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Abstract. – Systemic sclerosis (SSc) is a 
systemic autoimmune disorder characterized 
by inflammation, fibroproliferative vasculopa-
thy, and progressive fibrosis. Cardiac involve-
ment is common in SSc and may affect the 
myocardium, pericardium, heart valves, con-
duction system, as well as coronary arteries. 
However, it remains asymptomatic for a long 
time, which leads to delayed diagnosis and 
poor prognosis. Accurate and early detection 
of cardiac abnormalities may warrant a better 
outcome in SSc. Recent advances in cardiac 
magnetic resonance imaging (CMR) improved 
the non-invasive evaluation of heart morphol-
ogy and function. CMR can accurately identify 
both left and right ventricle dysfunction, which 
has a significant clinical and prognosis impact 
on SSc patients. In terms of myocardial struc-
tural alterations, CMR has remarkable diagno-
sis accuracy in identifying the presence and 
extent of myocardial fibrosis. When it comes to 
pulmonary arterial hypertension assessment, 
emerging data endorse the usefulness of CMR 
for the non-invasive quantification of it. Two-di-
mensional and time-resolved three-dimension-
al phase-contrast velocity-encoded CMR has 
become promising techniques for the assess-
ment of pulmonary artery flow and stiffness 
measurements. Furthermore, CMR provides 
valuable prognostic information, both at the 
time of diagnosis and during follow-up in SSc 
patients with pulmonary arterial hypertension. 
The purpose of this review is to provide an 
overview of the latest findings in advanced car-
diovascular imaging in patients with SSc.
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Introduction

Systemic sclerosis (SSc) is a heterogeneous 
autoimmune connective tissue disease character-
ized by abnormalities of innate and adaptative im-
munity, vascular lesions, and fibroblast reactivity, 
impacting various organs, including the heart1. 
Cardiac involvement in SSc may remain subclini-
cal for a long time; symptoms occur mostly in the 
later stages of the disease, having an estimated 
prevalence of 15-35%2. Cardiac manifestations in 
SSc encompass myocardial dysfunction, pericar-
ditis, endocardial and valvular disease, coronary 
artery disease (CAD), and pulmonary arterial 
hypertension (PAH)2-5. Cardiac dysfunction can 
occur as a direct result of SSc and secondary to 
PAH, interstitial pulmonary fibrosis, and renal 
failure2,6,7. SSc promotes atherogenesis, micro-
vascular ischemia, coronary wall hypertrophy, 
and myocardial fibrosis, which likewise leads to 
cardiac dysfunction2,8. Cardiac SSc is associated 
with poor prognosis and is responsible for up to 
31% of SSc deaths5. 

Being long-time asymptomatic, the real inci-
dence of cardiac manifestations in patients with 
SSc is quite difficult to be established. In a Dan-
ish nationwide cohort study, it has been shown 
that patients with SSc had a higher prevalence 
of hypertension, atrial fibrillation, heart failure, 
myocardial infarction, pericarditis, and PAH than 
matched controls9. Carreira et al10 conducted a 
study on EULAR Scleroderma Trials and Re-
search (EUSTAR) database and showed that in 
patients with early SSc, older age was associated 
with a higher prevalence of elevated pulmo-
nary artery (PA) systolic pressure (PASP), heart 
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blocks, and left ventricular (LV) diastolic dys-
function. Manno et al11 have also demonstrated 
that SSc in the elderly increased their risk of 
PAH and cardiac disease. Other reports have 
shown that SSc was an important cardiovascular 
risk factor, independent of hypercholesterolemia, 
diabetes or hypertension12. 

Current research focuses on the development 
of accurate diagnosis techniques in order to im-
prove clinical outcomes. Echocardiography is 
used to assess cardiac function and valvular 
damage, but its accuracy is questionable due 
to intra- and inter-observer variability. Cardiac 
magnetic resonance imaging (CMR) allows a 
comprehensive evaluation of the cardiac system, 
which overcomes echocardiography’s shortcom-
ings, leading to an earlier diagnosis of silent 
cardiac abnormalities in SSc2. This non-invasive 
technique is particularly valuable for diagnosing 
heart impairment in SSc, as it can provide infor-
mation about morphology, function, and myocar-
dial perfusion, especially when delayed contrast 
enhancement techniques are used.

This review provides an overview of the lat-
est advances in CMR for diagnosing, assessing, 
and monitoring cardiovascular disease in SSc 
patients.

