinct mechanisms, our findings suggest that selected
CPET variables may help differentiate pre-capillary from post-capillary
phenotypes in SSc, particularly in patients with equivocal non-invasive
assessments.

Several limitations should be acknowledged. First, it was conducted at a
single center, with a retrospective design, which may limit generalizability beyond
tertiary PH referral settings. Second, the sample of 43 participants, despite
reflecting the low prevalence of this rare auto-immune disease, limited statistical
power and precluded robust multivariable adjustment. Third, CPET was not
performed exclusively in patients who screened positive on the DETECT
algorithm, which is a recommended and evidence-based screening tool.
However, the uptake of DETECT is quite variable worldwide (Coghlan et al.,
2014) and, in clinical practice, it is very difficult to separate screening from early
diagnosis, as patients with SSc often present with multiorgan involvement and
unspecific exertional intolerance. Therefore, our pragmatic study design (SSc
patients referred to a PH unit) better reflects real-world clinical practice, where
CPET can be more useful. Finally, our results require validation in independent

cohorts to reduce the risk of overfitting and increase its generalizability.
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Conclusion

CPET-derived parameters demonstrated meaningful diagnostic performance for
excluding PAH in patients with SSc referred for suspected disease, even in the
presence of left heart disease. These findings support further prospective
validation of CPET as a complementary, non-invasive tool to refine the diagnostic
evaluation of SSc-associated PAH. Future multicenter studies should aim to
define standardized CPET thresholds, assess integration with established
screening algorithms, and evaluate the impact of CPET-guided strategies on

clinical decision-making and patient outcomes.
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ABSTRACT

Background/Objectives: Systemic sclerosis (SSc) is an autoimmune
connective tissue disease characterized by fibrosis and vascular damage,
significantly increasing the risk of heart failure (HF). Methods: This cross-
sectional study included 61 SSc patients (92% female, mean age 63+13 years),
excluding those with pulmonary arterial hypertension, referred to a tertiary
pulmonary hypertension center. HF stages were classified according to updated
guidelines. Clinical, echocardiographic, hemodynamic, and functional capacity
data were analyzed in relation to HF stages. Results: 48% of patients had pre-
symptomatic HF (5% stage A, 43% stage B), while 38% had symptomatic HF
(stage C). Advanced HF stages were significantly associated with older age
(p=0.02) and multiorgan involvement (p=0.045), but not with SSc subtype or
autoantibodies. Structural and functional echocardiographic abnormalities were
prevalent (77% and 10%, respectively). Markers of elevated ventricular filling
pressure such as left atrial volume (p=0.011) and E/e’ ratio (p=0.03) correlated
with HF severity. Functional impairment was observed with lower 6-minute walk
test (6MWT) distance (p=0.017), reduced VO, peak (p=0.015), and increased
VE/NVCO, slope (p=0.002). Resting pulmonary artery wedge pressure did not
correlate (p=0.93) with HF stage. VE/VCO, slope and 6MWT were independently
associated with HF severity. Conclusions: Preclinical and symptomatic HF are
highly prevalent in SSc patients. HF staging was linked to disease severity, age,
and cardiovascular risk factors. Functional capacity tests (6MWT and CPET)
serve as valuable tools for HF risk stratification. These findings highlight the
critical need for comprehensive cardiovascular assessment and targeted

management strategies to mitigate HF progression in SSc patients.

Keywords: heart failure; HF staging; systemic sclerosis
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1. Introduction

Systemic sclerosis (SSc) is a rare autoimmune connective tissue disease
(CTD) characterized by immune dysregulation, vascular damage, and
progressive fibrosis of the skin and other internal organs, resulting in significant
morbidity and mortality (Pope et al., 2023; Saketkoo et al., 2021). Based on the
extent of skin involvement, SSc is classified as either limited or difuse (van den
Hoogen et al., 2013). Profiling the expression of specific autoantibodies, including
anti-centromere, anti-topoisomerase and anti-RNA polymerase lll, provides
important prognostic insights into disease course and outcomes (Nihtyanova &
Denton, 2010). Pulmonary arterial hypertension (PAH) is one of the most feared
cardiovascular complications of SSc and is classically associated with limited SSc
and anti-centromere antibodies. However, primary cardiac involvement has been
increasingly acknowledged as a common complication of SSc and can be found
in both limited and diffuse forms (Giuca et al., 2022). SSc-related primary cardiac
dysfunction results from microvascular dysfunction and inflammatory-fibrotic
infiltration, affecting the coronary circulation, conduction system, myocardium
and pericardium (Giuca et al., 2022; Saketkoo et al., 2021). Consequently, a
broad spectrum of cardiac disorders may develop, including ischemia,
arrhythmias, pericarditis, myocarditis, and both ventricular systolic and diastolic
dysfunction (Butt et al., 2019; Nadel et al., 2024).

Due to this diverse cardiac involvement and the common presence of
extracardiac manifestations in SSc, diagnosing primary cardiac disease is
challenging and requires a high index of suspicion. Most patients present
nonspecific symptoms, such as exertional dyspnea and fatigue (Almeida et al.,
2011; Ferri et al., 2005). Diagnosis typically requires a multimodal approach,
integrating findings from of several techniques, including cardiac imaging,
biomarkers, cardiopulmonary function tests, and invasive hemodynamic
assessment (Giuca et al., 2022; Saketkoo et al., 2021). Several studies have
shown that SSc patients have a three-fold increased risk of developing heart
failure (HF), a disease with a significant impact on their quality of life and survival
(Butt et al., 2019; Fontes Oliveira et al., 2022). There is a need for an early
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diagnosis of primary cardiac cardiomyopathy associated with SSc and the

development of specific treatments to prevent the progression of cardiac fibrosis.

HF is currently viewed as a progressive condition that mainly affects
people with cardiovascular risk factors (CRFs) (e.g., elderly, hypertension,
obesity, diabetes; HF stage A) that will develop several structural and functional
cardiac changes over time (left ventricle hypertrophy, diastolic dysfunction, etc.;
HF stage B), with eventual onset of symptoms such as exertional intolerance (HF
stage C), and progression to a more severe disease stage with the need for
advanced HF therapies (HF stage D). This classification put forward by the
American Heart Association encourages the diagnosis of HF at an earlier stage
and the implementation of treatments that could change its natural history by
preventing or postponing its symptomatic stages (P. A. Heidenreich et al., 2022).
Despite a similar prevalence of some common CRFs, SSc patients have a three-
fold increased risk of experiencing cardiovascular events (Kurmann et al., 2020).
Furthermore, left ven-tricular (LV) diastolic dysfunction is present in one-third of
SSc patients and precedes the development of symptomatic HF (Tennge et al.,
2018).

In this study, we aimed to assess the prevalence of HF stages in SSc

patients without PAH, and to study its clinical and functional correlates.

2. Materials and Methods

2.1. Study Design and Studied Population

We performed an observational cross-sectional study involving
consecutive patients referred to the pulmonary hypertension unit at Centro
Hospitalar Universitario de Santo Antonio (CHUdSA) since April 2017, who
underwent right heart catheterization (RHC) for suspected PAH based on one of
the following criteria: an intermediate to high echocardiographic probability of
pulmonary hypertension (PH), as defined by 2022 ESC/ERS Guidelines for the
diagnosis and treatment of pulmonary hypertension (Humbert et al., 2022); a high
probability of PAH according to the DETECT score; (Coghlan et al., 2014); or
otherwise unexplained exertional dyspnea. Subjects had to be over 18 years of
age and to meet the ACR/EULAR 2013 Classification Criteria for diagnosis of
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SSc (van den Hoogen et al., 2013). Clinical data such as age, sex, body mass
index (BMI), New York Heart Association (NYHA) functional class, comorbidities,
medication and pulmonary function tests were extracted from clinical records.
Patients with a diagnosis of PAH (Group 1 PH) were excluded from this study.
The various stages of HF have been defined based on the 2022 AHA/ACC/HFSA
Guideline for the Management of Heart Failure (P. A. Heidenreich et al., 2022).
The scope of this study is centered on patients with SSc who are experiencing
HF from Stage A to D. Stage 0 indicates no risk factors and no structural heart

disease.
2.2. Echocardiography

Echocardiographic image acquisition was performed by a certified
cardiologist using a Vivid E95 ultrasound scanner with a M5Sc-D Transducer (2—
5 MHz; GE Healthcare, Horten, Norway). Standard 2D images with the patient in
a left lateral decubitus position were saved in cine loop digital format, as well as
static images of pulsed-wave Doppler, continuous-wave Doppler, and tissue
Doppler. Allimages were analyzed offline using EchoPAC software (versions 201
and 206, GE Healthcare, Horten, Norway). Diastolic function was assessed as
recommended by current ASE/EACVI guidelines (Nagueh et al., 2016), using the
following variables: annular e’ velocities (septal and lateral), mitral E velocity,
mitral E/e’ ratio (average e’ from septal and lateral walls), left atrial volume index
(LAVI), and tricuspid regurgitation peak velocity. For speckle-tracking
echocardiography, images (apical four-, two- and long axis 2D) were recorded in
a digital raw-data format for posterior analysis using EchoPAC software, which
automatically tracked the myocardial tissue with manual adjustments to region of
interest and tracking made when necessary. Global longitudinal strain (GLS) was
obtained according to the consensus documents of the EACVI/ASE/Industry
TaskForce (Badano et al., 2018).

2.3. Invasive Hemodynamic Assessment

The hemodynamic assessment was performed using a Swan-Ganz catheter by

right heart catheterization according to our institution protocol: at rest, with no
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sedation, through an echo-guided internal jugular vein or brachial vein approach
by trained operators. Pulmonary artery, right atrial, and pulmonary arterial
wedge pressure (PAWP) were recorded at the end of a quiet respiratory cycle.
Cardiac output (CO) was calculated from an average of at least three
measurements using the thermodilution method. Pulmonary vascular resistance

(PVR) was calculated using the standard formulas (Simonneau et al., 2019).

2.4. Submaximal and Maximal Exercise Testing

The 6-minute walk test (6MWT) was performed in a 30-meter-long corridor
under the same environmental conditions. Participants were instructed to walk
the maximal distance in 6 minutes. Resting stops were allowed when patients
found it necessary. The equation for reference values used is the one proposed
by Enright and collegues (Enright & Sherrill, 1998). Blood pressure was

measured before and after the test.

All patients able to exercise underwent a maximal cardiopulmonary
exercise test (CPET). CPET was performed on a treadmill (Medisoft, Medel
870C) and analyzed through Blue Cherry® Software (Geratherm® Respiratory
GmbH, Bad Kissingen, Germany). CPET parameters were registered every 30
seconds. The exercise protocol was chosen after a brief interview to assess the
patient's level of physical activity (Glaab & Taube, 2022). The patients were

encouraged to make a maximum effort (peak RER of 1.1).

2.5. Statistical Analysis

All data were expressed as mean + standard deviation (sd) or percentage
(%), as appropriate. Histograms were used to assess the normality of data
distribution. Patients were divided into groups according to their HF stage.
Continuous variables were compared between groups by one-way ANOVA, and
categorical variables were compared using the Pearson x2 test or Fisher exact
test, as appropriate. Statistical analyses were conducted using STATA 16.1
(StataCorp LLC, College Station, TX, USA). A two-sided p-value < 0.05 was

considered significant.
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3. Results
3.1. Population Characteristics

We studied 61 with SSc whose clinical characteristics are presented in
Table 1. They were mostly females (92%), with a mean age of 6313 years.
Limited SSc was the most common SSc subtype (75%). Ninety-four percent of
the patients presented more than one organ involvement attributed to SSc at the
baseline assessment. The skin was the most affected organ (95%), followed by
peripheral vessels (80%), gastrointestinal tract (49%), lungs (43%), joints (10%),
and kidney (1%).

Table 1 Clinical characteristics of systemic sclerosis patients according to heart failure

stages.
Total Stage 0 HF Stage A HF Stage B HF Stage C p-Value
N of patients (%) 61 (100) 9 (15) 3(5) 26 (43) 23 (38)
Age, years (sd) 62.5(13.3) 52.9(17.3) 53.0 (16.8) 62.3 (9.45) 67.7 (12.9) 0.017
Female sex, n (%) 56 (92) 9 (100) 3(100) 23 (88) 21 (91) 0.690
Systemic sclerosis (SSc) subtypes, n
(%)
Limited 46 (75) 6 (67) 2 (67) 20 (77) 18 (78) 0.257
Diffuse 12 (20) 2 (22) 0 (0) 6 (23) 4 (17) 0.240
Sine scleroderma 3(5) 1(11) 1(33) 0 (0) 1(4) -
Overlap, n (%) * 13 (22) 5 (56) 0(0) 6 (23) 2(9) 0.029
N of organs involved in SSc ® (sd) 2.8 (1.0) 2.44 (1.0) 1.66 (0.6) 2.73 (0.8) 3.1(1.1) 0.045
Disease duration of SSc, months (sd) 75.9 (56.0) 84.4 (55.1) 67.0 (38.2) 66.7 (49.9) 84.7 (65.6) 0.700
Abnormal capillaroscopy, n (%) 49 (80.3) 6 (67) 2 (67) 22 (85) 19 (83) 0.720
Cardiovascular risk factors $
Obesity, n (%) 10 (16) 0 (0) 1(33) 6 (23) 3(13) 0.330
Hypertension @, n (%) 19 (31) 0 (0) 1(33) 5(19) 13 (57) 0.005
Dyslipidemia, n (%) 22 (36) 0 (0) 1(33) 11 (42) 10 (53) 0.110
Diabetes mellitus /, n (%) 9 (15) 0 (0) 0(0) 4 (15) 5(22) 0.400
Arteriosclerotic disease £, n (%) 2 (3) 0 (0) 0(0) 0(0) 2(9) 0.330
Echocardiography
Structural heart disease *, n (%) 46 (77) 0 (0) 0(0) 23 (92) 23 (100) <0.001
Reduced LV/RV function 7 (11) 0 (0) 0(0) 1(4) 6 (26) 0.049
Ventricular hypertrophy 5(9) 0 (0) 0(0) 2 (8) 3 (14) 0.640
Chamber enlargement 38 (62) 0 (0) 0(0) 18 (69) 20 (86) <0.001
Wall motion abnormalities - - - - - -
Valvular heart disease 5(8) 0 (0) 0(0) 1(4) 4 (17) 0.260
Increased filling pressure ¥ n (%) 10 (19) 2(18) 0(0) 4 (15) 6 (33) 0.017
LAVI > 34 mL/m? 33 (55) 1(12) 0 (0) 14 (54) 18 (78) 0.002
Average E/e’ 2 15 5(9) 0 (0) 0 (0) 1(4) 4 (22) 0.140
Septal ' < 7 cm/s 18 (33) 0(0) 0 (0) 8(31) 10 (53) 0.040
Lateral ' < 10 cm/s 31 (56) 0 (0) 1(33) 16 (62) 14 (74) 0.006
TR velocity > 2.8 m/s 14 (24) 0 (0) 0 (0) 6 (23) 8 (36) 0.170
NYHA functional class, n (%) <0.001
| 0(0) 0 (0) 0 (0) 0 (0) 0 (0) <0.001
Il 20 (33) 0 (0) 0(0) 0(0) 20 (87) 0.407
11 3(5) 0 (0) 0 (0) 0 (0) 3(13) -
Body mass index, Kg/m? (sd) 25.8 (5.4) 23.6 (3.0) 28.1 (3.6) 27.5 (6.2) 24.4 (4.9) 0.010
Comorbidities
Chronic kidney disease, n (%) 9 (15) 1(11) 0 (0) 2 (8) 6 (26) 0.280
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Atrial fibrillation, n (%) 3(5) 0 (0) 0 (0) 0 (0) 3(13) 0.160
Venous thromboembolism, n (%) 2(3) 0 (0) 0(0) 0(0) 2(19) 0.330
Neoplasia, n (%) 5(8) 0 (0) 0(0) 1(4) 4 (17) 0.230
Asthma, n (%) 2(3) 0 (0) 0(0) 2 (8) 0 (0) 0.430
COPD, n (%) 2(3) 0 (0) 0(0) 0(0) 2(9) 0.330
Obstructive sleep apnea, n (%) 1(2) 1(6) 0(0) 1(4) 0 (0) 0.710
Interstitial lung disease, n (%) 6 (10) 0 (0) 0 (0) 4 (15) 2(9) 0.520
Laboratory values
NT-proBNP =125 pg/mL " n (%) 26 (43) 2 (22) 0(0) 8 (32) 16 (70) 0.009
NT-proBNP, pg/mL (sd) 320 (567) 105.7 (73.6) 62.7 (38.4) 160 (228) 612 (810) 0.015
Creatinine, mg/dL (sd) 0.74 (0.23) 0.67 (0.10) 0.58 (0.06) 0.72(0.16) 0.80 (0.32) 0.270
Anti—Scl-70*, n (%) 11 (18) 1(11) 0(0) 6 (23) 4 (18) 0.710
Anti-RNAP3*, n (%) 1(2) 0 (0) 0(0) 0(0) 1(5) 0.620
Anti-centromere*, n (%) 41 (68) 7(78) 2 (67) 16 (62) 16 (73) 0.770
Treatment
Oxygen therapy, n (%) 2 (3) 0 (0) 0 (0) 1(4) 1(4) 0.092
Loop diuretics, n (%) 14 (23) 0 (0) 0 (0) 3(12) 11 (48) 0.004
ACE inhibitors, n (%) 6 (10) 0 (0) 0 (0) 3(12) 3(13) 0.650
Beta-adrenolytics, n (%) 7(11) 0 (0) 0(0) 1(4) 6 (26) 0.050
MRA, n (%) 13 (21) 0 (0) 0(0) 6 (23) 7 (30) 0.220
Calcium channel blockers, n (%) 31 (51) 4 (44) 2 (67) 16 (62) 9 (39) 0.410
Vasodilators, n (%) 12 (20) 4 (44) 0(0) 5(19) 3(13) 0.180
Statins, n (%) 26 (43) 0 (0) 1(33) 12 (46) 13 (57) 0.033
Antidiabetics, n (%) 9 (15) 0 (0) 0 (0) 4 (15) 5(22) 0.400
Anticoagulation, n (%) 8 (13) 1(11) 0 (0) 1(4) 6 (26) 0.120
Primrose oil, n (%) 21 (34) 3(33) 1(33) 12 (46) 5(22) 0.360
Corticosteroids, n (%) 9 (15) 2 (22) 0(0) 3(12) 4(17) 0.740
Immunomodulators, n (%) 15 (25) 1(11) 0(0) 8 (31) 6 (26) 0.490

Clinical characteristics of studied patients are presented by HF stages; Stage 0 means absence of any
criteria present in HF staging according to 2022 AHA/ACC/HFSA guidelines. * Patients with other connective
tissue disease in addition to SSc. ¥ Number of organs involved in SSc, excluding the heart. § Coexistence of
dyslipidemia and obesity were included as criteria qualifying for HF stage A, being an adaption of 2022
AHA/ACC/HFSA guideline in HF staging as data were not fully available to diagnose metabolic syndrome. ¢
Hypertension = systolic blood pressure (BP) > 140 mmHg or diastolic BP > 90 mmHg or antihypertensive
pharmacotherapy. ! Diabetes mellitus = insulin or antidiabetic drugs. £ Arteriosclerotic disease included
coronary artery disease, stroke, or peripheral artery disease; however, for this population, documented
atherosclerotic disease were restricted to coronary disease. ® Raised NT-proBNP not otherwise explained
(e.g., CKD). The patients included in this cohort also did not have known previous exposure to cardiotoxic
agents, genetic cardiomyopathy, or family history of cardiomyopathy. * Structural disease included reduced
left (LVEF < 50% or GLS < 16%) or right ventricular systolic function (TAPSE < 17 mm or RVFAC < 35%);
hypertrophy of either left ventricle (LVMI > 116 g/m? for male and >95 g/m? for female) or right ventricle (RV
free wall thickness > 5 mm); RWT > 0.42; wall motion abnormalities at rest were not reported for this cohort;
valvular heart disease were considered positive in the presence of at least moderate stenosis or regurgitation
in any heart valve. ¥ According to the diastolic dysfunction criteria of the current ASE/EACVI guidelines.
Abbreviations: ACE: angiotensin-converting enzyme; CKD: chronic kidney disease defined as estimated
glomerular filtration rate < 60 mL/min/1.73 m?; COPD: chronic obstructive pulmonary disease; e’: average
peak early myocardial relaxation velocity; E: early mitral valve inflow velocity; RVFAC: Fractional Area
Change; GLS: global longitudinal strain; HF: heart failure; LA: left atrium; LAVi: left atrial volume index; LVEF:
left ventricular ejection fraction; MRA: mineralocorticoid receptor antagonist; NT-proBNP: N-terminal pro B-
natriuretic peptide; RWT: relative wall thickness; TAPSE: tricuspid annular plane systolic excursion; TR:
tricuspid regurgitation; SSc: systemic sclerosis. The bold formatting was used to highlight significant values
(p <0.05).
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3.2. Heart Failure Staging
Forty-eight percent of the studied patients were classified as pre-

symptomatic HF stages (5% for stage A and 43% for stage B), while 38% had
symptomatic HF (stage C). In the HF stage B, 32% of patients showed elevated
NT-proBNP levels. No patients were classified in advanced HF stage D. HF
stages were significantly correlated with plasmatic NT-proBNP levels and age
(Table 1, Figure 1).