Cardiac Pathological Alterations 
Due to SSc

The pathogenetic mechanisms of cardiac im-
pairment in SSc include microvascular alter-
ations, vasospasms, fibroblasts activation with 
excessive collagen production, and autoimmune 
dysregulations. Similar to Raynaud’s phenome-
non, arterial spasms can occur in normal coro-
naries, thus triggering focal myocardial ischemia. 
Furthermore, excessive diffuse interstitial fibro-
sis determines distal coronary arterial occlu-
sion2,6,13, increased myocardial mass, and cardiac 
wall stiffness14,16. Various inflammatory factors 
that are overproduced in SSc could act as triggers 
for cardiac alterations (Figure 1). Inflammation 
and autoimmunity can further facilitate the oc-
clusion of distal microvasculature, which may 
determine the destruction of parenchymal cells 

Figure 1. Cardiac pathological alteration due to SSc. Various inflammatory factors that are overproduced in SSc act as 
triggers for cardiac alterations. These factors determine endothelial dysfunction due to autoimmunity and ROS genesis, 
resulting in a low-grade inflammatory state that affects both the myocardium and PA. The process amplifies and the changes 
become irreversible. Low-grade inflammation levels up into a state of persistent oxidative stress and hypoxia due to enhanced 
synthesis of numerous antibodies against different cellular and tissue structures, such as PDGFR, ECs, fibroblasts, fibrillins, 
and matrixins. On the other hand, due to inflammatory activation and epitopes exposure, immune cells such as CD4+ cells 
are being activated, while macrophages start to produce growth factors, interleukins, and pro-fibrotic cytokines resulting in 
fibroblast activation and collagen synthesis. All of these determine a pathological state of the heart, damaging the myocardium 
by potentiating abnormal vasoreactivity, microvascular dysfunction, intimal hypertrophy, cardiomyocyte damage, and cardiac 
fibrosis. Moreover, PA is degrading as well, SSc determining pulmonary small-vessel pathology by thickening the intima, 
narrowing the lumen, and enhancing ischemia. Abbreviations: CD4, cluster of differentiation 4; PA, pulmonary artery; 
PDGFR, platelet-derived growth factor receptor; ROS, reactive oxygen species; SSc, systemic sclerosis.
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by ischemia. Consequently, fibroblasts activation 
and recruitment, and differentiation into myo-
fibroblasts, result in the production of collagen, 
which can ultimately lead to organ fibrosis13.

Increased levels of lysophosphatidic acid and 
sphingosine 1-phosphate in SSc suggest their 
involvement in cardiac fibrosis, vascular and 
connective tissue disturbances, as well as in 
alterations of the immune system13,16. The micro-
vascular injury seems to play a primary role in 
the characteristic cardiac impairment, because 
it enhances endothelial dysfunction and vascular 
inflammation17. Damaged cells determine fibro-
blasts activation, immune cell recruitment, epi-
thelial-to-mesenchymal trans-differentiation, and 
collagen overproduction18. Inflammatory stress 
can lead to endothelial disruption with vascular 
mononuclear infiltration and capillary oblitera-
tion. The vascular tone becomes abnormal as a 
consequence of erratic neuro-endothelial con-
trol19. These alterations contribute to the develop-
ment of PAH and electric disturbances. PAH and 
microvascular dysfunction have a negative impact 
on morbidity and mortality, accelerating disease 
progression20. Despite recent medical advances in 
SSc, the 3-year relative mortality remains at 50% 
and is even higher than in idiopathic PAH21-23. As 
reported in more recent studies, survival rates 
have increased from 50% at 1 year24 to up to 80% 
and 50% after 1 and 3 years, respectively25. 

Endothelial dysfunction is considered to be 
one of the main causes of vascular impairment 
due to enhanced expression of adhesion mole-
cules, recruitment of inflammatory cells, and 
procoagulant environment26. Consequently, 
neointimal proliferation and adventitial fibrosis 
is triggered, thus causing vascular obliteration27. 
Adaptative mechanisms determine progressive 
cardiac hypertrophy, which initially overcomes 
the increased PA pressure and right ventricular 
(RV) afterload. Both RV systolic and diastolic 
dysfunctions were shown to be important mortal-
ity predictors in SSc, although an association be-
tween RV dysfunction and PAH progression has 
not yet been proved28. Moreover, SSc-associated 
PAH demonstrated the poorest clinical outcome 
among all connective tissue diseases29. 

The Role of CMR in Assessing 
Cardiac Abnormalities in SSc

Nowadays, CMR is the gold-standard imaging 
technique used for cardiac assessment due to its 
increased spatial resolution, high reproducibility, 
and excellent interobserver variability30,31, sur-

passing echocardiography32,33. Therefore, it can 
properly characterize cardiac function, myocar-
dial structure, being also able to assess import-
ant hemodynamic measurements even in patients 
with SSc34. Corroborated data have shown that 
CMR has an excellent agreement of up to 75% for 
detecting cardiac abnormalities in patients with 
SSc35,36,45,37-44 (Table I).