Comorbidities not included in HF staging criteria were not associated with
HF stages (Table 1). The number of organs affected by SSc, excluding the heart,
was associated with HF stages severity (Figure 1). No significant association was
found between the organ involved, disease duration, cappilaroscopy, SSc
antibodies, and HF stages. Regarding treatment at the baseline, neurohormonal
blockers, loop diuretics, statins and anticoagulants were more frequent in more
advanced HF stages. Targeted therapies for SSc, including vasodilators,

immunomodulators, and corticosteroids, were similar across HF stages (Table

1),
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Figure 1 Relationship between heart failure (HF) stages, age and multi-organ
involvement in systemic sclerosis (SSc) patients. Panel (A), prevalence of HF stages
according to age quintiles. Panel (B), prevalence of HF stages for the number of organs
involved in SSc (right-sided plot) with shaded 96% confidence interval. Pearson
correlation coefficient (r).
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3.3. Cardiac Phenotype and Central Hemodynamics

The index volume of left atrium (LAVi) differed across HF stages. The ratio
between early mitral inflow velocity and mitral annular early diastolic velocity
(E/e"), a surrogate of LV filling pressure was also different across HF stages,
being higher in those with more advanced HF. Three patients had HF with left
ventricular ejection fraction (LVEF) below 50% (LVEF ranging from 46 to 48%).
Other echocardiographic parameters, including GLS and LVEF, showed no
significant variation among HF stages (Table 2).

In right heart catheterization, three patients with HF stage B presented PH,
two of them with group 2 PH, and one considered to be multifactorial PH. HF
stage C was presented in 5 patients with group 2 PH. Hemodynamic variables
assessed invasively, such as mean pulmonary arterial pressure (MPAP) and

PAWP, were equivalent across HF stages (Table 2).

Table 2 Echocardiographic, hemodynamic, and pulmonary characteristics in SSc
patients.

Stage 0 HF Stage AHF Stage BHF Stage C p-Value

Echocardiography

LVEF, % (sd) 58.3 (4.4) 60.7 (1.5) 62.5(6.3) 61.7(8.3) 0.540
GLS, % (sd) -19.6 (2.3) -185(-) -18.8(2.6) -18.3(2.3) 0.830
LAVI, mL/m? (sd) 26.4 (2.5) 28.0(0.8) 34.3(9.9) 50.2(29.4) 0.011
LVEDVi, ml/m? 43.2 (8.1) 42.6(10.4) 42.9(10.2) 45.0 (12.2) 0.940
E/A (sd) 1.41(0.3) 1.20(0.58) 1.07 (0.28) 1.06 (0.51)  0.180
E/e’ (sd) 6.85(1.04) 5.71(1.32) 9.77 (3.8) 11.6 (5.4) 0.026
RVFAC, % (sd) 43.7 (5.4) 51.0(3.0) 42.6(6.2) 43.4(6.7) 0.200
TAPSE, mm (sd) 23.7(3.1) 20.0(4.4) 215(2.6) 20.2(4.8) 0.170
RA, mL/m? (sd) 23.6(6.9) 20.0(4.4) 20.8(5.8) 27.6(12.8) 0.085
RVEDA, cm?/m? (sd) 9.87(0.9) 104 (1.4) 101 (1.4) 11.3(2.4) 0.120
TR, m/s (sd) 2.00(091) 163(14) 20(1.3) 22(1.2) 0.820
Right heart catheterization
MPAP, mmHg (sd) 15(1.41) 18.0(1.41) 20.6 (5.6) 21.7(7.7) 0.310
PAWP, mmHg (sd) 9.25(2.1) 10.5(3.53) 11.1(4.9) 11.1(5.7) 0.930
PAWP > 15 mmHg, n (%) 5(8.2) 0 (0) 3(27) 5 (26) 0.560
RAP, mmHg (sd) 4. 25 (0.96) 6.5(3.5) 4.82(2.6) 5.05(3.0) 0.820
Cl, L/min/m? (sd 2(0.6) 4.25(0.49) 3.64 (1.14) 3.13(1.0) 0.340
PVR, WU (sd) 1. 12 (0.52) 1.65(1.5) 1.63(0.78) 2.33 (1.1) 0.095
Pulmonary function tests
DLCO, % predicted (sd) 79.6 (19.4) 63.5(-) 70.0(19.9) 60.8(14.3) 0.400
FVC, % predicted (sd) 94.1(8.1) 96.4(-) 954 (24.1) 96.2(23.4) 1.000
FVC/DLCO, ratio (sd) 1.23(0.35) 1.51(-) 1.41(0.34) 1.65(0.51) 0.370
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Abbreviations: Cl: cardiac index; DLCO: diffusing capacity of the lungs for carbon monoxide; E/A: ratio of
the early to late diastolic transmitral flow velocity; E/e’: average ratio of the early mitral valve inflow velocity
(E) to peak early myocardial relaxation velocity (e’); FVC: forced vital capacity; GLS: global longitudinal
strain; LAVi: left atrial volume index; LVEF: left ventricular ejection fraction; LVEDVi: left ventricular end-
diastolic volume index; MPAP: mean pulmonary arterial pressure; PAWP: pulmonary arterial wedge
pressure; PVR: pulmonary vascular resistance (WU, Woods units); RA: right atria; RAP: right atrial pressure;
RVEDA: right ventricular end-diastolic area; RVFAC: Fractional Area Change; SV: stroke volume; TAPSE:
tricuspid annular plane systolic excursion; TR: tricuspid regurgitation; SSc: systemic sclerosis. The bold
formatting was used to highlight significant values (p < 0.05).

3.4. Cardiopulmonary Exercise Test and 6-Minute Walking Test

All patients performed the 6MWT and the walking distance correlated with
HF stage severity (Table 3). CPET was performed in 48 patients (79%). At peak,
VO2, VCO2, and PET CO2 decreased with HF severity. Conversely, the
VE/NCO2 slope, a marker of ventilatory inefficiency, increased with HF severity
(Table 3).

Table 3 Submaximal and maximal functional capacity across HF stages in SSc patients.

Stage 0 HF Stage AHF Stage BHF Stage C p-Value

Six-minute walk test (6MWT)
Distance, m (sd) 508 (109) 414 (33) 378 (114) 360 (91) 0.017
% predicted distance (sd) 92.9(9.5) 84.6 (11.7) 76.9 (21.2) 77.6 (18.5) 0.230
Cardiopulmonary Exercise
Testing
Maximal heart rate, %
predicted (sd) 92.7 (7.7) 91.3(10.7) 85.0 (11.7) 79.0 (14.9)  0.057

VO2peak, mL/min/kg (sd) ~ 22.1(4.8) 17.9(2.0) 17.1(4.9) 157 (4.3)  0.015

% VO; predicted 88.9 (17.1) 84.0 (13.5) 77.9 (23.5) 74.2(17.7)  0.370
Pulse O peak (sd) 8.84 (1.5) 7.1(25) 8.94(29) 7.78(1.5)  0.360
PET CO2 peak (sd) 33.8(3.0) 28.0(3.6) 33.8(4.1) 27.9(4.8)  0.024
VE/VCO: slope (sd) 31.1(3.0) 38.7(5.0) 32.4(5.1) 38.9(7.5)  0.002
RER peak, (sd) 1.08 (0.74) 1.02 (0.04) 1.05(0.13) 1.05(0.13)  0.880

Abbreviations: PETCO2: end-tidal carbon dioxide partial pressure; RER: respiratory exchange ratio of
carbon dioxide production to oxygen consumption; SSc: systemic sclerosis; VO2: O2 consumption; VCO2:
carbon dioxide production; VE: pulmonary ventilation. The bold formatting was used to highlight significant
values (p < 0.05).

In multivariate regression analysis, 6MWT distance and VE/VCO2 slope
were independently correlated with HF stages (Table 4). The results of the
regression analysis also showed that while age, dyslipidemia, hypertension and

number of organs affected by SSc were initially associated with HF stage
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severity, after adjustment, only hypertension remained statistically significant
(Table 4).

Table 4 Univariate and multivariate linear regression models for HF stages in SSc
patients.

Univariate Multivariate
Variable . . p- Coefficient

Coefficient (sd) Value (sd) p-Value
Age 0.030 (0.009) 0.002 0.020 (0.011) _ 0.062
Sex ~0.40 (0.480) 0.403 0.251(0.504)  0.621
Hypertension 0.870 (0.260) 0.001 0.616 (0.302)  0.047
Dyslipidemia 0.589 (0.262) 0.029 0.179 (0.300)  0.554
Body mass index 0.001 (0.024) 0.979 0.001(0.023)  0.959
Diabetes 0.613 (0.361) 0.095 0.291(0.360)  0.420
ghm“'c kidney 0.484 (0.368) 0.194 0.009 (0.374)  0.980
|ISease
g‘s"ggans involved by 4 599 (0.128)  0.023 0.258 (0.129)  0.051
6MWT distance ~0.004 (0.001) 0.003 -0.003 (0.001) 0.029
VO2 peak ~0.094 (0.028) 0.002 -0.070 (0.036) 0.060
VCO2 peak ~0.072(0.231) 0.003 -0.058 (0.030) 0.061
VENCO; basal 0.031 (0.019) 0.111 0.038 (0.019)  0.050
VENVCO2 peak 0.060 (0.021) 0.006 0.069 (0.022)  0.003
VEN/CO; slope 0.060 (0.225) 0.011 0.057 (0.023)  0.018
PET CO; basal ~0.035(0.041) 0.384 -0.076 (0.047) 0.110
PET CO> peak ~0.046 (0.030) 0.135 -0.060 (0.031)  0.059

Multivariate model adjusted for age, sex, hypertension, dyslipidemia, diabetes, body mass index, and chronic
kidney disease. Abbreviations: 6MWT: 6-minute walk test; PETCOz2: end-tidal carbon dioxide partial
pressure; SSc: systemic sclerosis; VO2: O2 consumption; VCOz: carbon dioxide production; VE: pulmonary
ventilation. The bold formatting was used to highlight significant values (p < 0.05).

4. Discussion
The main findings of our study are the following. First, we observed a

significant prevalence of symptomatic HF (stage C) in SSc patients referred for
suspected, but not confirmed PAH. Second, 43% of asymptomatic patients were
found to be at increased risk of developing HF (stage B HF). These symptomatic
and presymptomatic HF stages were more frequent in elderly patients, in those
with cardiovascular risk factors, and in those with multiorgan involvement by the
SSc. Third,

hemodynamics, namely PAWP, however functional parameters such as walked

there were no significant differences in resting invasive
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distance at 6MWT, peak VO2 or VE/VCO2 slope at CPET correlated with HF
staging.

Our findings emphasize the importance of recognizing cardiac involvement
in SSc. The prevalence of symptomatic HF (stage C) of 38%, alongside 42% of
preclinical HF stage (stage B), suggests a substantial burden of cardiac
dysfunction within this population. Symptomatic HF is particularly prevalent in
SSc patients with PAH (Faludi et al., 2014; Fernandez-Codina et al., 2017).
However, evidence on the prevalence of HF in SSc patients without PAH is
limited. Jiang et al. found cardiac involvement in 53% of SSc patients, with 4% of
them exhibiting symptomatic HF (Jiang et al., 2022). The higher prevalence of
symptomatic HF in our study may be explained by the study design (we studied
SSc patients referred for PH suspicion), the older age of our cohort, and the use

of the most recent criteria for HF definition (P. A. Heidenreich et al., 2022).

Multiorgan involvement in SSc has been linked to early disease onset and
greater disease severity (Jaeger et al., 2016; Pokeerbux et al., 2019), although
its association with HF is not well-documented. Our findings suggest a positive
correlation between the extent of multiorgan involvement and HF severity.
Therefore, multiorgan involvement in SSc patients should raise clinical suspicion

of cardiovascular complications, including HF.

The close association between uncontrolled CRFs and the onset of HF is
well established (Paul A. Heidenreich et al., 2022). The prevalence of CRFs in
this SSc cohort was notably high. About one-third of patients had hypertension,
and that was linked to HF severity. While we did not specifically assess blood
pressure control, it is likely that this high-risk population could benefit from lower
blood pressure targets (systolic BP <120 mmHg) to prevent HF, as shown in the
SPRINT trial (Group et al., 2015). Diabetes and obesity were also common,
affecting 15% and 16% of patients, respectively. These patients may benefit from
antidiabetic drugs with favorable effects on weight control and cardiovascular
protection, such as GLP-1 receptor agonists and SGLT2 inhibitors (Wilcox et al.,
2020).

The inflammatory-fibrotic myocardial milieu in SSc is associated with a 3-

fold risk of cardiovascular events compared to the general population (Kurmann
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et al., 2020). It has been hypothesized that the vascular dysfunction underlying
Raynaud's phenomenon also affects the coronary microvasculature, contributing
to ischemic abnormalities detected on cardiac stress imaging despite the
absence of epicardial coronary artery disease (Giuca et al., 2022). This condition,
currently defined as ischemia with no obstructive coronary artery disease
(INOCA), is frequently observed in SSc patients and is associated with an
increased risk of cardiovascular events and mortality (Follansbee et al., 1984;
Steen et al., 1996). Recent advancements in non-invasive cardiac imaging,
including coronary flow reserve assessment via coronary computed tomography
angiography (CCTA), cardiac magnetic resonance (CMR), and positron emission
tomography (PET), may enhance risk stratification and facilitate more tailored
therapeutic approaches in this population (Smilowitz et al., 2023; Trimarchi,
Pizzino, et al., 2024).

Most HF patients in stages B and C had preserved LVEF, with a high
prevalence of left ventricular diastolic dysfunction (LVDD), which is consistent
with prior studies. Reported LVDD prevalence varies widely in the literature (17-
67%) depending on the studied population and diagnostic criteria applied (Faludi
et al., 2014; Porpaczy et al., 2018; Tennge et al., 2018). This supports HFpEF
as the predominant type of HF in SSc (Fontes Oliveira et al., 2022; Rivera et al.,
2021). Therefore, these patients should be treated according to current guideline
recommendations, with emphasis on CRF control and the use of SGLT2 inhibitors
for prognosis modification (Paul A. Heidenreich et al., 2022; McDonagh et al.,
2021). Among chronic inflammatory diseases, SSc, along with systemic lupus
erythematosus, carries the highest risk of HF development (Rivera et al., 2021).
The prevalence of HFpEF is likely related to chronic low-level systemic
inflammation and immune dysregulation, which contribute to myocardial fibrosis
and LVDD (Paulus & Zile, 2021). Controlling inflammation may prevent HF
progression in SSc, though this remains speculative (Giuca et al., 2022; Verma
et al., 2024).

This study also underscores the importance of SSc phenotyping over time,
particularly regarding PAH and LVDD development. Pulmonary vasodilators are

commonly used to treat patients with PAH associated with SSc (SSc-PAH) and
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also patients without PAH but with Raynaud phenomena (Humbert et al., 2022).
Therefore, caution should be taken as, in the presence of LVDD, pulmonary
vasodilators can be associated with clinical worsening due to development of

pulmonary edema (McLaughlin et al., 2019).
The echocardiography and NT-proBNP are important tools to identify

patients at risk of HF development among SSc patients. The most common
cardiac abnormalities observed were increased left atrial (LA) volume and
elevated E/e' ratio, both of which indicate increased left heart filling pressures—
a key feature of HF. Echocardiography is essential as the standard diagnostic
tool for characterizing and monitoring heart disease (Giuca et al., 2022). Annual
comprehensive echocardiographic evaluations are recommended for SSc
patients to detect early ventricular dysfunction (Hoffmann-Vold et al., 2019).
Echocardiography coupled with GLS technology can be useful in detecting subtle
changes in myocardial function in SSc patients. Although we did not find
significant differences between clinical and subclinical HF stages, GLS is
increasingly recognized as an important tool for identifying early ventricular
dysfunction in asymptomatic SSc patients (Stronati et al., 2024). However, a
major limitation of LVEF, GLS, and other non-invasive echocardiographic
markers is their load-dependence, which is particularly relevant in SSc. This is
due not only to vascular dysfunction and the high prevalence of CRFs but also to
the frequent use of vasodilatory therapy, which may complicate the identification
of subtle functional abnormalities. Despite being underexplored in this population,
myocardial work (MW) assessment by echocardiography represents a promising
approach for comprehensive, load-independent myocardial evaluation
(Trimarchi, Carerj, et al., 2024). Interestingly, MW appears to be significantly
reduced in SSc patients despite having a normal echocardiographic assessment
on standard evaluation (Magda et al., 2024). Complementing myocardial
functional assessment, emerging cardiac magnetic resonance (CMR) mapping
techniques have shown potential in detecting subtle fibrosis and other
pathological changes in SSc (Mavrogeni et al., 2015). These advances may, in
the future, enable earlier identification of SSc-related cardio-myopathy and

subclinical HF stages.
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NT-proBNP plays a crucial role in diagnosing HF, and elevated levels
should raise suspicion of its presence (Paul A. Heidenreich et al., 2022;
McDonagh et al, 2021). The DETECT algorithm includes NT-proBNP
quantification and is currently recommended for SSc patients (Humbert et al.,
2022). While primarily used for PAH screening, NT-proBNP may also aid in
detecting both clinical and subclinical SSc-related cardio-myopathy. However,
interpreting elevated NT-proBNP levels requires caution, as various conditions
beyond HF can contribute to its increase. Therefore, NT-proBNP should be
assessed alongside clinical evaluation and other diagnostic tools, following
current recommendations for HF diagnosis and staging (P. A. Heidenreich et al.,
2022). In our study, 32% of stage B patients had elevated NT-proBNP levels. In
addition, NT-proBNP has demonstrated diagnostic and prognostic value in
asymptomatic SSc patients, with elevated levels being able to predict 3-year
mortality (Allanore et al., 2016).

Our data also reveals an association between HF severity and functional
impairment in SSc patients without PAH. Lower 6MWT distances were
independently associated with HF severity. Although decreased 6MWT
performance is expected in symptomatic HF, this study highlights that even in
asymptomatic patients, 6MWT may identify individuals at risk of HF progression.
Consistent with the link between multiorgan involvement and HF stages, other
studies have shown that reduced 6MWT distance correlates with SSc severity
(Pugnet et al., 2018). CPET is often used in this population for evaluating
dyspnea and assessing the functional impact of SSc. In line with 6MWT, HF
severity was associated with reduced peak VO, and ventilatory inefficiency
assessed by VE/VCO2 slope during CPET (Ewert et al., 2019). Low VO, peak
and a low anaerobic threshold on CPET can differentiate functional impairment
due to cardiac involvement from respiratory limitations or pulmonary
vasculopathy in SSc (Boutou et al., 2016). Notably, resting invasive
hemodynamic parameters did not distinguish HF stages, emphasizing the
diagnostic value of functional tests like 6MWT and CPET in assessing HFpEF
and HF staging (Guazzi et al., 2022). Patients in HF stages B and C had a higher
proportion of post-capillary hypertension (PAWP >15 mmHg), however, no
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differences were found between these groups. Interestingly, Sarma et al. recently
questioned the significance of elevated PAWP in limiting exercise capacity in
HFpEF patients, suggesting that mechanisms other than PAWP may contribute

to dyspnea and exercise intolerance in SSc patients (Sarma et al., 2023).

Our study has some limitations that should be acknowledged. The limited
sample size reduces the statistical power to adjust for potential confounders.
However, given the rarity of SSc, our sample size is comparable to similar
studies. We recruited patients referred to a PH Unit, limiting our findings'
generalizability to a more general population of patients with SSc. However, the
main conclusions remain valid in this challenging clinical context. The cross-
sectional design of our study does not allow us to make temporal inferences
between patients classified in the different HF stages. However, it is plausible
that the common understanding informed by longitudinal cohorts of at-risk HF

patients can be applied to SSc patients.
5. Conclusions

In conclusion, our study reveals a notable prevalence of symptomatic HF
in patients with SSc, with 38% meeting the criteria for symptomatic HF (stage
C).The observed prevalence of preclinical HF stages underscores the importance
of early detection and intervention to prevent the progression to symptomatic HF.
Cardiovascular comorbidities are prevalent, and controlling them may
significantly impact this high-risk population. Cardiopulmonary exercise capacity
were associated with HF severity, suggesting a decline in functional capacity as

HF progresses.
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ABSTRACT

Background/aims: Echocardiography plays a fundamental role as the standard
diagnostic tool for characterizing and monitoring heart disease in systemic
sclerosis. However, traditional parameters have some limitations. We aim to
evaluate the ability of myocardial work to detect subclinical cardiac dysfunction
and its association with functional capacity markers in SSc patients.

Methods: We performed an observational, retrospective, cross-sectional, single-
center study. Patients with SSc were divided into “without cardiac disease”, “with
left cardiac disease” or “with pulmonary arterial hypertension (PAH)” groups.
Clinical, echocardiographic, and functional capacity data were analyzed.
Results: Among the 43 SSc patients included, 14% had no cardiac disease, 63%
had left-sided cardiac disease, and 23% had PAH. Groups “with left heart
disease” and “with PAH” had a higher percentage of patients with abnormal
myocardial work values (48.1% and 50%, respectively), despite a much lower
percentage of abnormal values of ejection fraction (EF) and global longitudinal
strain (GLS). Global work index (GWI) showed a positive correlation with %VO2
predicted (r=0.38, p=0.026), ventilatory threshold (r=0.43, p=0.04), PETCO:2 peak
(r=0.45, p=0.006), and a negative correlation with VO/VCO2 peak (r=-0.40,
p=0.016). Global constructive work (GCW) presented a positive correlation with
VT (r=0.42, p=0.044), and PETCO:2 peak (r=0.46, p=0.006), and a negative
correlation with VO/VCOz2 peak (r=-0.44, p=0.007). 6MWD only correlates with
EF (r=-0.34, p=0.033).

Conclusions: GWI and GCW stood out as sensitive markers of early myocardial
dysfunction in SSc patients with cardiac disease and PAH. Myocardial work
indices correlate modestly with exercise performance parameters, highlighting

the multifactorial nature of functional limitation in this population.