Myocardial Function 
Patients with SSc develop myocarditis and 

CAD, resulting in both systolic and diastolic 
dysfunction15,46. However, several studies have 
shown that global systolic function is long-time 
preserved in most SSc patients, despite extensive 
myocardial fibrosis8. A prospective observational 
cohort of SSc-associated PAH47 reported a 5.4% 
rate of heart failure (HF) with reduced ejection 
fraction. D’Alto et al48 showed that LV ejec-
tion fraction (LVEF) was impaired only during 
physical exertion. On the other hand, diastolic 
dysfunction had a prevalence of up to 60%49,50. 
Maione et al51 have shown that even though the 
diastolic function was significantly impaired, a 
direct relationship with SSc had failed to be 
identified. However, several studies confirmed 
the high incidence of diastolic dysfunction in SSc 
patients and even demonstrated a significant cor-
relation with disease duration52,53. Moreover, dia-
stolic impairment was associated with increased 
serum N-terminal-pro hormone Brain Natriuretic 
Peptide (NT-proBNP) and asymmetric dimethy-
larginine levels even in asymptomatic SSc sub-
jects54,55. Other clinical features independently 
associated with diastolic dysfunction in SSc pa-
tients include PAH and elevated LV end-diastolic 
filling pressures54,55.

The superiority of CMR in the assessment of 
systolic (Figure 2) and diastolic functions (Figure 
3) had been endorsed by several studies. Cardiac 
function, especially of the RV, is frequently im-
paired in SSc patients, hence the increased use 
of CMR15,56,57. Hachulla et al58 found that 29% 
of SSc patients had LV wall thinning, 23% im-
paired LVEF, 21% decreased RV ejection fraction 
(RVEF), 31% segmental LV hypokinesia, 6% 
biventricular dilations, and only 4% presented 
RV hypertrophy. Moreover, myocardial motion 
abnormalities were not correlated with coronary 
artery distribution. Several studies58,59 demon-
strated that CMR-based myocardial strain and 
strain rate analysis ensured a proper assessment 
of RV function compared with speckle-tracking 
echocardiography. RVEF impairment was not 
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Table I.  Cardiac magnetic resonance imaging studies in patients with systemic sclerosis.

 Authors Year N. Purpose Findings

Ntusi et al35 2014 19  To evaluate the role of multiparametric - LGE+ with focal fibrosis - 53% 
   CMR in detecting subclinical myocardial  - T2M – 13% with myocardial edema) – T1M – ↑ (1007 ± 29, p < 0.001)
   involvement in patients with SSc - ECV – ↑ (35.4 ± 4.8, p < 0.001), and correlated with disease activity and severity
    - LV strain ↓ (16.8 ± 1.6, p < 0.001)
    - Diastolic strain ↓ (83 ± 26, p < 0.001)

Krumm et al36 2017 20  To evaluate morphologic and functional - All had LGE patterns
   CMR patterns in patients with SSc - 95% had abnormal RV or LV contractility
    - 70% had decreased LV or RV function
    - 45% had moderate pericardial effusion
    - 35% had minimal pericardial effusion

Mousseaux et al38 2018 58  To evaluate the role of CMR and contrast - LGE+ – 29.3%, and associated with increased mortality risk (p = 0.028)
   CMR in patients with SSc - LVEF ↓ in 18.9%
    - LVEDV ↑ in 13.7%
    - RVEDV ↑ in 32.7% 

Gargani et al39 2018 201 To evaluate the addition of LGE to TTE - T2M – 5% – myocardial edema
   in patients with SSc. - LGE+ – 27.9% of cases; and correlated with ventricular arrhythmias (p < 0.01);

Lee et al40 2018  49 To evaluate the utility of T1M in early - LGE+ in 33% 
   SSc and its - ECV had 75% Se and 75% Sp for identifying SSc
   association with skin score. - All 4 T1M parameters were associated with modified Rodnan skin score
       (ECV = 29.5±4.5%, p < 0.002; Partition coefficient (λ) = 0.47 ± 0.05, p < 0.003; 
       Pre-T1 = 998 ± 61, p = 0.033; Post-T1 = 412±79, p = 0.048)

Tipparot et al41 2019  30 To ascertain the clinical and laboratory - 73.3% had myocardial inflammation in the early-onset of SSc, increase in 
   associations with CMR-based myocardial     mRSS being associated with myocardial inflammation
   inflammation in SSc patients 

Sugiyama et al42 2019  49 To evaluate the association between - LGE+ – 55%; 
   myocardial abnormalities and LV  LV structural anormalities were detected in 44% of LGE+ patients and 14% of 
   geometry as assessed by CMR  LGE- patients;

Bratis et al43 2019  54 To evaluate myocardial deformation in - LVEF ↑(62.6 ± 6%, p = 0.01)
   cardiac asymptomatic SSc using - LGE+ in 26%
   Feature Tracking-CMR - 18% had RV insertion fibrosis
    - LV-LAS differed in those with insertion fibrosis (-18.0% vs. -20.3%, p=0.04).
      Patients with SSc had lower -RV-LAS ↓ (p < 0.001)

Continued
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Table I (Continued). 