KEY-WORDS: Systemic sclerosis; myocardial work; EF; GLS; CPET; 6MWD
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INTRODUCTION

Cardiac involvement is a common occurrence in systemic sclerosis (SSc),
affecting up to 80% of patients (Moysidou et al., 2023). Some of the potential
heart-related complications include myocarditis, restrictive cardiomyopathy,
myocardial fibrosis, rhythm and conduction disturbances, systolic/diastolic
ventricular dysfunction, heart failure (HF), coronary artery disease (CAD),
valvular regurgitation, pericardial effusion, and fibrosis (Almeida et al., 2011;
Giuca et al., 2022; Meune et al., 2010; Schioppo et al., 2012). Evidence suggests
that cardiac complications contribute to 26-29% of SSc mortality cases, serving
as independent predictors of fatal outcomes (Fernandez-Codina et al., 2017; Lin
et al., 2023; A. J. Tyndall et al., 2010). The diagnosis of myocardial involvement
in SSc can be challenging, as it may be intertwined with other potential causes,
especially when concurrent cardiovascular risk factors are present.

Echocardiography plays a fundamental role as it is the standard diagnostic
tool for characterizing and monitoring heart disease in individuals with SSc (Giuca
et al., 2022). The ejection fraction (EF) has traditionally been the most widely
used and accepted echocardiographic parameter for assessing left ventricular
(LV) systolic function (Klaeboe & Edvardsen, 2019; Thomas & Popovi¢, 2006). It
has been used as a selection criterion for almost all the major therapeutic trials
of HF and is well integrated into clinical guidelines (Heidenreich et al., 2022;
Klaeboe & Edvardsen, 2019). Nonetheless, left ventricular ejection fraction
(LVEF) has limitations. Ejection fraction is sensitive to both preload and afterload,
consequently, it can be either overestimated or underestimated based on varying
loading conditions. Moreover, it is operator-dependent and reliant on image
quality, particularly the ability to visualize the endocardial border. (Celutkiené et
al., 2018; Karlsen et al., 2019; Klaeboe & Edvardsen, 2019; Thomas & Popovic,
2006).

Global longitudinal strain (GLS) by speckle-tracking echocardiography
(STE) is a more sensitive indicator of LV dysfunction compared to LVEF. It has
superior prognostic value in various heart diseases with a wide range of
myocardial dysfunction (Celutkiené et al., 2018; Klaeboe & Edvardsen, 2019;

Sugimoto et al., 2017). For instance, impaired GLS is a risk marker for cardiac

150



death and mortality in HF with preserved EF (HFpEF), independent of LVEF,
clinical predictors, and diastolic function (Klaeboe & Edvardsen, 2019). GLS is
known for its superior intra- and inter-observer reproducibility when compared to
LVEF, which makes it less reliant on operator skill and enhances its consistency
in clinical assessments (Karlsen et al., 2019; Stanton et al., 2009). However, GLS
still has some weaknesses. It is dependent on good imaging quality, vulnerable
to heart rate variability and breathing translation, and susceptible to the right
placement of the region of interest in the myocardium (Klaeboe & Edvardsen,
2019).

Myocardial work (MW) is a recently validated non-invasive tool that
considers myocardial deformation and afterload (through blood pressure) to
study LV performance (Manganaro et al., 2020; Marzlin et al., 2023; Russell et
al.,, 2012). MW analysis includes LV pressure, therefore offering additional
information beyond what is provided by LVEF and strain measurements (Boe et
al., 2019). This is particularly valuable because LVEF and strain assessments
are sensitive to loading conditions, and the inclusion of LV pressure data helps
to account for these influences, offering a more comprehensive evaluation of
myocardial function (Boe et al., 2019). Although it also has its limitations, such as
good image quality and blood pressure availability, MW could offer further
information for the evaluation of cardiac performance in conditions of subclinical
LV dysfunction as well as in HFpEF, emerging as a promising new tool
(Manganaro et al., 2020; Roemer et al., 2021). In SSc, MW is in its early stages,
and to our knowledge, only two recent studies have described it in these patients.
Magda et al., and Zhang et al., describe the values of myocardial work in SSc
cohorts (versus matched controls), and compared to LVEF and GLS, which are
the most traditional/accepted parameters to assess LV function. They both
conclude that MW was deteriorated in SSc patients, even when standard
echocardiography parameters were normal, reflecting subclinical myocardial
dysfunction and suggesting that MW could serve as a screening marker for
identifying patients at higher risk of cardiac complications (Magda S et al., 2024;
Zhang et al., 2025).
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The present study aims to investigate left ventricular myocardial work
indices in patients with SSc without PAH and to explore their relationship with
conventional echocardiographic parameters and functional exercise capacity
assessed by CPET and the 6MWT. We hypothesized that myocardial work
indices would detect subclinical myocardial dysfunction not captured by LVEF
and would show closer associations with exercise capacity than conventional
echocardiographic measures, thereby providing novel insights into the

mechanisms of exercise intolerance in systemic sclerosis.

METHODS
We performed an exploratory, observational retrospective cross-sectional,
single-center study involving 96 consecutive SSc patients evaluated in a PH

reference center from April 2017 to April 2023.

Patient population

Subjects were over 18 years of age and fulfilled the ACR/EULAR 2013
Classification Criteria for diagnosis of SSc (van den Hoogen et al., 2013). Taking
into account the extent of skin involvement, classification into limited cutaneous
and diffuse cutaneous systemic sclerosis, was made according to the LeRoy
criteria (LeRoy et al., 1988). Individuals without detectable skin involvement, but
with hallmark serological and clinical features were classified with SSc sine
scleroderma and patients with other connective tissue disease, in addition to SSc,
were classified with overlap syndrome (Allanore et al., 2015). Exclusion criteria
included more than moderate left valvular stenosis or regurgitation, prosthetic
heart valves, or fixed LV outflow tract obstruction. Patients without good-quality
images and blood pressure measurements were also excluded.

Pulmonary hypertension (PH) was defined by a mean pulmonary arterial
pressure (MPAP) >20 mmHg at rest, according to the most recent hemodynamic
definition from the 2022 ESC/ERS Guidelines for the diagnosis and treatment of
PH (Humbert et al., 2022). Precapillary PH if mean pulmonary arterial pressure
(mPAP) > 20 mmHg, pulmonary arterial wedge pressure (PAWP) < 15 mmHg,
and pulmonary vascular resistance (PVR) >2 WU. If patients had mPAP < 20
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mmHg, they were considered as not having PH (no PH) (Humbert et al., 2022).
Patients were classified with pulmonary arterial hypertension (PAH) if
characterized hemodynamically by pre-capillary PH and in the absence of other
causes of pre-capillary PH, such as CTEPH and PH associated with lung disease
(Humbert et al., 2022).
Clinical data such as age, sex, body mass index (BMI), New York Heart
Association (NYHA) functional class, comorbidities, and medication were
extracted from medical records. We divided our cohort of SSc patients into 3
groups: the first one “without cardiac disease”, for patients without clinical
symptoms and signs of heart failure; the second one “with left heart disease”, for
patients with clinical symptoms and/or signs of heart failure, based on stages HF
criteria (Heidenreich et al., 2022); and the third one “with pulmonary arterial
hypertension”, for patients who presented invasive hemodynamic diagnosis of
PAH, as described above.

The study was conducted according to the guidelines of the Declaration of
Helsinki and approved by the Ethics Committee of Unidade Local de Saude de
Santo Antonio (2020.031; 023-DEFI/025-CE; approval date 10 February 2020).

Blood sample collection and Six-minute walking test

All subjects, immediately before the doctor's appointment, underwent
venous blood sampling drawn from an antecubital vein. Samples were processed
immediately, and N-terminal brain natriuretic peptide (NT-proBNP) and others,
were measured on the day of blood sampling using the standard protocol of our
hospital laboratory (Roche NT-proBNP assay).

The 6-minute walking distance test (6MWD) was performed in a 30-meter-
long corridor under the same environmental conditions. Participants were
instructed to walk the maximal distance in 6 minutes. Resting stops were allowed
when patients found it necessary. The equation for reference values used is the
one proposed by Enright and colleagues (Enright & Sherrill, 1998). Blood

pressure was measured before and after the test.
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Echocardiography

Echocardiographic image acquisition was performed by a certified cardiologist
using a Vivid E95 ultrasound scanner with an M5Sc-D Transducer (2-5 MHz; GE
Healthcare, Horten, Norway). Standard 2D images with the patient in a left lateral
decubitus position were saved in cine loop digital format, as well as static images
of pulsed-wave Doppler, continuous-wave Doppler, and tissue Doppler. All
images were analyzed offline by an experienced clinical physiologist and a
medical cardiologist, according to current guidelines (Lang et al., 2015; Mitchell
et al., 2019; Zoghbi et al., 2017), using EchoPAC Version 201.

Speckle-Tracking Echocardiography and Myocardial Work

Echocardiographic images (apical four-, two- and long axis 2D) were recorded,
at a minimum frame rate of 40 frames/s, in a digital raw-data format for posterior
analyzes using software (EchoPAC Version 206, GE Healthcare, Horten,
Norway) which automatically tracked the myocardial tissue with manual
adjustments to region of interest and tracking made when necessary. Global
longitudinal strain (GLS) was obtained. Measurements were performed according
to the consensus documents of the EACVI/ASE/Industry TaskForce (Badano et
al., 2018; Voigt et al., 2015). Myocardial Work (MW) indices were calculated using
a combination of 2D speckle-tracking LV strain and non-invasively estimated
pressure (by measuring blood pressure at rest), through pressure-strain loops
(Manganaro et al., 2019; Roemer et al., 2021). Work was evaluated from the
moment the mitral valve closed to the moment it opened again. Global work index
(GWI) was obtained as the amount of myocardial work performed by LV during
systole. Additionally, additional indices of MW were calculated as follows: global
constructive work (GCW, work during shortening in systole plus work during
lengthening in isovolumetric ventricular contraction); global wasted work (GWW,
work during lengthening is systole plus work during shortening in isovolumetric
ventricular contraction); and global work efficiency (GWE, percentage of
constructive work over total work). We use the cutoff values for abnormal work
indices, reported by Olsen et al.: 1576 mmHg% for GMI, 1708 mmHg% for GCW,
159 mmHg% for GWW, and 93% for GWE (Olsen et al., 2022).
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Cardiopulmonary exercise test

All patients with clinical indications and no physical limitations underwent a
cardiopulmonary exercise test (CPET). CPET was performed on a treadmill
(Medisoft, Model 870C) and analyzed through Blue Cherry Software (Geratherm
Respiratory GmbH, Bad Kissingen, Germany). CPET parameters were registered
every 30 seconds. Exercise protocol was chosen after a brief interview to
accurately assess the patient's level of physical activity (Glaab & Taube, 2022;
Pritchard et al., 2021). The patients were encouraged to make maximum effort,
and test end criteria were respected, as in the case of interruption due to the
patient’s symptoms. The determination of the 1st ventilatory threshold was made

later, at the end of the test.