 Authors Year N. Purpose Findings

Poindron et al44 2019  72 To determine the prevalence of cardiac - T1M = 1097.1 ± 33.4, p < 0.0001
   involvement by native T1M CMR in  - T2M = 52.9 ± 3.3, p = 0.0003;  
   patients with SSc - LGE+ in 25% of cases

Markousis- 2020  59 To re-evaluate the utility of T1-based  - EGE, LGE, T1M, ECV increased in SSc, but 25% of SSc patients had no CMR
Mavrogenis    indices as indicators of myocardial   evidence of myocardial inflammation representing a bias
et al45   inflammation in SSc patients 

Terrier et al37 2020  40 To evaluate the role of CMR with - T1M ↑ in SSc
   intravoxel incoherent motion - T1M directly correlated with mRSS and forced vital capacity (p = 0.04,
   diffusion-weighted imaging and T1M in    p = 0.048); and inversely correlated with f coefficient (p = 0.02), 
   assessing myocardial microvascular and - Higher T1M associated with cardiac events (p = 0.03)
   interstitium impairment in SSc

Abbreviations: CMR, cardiac magnetic resonance imaging; ECV, extracellular volume fraction; EGE, early gadolinium enhancement; LGE, late gadolinium enhancement; LV, left 
ventricle; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LV-LAS, left ventricular long-axis strain; mRSS, modified Rodnan skin score; n, 
number of subjects; RV, right ventricle; RVEDV, right ventricular end-diastolic volume; SSc, systemic sclerosis; T1M, T1 mapping; T2M, T2 mapping.
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Figure 2. Cardiac magnetic resonance images of a 42-year-old female with systemic sclerosis. Short-axis b-SSFP images 
determining end-diastolic (green) (A) and end-systolic (red) (B) for measuring LVEF. LVEF was decreased to 62%. 
Abbreviations: b-SSFP, balanced steady-state free precision; LVEF, left ventricular ejection fraction.

Figure 3. Color-coded displays of the transmitral flow and 
myocardial longitudinal velocity-encoded phase-contrast 
(PC) in cardiac magnetic resonance (CMR) images in a 
patient with systemic sclerosis. PC-CMR segmentation 
and diastolic parameters extraction from a transmitral 
flow with a robust delineation of the transmitral flow 
pattern (A). Transmitral flow imaging assessment of flow-
related parameters: mitral early peak filling rate (E, in 
mL/s), late peak filling rate (A, in mL/s), E/A ratios; mitral 
isovolumetric relaxation time (IVRT, in ms); mitral E-wave 
deceleration time (DT, in ms). The negative curve is due to 
the LV outflow (B). Myocardial tissue imaging assessment 
of flow-related parameters: systolic mitral myocardial 
motion (S, in cm/s); myocardial longitudinal early (E’) and 
late (A’, in cm/s) peak velocity on the LV lateral wall (C). 
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statistically associated with PAH58, but when 
RVEF decreases, SSc subjects with PAH turn out 
to be more severely affected60. In asymptomatic 
SSc patients, LVEF remained preserved for a 
long time, while LV and RV end-diastolic diame-
ters and RVEF were significantly modified59.

Therefore, routine RV function assessment is 
essential in subjects with SSc, being able to iden-
tify patients with a subclinical cardiac impair-
ment who may benefit from early therapy and can 
help determine the risk for PAH development.

Structural Changes of 
the Myocardial Wall

Structural characterization of the myocardium 
is one of the main purposes of CMR in patients 
with SSc. In these patients, decreased myocardial 
perfusion is caused either by CAD or non-ath-
erosclerotic coronary involvement61,62. To date, it 
has been suggested that nuclear cardiac imaging 
accurately assesses myocardial damage in early 
stages63. Single positron emission computed to-
mography (SPECT/CT) with Tc-99m-Sestamibi 
can identify myocardial perfusion defects in up 
to 88% of symptomatic patients64, and Thallium 
201 Iobenguane SPECT/CT has proved equal-
ly effective65. However, these techniques are 
time-consuming and radiation dependent. CMR 
overcomes these flaws and is further able to 
accurately assess myocardial perfusion defects, 
viability, and flow reserves8,66,67. Stress CMR may 
further improve its diagnostic capacity66,68. Late 
gadolinium enhancement (LGE) is largely used 
as an imaging marker of myocardial replacement 
fibrosis. Kobayashi et al68 demonstrated that even 
in asymptomatic patients with SSc, steady-state 
free precession (SSFP) CMR accurately identified 
microvascular impairment associated with LGE. 
In addition, Vignaux et al66 sought to evaluate 
the effects of calcium channel blockers on myo-
cardial perfusion. The authors showed that CMR 
had comparable diagnosis efficacy with Tissue 
Doppler imaging echocardiography in assessing 
myocardial perfusion. 

Patchy myocardial fibrosis not correlated with 
coronary artery distribution and occlusion was 
the most common finding in subjects with SSc5,69. 
Fernandez et al5,69 emphasized in their study 
that myocardial fibrosis was present in patients 
with SSc even before symptoms onset and had 
an important impact on the prognosis of these 
patients. A histopathological study conducted on 
52 subjects with SSc detected several types of 
lesions:  23 patients with focal tissue abnormal-

ities, ranging from contraction band necrosis to 
replacement fibrosis, 22 with LV hypertrophy, 
and 13 with massive RV hypertrophy70.

Nowadays, CMR is the non-invasive method of 
choice for evaluating myocardial fibrosis (Figure 
4), and it uses LGE for assessing replacement 
fibrosis71, and T1-mapping for diffuse interstitial 
fibrosis72. LGE occurs due to inflammation, oe-
dema, and fibrosis since the contrast agent tends 
to accumulate within the areas where myocardial 
membranes are disrupted, and the interstitial 
space is enlarged, ensuing a prolonged wash-out 
duration73. Myocarditis is characterized by focal 
or diffuse inflammatory oedema with increased 
longitudinal relaxation times in both early and 
LGE, as well as in T1-mapping sequences74. 
The new Lake Louise Criteria recommended for 
the CMR diagnosis of non-ischemic myocardial 
inflammation uphold the utility of regional in-
creased T2 relaxation time or signal intensity in 
T2-weighted images, increased T1-weighted im-
ages, extracellular volume or LGE. Therefore, to 
increase diagnosis accuracy, it is recommended 
to combine CMR markers of both cardiac edema 
and myocardial inflammatory injury75. 

A study conducted on 35 asymptomatic patients 
with SSc indicated that 15% had linear LGE with 
non-ischemic pattern76. Rodriguez-Reyna et al77 
identified myocardial fibrosis with microvascular 
impairment and decreased LVEF in up to 45% of 
cases. Linear, mid-wall LGE is suggested to be 
typical for SSc patients8,58. Moreover, some data 
have revealed a prevalence of up to 66% for myo-
cardial fibrosis, mostly focal within the basal and 
middle LV segments. Nevertheless, the presence 
of Raynaud’s phenomenon for more than 15 years 
was associated with larger LGE areas. However, 
no difference in the LGE volume has been re-
ported8 between patients with diffuse and limited 
SSc. Interestingly, Nicholson et al78 showed that 
LGE was positively correlated with the extent of 
pulmonary fibrosis and with RVEF impairment. 
However, the concomitant presence of both LGE 
and acute inflammatory myocarditis could not be 
discerned using CMR79.

Being the method of choice for the detec-
tion of diffuse myocardial fibrosis, T1-mapping 
is also able to evaluate its extent. The mod-
ified look-locker inversion-recovery sequence 
(MOLLI) technique is currently preferred, be-
ing able to acquire CMR images within a sin-
gle breath-hold. Therefore, MOLLI can eval-
uate myocardial intrinsic T1 relaxation times 
in combination with tissue signal suppression, 
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Figure 4. T1-weighted post-contrast short-axis, 2-chamber and 4-chamber CMR patterns in patients with systemic sclerosis: 
(A,B) a patient with focal myocardial LGE of the anterior and inferior walls of the LV; (C,D) a patient with sub-epicardial 
LGE of the interventricular septum and anterior wall of the LV, associated with LGE of the apex of RV; (E,F) a patient with 
mid-myocardial LGE of interventricular septum; (G,H) and a patient with mixed LGE of LV (sub-epicardial, mid-myocardial, 
and transmural) and transmural of the lateral wall of RV. Abbreviations: CMR, cardiac magnetic resonance imaging; LGE, 
late gadolinium enhancement; RV, right ventricle; LV, left ventricle. 
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thus highlighting the presence of the contrast 
agent within the fibrotic areas of the myocardi-
um. Furthermore, it is able to create myocardial 
maps based on the signal intensity of each car-
diac voxel80,81 (Figure 5). 