Hemodynamic assessment

Hemodynamic assessment was performed using a Swan-Ganz catheter by right
heart catheterization according to our institution protocol: at rest, with no
sedation, through an echo-guided internal jugular vein or brachial vein approach
by trained operators. Pulmonary artery, right atrial, and pulmonary capillary
wedge pressures (PAWP) were recorded at the end of a quiet respiratory cycle.
Cardiac output (CO) was calculated from an average of at least three
measurements using the thermodilution method. Pulmonary vascular resistance

(PVR) was calculated using the standard formulas (Simonneau et al., 2019).

Statistics

Statistical analyses were conducted using IBM® SPSS® Statistics (IBM, New
York, United States), version 28. The Shapiro—Wilk normality test, as well as
histograms, were performed to check the Gaussian distribution of the data.
Continuous variables are expressed as mean + standard deviation for normally
distributed data or median [range] for nonnormally distributed data. Categorical
variables were expressed as number of subjects and proportion [n (%)].
Continuous variables were compared between groups by one-way ANOVA, and
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categorical variables were compared using the Pearson 2 test or Fisher exact

test, as appropriate. A two-sided p-value < 0.05 was considered significant.

RESULTS

Population characteristics

Out of the 96 patients with SSc that our center monitored, 43 patients made up
the cohort that was studied. The remaining 53 patients fulfill at least one exclusion
criteria for this study. The patients’ characteristics are presented in Table 1. With
a median age of 66 (56 — 69) years, this cohort was primarily made up of females
(95.3%). The majority of these patients presented clinical symptoms and/or signs
of HF (62.79%) and were allocated to the “with left heart disease” group. PAH
criteria were met by 23.3% of patients, and the remaining 13.95% did not meet
any criteria for either left heart disease or PAH.

Eighty-four percent of patients had limited SSc, the most prevalent subtype of
SSc, followed by diffuse SSc (14%) and sine sclerosis (2%); 21% of patients had

SSc overlap with another connective tissue disease.

Table 1 Patients’ characteristics by groups

Overall Without With Left  With Pulmonary
Systemic Cardiac Heart Arterial p-
Sclerosis Disease Disease Hypertension value
(n=43) (n=6) (n=27) (n=10)
Demographic
characteristics
Age (years), median
66 (56-69) 57 (29-67) 66 (58-70) 66 (58-74) 0.365
(IQR)
Female, n (%) 41 (95) 6 (100) 25 (93) 10 (100) 0.537
Body mass index, Kg/m2
() 25.3 (5.6) 241 (4) 25.8(6.3) 24.3 (4.4) 0.682
Systemic sclerosis
(SSc) subtypes, n (%)
Limited 36 (84) 4 (67) 22 (82) 10 (100) 0.169
Diffuse 6 (14) 1(17) 5 (19) 0 (0) 0.436
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Sine Scleroderma 1(2) 1(17) 0(0) 0 (0) 0.140

Overlap 9 (21) 1(17) 8 (30) 0 (0) 0.216
Disease duration of SSc,
89.2 (60.1) 79.7 (46.8) 77.1(59.2) 126.4 (59) 0.077
months (sd)
Comorbidities
Hypertension ¢, n (%) 10 (23) 0 (0) 7 (6) 3(2) 0.445
Dyslipidemia, n (%) 16 (37) 1(17) 11 (41) 4 (40) 0.594
Diabetes mellitus !, n (%) 4 (9) 0(0) 3(11) 1(10) 1.000
Interstitial lung disease, n
5(12) 0(0) 5(19) 0 (0) 0.291
(%)
Venous
2 (5) 0(0) 1(4) 1(10) 0.611
thromboembolism, n (%)
Atrial Fibrillation, n (%) 0(0) 0(0) 0(0) 0 (0)
Neoplasia, n (%) 3(7) 0(0) 2(7) 1(10) 1.000
Obstructive sleep apnea,
0(0) 0(0) 0(0) 0(0)
n (%)
Asthma, n (%) 1(2) 0 (0) 1(4) 0 (0) 1.000
COPD, n (%) 1(2) 0(0) 1(4) 0 (0) 1.000
Laboratory values
NT-proBNP = 125 pg/mL
27 (63) 2 (33) 18 (67) 7 (70) 0.294
.n (%)
NT-proBNP, pg/mL (sd) 372 (558) 90 (79) 313 (385) 692 (909) 0.075
Creatinine, mg/dL (sd) 0.8 (0.3) 0.6 (0.1) 0.8 (0.3) 0.8 (0.3) 0.393
Anti—Scl-70+, n (%) 5(12) 0(0) 5(19) 0 (0) 0.381
Anti-RNAP3+, n (%) 0(0) 0(0) 0(0) 0 (0)
Anti-centromere+, n (%) 9 (21) 3 (50) 5(19) 1(10) 0.251

% Hypertension = systolic blood pressure (BP) > 140 mmHg or diastolic BP > 90 mmHg or antihypertensive
pharmacotherapy. ! Diabetes mellitus = insulin or antidiabetic drugs. Abbreviations: COPD, chronic
obstructive pulmonary disease; NT-proBNP, N-terminal pro B-natriuretic peptide.

Echocardiographic Parameters

Table 2 provides echocardiographic data for this cohort of SSc patients. The
mean values of all myocardial indices are within the normal range, with no
significant difference across groups in GCI, GCW, GWW, and GWE. However,
the group with left heart disease and the group with PAH had a higher percentage

of patients with abnormal myocardial work values (48,1% vs. 50%, respectively
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— Figure 1). The group without cardiac disease had no abnormal GCW, GWW,
and GWE values, but 33.3% had GWI below 1576 mmHg%. Two patients,
belonging to the group with left heart disease, presented a mildly reduced EF
(47% and 48%). Ejection fraction was the only variable significantly different
across groups. Abnormal values of GLS were also found in two patients, but
without significant differences between groups. Groups “without cardiac disease”
and “with pulmonary arterial hypertension” did not have any patients with
abnormal values of LVEF or GLS (Figure 2).

Table 2 Myocardial work indices, left ventricular (LV) global longitudinal strain,

and LV ejection fraction of the studied population by groups

Overall Without With Left
Systemic Cardiac Heart With PAH
p-value
Sclerosis Disease Disease (n=10)
(n=43) (n=6) (n=27)
Myocardial work
1734.5
. 1756 (1558.5- 1972 (1639-
GWI, mmHg%, median (IQR) 1831 (1633-2147) (1407.7- 0.200
2232.2) 2206)
1833.5
Abnormal GWI, n (%) 8 (18.6) 2 (33.3) 3(11.1) 3 (30.0) 0.218
) 2186.5 (1876.7- 2313 (2053- 2064 (1734.7-
GCW, mmHg%, median (IQR) 2223 (2000-2596) 0.385
2611) 2629) 2306.7)
Abnormal GCW, n (%) 2 (4.7) 0 1(3.7) 1(10.0) 0.611
104.5 (73.2- 118 (82-
GWW, mmHg%, median (IQR) 131 (91-218) 153 (103-226) 0.109
127) 185.7)
Abnormal GWW, n (%) 15 (34.9) 0 12 (44.4) 3 (30.0) 0.095
GWE, %, median (IQR) 94 (91-95) 95 (94-95.5) 93 (91-96) 94.5(91-95.2) 0.345
Abnormal GWE, n (%) 14 (32.6) 0 11 (40.7) 3(30.0) 0.188
Any abnormal myocardial work, n
(%) 20 (46.5) 2(33.3) 13 (48.1) 5 (50.0) 0.821
(o]
Myocardial work score, median
0 (0-2) 0 (0-1) 0 (0-2) 0.5 (0-2) 0.468
(IQR)*
Myocardial work score = 2, n (%) 15 (34.9) 0 11 (40.7) 4 (40.0) 0.161
LV GLS and LVEF

158



LV GLS (%), median (IQR) -18.9 -19.2 -18.9 -18.8 0.793
(-20,-17.4) (-20.8,-18)  (-19.7,-17.4) (-20.8,-16.5)
Abnormal LV GLS (>-16%), n (%) 2(4.7) 0 2 (7.4) 0 1.000
LVEF (%), median (IQR) 63 (58-66)  58.5 (52.7-62) 64 (60-66) 61 (56.5-65.5) 0.044
Reduced LVEF (<50%), n (%) 2 (4.7) 0 2 (7.4) 0 1.000

*The myocardial work score is determined by the sum of abnormal myocardial work indices. Abbreviations: GCW, global
constructive work; GWE, global work efficiency; GWI, global work index; GWW, global wasted work; GLS, global

longitudinal strain; LV, left ventricle; LVEF, left ventricle ejection fraction; PAH, pulmonary arterial hypertension.
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Figure 1 Abnormal Myocardial Work by groups.
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Figure 2 Left ventricular global longitudinal strain (left) and ejection fraction (right), by groups.
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Association Between Myocardial Work with Cardiopulmonary Exercise
Testing and Six-Minute Walk Distance

Correlations between myocardial work indices and CPET parameters are
presented in Table 3. Among indices of MW, the GWI presented a positive
correlation with the percentage of VO2 peak predicted (%VO, predicted; r=0.38;
p=0.026), with ventilatory threshold (VT; r=0.43; p=0.040 ), with PETCO2 peak
(r=0.45; p=0.006), and was inversely correlated with VE/VCO:2 peak (r=-0.40;
p=0.016). GCW did not present any correlation with the %VO, predicted but
presented a positive correlation with VT (r=0.42; p=0.044), PETCO2 peak (r=0.46;
p=0.006), and a negative correlation with VE/VCO2 peak (r=-0.44; p=0.007).
GWW and GWE did not correlate with any CPET variable. GLS and LVEF also

did not present correlations with CPET.

Table 3 Correlation CPET parameters with Myocardial Work Indices

Linear correlation

B constant p-value r r?
%VO- peak predicted

Global work index (GWI) 0.021 327 0.026 0.38 0.14
Global constructive work (GCW)  0.017 34.6 0.055 - -
Global wasted work (GWW) 0.003 72.0 0.941 - -
Global work efficiency (GWE) 0.557 20.6 0.633 - -
LV GLS -1.04 53.0 0.497 - -
LVEF -0.144 814 0.813 - -

VT
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Global work index (GWI) 0.019 10.2 0.040 0.43 0.19
Global constructive work (GCW) 0.018 6.9 0.044 0.42 0.18
Global wasted work (GWW) 0.026 43.3 0.530 - -
Global work efficiency (GWE)  -0.353 80.1 0.753 - -

LV GLS 1.15 68.8 0.439 - -
LVEF -0.407 72.2 0.495 - -
VE/VCO; peak
Global work index (GWI) -0.011 62.7 0.016 -040 0.16
Global constructive work (GCW) -0.011 67.2 0.007 -044 0.20
Global wasted work (GWW) -0.017 447 0.424 - -
Global work efficiency (GWE)  0.017 40.5 0.976 - -
LV GLS 1.18 64.3 0.105 - -
LVEF 0.041 39.6 0.890 - -
PETCO; peak
Global work index (GWI) 0.007 15.4 0.006 0.45 0.21
Global constructive work (GCW) 0.007 14.0 0.006 0.46 0.21
Global wasted work (GWW) 0.007 28.1 0.567 - -
Global work efficiency (GWE) 0.071 22.6 0.834 - -
LV GLS -0.822 13.7 0.056 - -
LVEF 0.057 257 0.744 - -

Abbreviations: GLS, global longitudinal strain; LV, left ventricle; LVEF, left ventricle ejection fraction;
PET CO., end-tidal carbon dioxide partial pressure; VCOz, carbon dioxide production; VOq,

O:2 consumption; VT, ventilatory threshold.