Pericardial Involvement 
Pericardial involvement occurs in up to 70% 

of SSc patients, being mostly represented by mild 
pericardial effusion82, frequently asymptomatic83. 
Cardiac tamponade is a rare complication in 
subjects with SSc who develop significant PAH. 
Although echocardiography is non-invasive and 
widely available, the occurrences of SSc-related 
pericarditis in echocardiographic studies vary 
widely. When differentiating between pericardial 
fibrosis and calcification, echocardiography is 
lacking84.

CMR (Figure 6) and cardiac computed to-
mography are able to overcome the limitations 
of echocardiography and can be used to assess 
pericardial effusions, especially in localized 
forms. Nevertheless, the severity of pericar-
dial effusion is often overestimated by these 
techniques. However, CMR cannot discriminate 
between chronic pericardial thickening and cal-
cifications. Therefore, CMR diagnosis of con-
strictive pericarditis requires the evaluation of 
systemic venous hypertension, ascites, hepato-
megaly and pleural effusion. However, it can 
be quite useful in differentiating between con-
strictive pericarditis and restrictive cardiomy-
opathy85,86, and also for the evaluation of other 
associated cardiac abnormalities87. 

Cardiac Valve Involvement 
Echocardiography-based studies have identi-

fied an increased incidence of valvular heart dis-
eases in SSc, mainly of the mitral valve70,88. There 
is controversy regarding the association between 
SSc and valvular impairment since pathological 
studies have failed to establish a causal link be-
tween them89,90. However, recent data suggests 
that tricuspid regurgitation occurs in up to 40%, 
aortic and mitral valves are thickened in 20% 
and 4% of cases, respectively90,91, while valvular 
vegetations have also been reported. Others have 
found that mitral valve thickening is the most 
frequent valvular disease88.

CMR is useful for estimating valvular hemo-
dynamic impact since it can accurately mea-
sure ventricular masses and volumes87. The 
assessment of valvular regurgitation by CMR 
involves tracking the decreased signal that ex-
tends from the valve into the upward chamber, 
recording the regurgitant flow duration with 
respect to the cardiac cycle. Velocity-encoded 
CMR is a valuable tool for blood flow evalua-
tion, particularly because it allows simultane-
ous assessment of multiple valvular diseases, 
unlike classic CMR that relies on stroke vol-
ume discrepancies85,87. 

CMR Assessment of PAH 
PAH is frequently associated with SSc, lead-

ing to poor prognosis and increasing all-cause 
mortality in these patients. PAH is characterized 
by increased PASP and pulmonary vascular resis-
tance (PVR). Right heart catheterization (RHC) 

Figure 5. A 33-year-old female cu systemic sclerosis. Native Short-Axis Mid-Ventricular T1 Map shows normal native T1 
values in septal wall (976 msec) and borderline increased T1 value in the lateral walls (1029 msec).
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is the gold standard assessment tool for PAH. 
However, its repeated use is often prohibitive due 
to its invasive nature. Nowadays, a resting value 
of mean PA pressure ≥ 20 mmHg determined 
by RHC is the threshold used for confirming 
PAH92,93. According to WHO, the most frequent 
types of pulmonary hypertension in patients with 
SSc are PAH (group 1), pulmonary venous hyper-
tension (PVH) due to left heart disease (group 2), 
and pulmonary hypertension due to lung disease 
or hypoxemia (group 3)94. 

A recent French study reported an incidence 
of PAH up to 0.61 cases per 100 patient-years in 
patients with SSc95. Moreover, echocardiogra-
phy-based studies estimated a prevalence of PAH 
ranging between 13% to 35%95,96. RHC studies 
described a prevalence of 7.85% to 12% in pa-
tients with SSc and interstitial lung disease25,83,97, 
and of 5% and 8% in the absence of lung dis-

ease97,98. Another noteworthy aspect revealed by 
these studies was that 13% to 19% of SSc patients 
suspected of PAH were invasively diagnosed 
with PVH due to left heart disease. Patients with 
limited cutaneous SSc displayed the highest risk 
of developing PAH, regardless of LV impairment. 
Furthermore, Denton et al99 revealed that PAH 
occurred after an average period of 10 to 15 years 
in these patients. Echocardiography has been 
successfully used as a screening test, especial-
ly in the follow-up of patients with SSc, but its 
accuracy is sometimes questionable. Despite its 
shortcomings, echocardiography still remains a 
reliable non-invasive method for diagnosing PAH 
and assessing its progression100. Mukerjee et al101 
have shown that a 45 mmHg threshold for the RV-
right atrium gradient was able to identify PAH. 
However, a cut-off value for excluding PAH was 
not yet established.