The distance of the 6MWT had a negative correlation with LVEF (r=-0.34;

p=0.033), telling us that for every one-unit decrease in LVEF, the 6MWD is

expected to decrease by 6.74 meters. There are no correlations to myocardial

work indices or GLS (Table 4).
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Table 4 Correlation of 6MWD with Myocardial Work Indices

Linear correlation

6MWD

B constant p-value r r?
Global work index (GWI) 0.014 349.5 0.789 - -
Global constructive work (GCW) -0.004 385.4 0.926 - -
Global wasted work (GWW) -0.381 432.8 0.111 - -
Global work efficiency (GWE) 9.22 -484.8 0.140 - -
LV GLS 6.47 496.7 0.460 - -
LVEF -6.74 791.3 0.033 -0.34 0.11

Abbreviations: 6MWD, 6-minute walking distance; GLS, global longitudinal strain; LV, left ventricle;
LVEF, left ventricular ejection fraction.

DISCUSSION

The present study investigated left ventricular myocardial work indices in
patients with SSc, with a focus on their ability to detect subclinical myocardial
dysfunction not captured by conventional echocardiographic parameters and to
explore their relationship with functional exercise capacity assessed by CPET
and 6MWT. Our findings indicate that myocardial work indices, particularly GWI
and GCW, identify a substantial burden of myocardial dysfunction despite
preserved LVEF and largely preserved global longitudinal strain. In addition,
myocardial work showed modest but significant associations with selected CPET-
derived markers of exercise performance and ventilatory efficiency, whereas no
such relationships were observed with the 6MWT. Together, these results
partially support our hypothesis and suggest that myocardial work provides
complementary insights into early myocardial impairment and its contribution to
exercise intolerance in SSc.

The lack of significant differences in GWI, GCW, GWW, and GWE across
patient groups in this cohort underscores the inherent limitations of using these
global myocardial work indices alone to identify subclinical myocardial
dysfunction within these subgroups. However, our results also show that in our

cohort, there are more patients with abnormal values of GWW and GWE,
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compared to abnormal values of LVEF and GLS, especially in the groups with left
heart disease and PAH. These findings suggest that GWW and GWE may be
more sensitive indicators of cardiac dysfunction in these specific patient
populations. The hypothesis that myocardial work might represents a more
sensitive marker than LVEF or GLS is further supported by Wang et al., who
showed in a cohort of HFrEF patients (n=508) that GWI offers incremental
prognostic value beyond conventional echocardiographic parameters (Wang et
al., 2021). Similarly, Zhang et al. reported higher GWW and lower GWE
(alongside lower GWI and GCW) in SSc patients, even when LVEF and GLS
remained unaltered, corroborating our findings (Zhang et al., 2025). Consistent
with these observations, Magda and colleagues also found reduced GCW in SSc
patients compared to matched controls, even in the absence of abnormalities in
standard 2D echocardiographic parameters (Magda S et al., 2024). Collectively,
these results reinforce the concept that myocardial work alterations reflect
subclinical myocardial dysfunction and may serve as an early screening tool for
identifying high-risk patients.

The discordance between conventional measures (LVEF and GLS) and
the heightened irregularities in myocardial work underscores the limitations of
relying solely on traditional echocardiographic parameters in assessing
myocardial function, in this particular context of SSc, and potentially in other
conditions as well. Our findings also demonstrate that, in this cohort of SSc
patients, those presenting left heart disease and PAH, conditions that have been
proven to cause increased pressure in the heart and lungs, have more abnormal
values of myocardial work, compared to those without any cardiac condition
(Heidenreich et al., 2022; Humbert et al., 2022). This added stress may explain
why SSc patients, coupled with these conditions, demonstrate more pronounced
abnormalities in myocardial work compared to those lacking these comorbidities.

An important finding of this study is the association between myocardial
work indices and CPET-derived parameters. Global work index showed positive
correlations with predicted peak VO,, ventilatory threshold, and peak PETCO,,
and a negative correlation with VE/VCO, at peak exercise. Global constructive

work correlated positively with ventilatory threshold and peak PETCO,, and
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negatively with VE/VCO, at peak exercise. Only a few studies report this kind of
correlation between MW and CPET parameters, but none on SSc patients. Of
those that are known to us, Tokodi et al., using a cohort of elite swimmer athletes,
reported a stronger correlation between GWI and VOz2 peak (r=0.527), and also
a moderate correlation between GCW and VOz2 peak (r=0.584) (Tokodi et al.,
2022); Hedwig and colleagues, in a HFrEF cohort, reported a weak correlation
between GWI and GCW with VO2 peak of r=0.38 and r=0.36, respectively
(Hedwig et al., 2021). Notably, these associations were observed with CPET
variables but not with 6MWD, reinforcing the superior sensitivity of CPET in
detecting early abnormalities in cardiopulmonary reserve. In contrast to CPET,
the 6BMWD correlated only with LVEF and not with GLS or myocardial work
indices. A weak correlation was also shown by Pugnet et al., with a correlation
coefficient of 0.085 (p<0.0001) between 6MWD and LVEF, in a cohort of SSc
patients (Pugnet et al., 2018). A stronger correlation was found by Berisha and
colleagues, using a cohort of HFrEF patients (r=0.5, p<0,001) (Berisha et al.,
2009). Wolsk et al., and Adel et al., did not find any association between 6MWD
and LVEF (Adel et al., 2015; Wolsk et al., 2018). These modest associations
between MW indices with cardiopulmonary exercise parameters in SSc patients,
suggest that although these measures may capture some aspects of cardiac
performance, their relationship with functional capacity is limited and probably
influenced by multiple non-cardiac factors.

Our results suggest that myocardial work indices may provide incremental
value over conventional echocardiographic parameters for the early detection of
cardiac involvement in SSc. By identifying myocardial dysfunction in patients with
preserved LVEF and GLS, myocardial work may improve risk stratification and
support a more comprehensive cardiovascular assessment. Furthermore, the
association between myocardial work and CPET parameters highlights the
potential role of myocardial work in elucidating the cardiac contribution to exercise
intolerance in SSc, a frequent and clinically challenging symptom. However,
whether myocardial work abnormalities translate into adverse outcomes or

predict progression to overt HF remains to be determined.
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Several limitations should be acknowledged. This was a single-center,
retrospective, cross-sectional study, which limits causal inference and
generalizability. The first one is the modest sample size. Only 46% of the total
sample size has been available for MW analysis (limitation also reported by
Manganaro et al., where only 31% of the patients meet the requirements for MW
analysis (Manganaro et al., 2020)). On top of this, the patients’ subgroups,
shaped according to the existing conditions, were not balanced in terms of the
number of patients, with an “n” relatively small. Second, our study assumes a
cross-sectional design, limiting our ability to establish causation, restricting our
interpretation of the observed intriguing correlations between myocardial work
indices and functional capacity markers. As the third and final point, we
acknowledge the absence of a healthy control group for comparative analysis, as
well as the subdivision by clinically distinct groups, differentiates our work from
studies such as those by Zhang et al. and Magda et al. (Magda S et al., 2024;
Zhang et al., 2025). Future studies should aim to conduct larger, multicenter
investigations to confirm and expand the present findings in more diverse
systemic sclerosis populations. Longitudinal designs with repeated assessments
over time, and including a control group, should also be a priority, since they
would help to gain a more in-depth understanding of how systemic sclerosis
affects myocardial work, and possibly also establish some causal relations with

functional capacity correlates.

CONCLUSION

In conclusion, myocardial work indices identify subclinical LV dysfunction
in patients with SSc that is not detected by LVEF and is only incompletely
captured by conventional deformation measures. The observed associations
between myocardial work and CPET-derived parameters highlight the potential
value of myocardial work as a complementary tool for understanding the cardiac
contribution to exercise intolerance in this complex, multisystem disease. While
these findings provide mechanistic insights and support the use of myocardial
work in comprehensive cardiovascular assessment, the modest strength of

associations underscores the multifactorial nature of functional limitation in
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systemic sclerosis. Prospective studies are required to determine the prognostic
relevance of myocardial work abnormalities and to clarify their role in clinical

decision-making.
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The present thesis resulted in three major findings that together provide a
comprehensive characterization of cardiopulmonary involvement in SSc. First,
data from Study | support the diagnostic utility of selected CPET gas exchange
parameters for excluding PAH in SSc patients referred for suspected disease.
Second, Study Il demonstrates a high prevalence of both preclinical and
symptomatic HF in SSc patients without PAH, with HF stages closely associated
with disease severity, advanced age, and cardiovascular risk factor burden. This
study also highlights the value of CPET and the 6MWD for functional risk
stratification across HF stages. Third, Study Ill shows that myocardial work
indices detect a substantial burden of subclinical myocardial dysfunction and
display modest associations with exercise capacity, providing complementary

insights into the mechanisms of functional limitation in SSc.

Diagnostic utility of selected parameters of CPET to exclude the presence
of PAH in SSc patients

Data specifically addressing the diagnostic accuracy of CPET for the early
detection or exclusion of PAH in SSc patients remain limited. Only two published
studies (Dumitrescu et al., 2017; Santaniello et al., 2020), as far as we are aware,
discuss whether CPET can be a trustworthy non-invasive method for improving
the diagnostic workup of SSc patients who have been referred for suspected
PAH. Our study adds knowledge to this topic, by demonstrating that peak VO,,
peak VCO,, and VE/VCO, slope, have excellent diagnostic accuracy to exclude
PAH in SSc patients. In fact, the diagnostic accuracy of the CPET parameters
studied was remarkable (AUC above 0.80) and consistent with previous studies.
The profound pathophysiological effects of PAH on acute cardiorespiratory
response to exercise may be responsible for this. During exertion, the reduced
pulmonary vascular reserve limits normal vascular recruitment and distension in
response to increased cardiac output, leading to immediate and marked
abnormalities in gas exchange due to ventilation—perfusion mismatch and
increased right ventricular afterload (Sun et al., 2001). Together, these results

support the use of CPET as a valuable non-invasive tool to refine diagnostic
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decision-making and potentially reduce unnecessary invasive testing in selected

SSc patients.

Prevalence of HF stages in SSc patients without PAH

To the best of our knowledge, this is the first published study to endorse
the prevalence of HF stages in a SSc population. Our data revealed a substantial
burden of HF, with 38% presenting symptomatic HF (stage C) and 43% showing
preclinical disease (stage B). These findings underscore the high prevalence of
occult cardiac involvement in SSc and highlight the limitations of symptom-based

assessment alone.