Figure 6. Cardiac magnetic resonance of a 32-year-old patient with systemic sclerosis with circumferential pericardial 
effusion visible from short-axis (A) and long-axis images (B) of balanced SSFP (bleu arrowheads); T2-weighted short-
tau inversion-recovery spin-echo (C); T1-weighted spin-echo (D). The pericardial effusion has an inhomogeneous spread, 
especially on T2-weighted short-tau inversion-recovery spin-echo CMR. Abbreviations: b-SSFP, balanced steady-state free 
precision; CMR, cardiac magnetic resonance imaging.
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Current research aims to increase the diag-
nostic accuracy of non-invasive techniques for 
PAH assessment. CMR has proved to be the most 
efficient non-invasive diagnostic tool for com-
prehensive evaluation of PAH. Its main strength 
is represented by the ability to assess RV dy-
namics and pulmonary circulation, as well as 
other structural abnormalities in three-dimen-
sional projections. Velocity-encoded CMR allows 
pulmonary flow assessment and early diagnosis 
of PAH102. Phase-contrast CMR (PC-CMR) can 
provide valuable information regarding various 
time velocities, along with PA minimum and 
maximum areas. The quantification of pulmonary 
flow profile within the main PA had shown sig-
nificantly reduced peak flow velocities in PAH, 
being inversely correlated with the mean PASP 
and PVR103,104. Bogren et al105 showed that PA 
distensibility was lower in PAH patients when 
compared to healthy subjects (8% versus 23%). 
Moreover, PA stiffness parameters were asso-
ciated with increased mortality and seem to be 
useful predictors of exertion capacity in these 
patients106. Furthermore, CMR can identify the 
earliest changes that occur within the pulmonary 
circulation (Figure 7), even before RV impair-
ment starts to develop. 

When evaluating patients with PAH, both car-
diac output and RV stroke volume (RVSV) should 
always be measured107. Overbeek et al108 described 
the “pump function graph” by assessing the rela-
tionship between mean RV pressure and RVSV in 
patients with SSc and PAH when compared with 
patients with idiopathic PAH. They showed that 

RVSV was considerably lower in patients with 
SSc-related PAH for any given mean RV pressure 
than in those with idiopathic PAH, inferring that 
contractility was more severely impaired than in 
the former category. As PAH is known to cor-
relate with RVSV and exertion capacity, these 
findings can explain the poorer exercise capacity 
in patients with SSc-related PAH, hence their 
increased morbidity and mortality. Bredfelt et 
al109 showed that left atrial enlargement detected 
by CMR along with PAH determined the worst 
clinical outcome in this category of patients. In a 
comparative study, Rajaram et al110 demonstrated 
that CMR and echocardiography are equally ac-
curate in terms of assessing PAH and predicting 
mortality, whereas cardiac computed tomography 
proved to be inferior.

Recently, it has been shown that CMR accu-
rately predicted PAH by determining the ventric-
ular mass index (VMI), the latter being a ratio 
between the LV and RV masses111. Hence, in pa-
tients with SSc, a VMI under 0.7 was associated 
with a 91% survival at 2 years, while a value of 
over 0.7 predicted a lower survival rate. Further-
more, the superiority of CMR-based VMI over 
echocardiography in patients with SSc has been 
recently demonstrated by several studies111,112. It 
was also significantly associated with PASP113-115. 
Future studies should aim to evaluate the ability 
of VMI in discriminating the presence of PAH in 
patients with SSc and overt dyspnea. 

Emerging developments in the field of ad-
vanced cardiovascular imaging endorse the in-
creasing accuracy of CMR in assessing PAH. 

Figure 7. Phase-contrast CMR of a 49-year-old patient with systemic sclerosis representing the pulmonary artery (A) and 
specific characteristics regarding forward and backward flow characteristics (B). Abbreviations: CMR, cardiac magnetic 
resonance imaging.
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Two-dimensional PC-CMR (2D PC-CMR) can 
evaluate various types of velocities throughout 
the entire bloodstream by applying velocity-en-
coded gradients. Time-resolved three-direction-
al velocity encoding PC-CMR (4D-flow CMR) 
provides comprehensive information regarding 
the flow patterns within a vessel116. PC-CMR 
imaging holds particular utility for non-invasive 
evaluation of PAH, as it allows for the accu-
rate assessment of numerous flow parameters 
such as RVSV, regurgitant volume, regurgitant 
fraction, and forward blood flow. Furthermore, 
PC-CMR enables analysis of several measures 
of PA stiffness, such as pulsatility, compliance, 
capacitance, distensibility, elastic modulus, and 
the pressure-independent stiffness index beta117.

In a study conducted by our research team, we 
showed that in healthy individuals, 2D PC-CMR 
was able to identify age-related changes in PA 
forward and backward flow, and also in stiffness 
parameters118. In patients with chronic obstructive 
pulmonary disease, PA stiffness parameters de-
termined by 2D PC-CMR had increased diagnos-
tic accuracy and provided important prognostic 
information119. 

A rising trend in cardiovascular research is 
the development of computational models based 
on multiparametric non-invasive indexes that 
could significantly increase diagnostic accuracy 
in PAH. In a study based on 2D PC-CMR, Johns 
et al120 showed that a multiparametric model that 
comprises measurements of interventricular sep-
tal angle, VMI, and black-blood slow flow score 
could help identify patients suspected of PAH 
with a sensitivity of 93% and a specificity of 79%. 
4D-flow CMR enables the complete spatial eval-
uation of PA and provides comprehensive data 
regarding the blood flow and wall shear stress. 
In a study conducted by Reiter et al121 4D-Flow 
CMR was shown to be useful in predicting PAH. 
In addition, they detected the presence of specific 
vortexes within the PA. Furthermore, Schafer 
et al122 sought to characterize flow patterns and 
helicity and vorticity parameters in patients with 
PAH when compared to healthy individuals. PAH 
patients demonstrated lower helicity and vortic-
ity, while helicity was inversely correlated with 
ventricular-vascular coupling and mean PASP, 
and directly associated with RVEF, cardiac out-
put and PA relative area change (PA RAC). 
Another study that compared 4D-flow CMR pat-
terns between subjects with clinically overt PAH, 
subclinical PAH, and normal subjects showed 
that the presence of vortices was significantly 

correlated with clinically overt PAH121. Moreover, 
4D-flow CMR could also be used for a non-inva-
sive estimate of PVR. In the study of Kheyfets et 
al123, the combined use of PA RAC, peak systolic 
vorticity, and cardiac output allowed for an ac-
curate assessment of PVR in patients with PAH. 
These promising results suggest that PC-CMR 
could become a useful tool for the non-invasive 
assessment of patients with SSc and suspected 
PAH. Further studies are needed to evaluate the 
diagnostic accuracy of these novel CMR tech-
niques in patients with SSc.

Clinical Approaches of CMR in Patients 
with SSc and PAH

Since PAH is a common and redundant com-
plication of SSc, the development of early diag-
nostic tools and specific therapeutic strategies 
should be an utmost priority for researchers21,28. 
In the attempt of improving prognosis in these 
patients, recent studies have sought to identi-
fy predictors of PAH development. Allanore et 
al124 showed that a low diffusing capacity of 
carbon monoxide (DLCO)/alveolar volume ratio 
and high levels of NT-proBNP can accurately 
predict the development of PAH, while Williams 
et al125 established a direct relationship between 
elevated NT-proBNP levels and PAH severity. 
Furthermore, a DLCO/forced vital capacity ratio 
of over 1.4 was also shown to predict PAH126. To 
date, the most important predictors of develop-
ing PAH include advanced age at disease onset, 
Raynaud’s phenomena, elevated PVR, decreased 
or progressive decline in DLCO/alveolar volume, 
and a DLCO/forced vital capacity over 1.4124-128. 
Recently, several studies have demonstrated that 
elevated CMR-based RVSV and decreased myo-
cardial mass are associated with improvement 
in symptoms and increased 6-minutes walking 
test distances129-131. Moreover, an increase in RV 
end-diastolic volume and/or reduction in RVSV 
have been shown to strongly predict a poor prog-
nosis103. A CMR study that evaluated the short-
term effects of Bosentan on myocardial perfusion 
and function in SSc patients reported a significant 
improvement in terms of perfusion index and sys-
tolic and diastolic strain rates132. 

Despite the aforementioned results, the use of 
CMR is just at the beginning since its general re-
liability is not yet supported by strong evidence98. 
Furthermore, there is currently no conclusive 
data that CMR can reliably predict long-term out-
comes in patients with PAH. Moreover, the dis-
covery of novel layers in the complex pathophys-
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iology of PAH could ensure the identification of 
novel prognostic factors, thus helping define new 
correlations between hemodynamic parameters 
and exercise function or life quality. Future strat-
egies of the research on the relevance of CMR for 
patients with SSc should include extensive use of 
fibrosis markers to create computational models 
based on hemodynamic parameters and clinical 
outcome133.

Conclusions

In summary, SSc can affect all structures of the 
heart, leading to poor prognosis in these patients. 
The development of early diagnosis and assess-
ment methods is crucial for improving patients’ 
outcomes. CMR offers promising results in terms 
of assessing cardiac morphology and functions, 
as well as in characterizing the myocardial wall. 
Another noteworthy trend in the field of CMR 
research is the development of advanced methods 
for the non-invasive assessment of PAH. 
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