Cardiovascular risk factors, including hypertension, diabetes, and obesity, as well
as multiorgan involvement and advanced age, were more prevalent among
patients with both symptomatic and presymptomatic HF stages. In addition, our
results suggest a positive relationship between the extent of multiorgan
involvement and HF severity, supporting the concept that systemic disease
burden contributes to cardiac dysfunction. These observations are consistent
with contemporary HF frameworks emphasizing the interplay between
inflammation, comorbidities, and myocardial remodeling (Heidenreich et al.,
2022; Paulus & Zile, 2021). Therefore, multiorgan involvement in SSc patients

should raise clinical suspicion of cardiovascular complications, including HF.

Echocardiography and NT-proBNP were identified as key diagnostic tools for
detecting early cardiac involvement, with abnormal LA volume, E/e’ ratio, and
elevated NT-proBNP serving as markers of increased left heart filling pressures.
The findings emphasize the importance of regular cardiovascular monitoring, and

aggressive management of modifiable risk factors in this population.

Clinical and functional correlates of HF stages in systemic sclerosis

In SSc patients without PAH, HF severity was associated with functional
impairment. Lower 6MWT distance, reduced peak VO,, and higher VE/VCO,

slope on CPET correlated with HF stages, even in asymptomatic patients,
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highlighting their diagnostic value. Unlike functional tests, resting invasive
hemodynamics did not differentiate HF stages, underscoring the importance of
exercise-based assessments such as 6MWT and CPET in evaluating HFpEF and

staging HF in SSc.

These findings underscore the multifactorial cardiovascular involvement in
SSc, where both pulmonary vascular disease and primary myocardial dysfunction
coexist and contribute to morbidity and mortality. Despite advances in screening
and treatment, early recognition of cardiopulmonary complications remains
challenging due to the subclinical onset and overlapping manifestations of PAH
and left heart disease. The incorporation of functional and hemodynamic
assessments, particularly exercise-based tests such as the 6MWD and CPET,
has proven essential for a more comprehensive evaluation of disease severity
and progression. These modalities not only provide valuable prognostic
information but also help refine therapeutic decision-making and monitor

response to targeted therapies.

Myocardial work and its ability to detect subclinical cardiac dysfunction in

SSc patients

In Study Ill, global myocardial work indices (GWI, GCW, GWW, and GWE)
did not differ significantly between patient groups. Nonetheless, a greater
proportion of abnormal GWW and GWE values was observed, particularly among
those with left heart disease and PAH. These findings suggest that GWW and
GWE may be more sensitive markers of myocardial dysfunction in these
subgroups. Our results are consistent with previous studies showing that MW
alterations can reveal subclinical myocardial impairment even when traditional
echocardiographic parameters such as LVEF and GLS remain normal, as shown
by Wang and colleagues (Wang et al., 2021). Zhang et al. reported higher GWW
and lower GWE (alongside lower GWI and GCW) in SSc patients, even when
LVEF and GLS remained unaltered, corroborating our findings (Zhang et al.,
2025), Magda and colleagues also found reduced GCW in SSc patients
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compared to matched controls, even in the absence of abnormalities in standard
2D echocardiographic parameters (Magda S et al.,, 2024). This discordance
underscores the limitations of relying solely on conventional echocardiographic
measures to detect early cardiac involvement in SSc. Nonetheless, we
acknowledge the absence of a healthy control group for comparative analysis in
our cohort, as well as the subdivision by clinically distinct groups, which
differentiates our work from the reported studies and makes a precise comparison

of results difficult.

Myocardial work and its association with function capacity markers

Myocardial work indices demonstrated modest associations with functional
capacity parameters. Specifically, GWI and GCW correlated moderately with
peak PETCO,, ventilatory threshold, and VE/VCO, at peak exercise, and only
weakly with predicted peak VO, . To the best of our knowledge, only a few
studies report this kind of correlation, between MW and CPET parameters, and
none are in SSc patients. Hedwig and colleagues reported a weak correlation
between GWI and GCW with VO2 peak (r=0.38 and r=0.36, respectively) in a
cohort of HFrEF, and a stronger correlation was reported between GWI and GCW
with VO2 peak (r=0.527 and r=584, respectively) in a cohort of elite swimmer
athletes (Hedwig et al., 2021; Tokodi et al., 2022). Regarding the 6MWD, our
results are corroborated by Pugnet et al., who reported a correlation coefficient
of 0.085 (p<0.0001) between 6MWD and LVEF, in a cohort of SSc patients
(Pugnet et al., 2018). With respect to myocardial work indices, our results showed
no correlation with the 6MWD test.

Overall, our results show that myocardial work indices, particularly GWI
and GCW, show only modest associations with cardiopulmonary exercise
parameters in SSc patients, suggesting that although these measures may
capture some aspects of cardiac performance, their relationship with functional

capacity is limited and probably influenced by multiple non-cardiac factors
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CHAPTER V

Conclusion and Future Directions
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CONCLUSIONS

The following key findings can be summarized based on the overall

findings of each study that was included in this thesis:

1.

3.

CPET offers robust, non-invasive markers for ruling out PAH in
patients with SSc. Parameters including Peak VO,, VE/NVCO, slope,
and peak PETCO, demonstrate strong discriminative ability,
refining early diagnostic pathways and reducing reliance on

invasive procedures.

. SSc patients exhibit a high prevalence of both preclinical and

symptomatic heart failure, even in the absence of PAH. Functional
assessments, including 6MWD and CPET-derived measures,
reveal clinically significant impairment not apparent from resting
hemodynamics, emphasizing the limitations of single-modality
evaluation.

Advanced echocardiographic measures of myocardial work, such
as GWW and GWE, detect early myocardial dysfunction beyond
conventional echocardiography. These indices correlate modestly
with exercise performance, highlighting that functional limitation in
SSc arises from multifactorial cardiopulmonary and myocardial

contributions.

Overall, these findings underscore the limitations of resting and single-modality

assessments. Combining exercise-based functional testing with advanced

echocardiographic techniques provides a more nuanced understanding of

cardiovascular involvement, linking subclinical pathophysiology with clinically

relevant exercise intolerance in SSc.
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FUTURE DIRECTIONS

Future research should focus on validating and extending the utility of
exercise-based functional assessments in SSc for both PAH screening and HF
staging. Larger, multicenter, and longitudinal studies are needed to confirm these
observations, establish disease-specific thresholds, and evaluate the prognostic
implications of exercise-derived indices over time. Additionally, future studies
should investigate how integrating functional testing with imaging modalities,
such as echocardiography or exercise RHC, and biomarkers, such as NT-
proBNP, could improve early detection, risk stratification, and management of
both primary myocardial involvement and secondary cardiac complications in
SSc.
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Supplementary Table S1 Clinical characteristics of studied patients

Total (n=43) No PAH (n=32) PAH (n=11) p-value
(No PAH vs. PAH)
SSec subtypes, n
Limited 37 (88.1%) 27 (84.4%) 11 (100%)
Diffuse 4 (9.5%) 4 (12.5%) 0 (0%)
Sine scleroderma 1(2.4%) 1(3.1%) 0 (0%)
Overlap 9 (20.9%) 7 (21.9%) 2 (18.2%)

Antibodies, n

ACA  38(88.4%) 27 (84.4%) 11 (100%) 0.16
Scl-70 2 (4.8%) 2 (6.2%) 0 (0%) 0.42
RNAP3 1 (2.4%) 1 (3.1%) 0 (0%) 0.57

Comorbidities, n

AHT 17 (39.5%) 11 (34.4%) 6 (54.5%) 0.24
Hypercholesterolemia 21 (48.8%) 13 (40.6%) 8 (72.7%) 0.07
Diabetes 9 (20.9%) 7 (21.9%) 2 (18.2%) 0.80

Interstitial lung disease 1(2.3%) 1(3.1%) 0 (0%) 0.55

Therapeutics, n

Oxygen therapy 1(2.3%) 0 (0%) 1 (9.1%) 0.08
Primrose oil 12 (27.9%) 10 (31.2%) 2 (18.2%) 0.40
Immunomodulators 9 (20.9%) 8 (25%) 1(9.1%) 0.26
Calcium channel blockers 24 (55.8) 19 (59.4%) 5(45.5%) 0.42
Corticosteroids 7 (16.3%) 6 (18.8%) 1(9.1%) 0.45

Data are presented as mean (standard deviation, sd) or n (%), as appropriate. A p value < 0.05 was considered
significant. PAH, pulmonary arterial hypertension; SSc, systemic sclerosis; ACA, anti-centromere antibodies; Scl-70,
Autoantibodies against topoisomerase I; RNAP3, RNA polymerase III; AHT, arterial hypertension;
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Supplementary Table S2 CPET characteristics between groups

_ _ _ p-value
Total (n=43) No PAH (n=32) PAH (n=11) (No PAH vs. PAH)
Maximal HR, %
predicted 84.3 (11.67) 84.81 (13.14) 82.82 (5.78) 0.63
Running time, s 423.72 (190.81) 438.78 (202.7) 379.91 (150.69) 0.38
HRR 4.83 (4.8) 5.48 (4.62) 3(5.04) 0.14
VO peak,
mL/min/Kg 15.28 (4.25) 16.52 (3.93) 11.67 (2.92) 0.00
VO2 max, %
predicted 73.05 (19.36) 79.72 (16.41) 53.64 (13.48) <0.00
VCO: basal,
mL/min/Kg 3.32(0.78) 3.47 (0.82) 2.9 (0.51) 0.04
VCO: peak,
mL/min/Kg 16.34 (4.88) 17.52 (4.73) 13 (3.74) 0.01
Oz pulse basal,
ml/beat 3.14 (0.68) 3.23 (0.73) 2.89 (0.47) 0.16
VE peak, /min 48.55 (11.68) 48.26 (10.63) 49.36 (14.81) 0.79
VE peak, %
predicted 84.98 (24.74) 86.48 (25.35) 80.73 (23.55) 0.51
BF basal, I/min 18.93 (4.46) 18.84 (4.87) 19.18 (3.19) 0.83
BF peak, /min 37.5(7.29) 37.58 (7.6) 37.23 (6.65) 0.91
VE/VO; basal 33.84 (8.38) 33.76 (9.02) 34.06 (6.62) 0.92
VE/VO; peak 46.35 (11.96) 42.8 (9.83) 56.36 (12.13) 0.00
PET COz basal,
mmHg 27.62 (3.75) 28.35(3.67) 25.55(3.27) 0.03
Sa0: peak, % 91.25 (5.88) 92.24 (5.39) 84.33 (5.03) 0.03

Data are presented as mean (standard deviation, sd). A p value < 0.05 was considered significant. HR, heart rate;
RER, respiratory exchange ratio; HRR, heart rate recovery; VOz, Oz consumption; VCOz, carbon dioxide
production; VE, expired ventilation; BF, breathing frequency; PET COz, end-tidal carbon dioxide partial pressure;
Sa0y, arterial oxygen saturation.
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